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ABSTRACT  
 

Morphine is routinely used as an analgesic for acute and chronic pain, often in 

people at greater risk for infection, in spite of the fact that morphine suppresses immune 

function.  Recent studies indicate that morphine alters antigen-presenting gene 

expression, including genes encoding for MHC-II.  As alterations of antigen presentation 

directly affect immune cell activation, proliferation, and survival, both innate and 

acquired immune responses may be attenuated after morphine treatment or withdrawal.   

Few studies have examined the effects of morphine on antigen presentation.  

Therefore, these studies sought to characterize the effect of morphine on MHC-II 

expression. Morphine (10 mg/kg, 2 hours) was found to significantly reduce basal and 

IL-4 induced MHC-II expression on circulating B lymphocytes.  This effect appeared to 

be mediated through centrally located mu-opioid receptors as central injection of 

DAMGO mimicked the morphine-induced suppression of MHC-II while it was blocked 

by central pretreatment with naltrexone or CTOP.  Since morphine activates the HPA 

axis, the role of corticosterone in mediating these effects was examined.  Corticosterone 

decreased basal MHC-II expression on naïve leukocytes by 88% and completely 
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prevented the IL-4 induction of MHC-II.  As with morphine, stress-induced elevation of 

corticosterone also resulted in decreased MHC-II expression.   Additionally, morphine-

induced suppression of MHC-II was absent in adrenalectomized animals.   

 To determine the cellular consequences of exposure to elevated glucocorticoids 

in the context of morphine and/or stress, the effects of these exposures on cell cycle and 

apoptosis were evaluated in circulating mononuclear cells.  Neither acute nor chronic 

morphine treatment increased leukocyte apoptosis.  The effect of stress on chronic 

morphine treated leukocytes was mixed as restraint stress appeared anti-apoptotic while 

cold water stress increased leukocyte apoptosis.  This increase in apoptosis coincided 

with an increase in proliferative phases of the cell cycle in leukocytes.  Finally, 

withdrawal from morphine dramatically increased leukocyte apoptosis even seven days 

after withdrawal.  These results demonstrate that morphine alters immune cell signaling 

capabilities through HPA dependent reductions in MHC-II expression.  Furthermore, 

prolonged exposure to morphine produces alterations in cell signaling such that immune 

cells may be more susceptible to activation of apoptotic pathways in response to certain 

types of stress. 
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INTRODUCTION 

 

Opium use dates back to prehistoric times. As early as 4000 B.C., humans were 

using opium, as evidenced by the discovery of cultivated poppy seeds and pods which 

have been found at archeological sites in both Switzerland and Egypt (Sneader, 2004).  

Opium, a naturally occurring product of certain species of poppies, is actually a 

mixture of chemical compounds including sugars, proteins, fats, ammonia, sulfuric and 

lactic acids, and a wide range of alkaloid compounds.  It is these alkaloid compounds 

that imbue opium with its medicinal properties.  Use of opium has been attributed 

primarily to the analgesic and euphoric properties of the drug.   

Morphine was first isolated from opium in 1806 when a German pharmacist, 

Fridrich Sertürner, published his discovery of an isolated opium alkaloid that possessed 

ten times the power of opium (Sneader, 2004).  Over the course of the nineteenth 

century, use of opium-derived drugs have proven invaluable as analgesics, with the use 

of morphine and other opium-derivative drugs becoming commonplace (Sneader, 

2004).   Morphine is often used to treat either acute pain, such as the pain that occurs 

after surgical procedures, or chronic pain conditions.  In fact, the World Health 

Organization considers increased morphine use a positive indicator of advances in 

medical care in developing countries.  In addition, morphine is used as a drug of abuse. 

As morphine is often used in populations that are at greater risk for infection, an 

understanding of the immunosuppressive effects of morphine may provide an ability to 

circumvent that immunosuppression, thereby improving health outcomes.  Therefore, 
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an understanding of the immune effects of morphine and the mechanisms through 

which morphine exerts these effects may prove beneficial. 

 

Effects of opiates on immune function 

In addition to inducing analgesia and euphoria, morphine is known to suppress 

immune function in humans.  Studies examining the immunosuppressive effects of 

morphine have demonstrated that a single acute exposure to morphine decreases the 

number of circulating immune cells and suppresses measures of immune function.  For 

example, morphine administration has previously been shown to suppress natural killer 

cell activity in patients undergoing surgical procedures (Yeager et al., 1995; Yokota et 

al., 2000).  Lymphocytes taken from patients receiving morphine-based anesthesia also 

display a decreased ability to proliferate in response to mitogen stimulation (Sacerdote 

et al., 2000a).  As the study of opioid effects in drug addicts or clinical patients is often 

fraught with uncontrollable factors, animal models are frequently used to gain a better 

understanding of the effects of the drug and its interaction with the immune system.   

A wealth of literature has been published examining the effects of morphine on 

immune function in animals: however, only recently has the ability to examine wide-

scale changes in gene expression patterns been available.  To better understand the 

mechanism for morphine-induced immunosuppression, previous work in the Bayer 

laboratory utilized gene chip microarray technology to examine the changes in gene 

expression in isolated rat leukocytes after morphine administration.  Results from this 
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study indicated that morphine treatment in vivo altered the expression of several genes 

related to antigen presentation, specifically genes which code for proteins associated 

with the major histocompatibility complex, class II (MHC-II) (Table 1) (Beagles et al., 

2004).  These findings from the microarray study were subsequently confirmed by 

other methodologies, including reverse transcriptase PCR and western blot (Beagles et 

al., 2004).  MHC-II is a key molecule involved in immune cell development, 

activation, and survival, thereby implicating MHC-II expression in the mechanism for 

morphine-induced immunosuppression.  Therefore, it was important to characterize the 

changes in MHC-II expression after morphine administration.   

Few studies have examined the immunosuppressive effects of morphine on 

antigen presentation.  Therefore, studies in this dissertation sought to characterize the 

effect of morphine on MHC-II expression in circulating antigen-presenting cells from 

adult rats after acute and chronic morphine treatment (Specific Aim 1).  Following 

this, it was of interest to determine if morphine was acting through peripheral or central 

opiate receptors to suppress peripheral immune cell MHC-II expression (Specific Aim 

2).  Since morphine activation of central opioid receptors is known to activate the 

hypothalamic-pituitary-adrenal (HPA) axis thereby increasing the levels of circulating 

corticosterone, the next aim examined the role of the HPA and corticosterone on 

MHC-II expression after acute morphine treatment (Specific Aim 3).  In addition, 

studies examined whether there was a heightened sensitivity to stress after chronic 

morphine treatment on measures of MHC-II expression (Specific Aim 4).   
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Table 1.  Gene changes relating to antigen presentation occurring in 

circulating blood leukocytes after morphine treatment 

GenBank # Gene  Acute (fold change) 

U65217 MHC-II antigen RT1.B β chain -3.27 

M22366 MHC-II RT1.B α chain -2.05 

M36151 MHC-II A-β RT1.B-b-β  -2.75 

X56596 MHC-II antigen RT1.B-1 β chain -2.33 

X53054 MHC-II RT1.D β chain -2.02 

X14254 MHC-II associated invariant chain -2.73 
Adapted from Beagles et al. (2004) 

Oligonucleotide array analysis (Affymetrix U34A) of gene expression in rat blood 

leukocytes, two hours after treatment with morphine (20 mg/kg).  Values represent 

differences in expression in morphine treated (acute) animals compared with saline 

injected control animals.  The leukocytes were pooled from each treatment group and 

data represent the fold change difference from the level of gene expression in saline 

treated control samples.   

 

 Morphine has previously been shown to increase apoptosis in lymphocytes in 

culture.   In addition, the results of the microarray study demonstrated that several 

genes related to the apoptotic pathway in cells were up-regulated after morphine 

treatment (Table 2).  As MHC-II has also been shown to be related to apoptosis of both 

T and B lymphocytes, leukocytes were examined to determine if there was an increase 

in the percent of cells undergoing apoptotic processes.  Therefore, the effect of 

morphine on immune cell proliferation and apoptosis was determined (Specific Aim 

5). 
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Review of the immune system 

A complete understanding of the effect a decrease in MHC-II expression has on 

the immune system requires a brief review of the role of MHC-II in normal immune 

system function.  The immune system’s primary function is to detect foreign antigens, 

including bacteria and viruses.  In order to perform this function, two different systems 

of defense have evolved.   

The first line of defense against a foreign pathogen is the innate immune 

system.  Innate immunity is a more general response where phagocytic cells recognize 

and destroy extracellular pathogens (antigens) before the host is compromised.  The 

second line of defense against a foreign pathogen is the acquired (or adaptive) immune 

system, which is characterized by specificity and memory.  The acquired immune 

response consists of specialized effector cells that recognize foreign antigens and 

respond by either proliferation and production of cytokines (T-helper lymphocytes), 

activation of cytotoxic T-lymphocytes, and/or differentiation and generation of 

antibodies (B lymphocytes).  The specificity of the adaptive immune response 

originates from the development of a diverse repertoire of T and B lymphocyte 

receptors that recognize specific peptide sequences.  The acquired immune system has 

the remarkable ability to recognize and respond to minute amounts of foreign antigen.  

Once initiated by recognition of a foreign antigen, the immune response is then 

propagated to other cells of the immune system and the immune signal is increased so 

that the organism is able to mount a coordinated and effective immune response.  At 
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the conclusion of the immune response, the propagated cell populations go through a 

process of activation-induced cell death, returning the system to homeostasis with a 

small subset of cells undergoing terminal differentiation to become long-lived memory 

cells. 

 

Classification and function of immune cells 

Cells of the innate immune system, which include monocytes/macrophages, 

natural killer cells, and neutrophils, are responsible for surveying the body for bacteria, 

viruses, and foreign cells such as those found in tumors.  Upon identification of a 

potential pathogen, monocytes and neutrophils become activated and engulf the 

pathogen in a process called phagocytosis, which results in the destruction of the 

pathogen.  Monocytes (macrophages when localized in tissue) and granulocytes 

(polymorphonuclear leukocytes—neutrophils, basophils, and eosinophils) also produce 

noxious free radicals that are released into the extracellular environment and kill 

localized pathogens.  In addition, these activated cells produce a large spectrum of 

cytokines.  It should be noted that monocytes/macrophages also act as cells in the 

acquired immune system response. 

The acquired immune system consists of two main classes of white blood cells 

(leukocytes) that respond to specific antigens: antigen-presenting cells and effector 

cells.  Recognition and processing of foreign antigens is initiated by antigen-presenting 

cells (APCs) (Diagram 2).  This function is mainly carried out by dendritic cells, B 
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lymphocytes, monocytes/macrophages, and some specialized epithelial cells. Antigen-

presenting cells are constantly surveying the extracellular environment for foreign 

antigens.  Once an antigen is detected by an APC, the antigen is engulfed and 

processed for surface presentation to T lymphocytes.  Presentation of antigens for 

recognition by T cells is performed by specialized proteins, collectively referred to as 

the major histocompatibility complex (MHC).   

Effector cells of the acquired immune system include activated B and T 

lymphocytes.  T lymphocytes are classified based on cell surface proteins, which are 

referred to as clusters of differentiation (CD) molecules.  Two main subclasses of 

mature T lymphocytes are identified by their CD molecules: CD4
+
 (T helper) and 

CD8
+
 (cytotoxic) cells.  CD4

+
 T helper lymphocytes function predominantly to 

produce cytokines, which serve to coordinate the immune response.  CD4
+
 T cells 

make up the predominant type of T cells in peripheral circulation in the rat.  The CD4
+
 

molecule recognizes and binds specifically with MHC-II complexes on APCs.  In 

contrast, CD8
+
 cytotoxic T lymphocytes recognize viral-infected cells and act to kill 

cells that express MHC-I associated foreign antigens recognized by the antigen specific 

T cell receptor (TCR) on the CD8
+
 T cell.    

In a similar fashion, B cells are activated by recognition of an antigen by the 

antigen-specific B cell receptor (BCR).  Once activated, B lymphocytes are primed to 

receive stimulatory signals derived from activated T cells.  The stimulatory signal 



8 

 

received by the activated B cells directs the B cell to terminally differentiate into either 

an antibody-producing plasma cell or a memory cell.  In addition, natural killer cells 

(NK cells) are a type of cytotoxic lymphocyte that plays a major role in the rejection of 

tumors and cells infected by viruses. Natural killer cells kill by releasing proteins 

which induce apoptosis in target cells. 

Lymphopoeisis 

 

 All lymphocytes originate from hematopoietic stem cells in the bone marrow. 

Immature thymocytes migrate from the bone marrow to the thymus where they 

complete the maturation process.  Initially thymocytes express neither CD4 nor CD8, 

and are therefore classed as double-negative (CD4
-
CD8

-
) cells. As they develop they 

become double-positive thymocytes (CD4
+
CD8

+
), and finally mature to single-positive 

(CD4
+
CD8

-
 or CD4

-
CD8

+
) thymocytes.  About 98% of thymocytes die during the 

development processes in the thymus by failing either positive selection or negative 

selection, whereas the other 2% survive and leave the thymus to become mature naive 

T cells (Diagram 1).  Positive selection selects for T-cells capable of interacting with 

MHC.  Only thymocytes that bind the MHC/antigen complex with adequate affinity 

will receive a vital "survival signal." Thymocytes with low affinity die by apoptosis 

(programmed cell death), and their remains are engulfed by macrophages. Whether a 

thymocyte becomes a CD4
+
 cell or a CD8

+
 cell is also determined during positive 

selection. Double-positive cells that are positively selected on MHC class II molecules 

will become CD4
+
 cells, and cells positively selected on MHC class I molecules 



9 

 

become CD8
+
 cells.  Negative selection selects against cells which react with self 

peptides presented by MHC. A small minority of the surviving cells are selected to 

become regulatory T cells. The remaining cells will then exit the thymus as mature 

naïve T cells.   

B lymphocytes also arise from precursor cells located within the bone marrow.  

Once the B lymphocyte reaches the immature B cell stage, marked by functional Ig 

receptors and expression of a pre-B cell receptor (BCR), the cell exits the bone marrow 

and enters the periphery through the blood.  The immature B lymphocyte at this point 

is referred to as a transitional B cell.  Transitional B lymphocytes express a BCR and 

MHC-II on the cell surface, though MHC-II is not active at this stage.  Transitional B 

cells migrate to the spleen where they take up residence in specialized follicles.  Once 

inside the spleen, these cells undergo a process of negative selection prior to 

differentiating into naïve mature B lymphocytes.  Naïve mature B cells circulate 

between the spleen, lymph nodes, and the peripheral circulation (blood), until activated 

through recognition of antigen.  Naïve cells that do not receive antigen stimulation will 

undergo apoptosis after approximately two months in circulation (van Zelm et al., 

2007).  Before antigenic stimulation, naïve lymphocytes are in G0 stage of the cell 

cycle.  In response to antigen stimulation, these cells enter G1, beginning the process of 

proliferation.  Antigen recognition by the antigen-specific BCR in addition to cognate 

T cell interaction is required for B lymphocyte proliferation.  Antigen-stimulated B 

cells that fail to interact with T cells also die by apoptosis within 24 hours. This two 
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signal requirement, commonly reffered to as the two signal hypothesis, is a common 

mechanism that helps to ensure that the immune response is accurate and appropriate 

to respond to the invading pathogen.  Two signals are required to signal both B and T 

lymphocyte maturation, activation, and proliferation.    Upon recognition of an antigen, 

the naïve B lymphocyte will engulf the antigen in order to eventually present the 

antigen to effector cells of the immune system.  Recognition of a foreign antigen 

activates the B cell, signaling clonal proliferation and thereby increasing the number of 

B lymphocytes specific to the particular antigen.   

 

Antigen processing and presentation to T cells 

 
MHC-II is constitutively expressed on the cell surface of antigen-presenting 

cells; however, the rate of transcription of MHC-II is increased by cytokines.  

Cytokines are soluble chemical messengers that are often secreted by immune cells as 

a way to activate and recruit more immune cells and increase the system's response to 

the pathogen. Cytokines are typically classified as one of two types: pro-inflammatory 

(designated TH1) or anti-inflammatory (designated TH2).  In response to stimulation by 

cytokines, antigen-presenting cells will often increase the level of MHC-II expression 

on the cell surface, thereby increasing the immune signal.  Interferon gamma (IFN-γ) is 

a potent inducer of MHC, class II expression on monocytes and macrophages while B 

cells can be induced to increase MHC-II expression after exposure to interleukin 4 (IL-

4).  Upon cytokine stimulation, MHC-II α and β chains are synthesized in association 
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with the MHC-II invariant chain (Ii).  The invariant chain plays an essential role in the 

initial folding and oligomerization of newly synthesized α and β chains in the 

endoplasmic reticulum (ER).  In addition, the invariant chain also serves to inhibit 

peptide binding to the MHC-II molecule while in the ER.  The newly formed MHC-II 

molecule-Ii chain complex is transported from the ER to the trans-Golgi for further 

processing.   

Following processing in the Golgi complex, the MHC-II–Ii complex is directed 

to the endocytic pathway where the Ii is progressively degraded until only an Ii derived 

peptide called CLIP (class II associated invariant chain derived peptide) remains 

associated with MHC-II.   Antigens from the circulation and lymph fluid are 

endocytosed by antigen-presenting cells.  Once engulfed by the cell, the antigen is 

transported inside an endosome into the endocytic pathway where it fuses with a 

lysosome.  As the antigen is transported through the endocytic pathway, the pH of the 

endosome becomes increasingly acidic, activating acid proteases that serve to degrade 

the antigen into small peptide fragments.  At this point, the vesicle containing the 

foreign antigen peptides fuses with the vesicle containing the newly synthesized MHC-

II-CLIP complex.  CLIP is then exchanged for an antigen in a reaction catalyzed by 

(HLA)-DM and –DO. The antigen–MHC-II complex is then released to the cell surface 

for recognition by CD4
+
 T cells.  Cell surface expression of antigen-bound MHC-II 

functions as a key signaling molecule involved in the communication between antigen-

presenting cells and CD4
+
 T cells  (Friedl et al., 2005).   
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Lymphocyte proliferation and differentiation 

Antigen-bound MHC-II expression at the cell surface serves to initiate T 

lymphocyte activation and differentiation (Benacerraf and Germain, 1981). Upon 

activation, the T cell ceases migratory processes and polarizes toward the antigen-

presenting cell.  The strength of the signal through the T cell receptor (TCR) as 

measured by the duration and intensity of the signal is a direct function of the 

concentration of antigen-loaded MHC complexes (Wulfing et al., 1997).  Activated T 

cells produce cytokines and up-regulate cytokine receptors (Diagram 2).  Co-

stimulatory signals in the form of both cytokines (specifically IL-2) and CD40/CD40 

ligand interactions further signal T cell proliferation and differentiation.  Upon receipt 

of both signals, the T cell will begin proliferation in a process of clonal expansion.  

This proliferation process is essential as it serves to increase the number of antigen-

specific T cells and thereby increasing the likelihood of efficient removal of that 

antigen.   

In addition, activated CD4
+
 T cells can differentiate into one of several distinct 

subsets of effector T cells.  These effector T cells include Treg, TH17, TH1, and TH2 

subsets.  TH17 cells initially response and serve to amplify acute inflammation at sites 

of infection.  TH1 cells primarily signal cell-mediated immunity and provide help for 

antibody production.  TH1 cells secrete TH1 cytokines, including IFN-γ, which serve to 

promote inflammatory responses and hence are referred to as pro-inflammatory 

cytokines.  TH2 cells are derived from activated T cells upon signaling by IL-4.  TH2 
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responses are associated with anti-inflammatory cytokines, including release of 

additional IL-4, and help to promote neutralizing antibody responses by promoting the 

terminal differentiation of activated B lymphocytes into antibody-producing plasma 

cells.  The various types of effector T cells also serve to cross-regulate each other as 

TH1 cytokines decrease TH2 differentiation and TH2 cytokines, such as IL-4 and IL-10 

decrease TH1, while both decrease TH17.  Skewing this response inappropriately 

toward either TH1 or TH2 type responses thereby represents a misdirection of the 

immune response making it less efficient at clearing a pathogen.    

Antigen-mediated signaling through the B cell receptor (BCR) results in B cell 

activation.  The strength of the BCR activating signal plays an important role in 

signaling the intracellular modifications that lead to B cell differentiation into 

antibody-producing plasma cells.  In addition, co-stimulatory signals, such as IL-4, are 

also required to signal differentiation of activated B cells into antibody-producing 

plasma cells.   Once B lymphocytes differentiate into antibody-producing plasma cells, 

the cells undergo several cycles of proliferation thereby increasing the levels of 

antigen-specific antibodies.  At the termination of the immune response, these cells 

undergo activation-induced cell death with a small number of cells remaining as long-

lived memory B cells. 

Activation-induced cell death 

The proper functioning of the immune system depends upon a cycle of cell 

activation, proliferation, apoptosis, and replenishment.  A critical process during 
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lymphocyte development is clonal deletion of self-reactive and un-reactive 

lymphocytes.  Clonal deletion of cells during both negative and positive selection of 

immature lymphocytes is largely mediated through apoptotic processes (Diagram 1).  

This negative selection of potentially self-reactive immature lymphocytes occurs by 

activation-induced cell death (AICD).  AICD has been shown to occur via a Fas/Fas 

ligand dependent apoptotic mechanism which is characterized by activation of 

caspases, nuclear condensation, and DNA fragmentation (Ashkenazi and Dixit, 1998).   

The deletion of the majority of self-reactive immature lymphocytes is important as 

insufficient cell death of these lymphocytes is thought to contribute to autoimmune 

disorders. 

In addition, as has been previously described, mature resting T cells in the 

periphery receive activation signals via interaction with MHC-II complexes on the cell 

surface of antigen-presenting cells.  Engagement of the TCR with MHC-II complexes 

further encourages the binding of surface-bound co-stimulatory molecules and the 

release of cytokines such as IL-2, which signal the T cell to enter into the cell cycle.  

Signals from the TCR enable resting T cells to exit from G0 phase and proliferate.  

However, activated T cells that receive restimulation via their TCR receptor undergo 

rapid AICD.  In this way the proliferative immune response is shut down. Several 

factors are known to shift T cells toward apoptosis, including alterations in cytokines, 

increased expression of death receptors (cd95), and alterations in the NF-κB signaling 

pathway (Arnold et al., 2006).   
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Major histocompatibility complex (role in immune function) 

MHC-II molecules are important regulators of both development and function 

in the immune system.  As previously discussed, MHC-II is required for antigen 

presentation by antigen-presenting cells to CD4+ T cells in the periphery; however, 

MHC-II expression is also important in the development of mature lymphocytes in 

both the spleen and thymus.  Studies of MHC-II knockout mice demonstrate that the 

loss of MHC-II expression leads to a marked reduction in the numbers of CD4
+
 T 

lymphocytes (Madsen et al., 1999).  This is due to the importance of MHC-II in 

shaping the selection of mature CD4
+
 T cells in the thymus.  Loss of MHC-II therefore 

leads to an overproduction of CD8
+
 T cells.   

Additionally, the function of MHC-II molecules on antigen-presenting cells is 

not limited to their role in antigen presentation.  MHC-II molecules also serve as 

receptors that trigger intracellular signaling pathways that regulate APC activities.  

MHC-II signaling has been shown to control dendritic cell maturation (Andreae et al., 

2002; Lokshin et al., 2002).  In addition to dendritic cell maturation, signaling through 

the MHC-II molecule increases chemokine secretion, which serves to regulate the 

migration of mature dendritic cells to the lymph nodes (Andreae et al., 2002).  MHC-II 

signaling has also been shown to regulate both the proliferation and the cytokine 

production by monocytes (Scholl et al., 1992).  Circulating B lymphocytes also require 

signaling through cell surface MHC-II molecules in order to survive and proliferate.  

MHC-II ligation results in an inhibited B cell response to mitogenic-stimulated 
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proliferation signals (Forsgren et al., 1984).  Cross-linking of MHC-II molecules 

induces apoptosis in resting B cells (Newell et al., 1993).  In a similar fashion, splenic 

B cells exhibit marked B cell defects, including increased apoptosis in Ia deficient 

mice (Ia is the designation given to the murine form of MHC-II) (Benlagha et al., 

2004).   

Signaling through MHC-II molecules is believed to activate a number of 

intracellular pathways important for optimal immune cell function.  MHC-II triggers 

the activation of Src family tyrosine kinases which are known to be important for 

cytokine production (Mooney et al., 1990).  MHC-II signaling has also been shown to 

activate protein kinase C (PKC) (Guo et al., 2003).  In addition, MHC-II signaling has 

been shown to regulate the activity of the MAPK/ERK intracellular signaling cascade 

(Bouillon et al., 2003; Leveille et al., 2002).  Therefore, given the important role that 

MHC-II plays in immune cell development, activation, proliferation, and ultimately 

cell death, the suppression of MHC-II expression by morphine may provide insights 

into the immune dysfunction that has been observed in both clinical and animals 

studies after morphine exposure. 

 

Acute effects of morphine on immunity 

Morphine has previously been shown to suppress many different types of 

immune cell activities, which results in the modulation of both innate and acquired 
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immune responses in animals (Bayer et al., 1990a; Eisenstein and Hilburger, 1998; 

Fecho and Lysle, 2002).  Inhibition of innate immunity by morphine has been 

demonstrated in studies where morphine exposure induced decreases in monocyte 

nitric-oxide production (Gomez-Flores and Weber, 2000; Welters et al., 2000a), 

monocyte migration (Hatsukari et al., 2006), and phagocytosis (Beilin et al., 2005; 

Casellas et al., 1991), indicating an overall decrease in monocyte function.  In addition, 

studies have shown that morphine enhances macrophage cell death by activating 

apoptotic pathways (Bhat et al., 2004; Singhal et al., 1998).   

Measures of adaptive immune responses have also been shown to be impaired 

after exposure to morphine, including decreasing lymphocyte proliferation (Bayer et 

al., 1990b) and decreasing natural killer cell activity (Shavit et al., 1987), as well as 

alterations in antibody formation and class switching (Eisenstein et al., 1993; 

Lockwood et al., 1994b; Pruett et al., 1992; Welters et al., 2000b).  Mitogen-stimulated 

lymphocyte proliferation has frequently been used as a measure of immune function 

after experimental manipulation in animals.  Whole blood or spleen cells are collected 

and incubated with increasing concentrations of mitogen in the presence of 
3
[H] 

thymidine.  In our model, the T cell mitogen concanavalin A (conA) acts as a substitute 

for MHC-II interaction activating T cell proliferation by cross-linking TCRs, thereby 

activating T lymphocytes.  T cell proliferation is additionally signaled by the presence 

of co-stimulatory signals, such as IL-2, as well as membrane-bound molecules located 

on antigen-presenting cells.  Thymidine incorporation is used to determine the amount 
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of proliferative response.  Work from our laboratory and others has previously 

demonstrated that lymphocytes from morphine treated animals display a decreased 

ability to proliferate when stimulated by conA (Bayer et al., 1990a; Fecho et al., 1993).  

This decrease in lymphocyte proliferation is present even after correcting for cell 

number to account for the lymphopenia sometimes observed after acute morphine 

treatment (Flores et al., 1995).   

Despite studies that have reported that morphine inhibits conA-induced T cell 

proliferation through its interactions with opioid receptors located on the immune cells 

themselves (Wang et al., 2001), extensive studies have demonstrated that these direct 

effects of morphine occurred only at very high doses and were not naltrexone sensitive.  

These results suggest that the effects observed with direct morphine were due to 

nonspecific binding (Bayer et al., 1992; Fecho et al., 1996a).  However, central 

injections of N-methyl-morphine, a methylated form of morphine that cannot cross the 

blood–brain barrier, have been shown to mimic the effect of morphine on the 

suppression of lymphocyte proliferation, strongly suggesting that this suppressive 

effect of morphine on lymphocyte proliferation is centrally mediated (Hernandez et al., 

1993b).  Blockade of central opioid receptors with N-methylnaltrexone, a methylated 

form of an opioid-receptor antagonist, was also able to block the effects of morphine 

on lymphocyte proliferation while peripheral injections of N-methylnaltrexone were 

not (Fecho et al., 1996a), indicating that the decrease in lymphocyte proliferative 
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 ability after morphine is dependent on activation of centrally located opioid receptors 

(Hernandez et al., 1993b; Mellon and Bayer, 1998b; Nelson et al., 2000b).  

Additionally, further studies utilizing opioid-specific agonists and antagonists have 

shown that the effect on lymphocyte proliferation was primarily mediated through 

activation of central µ-opioid receptors (Mellon and Bayer, 1998b).  Similarly, acute 

morphine administration has also been shown to decrease natural killer cell (NK cell) 

activity (Bayer et al., 1990b; Franchi et al., 2007; Jamali et al., 2007; Lysle et al., 

1993).   Akin to lymphocyte proliferation, studies have shown that central 

administration of morphine suppresses NK cell activity by acting on central opioid 

receptors (Fecho et al., 1996a; Saurer et al., 2008; Shavit et al., 1986b; Weber and Pert, 

1989b).    

The immune system is altered by the brain via activation of the hypothalamic-

pituitary-adrenal (HPA) axis and/or the autonomic nervous system (ANS), particularly 

through direct innervation of lymphoid tissues by the sympathetic nervous system 

(SNS).  Activation of the HPA axis and the ANS primarily results in curbing 

potentially detrimental inflammatory immune responses, thereby protecting the body 

from the side effects associated with inflammation.  Examinations of immune 

parameters that are affected by morphine demonstrate that the effects observed are 

often sensitive to alterations in either the HPA and/or the SNS.  For example, studies 

examining the suppression of lymphocyte proliferation after morphine administration 

have demonstrated that the decrease in lymphocyte proliferative ability is independent 
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of HPA axis activation as morphine continued to suppress lymphocyte proliferation in 

both adrenalectomized and hypophysectomized animals (Flores et al., 1994).  

However, blockade of peripheral ganglionic receptors with the quaternary neuronal 

nicotinic acetylcholine receptor (nAchR) antagonist chlorisondamine completely 

blocked the effect of morphine on lymphocyte proliferation, indicating that this effect 

is dependent upon sympathetic nervous system activation (Fecho et al., 1996b; Flores 

et al., 1996; Mellon and Bayer, 1999; Mellon and Bayer, 2001).  The decrease in 

natural killer cell activity also appears to be regulated by the SNS as NK cell activity 

two hours after a relatively high dose of morphine (30 mg/kg) was also sensitive to 

ganglionic blockade with chlorisondamine (Mellon and Bayer, 2001).  Carr et al 

(1993) demonstrated that the suppression of NK cell activity could be blocked by the 

alpha receptor blocker phentolamine and the beta receptor blocker propranolol, 

indicating the involvement of both alpha and beta adrenergic pathways in the 

morphine-induced suppression of NK cell activity (Carr et al., 1993).  Further 

antagonism of the sympathetic transmitter neuropeptide Y (NPY) also was able to 

block morphine’s effect on splenic NK cell activity in a dose-dependent fashion 

(Saurer et al., 2006).   

With the exception of lymphocyte proliferation assays, few studies have 

examined the effects of morphine on B lymphocytes.  The existing studies of B 

lymphocyte activity after morphine have focused mainly on assays of antibody 

formation.  For example, Lockwood et al. (1994) demonstrated that a single acute dose 
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of morphine (10 mg/kg, i.p.) in rats decreased IgG but not IgM antibody levels and that 

these decreases were naltrexone dependent (Lockwood et al., 1994b).  However, 

Yeager et al. (1992) did not detect any difference in antibody expression by human 

peripheral blood mononuclear cells after oral administration of morphine (Yeager et 

al., 1992).  This discrepancy may be due to differences in species (rat vs. human) or 

differences in dose or route of administration (oral vs. subcutaneous injection).  In 

addition, the results of these studies do not conclusively argue for morphine 

modulation of circulating B lymphocytes, since antibody production and class 

switching requires signals from macrophages and T cells. Therefore, while it is clear 

that morphine modulates both T lymphocyte activity and natural killer cell function, 

the effect of morphine on B lymphocyte function is not clear. 

 

 Increases in circulating inflammatory mediators 

In addition to the effects of morphine on leukocytes, acute morphine has been 

shown to alter both central and peripheral cytokine production.  As previously 

mentioned, cytokines are a category of signaling proteins that, like hormones and 

neurotransmitters, are used extensively in cellular communication between immune 

cells.  Studies of the effects of morphine on levels of circulating cytokines have 

demonstrated that many different cytokines, such as IL-1β, IL-2, IL-4, IFN-γ, and 

TNF-α, are altered after treatment with acute morphine (Carrigan and Lysle, 2001; 

Holan et al., 2003; Houghtling et al., 2000; Jamali et al., 2007; Pacifici et al., 2000; 
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Roy et al., 1998).  Interestingly, several of these cytokines are involved in immune 

functions known to be altered after acute morphine treatment.  For example, IL-2 is a 

requisite co-stimulatory signal for T lymphocyte proliferation after MHC-II antigen 

binding.  In addition, the primary function of IL-4 in vivo is to increase MHC-II 

expression and signal Ig class switching in activated B lymphocytes.  Gamma 

interferon (IFN-γ) has also been shown to increase levels of MHC-II expression on 

circulating monocytes while simultaneously decreasing levels of MHC-II expression 

on circulating B lymphocytes.   

Few studies have examined the mechanism whereby morphine modulates 

effects on cytokine production.  Direct incubation with morphine has been shown to 

decrease IL-2 and IFN-γ production by human peripheral leukocytes while 

simultaneously increasing IL-4 and IL-5 production (Roy et al., 2001b; Wang et al., 

2001).  In the same study, Roy et al (2001a) also found increased production of IL-4 

with a decrease in IFN-γ production by murine splenocytes incubated with morphine.  

In addition, studies have shown that in vitro morphine exposure signals an up-

regulation of IL-4 mRNA in Jurkat T cells (Borner et al., 2007).   From this data, one 

can conclude that morphine is able to alter cytokine production by acting directly upon 

the immune cells.  However, central injections of morphine into the periaqueductal 

grey have also been shown to alter the levels of circulating cytokines by decreasing the 

levels of splenic IL-2 and IFN-γ production while simultaneously signaling a reduction 

in lymphocyte proliferation and NK cell activity (Lysle et al., 1996).  Therefore, it 
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appears as if morphine is acting to skew the effector T cell responses to a 

predominately TH2 type response with an increase in TH2 cytokines and a decrease in 

TH1 cytokines.   

Studies from our laboratory have demonstrated that dose- and time-dependent 

subcutaneous injection of morphine in rats increases the production of plasma IL-6 

(Houghtling and Bayer, 2002).  This morphine-induced elevation in plasma IL-6 could 

be blocked by either adrenalectomy (but not by adrenal demedullation) or by 

pretreatment with chlorisondamine (0.5 mg/kg, i.p.), a nicotinic ganglionic antagonist, 

indicating the involvement of the adrenal cortex and the sympathetic nervous system 

(SNS) in morphine-stimulated IL-6 production (Houghtling and Bayer, 2002).  Thus it 

appears that morphine also exerts an effect on cytokine production via central 

activation of the HPA and/or the SNS. 

Stress effects on immunity 

  Similar to morphine, acute stress paradigms have been shown to activate both 

the HPA axis and the SNS, resulting in alterations in immune function.  Application of 

a stressor triggers the release of stress steroids such as corticosterone, adrenal 

catecholamines such as norepinephrine and epinephrine, and neuropeptides, all of 

which have been shown to modulate immune system responses (Chancellor-Freeland 

et al., 1995; Elenkov et al., 2000; Madden et al., 1995; Pavlov and Tracey, 2004; 

Zukowska et al., 2003).  In fact, acute morphine has been called a pharmacological 

stressor due to the similarity of the effects of morphine to those of acute stress.   
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Previous studies have shown that, like acute morphine administration, acute 

stress is able to suppress lymphocyte proliferation.  Oarada et al (2007) showed that 

two weeks of isolation stress in mice decreased splenic lymphocyte proliferative 

response as well as reducing IFN-γ and IL-10 with increased production of IL-4 

(Oarada et al., 2007).  Cold stress (5°C) by itself decreases conA-stimulating splenic 

lymphocyte proliferation after 24 hours.  This decrease in proliferative ability was 

replicated by adding peritoneal exudates to macrophages from unstressed control mice, 

demonstrating the involvement in a soluble factor of the decreased proliferation after 

acute cold stress (Kizaki et al., 1996).   

Studies of the effects of stress on MHC-II expression have shown that both in 

vivo stress paradigms as well as in vitro assays utilizing stress hormone directly on 

immune cells decrease expression of MHC-II on antigen-presenting cells.  

Physiological concentrations of corticosterone have been shown to compromise 

dendritic cell maturation as cells exposed to corticosterone remained phenotypically 

immature and did not produce cytokines upon stimulation (Elftman et al., 2007).  

Further, corticosterone treatment resulted in a reduction in the ability of dendritic cells 

to prime naïve CD8
+
 T cells, suggesting impairment in antigen-presentation ability 

(Elftman et al., 2007).   Restraint stress in mice previously infected with Listeria 

monocytogenes suppressed the increased surface expression of MHC-II in both 

peritoneal macrophages and B cells.  This effect was blocked by injection with the 

glucocorticoid antagonist RU486 (Zhang et al., 1998). 
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Stress has also been shown to significantly impact leukocyte survival.  Stressed 

animals display decreases in splenic and thymic weights and cellularity similar to 

morphine treated animals.  This reduction in leukocyte survival is believed to be due in 

part to an increase in immune cell apoptosis in stressed animals.  Previous studies have 

shown that two hours of immobilization stress induced apoptosis as detected by 

terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) 

staining in rat thymocytes.  This apoptotic response was inhibited by pretreatment with 

RU486 (Hatanaka et al., 2001).  Similarly, exposure to glucocorticoids has been shown 

to induce apoptosis in immature B cells (Laakko and Fraker, 2002).  Two hours of 

restraint stress increases DNA damage as well as apoptosis-related gene expression in 

T lymphocytes of mice (Flint et al., 2005).  Microarray analyses of stressed mice show 

increases in genes that serve as sensors of DNA damage as well as up-regulation of 

genes responsible for regulating cell cycle arrest and apoptosis (Flint et al., 2005).  

These data suggest that at the molecular level, restraint stress activated genes 

responsible for priming T cells to undergo apoptosis (Flint et al., 2005).  In addition, 

results from the Bayer lab have shown increased expression of genes related to 

apoptosis in the leukocytes of rats treated with morphine (Table 2).   

Thus, the overall effect of acute morphine on immune function represents the 

complex interaction of multiple systems.  Though the direct effects of morphine on 

immune cells cannot be entirely excluded, much of the evidence for morphine 

modulation of immune function depends on the activation of central opioid receptors.  
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Central opioid receptor activation of SNS is clearly involved in mediating many of the 

effects of acute morphine.  However, evidence for HPA axis modulation of acute 

morphine immune effects has also been demonstrated.    

It has proven much more difficult to determine the possible mechanisms 

underlying the suppression of immunity after chronic morphine exposure.  Prolonged 

use of morphine results in the development of tolerance (defined as the need to take 

increasing amounts of a drug to achieve the same effect) to the analgesic and euphoric 

properties of morphine.  Tolerance has also been shown to develop to some of the 

suppressive effects of morphine on immune function.  Yet despite the apparent 

development of tolerance to the immune effects of morphine, chronic use of opioids 

has been associated with higher rates of infection and illness (Louria et al., 1967; 

Miller et al., 1979).   One possible reason for this is that while some measures of 

immune function develop tolerance to the chronic effects of morphine, others do not.  

Therefore, while some measures may appear to be responding normally, the overall 

immune function is not operating correctly due to a differential tolerance to the effects 

of morphine.  Additionally, even the measures that appear to be functioning normally 

(i.e., tolerant to the suppressive effect of acute morphine) may demonstrate an 

enhanced suppression in response to stress.  This suggests that morphine has altered 

the immune system and possibly the immune cells themselves such that they are no 

longer functioning normally even though they appear to have adjusted to the long-term 

effects of morphine.  
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Chronic effects of morphine 

As previously mentioned, studies of chronic opioid use in humans have indicated that 

there are deleterious effects on immune responses (Govitrapong et al., 1998; Sacerdote 

et al., 2000b; Yeager et al., 1992; Yokota et al., 2000).  Similar to acute morphine 

exposure, heroin abuse has been shown to alter the ability of immune cells to function 

normally on assays of immune cell function.  Heroin is a semi-synthetic opioid 

synthesized from morphine.  In general, heroin is completely metabolized in vivo to 

morphine before crossing the blood–brain barrier.  Similar to morphine, heroin acts on 

endogenous µ-opioid receptors that are present throughout the brain, spinal cord, and 

gut.  Lymphocytes cultured from heroin addicts display a decreased ability to respond 

to stimulation by phytohemagglutin-A (PHA), concanavalin A (conA), or pokeweed 

mitogen (PWM) (De Paoli et al., 1986; Govitrapong et al., 1998; Zaki et al., 2006). In 

addition, T lymphocytes from heroin users display a decreased ability to form rosettes 

with sheep red blood cells, indicating impaired T cell function (De Paoli et al., 1986; 

Donahoe et al., 1985; Govitrapong et al., 1998).  Natural killer cell activity also has 

been demonstrated to be suppressed in heroin addicts (Novick et al., 1989).  

Animal studies of chronic morphine use have shown that tolerance appears to 

develop to the effects of the drug over time on some measures of immune function.   

Studies from this laboratory have demonstrated that chronic treatment with escalating 

doses of morphine (10–40 mg/kg, s.c.) for seven to ten days leads to the disappearance 

of the suppression of conA-stimulated lymphocyte proliferative responses induced
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by a single acute dose of morphine (Alonzo and Bayer, 2003; Bayer et al., 1994; 

Mellon et al., 2001).  The loss of a suppressive effect by morphine after chronic 

treatment is also seen on measures of analgesia and measurements of circulating 

steroid levels.   

However, not all measures of immune function display tolerance to the effects 

of morphine after chronic exposure.  Differential immune tolerance following chronic 

morphine has also been reported by our lab as well as by other investigators.  Results 

from the Bayer lab have previously shown that although chronic morphine treated 

animals appear to develop tolerance to the immunosuppressive effect of morphine on 

measures of T cell mitogenic responses, in vivo responses to DTH remain depressed in 

chronic morphine rats (Mellon et al., 2001).  A study by West et al. (1998) 

demonstrated that rats receiving morphine via an osmotic minipump (3 mg/day, 20 

days) were found to develop tolerance to a 15 mg/kg (s.c.) challenge dose of morphine 

in terms of their NK cell activity, but still displayed suppressed splenic mitogen 

responses and IFN-γ production.   

Chronic morphine use is also frequently associated with decreases in the weight 

and cellularity of both the spleen and thymus.  For example, animal studies in 

morphine-pelleted mice show that extended exposure to morphine (72 hrs) using 

subcutaneous morphine pellets resulted in a significant decrease in both splenic and 

thymic weights as well as a pronounced inhibition of mitogen-stimulated lymphocyte 

proliferation (Bryant et al., 1987b; Bryant et al., 1991).  Pelleted mice also display a 
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rapid loss (> 90%) in the important CD4+/CD8+ subpopulation of immature 

thymocytes (Freier and Fuchs, 1993) as well as a decrease in the relative proportion of 

macrophages and B cells (Hilburger et al., 1997a).  Similarly, studies with nonhuman 

primates have shown that morphine treatment significantly decreased the absolute 

number and percentage of natural killer cells (Weed et al., 2006).  Therefore, despite 

the development of tolerance on some measures of immune function after chronic 

morphine, it is clear that the immune system of these animals is compromised.  

The mechanism through which morphine is signaling continued 

immunosuppressive effects in chronically treated animals has proven quite difficult to 

unravel.  Measurements in thymocytes from morphine pellet-implanted mice showed 

an increased level of DNA fragmentation, whereas in vitro exposure to morphine (1–

100 µM) produced no such increases, suggesting that chronic exposure to morphine 

may be working indirectly to induce apoptosis of immature thymocytes (Freier and 

Fuchs, 1993).  Using the same morphine pellet paradigm, in vivo measures of cell-

mediated immune responses, including decreased delayed-type hypersensitivity (DTH) 

responses
1
 and graft versus host (GVH) reactions

2
, have also been demonstrated to be 

suppressed after prolonged exposure to opioids (Bryant and Roudebush, 1990).  

Adrenalectomy was able to blunt the suppression of the graft versus host reaction 

                                                           
1
 DTH reactions are induced by subcutaneous injection (usually in the paw or ear) of an irritant or 

antigen that elicits an immune response.  T cell activated macrophages migrate to the injection site and 

cause tissue damage and inflammation.  Decreased swelling would indicate an inhibited immune 

response.   
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(Bryant and Roudebush, 1990) as well as the suppressed mitogenic lymphocyte 

responses (Bryant et al., 1991), leading to the conclusion that activation of the HPA 

axis by morphine may play a role in immunomodulation after chronic morphine 

exposure.   

 

Enhanced sensitivity to stress in chronic morphine treated animals 

Though animals from this laboratory treated chronically with escalating doses 

of morphine appear tolerant to the immunosuppressive effect of morphine on 

lymphocyte proliferation responses, they exhibit heightened decreases in lymphocyte 

activity upon exposure to stressors such as restraint and water stress, more so even than 

chronic saline treated animals exposed to the same stressor (Alonzo and Bayer, 2003; 

Bayer et al., 1994).  Chronic morphine treatment was also found to induce tolerance to 

the steroidogenic effect of morphine; however, the exposure to a novel stressor was 

able to significantly elevate plasma corticosterone concentrations in these apparently 

tolerant morphine rats.  The stress associated with morphine withdrawal has also been 

found by our lab and others to elicit a profound inhibition of immune responses 

accompanied by large increases in corticosterone levels (Alonzo and Bayer, 2003; 

Avila et al., 2004; Rahim et al., 2003).  Other investigators using an escalating dose 

morphine injection paradigm similar to ours have noted that chronic morphine rats 

                                                                                                                                                                        
2
 GVH reactions measure the ability of the host animal to mount an immune response against injected 

foreign cells (graft), in this case spleen cells. The assay is assessed by measuring the degree of resultant 

splenomagaly caused by the graft cells’ attack on the host.  
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display enhanced ACTH secretion and CRF mRNA expression in the PVN upon 

challenge with acute restraint stress, compared to either non-stressed chronic 

morphine- or saline treated restraint-stressed groups (Houshyar et al., 2003; Houshyar 

et al., 2004). 

Further studies are thus needed to clarify the role of the HPA axis—as well as 

the potential for SNS involvement—in modulation of immune functioning in the 

context of chronic opioid treatment.  These findings indicate that despite the ability of 

the immune cells to appear to function normally after chronic morphine exposure, the 

homeostasis of the immune cells has been altered.  Extrapolated further, the differential 

tolerance may hint at a heightened sensitivity of chronically treated animals to 

additional challenges (such as stress). 
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SUMMARY AND HYPOTHESES 

 

MHC-II expression plays a fundamental role in the development, activation, 

and survival of immune cells.  MHC-II expression is required for the selection of non–

self-reactive T cells within the thymus.  In addition, MHC-II expression is required for 

the proper ratio of CD4
+
/CD8

+
 T cells to develop as loss of MHC-II expression results 

in near complete loss of mature CD4
+
 T cells.  MHC-II expression also serves as a 

necessary component in the initiation of T lymphocyte activation and differentiation 

(Benacerraf and Germain, 1981).  Decreases in the density of MHC-II molecules 

expressed on the cell surface of antigen-presenting cells have been shown to directly 

affect the degree of T lymphocyte proliferation (Grakoui et al., 1999).  Further, the 

increases in MHC-II expression on the membrane of APCs (dendritic cells, B 

lymphocytes, and monocytes) by T lymphocyte produced cytokines acts to propagate 

the immune response (Sumen et al., 2004).  Finally, MHC-II intracellular signaling is 

required for the survival and proliferation of activated B cells.  Thus a decrease in the 

surface expression and/or ability to up-regulate MHC-II expression would indicate a 

significant deficiency in the acquired immune response.   

Several possible mechanisms have been proposed to address the question of 

how morphine may be affecting MHC-II. Morphine administration has been shown to 

activate the hypothalamic-pituitary-adrenal (HPA) axis in rodents, leading to a release 

of a variety of adrenal and pituitary hormones (Simonyi et al., 1988).  Specifically, 
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plasma concentrations of adrenocorticotropin (ACTH) (Zwilling et al., 1992), beta 

endorphin (Coventry et al., 2001; Deitch et al., 1988), and corticosterone (Bayer et al., 

1990b) have all been shown to signal decreases in MHC-II expression on antigen-

presenting cells.  Cytokines have also been shown to be increased following morphine 

administration (Pacifici et al., 2000). These cytokines may modulate morphine-

mediated suppression of MHC-II expression.  Morphine-induced increases in nitric 

oxide have also been shown to decrease MHC-II expression in addition to mediating 

other suppressive effects on the immune system (Coussons-Read et al., 1994; Grimm 

et al., 2002; Pacifici et al., 2000).  All of these have been shown to directly modulate 

immune cell function and, therefore, could act as soluble mediators of the 

immunosuppressive effects of morphine (Bateman et al., 1989; Pruett, 2001). 

In addition to humoral factors, the autonomic nervous system is a potential 

pathway whereby morphine could be causing immunosuppression.  Administration of 

opioids directly into the central nervous system has been shown to result in elevation 

of plasma epinephrine, norepinephrine, and dopamine (Kiritsy-Roy et al., 1986; Vogel 

et al., 1984).  Catecholamines from either synaptic terminals or the adrenal medulla 

may mediate the effects of morphine on the immune system since these compounds 

have largely been shown to be immunosuppressive (Edgar et al., 2003; Malarkey et al., 

2002; Mellon and Bayer, 2001).  Norepinephrine has been shown to decrease MHC-II 

expression following IFN-γ stimulation (Taniguchi et al., 1993), suggesting another 

mechanism whereby morphine may signal the decrease in MHC-II expression.  
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Therefore, the first specific aim of this dissertation is to characterize the effect 

of morphine on MHC-II expression on circulating antigen-presenting cells.  Studies 

will examine the possibility that this decrease is functionally relevant to the cell by 

determining if antigen-presenting cells display a reduced ability to up-regulate MHC-II 

expression upon receipt of a standard stimulation signal.  In addition, the duration of 

the suppressive effect of morphine on MHC-II expression will be examined to 

determine if the decrease in MHC-II expression continues after chronic exposure to 

morphine.  The second specific aim will examine if the effect of morphine on MHC-II 

expression is being mediated through peripheral or central opiate receptors.  These 

studies will utilize central intracerebroventricular (i.c.v.) injections of opioid receptor 

agonists in an attempt to mimic the effect of morphine on MHC-II expression.  In 

addition, central i.c.v. injections of opioid receptor antagonists will be used to 

determine if blocking the action of these receptors centrally is able to block the effect 

of morphine on MHC-II expression. 

The third specific aim of this dissertation will examine the mechanism through 

which morphine is mediating the effects on MHC-II expression.  Previous reports in 

the literature have shown that similar decreases in MHC-II expression occur after 

exposure to ethanol.  As both drugs have been shown to increase levels of circulating 

corticosterone, the effect of corticosterone on MHC-II expression after acute morphine 

treatment will be examined.  Analysis of the HPA dependence of the suppressive effect 

of morphine on MHC-II expression will be done utilizing adrenalectomized animals.  
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In addition, MHC-II expression after stress alone will be examined to determine if 

these effects are similar in magnitude to the effect of morphine on MHC-II expression.   

As has been previously discussed, many effects of acute morphine develop 

tolerance to the immunosuppressive effects of the drug after chronic exposure.  

However, chronic morphine treated animals display a heightened sensitivity to the 

effects of stress on measures of immune function.  To determine if there is an increased 

suppression in response to stress after chronic morphine treatment, the fourth specific 

aim will examine the effects of both restraint stress and cold water stress on MHC-II 

expression in morphine tolerant rats.  The stress of withdrawal from morphine on 

MHC-II expression will also be examined to further clarify the duration of the effect of 

morphine on this measure of immune function.   

In addition to the role of MHC-II in antigen presentation, studies have shown 

that MHC-II functions as a signaling molecule for antigen-presenting cells.  As this 

signal has been associated with determining whether the cell will survive or become 

apoptotic, the fifth specific aim will examine the effect of morphine treatment on 

leukocyte apoptosis and cell cycle.  Morphine has previously been shown to decrease 

the number of circulating leukocytes in rats by 30%.  Similar studies using heroin 

decreased the number of total splenic leukocytes within the same one hour period 

(Fecho and Lysle, 2000).  Interestingly, this decrease after one hour exposure to heroin 

was accompanied by an increase in the percentage of Annexin-V positive cells, 

indicative of apoptotic death in splenic mononuclear cells (Fecho and Lysle, 2000).  
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In addition, morphine is well known to increase glucocorticoids in circulation.  

Glucocorticoids are potent inducers of apoptosis in leukocytes.   Glucocorticoids have 

been shown to alter cell cycle progression in part through alterations in proteins 

required for cell cycle progression. Therefore, studies will be undertaken to examine 

the effect of stress after chronic morphine treatment to determine if the immune cells 

have become more sensitive to the apoptotic effects of stress after morphine treatment.  

Finally, the effect of withdrawal stress will be examined to determine the duration of 

the alterations in leukocyte apoptosis.   
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SUMMARY OF SPECIFIC AIMS 
 

 

1. To determine the effects of morphine on immunologically relevant alterations 

in circulating leukocytes  

2. To identify whether the morphine-induced decrease in MHC-II expression is 

mediated through activation of central µ-opioid receptors  

3. To examine whether morphine-mediated decreases in B lymphocyte MHC-II 

expression are dependent upon HPA axis activation  

4. To examine the contribution of stress pathways to alterations in peripheral 

MHC-II expression in chronic morphine treated animals  

5. To determine if alterations in immune cells apoptosis or cell cycle occur after 

exposure to morphine either acutely, chronically, or during withdrawal.  
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MATERIALS AND METHODS 
 

Animals  

Pathogen-free male Sprague-Dawley rats (200–225 g upon receipt) were 

obtained from Taconic Laboratories (Germantown, NY).  Adrenalectomized animals 

were also obtained from Taconic Laboratories (Germantown, NY).  Adrenalectomized 

animals were provided
 
saline (0.9%) drinking solution supplemented with 

corticosterone
 
21-acetate (25 µg/ml in 0.2% ethanol) to restore basal corticosterone

 

levels. Animals were housed two to three per cage with microisolater tops and 

provided food (Purina rat chow) and water ad libitum.  The light cycle was regulated 

automatically (12 hours light/dark cycle) and temperature was maintained at 23 ± 1 °C.  

All animals were allowed to acclimate to this environment for one week prior to 

experimental manipulations.  The Georgetown University Animal Care and Use 

Committee approved all animal studies in accordance with the guidelines adopted by 

the National Institutes of Health. 

 

Reagents  

 Morphine sulfate was generously provided by the National Institute of Drug 

Abuse (Research Triangle Park, NC). Cocaine hydrochloride was purchased from 

Sigma (St Louis, MO).  All vehicle and drug solutions were made using sterile, 

pyrogen-free 0.9% saline.  Corticosterone, naltrexone hydrochloride, Tyr-  -Ala-Gly-

(me) Phe-Gly-ol  (DAMGO) and D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 
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(CTOP) were also obtained from Sigma-Aldrich (St. Louis, MO).  For central 

injections, naltrexone hydrochloride, DAMGO, and CTOP were diluted in sterile saline 

containing 0.1 % bovine serum albumin (BSA) (vehicle).  Recombinant rat IL-4 (rrIL-

4) and rat recombinant IFN-γ (rr IFN γ) were purchased from Peprotech Inc (Rocky 

Hill, NJ).  

 

Methods 

Drug administration and withdrawal 

Acute morphine treatment consisted of a single subcutaneous (s.c.) injection of 

morphine sulfate dissolved in sterile isotonic saline two hours prior to sacrifice. 

Chronic morphine treatment was begun after an acclimatization period of one week 

and consisted of twice daily morphine administration (s.c.), with doses spaced 10 to 12 

hours apart.  Morphine doses were (AM/PM dose, in mg/kg): day 1, 10/10; day 2, 

10/20; day 3, 20/20; day 4, 20/30; day 5, 30/30; day 6, 30/40; day 7, 40/40; day 8, 

40/40; day 9, 10 mg/kg challenge dose.  This protocol has been previously 

demonstrated by our laboratory to produce tolerance to the analgesic and steroid-

increasing effects of morphine (Bayer et al., 1994).  Withdrawal was abruptly induced 

by replacing the morphine injection with an injection of sterile saline for the time 

indicated.  

For cocaine studies, cocaine hydrochloride was dissolved in (0.9%) sterile 

isotonic saline, which
 
also served as the control treatment.  Acute cocaine consisted of 
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a single intraperitoneal (i.p.) injection of 10 mg/kg cocaine two hours prior to being 

euthanized. Cocaine injections in chronic
 
experiments occurred twice a day, with rats 

received
 
their first injection the evening of day 1, followed by 6 days

 
(twice daily) of 

administration, and their last injection the morning
 
of day 8. In withdrawal studies,

 
the 

same dosing paradigm was used with the addition of the withdrawal
 
period of six days 

after the last cocaine injection.  These injection paradigms for cocaine have previously 

been shown in our laboratory to affect lymphocyte proliferation and circulating 

corticosterone levels (Avila et al., 2004).  The injection
 
volume for all systemic studies 

was 1 ml/kg.  Control injections consisted of 0.3 ml of sterile saline. 

 

Stressors 

Restraint stress was induced by placing animals in clear Plexiglas tubes 

(punctuated with holes) measuring 20 cm in length and having an internal diameter of 

5 cm for two hours.  Forward, backward, and lateral movement was restrained, but 

animals could still breathe freely.  Water stress involved placing animals in individual 

clear Plexiglas mouse cages containing 1 to 2 cm of water at 4°C (cold water stress) for 

two hours.  Non-stressed animals were placed in individual plastic mouse cages and 

remained in the testing room. 
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Central cannulation surgeries and microinjection procedures 

Animals were anesthetized with equithesin (3mg/kg, i.p.) and injected 

intramuscularly with 0.1 ml gentamicin sulfate (40 mg/ml) to prevent infection.  

Animals were placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, 

CA) and surgically implanted with a single 5.0 mm cannula in the lateral ventricle.  

Cannulae were placed in the following coordinates relative to Bregma: for lateral 

ventricle AP -0.9, ML -1.6, DV -3.1 (Paxinos & Watson, 1997).  The guide cannula 

was fixed with dental acrylic and jeweler’s screws and fitted with an inert 28-guage 

cannula to maintain patency.  All animals were allowed to recover for approximately 

one week prior to experimentation.   

Microinjection of drugs was accomplished in freely moving, awake animals 

using a 28-gauge injection cannula, which extended 1 mm below the guide cannula and 

was connected to a Hamilton syringe by polyethylene tubing filled with vehicle or test 

substance.  The injection volume for all centrally administered drugs was 5 µl, 

administered over two minutes using a kd Scientific microinfusion pump (Model 101, 

New Hope, PA) set to dispense 2.5 µl/min.  The internal cannula remained in place for 

an additional minute to ensure drug dispersal into the ventricle.  Animals were returned 

to their home cages for the duration of the treatment period.  

Upon completion of experiments involving injection into the lateral ventricle, 

the brains were injected with 1% fast green dye (5 µl) through the injection cannula.  
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Blunt dissection of the brain was used to verify cannula placement within the lateral 

ventricle. 

 

Analgesic testing 

Antinociception was measured by the radiant heat tail-flick method, as 

previously described (Hernandez et al., 1993b).  All animals were acclimated to 

handling and the tail-flick device for two to three days prior to experimental 

manipulations.  Light intensity was controlled to provide a pre-drug latency between 

two and three seconds.  A cut-off of eight to ten seconds was employed to prevent 

damage to tail tissue.  Millan defines these conditions as a high intensity stimulus 

readily altered by µ-receptor agonists (Millan, 1989; Millan and Colpaert, 1990).  For 

studies employing opioids, nociception was measured 30 minutes after either morphine 

or agonist infusion. 

 

Leukocyte isolation 

Animals were sacrificed via rapid decapitation and whole trunk blood was 

collected in 50 ml conical tubes containing 100 µl of heparin (1000 U/ml).  Blood was 

diluted 1:2 with sterile isotonic saline and placed on a NycoPrep™ gradient 

(Oxoshield, Norway) (5 ml NycoPrep™ for every 6 ml of diluted blood). The gradient 

was then centrifuged for 20 min at 500 g and circulating peripheral blood mononuclear 

cells (PBMC) were obtained from the buffy coat in the interface between the 
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NycoPrep™ and the media.  After a series of washes with 1X phosphate buffered 

saline (PBS), the cell pellet was resuspended in RPMI-1640 media and cells were 

counted using a Coulter Counter.  Cells were then further diluted using RPMI-1640 

media supplemented with 1% fetal bovine serum and 0.2% gentamicin to a 

concentration of 2x10
6
 cells/ml. 

 

White blood cell counts  

A 20 µl sample of resuspended leukocytes was added to 10 ml of Isoton II 

counting solution with 100 µl of Zapoglobin lysing reagent (Beckman Coulter: 

Fullerton, CA). Unlysed blood cells were counted on a Coulter Z1 Counter.   

 

In vitro IL-4/IFN-γ assays 

Following leukocyte isolation, 1x10
6 

cells were plated out into each well in a 

24-well cell culture plate (0.5 ml of 2x10
6 
cells/ml cell suspensions).  Cells were then 

incubated with increasing concentrations of rat recombinant (rr) IL-4 or rr IFN γ.   

After 24 hours, non-adherent cells were removed from the cell culture plate and placed 

into a 5 ml polystyrene round bottom tube (Becton Dickson, NJ).  Adherent cells were 

then collected from the cell culture plate using 200 µl of ice-cold 1% trypsin-EDTA 

solution.  Cells were exposed to trypsin-EDTA for less than 30 seconds prior to trypsin 

inactivation with RPMI 1640 media containing 1% calf serum albumin.  Adherent cells 

were added to the cell suspension in the 5 ml tube.  Cultured cells were then 
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centrifuged for 5 min at 200g.  The resulting cell pellet was washed twice in 1X PBS 

and then resuspended in 200 µl of RMPI 1640 media.  MHC-II RT1.B β levels were 

then measured using FACS analysis as described below.   

 

In vitro corticosterone incubation 

Following leukocyte isolation, 1x10
6 

cells were plated out into each well in a 24 

well plate.  Cells were then treated with increasing concentrations of corticosterone for 

two hours.  After two hours, cells were washed in 1X PBS and then incubated for an 

additional 24 hours with rrIL-4 (1000 ng/ml).  At the conclusion of this incubation, 

cells were collected and washed twice in phosphate buffered saline.  Cells were 

centrifuged for 5 min at 200 g and the resulting cell pellet resuspended in 200 µl of 

RPMI 1640 media.  MHC-II RT1.B β and either CD45RA (B cells) levels were 

measured using FACS analysis.   

 

In vitro morphine incubation  

Following leukocyte isolation, 1x10
6 

cells were plated out into each well in a 24 

well plate.  Cells were treated with increasing concentrations of morphine.  After two 

hours, cells were washed in 1X PBS and then incubated for an additional 24 hours with 

rrIL-4 (100 ng/ml).  At the conclusion of this incubation, cells were collected and 

washed twice in phosphate buffered saline.  Cells were centrifuged for 5 min at 200 g 
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and the resulting cell pellet resuspended in 200 µl of RPMI-1640 media.   MHC-II 

RT1.B β and CD45RA levels were then measured using FACS analysis. 

 

Determination of MHC-II expression on leukocyte populations (FACS)   

Expression of MHC-II RT1.B on monocytes and B lymphocytes was evaluated 

by two-color immunofluorescence.   Surface and cytoplasmic staining were performed 

with the following monoclonal antibodies: fluorescein isothiocyanate (FITC) 

conjugated monoclonal antibodies against rat MHC-II RT1.B [Becton-Dickinson-

Pharmingen (BD) mouse IgG OX-6 clone], FITC labeled anti-rat cd68 (AbD Serotec 

mouse IgG ED1 clone), FITC labeled anti-rat cd68 (Biosource mouse IgG ED1 clone), 

phycoerythrin (PE) conjugated monoclonal antibodies against rat CD45RA 

(Caltag/Invitrogen mouse IgG1 OX-33 clone), PE-labeled anti-MHC-II RT1.B (BD 

mouse IgG1 OX-6 clone), and unconjugated anti-rat IL-4 receptor polyclonal 

antibodies (Santa Cruz Biotechnology rabbit IgG).  After two washes with 1X 

phosphate buffered saline (PBS), 1x10
6
/ml cells were resuspended in 100 µl of RPMI-

1640 media containing 1% fetal bovine serum and 0.2% gentamicin.  Suspended cells 

were then incubated with MHC-II monoclonal antibodies in addition to counterstaining 

with cell surface markers for lymphocytes (CD45RA) or monocytes (cd68).  For total 

MHC-II measurements, cell membranes were permeabilized with 1 ml Immunolyse 

(Beckman Coulter; Fullerton, CA) lysing solution for one minute prior to 

immunostaining.  Cell surface analysis was performed on intact cells.  Cells were 
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incubated with antibodies for either one hour at room temperature or overnight at 4°C 

as indicated in figure legends.  After incubation with antibodies, cells were again 

washed twice in PBS and then fixed with 1% paraformaldehyde prior to flow 

cytometry analysis. As positive controls, cell suspensions were incubated separately 

with each monoclonal labeled antibody.  Samples were protected from light and stored 

at 4°C until analysis.  

Determination of IL-4 receptor expression (FACS) 

Isolated blood leukocytes (100 µl) were added to tubes containing PBS (80 µl) 

and antibody against rat IL-4 receptor [APC tagged using Zenon labeling kit 

(Invitrogen, Eugene, OR)] and anti-rat CD45RA-PE (OX33).  Samples were incubated 

with antibodies for 60 minutes at room temperature.  Samples were then twice washed 

with PBS, centrifuged at 500 g, and supernatants were aspirated.  Samples were fixed 

with 250 µl of 1% formaldehyde and vortexed (60 sec).  As positive controls, separate 

cell suspensions were incubated with each labeled antibody only.  Samples were 

protected from light and analyzed within 30 minutes using a FACSort flow cytometer 

(Becton Dickinson FACS system, San Jose, CA).   

Flow cytometry analysis  

Immediately after staining, flow cytometry analysis was done using a FACSort 

flow cytometer (Becton Dickinson FACS system, San Jose, CA) with a single 

excitation source (200 mW argon laser).  Accurate physical and immunological gating 
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was performed using the characteristic side and forward scatter of lymphocytes and 

monocytes as shown in Figure 1.  In addition, positive and negative controls were used 

in order to standardize FACS procedures and allow for back gating.  Instrument 

settings were constant, and alignment for forward scatter and green and red 

fluorescence was monitored before each experiment.  One hundred thousand (100,000) 

cells of the population of interest were analyzed per sample and double-positive cells 

identified by dot-plot histograms.  Results were expressed as the mean fluorescent 

intensity.  Flow cytometry allows for individual cell analysis measurement of 

 

 fluorophore-conjugated antibodies to cell surface or intracellular markers.  This 

measurement is determined by measuring the amount or intensity of the fluorescence 

excited by a laser on each cell. These measurements are collected to form a population 
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histogram of fluorescent intensity.  The mean fluorescent intensity is a measure of 

central tendency and as such is subject to all of the caveats typically associated with 

measures of central tendency (e.g. homogeneous population, normal distribution, etc.).    

Analysis of apoptosis 

Isolated blood leukocytes (1x10
6
) were washed in 1X PBS twice and then 

resuspended in 100 µL of 1X binding buffer.  Solutions of Annexin-V FITC and PI (5 

µL each) were added to each sample. Samples were incubated 15 min in the dark at 

room temperature.  An additional 400 µL of binding buffer was added to each sample 

prior to analysis by flow cytometry. Staining cells simultaneously with FITC-Annexin-

V (green fluorescence) and the non-vital dye propidium iodide (red fluorescence) 

allows (bivariate analysis) the discrimination of intact cells (FITC-PI-), early apoptotic 

cells (FITC+PI-), and late apoptotic or necrotic cells (FITC+PI+). 

 

Analysis of cell cycle phase 

FACS (FACSort, Becton Dickinson) analysis of cell cycle was performed 

following the method of Vindelov and Christensen (Vindelov et al., 1983).  The 

intensity with which a cell’s propidium iodide-stained nucleus emits light is directly 

proportional to its DNA content. Isolated blood leukocytes were suspended in 100 µL 

of citrate buffer containing 250 mM sucrose, 40 mM tridosium citrate, and 5% 

dimethylsulfoxide (ph 7.60) and then immediately frozen at -80°C until analyzed.  

Samples were rapidly thawed by placing them in a 37°C water bath. Cells were 
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trypsinized and then stained with propidium iodide. FACS analysis was performed 

using the CellFit cell-cycle test. 

 

Serum collection and corticosterone measurement 

Blood was collected at time of sacrifice in 15 ml tubes and allowed to clot until 

it could be spun at 2500 rpm for 20 min at 4°C for serum collection.  Serum samples 

were stored at -20°C until assayed via solid phase 
125

I corticosterone 

radioimmunoassay purchased from ICN Pharmaceuticals (Costa Mesa, CA).    

 

Statistical and data analyses   

For the central studies, only animals whose cannula was determined to be 

accurately placed in the lateral ventricle were used for data analysis. Of the 44 animals 

used for central cannulation experiments, 9% were omitted from any analysis due to 

incorrect cannula placement. Treatment groups were compared using student’s t-test or 

one-way ANOVA with Newman-Keules test for post-hoc analysis.  As previously 

described, the mean fluorescent intensity is the mean of the fluorescent intensity 

measured on each cell in the population.  Control mean fluorescent intensity (MFI) 

values may vary for FACS analyses as the level of fluorescence from experiment to 

experiment is determined by the age of the antibody, the background 

immunofluorescence of the population, and other parameters for that particular 

experiment.  Depending on the conditions of each experiment, the background MFI 
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value may alter; however, the relative values in relation to this background value are 

consistent over all experiments.  For this reason when relative comparisons were made, 

the results are expressed as a percent of the mean control MFI.  For all data expressed 

as a percentage of control, the mean control MFI value for each experiment is given.  

For all parameters, any value that was greater than two standard deviations from the 

mean of the entire group was omitted as an outlier.  For all studies, a level of p <0.05 

was considered statistically significant.  
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RESULTS 

  

Specific Aim #1:  To determine the effects of morphine on immunologically relevant 

alterations in circulating leukocytes 

 

1.1 Brief review of the immunosuppressive effects of acute morphine  

Previously, our laboratory has demonstrated that a single acute 10 mg/kg dose 

of morphine significantly decreases the ability of T lymphocytes to proliferate in 

response to mitogen stimulation (Flores et al., 1994; Flores et al., 1995; Hernandez et 

al., 1993b).  Additionally, acute administration of a relatively high dose of morphine 

(20 mg/kg) has also been shown to decrease expression of MHC-II related genes in 

circulating leukocytes (Beagles et al., 2004).  Subsequent studies verified that the 

decrease in MHC-II gene expression was also observed in MHC-II mRNA and protein 

expression (Beagles et al., 2004). As the ability of CD4+ T cells to recognize 

exogenously derived antigen is dependent upon efficient cell-surface presentation of 

antigen by the MHC-II molecule, these studies sought to further characterize the effect 

of morphine on MHC-II expression.   

a.  Examination of a lower dose of morphine on basal MHC-II expression 

Two hours following morphine (10 mg/kg, s.c.) or saline administration, 

animals were euthanized and whole trunk blood was collected.  Circulating 

mononuclear cells from treated and control animals were isolated using a density 
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gradient technique and stained using antibodies against MHC-II RT.1B β and cell 

surface markers for either B lymphocytes (CD45RA) or monocytes (CD68).  FACS 

analyzed cell populations were gated using the characteristic forward and side scatter 

profiles of lymphocytes and monocytes as previously shown in Figure 1.   As shown in 

Figure 2, cell populations from morphine- and saline treated rats produced similar 

distributions of fluorescent staining by fluorophore-conjugated antibodies against 

MHC-II RT.1B.  The total number of cells counted for each sample group was the 

same (10,000 cells per sample).  In order to compare populations of cells, the mean 

fluorescent intensity was used as a measure of central tendency.  As a measure of 

central tendency, it is important that the cell distributing be normal (e.g. not positively 

or negatively skewed) and relatively homogeneous.  Lymphocytes from both morphine 

and saline treated groups displayed a normal distribution of cells (Figure 2A).  The 

histograms of MHC-II fluorescent intensity on monocytes from both morphine and 

saline treated display a similar pattern of fluorescent intensity throughout the cell 

population.  The increase in intensity to the right (Figure 2B) is commonly observed 

with monocytes and represents adherent cells in the sample.  As such, the data was not 

used in the determination of the mean for these samples.  Comparison of the mean 

fluorescent intensity of both populations shows that even at the lower dose of morphine 

used in these studies, acute morphine treatment significantly reduced basal MHC-II 

expression levels by 33% on circulating B lymphocytes compared to saline treated 
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control animals (*p<0.05) (Figure 3A).  In addition, morphine did not affect the 

expression of MHC-II on circulating monocytes (Figure 3B). 

Morphine treatment has been shown to decrease the number of circulating 

leukocytes by up to 30%, although this decrease was not specific to any particular 

subpopulation of leukocytes as the relative percentage of each leukocyte remained the 

same (Flores et al., 1995).  However, chronic use of morphine has been associated with 

alterations in the relative percentages of leukocytes (Govitrapong et al., 1998).  

Therefore, to ensure that the decrease in MHC-II expression was not due to a decrease 

in the percentage of circulating B lymphocytes, we examined the effect of morphine on 

the relative percentages of antigen-presenting cells in acute and chronic morphine 

treated animals.  As shown in Figure 4, the decrease observed in MHC-II expression 

after acute morphine treatment was not due to alterations in the percentage of 

circulating B lymphocytes.  Approximately 28% of the cells isolated from the whole 

blood of saline treated animals stained positive for the specific rat B cell surface 

marker CD45RA.  The relative percentage of B lymphocytes from acutely treated 

animals was somewhat lower at 23%, although this difference was not statistically 

significant (ANOVA).  The percentage of B lymphocytes from chronic morphine 

treated animals was approximately 31%; again this was not significantly different from 

either the saline or acute morphine treated groups (ANOVA) (Figure 4).  Similarly, 

there was no significant difference between the percentage of circulating monocytes 

between sample groups as the percentage of monocytes averaged approximately 8% of 
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the total cells isolated (8.62 % for saline, 9.93 % for acute morphine treated animals, 

and 6.53 % for chronic morphine treated animals) (ANOVA).  
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A:  B Lymphocytes       B:                Monocytes 

 

Figure 2.  Histograms of fluorescent intensity of MHC-II expressing lymphocytes 

and monocytes.  Flow cytometry analysis was done using a FACSort flow cytometer 

(Becton Dickinson FACS system, San Jose, CA) with a single excitation source (200 

mW argon laser).  Gating was performed using the characteristic side and forward 

scatter of lymphocytes and monocytes as shown in Figure 1.  One hundred thousand 

cells of the population of interest were analyzed per sample and double-positive cells 

(for leukocyte subpopulation and MHC-II) identified.  Histograms represent the 

numbers of cells measuring the same amount or intensity of the fluorescence excited 

by a laser on each cell.  The histograms shown here are representative of those 

produced by the various cell samples used in the subsequent studies.  The thick dark 

line represents the saline treated control group, while the thin line represents the 

morphine treated group. 
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Figure 3.  The effects of acute morphine on basal MHC-II expression on 

circulating B lymphocytes and monocytes.  Groups of Sprague Dawley rats (n=6) 

were administered either saline or morphine (10 mg/kg, s.c.).  Two hours after the 

injection, the rats were decapitated and trunk blood was collected in heparinized tubes.  

Blood leukocytes were isolated using a NycoPrep™ density gradient technique and 

suspended to a concentration of 2x10
6
 cells/ml (0.5 ml per well) in RPMI-1640 with 

1% FCS and 0.2% gentamicin sulfate. Cultured cells were immunostained with 

fluorophore conjugated antibodies against MHC-II (MHC-II RT1.B β) and cell surface 

markers for either lymphocytes (anti-rat CD45RA-PE) or monocytes (anti-rat CD-68 

FITC) and then counted using a flow cytometer.  Data are represented as mean 

fluorescent intensity of the sampled population ± SEM and are representative of three 

separate experiments.  A: * p<0.05 compared to saline treatment group (student’s t-

test). B: There is no significant difference between groups as determined by student’s 

t-test. 
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Figure 4.  Percentage of leukocyte subpopulations after treatment with morphine.  

Groups of Sprague Dawley rats (n=6) were administered either saline or morphine as 

described in Figure 3.  Two hours after injection, the rats were decapitated and trunk 

blood was collected in heparinized tubes.  Blood leukocytes were isolated using a 

NycoPrep™ density gradient technique and suspended to a concentration of 2x10
6
 

cells/ml (0.5 ml per well) in RPMI-1640 media with 1% FCS and 0.2% gentamicin 

sulfate. Cultured cells were immunostained with fluorophore conjugated antibodies as 

follows: lymphocytes (anti-rat CD45RA-PE) or monocytes (anti-rat CD-68 FITC), and 

then counted using a flow cytometer.  Data are represented as percent of total cell 

population sampled ± SEM and are representative of three separate experiments.    

There are no significant differences between groups as determined by one-way 

ANOVA. 
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b. Determine if the decrease in MHC-II expression is functionally relevant 

Since morphine treatment reduced basal MHC-II expression, it was of interest 

to determine if morphine would also inhibit the ability of antigen-presenting cells to 

increase MHC-II expression upon receiving a standard stimulation signal.  Grainger et 

al. (1995) has previously shown that interleukin 4 (rrIL-4) applied in culture acts to 

quickly up-regulate the expression of MHC-II on B lymphocytes by as much as 8 fold 

(Grainger et al., 1995).  Therefore, utilizing this standard stimulation signal, the ability 

of B lymphocytes from either morphine (10 mg/kg) or saline treated animals to up-

regulate MHC-II expression upon exposure to increasing concentrations of rat 

recombinant IL-4 (rrIL-4) was examined.  As previously demonstrated in Figure 3, 

basal MHC-II expression was again significantly suppressed in acute morphine treated 

animals as compared to saline treated control animals (saline MFI 165 ± 8.12 versus 

acute MFI 128 ± 9.18) (Figure 5).   B lymphocytes from saline treated control animals 

were able to increase expression of MHC-II by up to 9 fold upon exposure to 

increasing concentrations of rrIL-4 (0–1000 ng/ml) (Figure 5).  However, morphine 

treatment significantly reduced the ability of B cells to up-regulate MHC-II expression 

in response to IL-4 when compared with saline treated controls by as much as 35% 

(Figure 5).   

Circulating monocytes have also been shown to respond to IL-4 induction of 

MHC-II expression (Ruppert et al., 1991).  Unlike morphine-signaled decreases in B 

lymphocyte induction of MHC-II, circulating monocytes from morphine treated 
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animals were able to increase MHC-II expression in response to induction by IL-4 in a 

similar fashion to monocytes from control animals (Figure 6).   

In addition to IL-4, other cytokines have also been shown to increase 

expression of MHC-II on circulating antigen-presenting cells.  One of these cytokines, 

IFN-γ, is largely recognized as a potent inducer of MHC-II in monocytes/macrophages 

(Rosa et al., 1986).  In contrast, IFN-γ reduces the expression of MHC-II on B 

lymphocytes.  In order to examine the effect of alternative cytokine stimulation on 

monocytes, studies were undertaken to examine the effects of IFN-γ induction on 

MHC-II expression on both circulating B lymphocytes and monocytes.  Again, basal 

MHC-II expression on circulating B lymphocytes from morphine treated animals was 

significantly decreased as compared to basal MHC-II expression on B lymphocytes 

from saline treated animals and this effect continued after induction with IFN-γ (500 

U/ml) (Figure 8).    As expected, IFN-γ (500 U/ml) significantly reduced the level of 

MHC-II expression on B lymphocytes from saline treated animals while only modestly 

decreasing MHC-II expression on B lymphocytes from morphine treated animals 

(Figure 8).   

Basal MHC-II expression on circulating monocytes from morphine treated rats 

was not significantly different from the monocyte MHC-II expression from saline 

treated control animals (Figure 9).  Induction of MHC-II on circulating monocytes was 

observed after 24-hour incubation with IFN-γ as has been previously reported in the 

literature.  However, morphine treatment did not significantly affect the ability of 
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circulating monocytes to increase MHC-II expression in response to IFN-γ induction 

(Figure 9).   

IL-4 has also been shown to increase expression of its own receptor on the cell 

surface of circulating B and T lymphocytes (Renz et al., 1991).  To ensure that the 

alteration in MHC-II expression after morphine administration was not due to 

alterations in the ability of cells to up-regulate IL-4 receptor expression after IL-4 

induction, studies were undertaken to examine IL-4 receptor expression after treatment 

with morphine.  As shown in Figure 7, IL-4–induced IL-4 receptor expression on the 

cell surface of circulating B cells was unaltered by morphine treatment.   
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Figure 5. The effects of acute morphine on IL-4 induced MHC-II expression on 

circulating B lymphocytes.  Groups of Sprague Dawley rats (n=6) were administered 

either saline or morphine (10 mg/kg, s.c.).  After two hours, rats were decapitated and 

trunk blood was collected in heparinized tubes.  Isolated blood leukocytes were 

suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 with 1% FCS and 1 ml 

gentamicin, and then cultured in a 24-well plate containing either 1, 10, 100, or 1000 

ng/ml of rrIL-4 for 24 hours. After 24 hours, cells were stained with antibodies for 

lymphocytes (anti-rat CD45RA-PE) and MHC-II (anti-rat MHC-II RT1.B β-FITC) and 

then counted using FACS.  Data are represented as mean fluorescent intensity of the 

sampled population ± SEM.  * p<0.05 compared to saline treated group (ANOVA, 

Newman-Keules). 
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Figure 6.  The effects of acute morphine on IL-4 induced MHC-II expression on 

circulating monocytes.  Groups of Sprague Dawley rats (n=6) were administered 

either saline or morphine (10 mg/kg, s.c.).  At two hours, rats were decapitated and 

trunk blood was collected in heparinized tubes.  Isolated blood leukocytes were 

suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 with 1% FCS and 1 ml 

gentamicin, and then cultured in a 24-well plate containing rrIL-4 (0–1000 ng/ml).  

Twenty-four hours later, cells were stained with antibodies for monocytes (anti-rat CD-

68 FITC) and MHC-II (anti-rat MHC-II PE) and then counted using a flow cytometer.  

Data are represented as mean fluorescent intensity of the sampled population ± SEM. 

There is no significant difference between treatment groups (ANOVA). 
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Figure 7.  Level of cell surface IL-4 receptor expression after IL-4 stimulation on 

morphine treated circulating B lymphocytes.  Groups of Sprague Dawley rats (n=6) 

were administered either saline or morphine (10 mg/kg, s.c.).  After two hours, trunk 

blood was collected and blood leukocytes were isolated and suspended as described in 

Figure 3.  Isolated leukocytes were then incubated with 1000 ng/ml rrIL-4 (IL-4 

induced) for 24 hours.  Cells were then collected and stained with antibodies against a 

B lymphocyte–specific cell surface marker (CD45RA-PE) and IL-4 receptor (APC 

conjugated).  IL-4 receptor expression was then analyzed using FACS. Data are 

represented as mean fluorescent intensity of the sampled population ± SEM.  There is 

no significant difference between saline and morphine treated groups on IL-4 induced 

IL-4 receptor expression as determined by student’s t-test. 
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Figure 8.  MHC-II expression on circulating B lymphocytes from morphine 

treated animals after incubation with gamma interferon.  Groups of Sprague 

Dawley rats (n=3) were administered either saline or morphine (10 mg/kg, s.c.).  At 

two hours, rats were decapitated and trunk blood was collected in heparinized tubes.  

Isolated blood leukocytes were suspended to a concentration of 2x10
6
 cells/ml in 

RPMI-1640 media with 1% FCS and 0.2% gentamicin, and then cultured in a 24-well 

plate containing either media only (basal) or IFN-γ (500 U/ml).  Twenty-four hours 

later, cells were stained with antibodies against lymphocytes (anti-rat CD45RA-PE) 

and MHC-II (anti-rat MHC-II RT1.B β-FITC) and then counted using FACS.  Data are 

represented as mean fluorescent intensity of the sampled population ± SEM.  * p<0.05 

compared to similarly treated saline group (ANOVA, Newman-Keules).  # p<0.05 

compared to basal saline treatment group (ANOVA, Newman-Keules). 
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Figure 9.  Interferon-gamma induction of MHC-II expression on circulating 

monocytes after acute morphine.  Groups of Sprague Dawley rats (n=3) were 

administered either saline or morphine (10 mg/kg, s.c.).  At two hours, rats were 

decapitated and trunk blood was collected in heparinized tubes.  Isolated blood 

leukocytes were suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 with 

1% FCS and 0.2% ml gentamicin, and then cultured in a 24-well plate containing 1000 

ng/ml of IFN-γ.  Twenty-four hours later, cells were stained with antibodies against 

monocytes (anti-rat CD-68-FITC) and MHC-II (anti-rat MHC-II RT1.B β-PE) and then 

counted using FACS.  Data are represented as mean fluorescent intensity of the 

sampled population ± SEM.  IFN-γ significantly increased the expression of MHC-II 

on circulating monocytes (# p<0.05) from both saline treated and morphine treated 

animals. However, there are no significant differences between similarly treated cells 

(basal or IFN-γ induced) from saline and morphine treatment groups (ANOVA). 
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c. Determine whether MHC-II expression develops tolerance upon 

chronic exposure to morphine 

Chronic exposure to morphine has been shown to produce an apparent 

tolerance to a number of effects of acute morphine, including analgesia, HPA 

activation, and mitogen-induced lymphocyte proliferation.  The next series of studies 

examined whether the suppressive effects of morphine administration on MHC-II 

remained after chronic exposure.  Animals were injected twice a day with either saline 

or an escalating dose of morphine (10 mg/kg – 40 mg/kg, s.c.) for eight days.  Two 

hours after a challenge dose of morphine (10 mg/kg, s.c.), animals were euthanized, 

blood leukocytes isolated, and both basal and rrIL-4 stimulated MHC-II expression 

was measured.  A representative histogram from the flow cytometry analysis 

demonstrates that the fluorescent intensity of MHC-II for the sample groups is 

normally distributed (Figure 10); therefore, subsequent studies in this dissertation will 

use the mean fluorescent intensity (MFI) as a descriptive measure of the fluorescent 

intensity of MHC-II in these cell populations.  Similar to data previously shown in 

Figure 5, the addition of IL-4 to isolated blood leukocytes in culture results in a 5-fold 

stimulation of MHC-II expression in saline treated control animals (Figure 11).  

Following an acute exposure to morphine (two hours), the stimulatory effects of IL-4 

on MHC-II expression were significantly suppressed by 34% to 44% at all IL-4 

concentrations tested (10–1000 ng/ml) (Figure 11).  In contrast to this acute 
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suppressive effect, following chronic exposure to morphine the magnitude of the 

response to IL-4 induced MHC-II expression was identical to that of the saline treated 

control animals (greater than 5 fold increase in MHC-II) (Figure 11).  Therefore, the 

suppressive effect on MHC-II expression observed after acute morphine treatment 

appears to develop tolerance to the effects of morphine as chronically treated animals 

exhibited no decrease in basal or IL-4 induced MHC-II expression compared to 

similarly treated control animals (Figure 11).   
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Figure 10. Fluorescent intensity histogram of basal MHC-II expression on 

circulating B lymphocytes from saline versus morphine treated animals.  Flow 

cytometry analysis was done using a FACSort flow cytometer (Becton Dickinson 

FACS system, San Jose, CA) with a single excitation source (200 mW argon laser).  

Gating was performed using the characteristic side and forward scatter of lymphocytes 

as shown in Figure 1.  One hundred thousand cells were analyzed per sample and 

double-positive cells identified.  Histograms represent the numbers of cells measuring 

the same amount or intensity of the fluorescence excited by a laser on each cell.  The 

histograms shown here are representative of those produced after analysis of basal 

MHC-II expression on lymphocytes from saline treated (thick dark line), acute 

morphine treated (thin line) or chronic morphine treated (thick grey line) animals. 
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Figure 11:  Effect of chronic morphine exposure on basal and IL-4 induced MHC-

II expression in circulating B lymphocytes. Sprague Dawley rats (n=8) were 

administered either saline or morphine using the dosing schedule as described in 

Methods.   Acutely treated animals received 10 mg/kg morphine on the day of the 

experiment only.  Two hours after dosing, animals were sacrificed and trunk blood was 

collected for NycoPrep™ isolation of circulating leukocytes.  Isolated blood 

leukocytes were suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 media 

with 1% FCS and 0.2% gentamicin sulfate, and then cultured in a 24-well plate 

containing rrIL-4 (0–1000 ng/ml).  Twenty-four hours later, cells were stained with 

anti-rat CD45RA PE and anti-rat MHC-II RT1.B ß FITC and then counted using 

FACS.  Data are represented as mean fluorescent intensity of the sampled population ± 

SEM. Data repeated in a subsequent experiment.  * p<0.05 compared to all other 

treatment groups (one-way ANOVA, Newman-Keules). 
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d. Determine if the decrease in MHC-II expression is observed after 

treatment with cocaine 

Similar to morphine, cocaine administration has been shown to increase HPA 

axis activity and affect peripheral immune function.  Studies examining the effect of 

cocaine on lymphocyte proliferation have shown that intravenous injections of cocaine 

significantly decreased mitogen-induced T lymphocyte proliferation and that this effect 

was accompanied by an increase in plasma corticosterone (Bayer et al., 1995).  

Subsequent studies from the Bayer laboratory have not observed an effect of cocaine 

on lymphocyte proliferation with either central injections of cocaine or intraperitoneal 

injections of cocaine (Avila et al., 2003; Pellegrino et al., 2001).  However, increases 

in plasma corticosterone after cocaine treatment have been reported in both acute 

cocaine treatment and after chronic cocaine exposure (Avila et al., 2003; Mantsch et 

al., 2000).  Therefore, the effect of cocaine treatment on basal MHC-II expression in 

circulating B lymphocytes and monocytes was examined.  Animals were treated with 

either saline or cocaine (10 mg/kg) intraperitoneally (i.p.) twice daily for five days.  On 

the day of the experiment a separate group of animals was given a single acute 

injection of cocaine (10 mg/kg, i.p.).  The animals were euthanized two hours after 

cocaine administration and whole trunk blood was collected for analysis.  As shown in 

Figure 12, neither acute nor chronic cocaine treatment decreased MHC-II expression 
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on circulating B lymphocytes.  Also, cocaine treatment did not signal a significant 

decrease in MHC-II expression on circulating monocytes.  

Therefore, it appears that morphine treatment specifically decreases MHC-II 

expression on circulating B lymphocytes.  This decrease is not due to alterations in the 

percentage of B lymphocytes in circulation after morphine as there is no change in 

percentage of B lymphocytes between saline and morphine treated groups.  This 

decrease in B lymphocyte MHC-II expression continues even upon stimulation with a 

standard stimulatory signal.  The decrease in response to IL-4 is not due to alterations 

in IL-4 receptor levels after morphine treatment, as morphine does not appear to affect 

the level of IL-4 receptors on the cell surface of B lymphocytes.   In addition, this 

effect may be specific to morphine, as cocaine had no effect on MHC-II expression in 

circulating B lymphocytes at two hours.  However, the decrease in MHC-II expression 

after morphine appears to become tolerant to the effects of morphine upon chronic 

exposure to the drug. 
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Figure 12.  Basal MHC-II expression on circulating B lymphocytes and monocytes 

after acute or chronic cocaine treatment.  Groups of Sprague Dawley rats (n=8) 

were administered either saline or cocaine (10 mg/kg, i.p.).  At two hours, rats were 

decapitated and trunk blood was collected in heparinized tubes.  Isolated blood 

leukocytes were suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 media 

with 1% FCS and 0.2% gentamicin, labeled with antibodies against MHC-II RT1.B ß 

and cell surface markers for lymphocytes (CD45RA PE) or monocytes (cd-68 FITC), 

and then counted using a flow cytometer.  Data are represented as mean fluorescent 

intensity of the sampled population ± SEM.  There is no significant difference between 

groups (ANOVA). 
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Specific Aim #2: To identify whether the morphine-induced decrease in MHC-II 

expression is mediated directly by morphine or through activation of central 

pathways. 

 

2.1 Summary of the site of action of morphine in mediating immunosuppressive 

effects  

Morphine treatment in vivo has been shown to decrease lymphocyte 

proliferation and this effect is sensitive to pretreatment with an opioid receptor 

antagonist, naltrexone (Bayer et al., 1990a).  The immunosuppressive effects of 

morphine may be mediated through multiple mechanisms.  Several studies have 

examined whether morphine alters immune function by acting directly on immune 

cells or indirectly through centrally mediated pathways.  Studies which examined the 

effect of morphine on immunocytes found that while direct application of morphine 

decreased mitogen-stimulated lymphocyte proliferation, this effect was produced only 

by very high concentrations and was not opioid-receptor dependent (Fecho et al., 

1996a).  Our laboratory has previously demonstrated that central µ-opioid receptor 

activation decreased lymphocyte proliferation similar to the decrease observed after 

morphine (Mellon and Bayer, 1998b).  Likewise, activation of centrally located opioid 

receptors has been shown to signal decreased natural killer cell activity by an opiate-

dependent mechanism (Lysle et al., 1996).   
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a. Direct versus central effects of morphine on MHC-II expression  

To clarify whether or not morphine decreases MHC-II expression by acting 

directly on circulating B lymphocytes, MHC-II expression on naïve leukocytes treated 

directly with morphine was examined.  Leukocytes were isolated from naïve animals 

and cultured with increasing concentrations of morphine (0.001 nM–100 nM) for two 

hours.  This range of morphine was chosen, as previous studies have shown that 

plasma concentrations of morphine are approximately 50 nM after a single 

subcutaneous injection of 10 mg/kg morphine sulfate (Yoburn et al., 1985).  After two 

hours of in vitro exposure to morphine, both basal and rrIL-4 induced (100 ng/ml) 

MHC-II expression was examined.  Incubation of leukocytes with morphine did not 

significantly affect the expression of basal MHC-II on circulating B lymphocytes 

(Figure 13) (ANOVA).  Further, morphine had no effect on the ability of the cells to 

increase MHC-II expression upon exposure to rrIL-4 (Figure 14).  These data suggest 

that morphine is not acting on immune cell opioid receptors to signal the decreases in 

MHC-II expression observed two hours after in vivo morphine treatment. 

Subsequent experiments were undertaken in order to determine if the effect of 

morphine on MHC-II expression was due to the presence of a plasma factor.  In these 

experiments, animals were centrally injected with either morphine (50 nmols) or saline 

into the lateral ventricle.  Two hours after the central injections, the animals were 

sacrificed and plasma was collected as described in Methods.  Plasma from similarly 

treated animals (n=4 per group) was pooled together.  Leukocytes were isolated from 
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naïve animals and incubated with dilutions of plasma from centrally injected morphine 

or saline treated animals.  After two hours of incubation with pooled plasma, cells were 

harvested and the level of MHC-II expression on these cells was analyzed.  As shown 

in Figure 15, MHC-II expression on B lymphocytes was decreased upon incubation 

with plasma from animals that received a central injection of morphine.  Likewise, IL-

4 induced MHC-II expression was also decreased on B lymphocytes after exposure to 

plasma from morphine treated animals.  Due to the need to pool samples, statistical 

analysis could not be performed on these results.  However, these results do indicate 

that central injection of morphine produces a soluble plasma factor that is capable of 

reproducing the decreases in both basal and induced MHC-II expression on B 

lymphocytes isolated from naïve animals.   
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Figure 13: The effect of in vitro morphine exposure on basal B lymphocyte MHC-

II expression.  Blood leukocytes from naïve animals (n=6) were extracted as 

previously described in Methods.  Isolated leukocytes were incubated for two hours 

with increasing concentrations of morphine (0.001 nM–100 nM).  MHC-II RT.1B β 

levels were then measured on B lymphocytes using FACS analysis.  At all 

concentrations of morphine, MHC-II levels were unchanged when compared to 

controls as determined by one-way ANOVA.  Data are representative of two separate 

experiments and are represented as mean fluorescent intensity of the sampled 

population ± SEM. 
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Figure 14: The effect of direct morphine exposure on B lymphocyte MHC-II 

expression after IL-4 induction.  Blood leukocytes were extracted as previously 

described from naïve animals (n=6) and treated in vitro with increasing concentrations 

of morphine (0.001nM–100nM) for two hours.  Cells were then washed and incubated 

in rrIL-4 (100 ng/ml) for 24 hours.  MHC-II RT.1B β levels were measured on B 

lymphocytes using FACS analysis.  At all concentrations of morphine, MHC-II levels 

were unchanged when compared to controls as determined by one-way ANOVA.  Data 

are representative of two separate experiments and are represented as mean fluorescent 

intensity of the sampled population ± SEM. 
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Figure 15.  MHC-II expression on naïve leukocytes after in vitro exposure to 

plasma from animals centrally treated with i.c.v. morphine.  Plasma was obtained 

from i.c.v. cannulated rats injected with morphine (50 nmols) or saline.  Centrally 

injected animals were sacrificed after two hours and whole trunk blood was collected.  

Plasma was collected and frozen at -20°C until the time of the experiment.  On the day 

of the experiment, naïve animals were sacrificed and their blood leukocytes isolated as 

previously described in Methods.  Plasma from centrally injected animals was pooled 

(n=4 per group) and then diluted with media (1:10) prior to being added to cultures of 

leukocytes from naïve animals (nine animals pooled).  In addition, half of the samples 

also received IL-4 (10 ng/ml).  After 24 hours, the cells were harvested and probed 

with antibodies against MHC-II RT.1B β and cell surface markers for B lymphocytes 

(CD45RA).  Cells were then read by FACS. Data are representative of MFI of sample.  

As cells were pooled from nine animals, there is only one sample per group and 

therefore no statistics can be performed on this data. 
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b. Naltrexone sensitivity of the decrease in MHC-II expression after 

morphine  

To determine whether morphine effects on MHC-II expression are mediated 

through central pathways, studies utilizing a central injection of a µ-opioid receptor 

antagonist, naltrexone, were undertaken.  Animals were administered a central i.c.v. 

injection of naltrexone (10 µg/5 µl) or vehicle (sterile saline containing 0.1 % BSA) 30 

minutes prior to receiving a peripheral challenge injection of either morphine (20 

mg/kg; s.c.) or saline.  As shown in Figure 16, analgesic responses to morphine were 

completely antagonized by pretreatment with naltrexone.  As previously shown in 

Figures 5 and 11, peripheral injections of acute morphine significantly suppressed IL-4 

induced expression of MHC-II by greater than 40% (Figure 17).  However, this effect 

was completely blocked by pretreatment of animals with centrally administered 

naltrexone, as IL-4 stimulation of MHC-II expression was of equal magnitude in B 

lymphocytes from both saline treated animals and naltrexone pretreated, morphine 

injected animals (Figure 17). 
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Figure 16.  The effects of central naltrexone pretreatment on morphine-induced 

analgesia.  Analgesia was tested by the radiant heat tail-flick paradigm.  Animals 

(n=7) were acclimated to handling and the tail-flick device for two days prior to 

experimental manipulation.  Animals were tested at 30 minutes post s.c. injection.  

Data are expressed as duration (seconds) that the tail remained exposed to the radiant 

heat from the light (latency).  A cut-off time of nine seconds was used to prevent 

damage to tissue.  Data are represented as latency ± SEM.  * p<0.05 compared to all 

other treatment groups (ANOVA, Newman-Keules). 
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Figure 17. MHC-II expression on peripheral blood B lymphocytes isolated from 

morphine treated rats after central pretreatment with naltrexone.  Indwelling 

cannulae were placed in the lateral ventricle one week prior to the experiment. 

Naltrexone (10 µg/5 µl) was microinjected i.c.v. into freely moving, awake animals.  

The injection volume for all centrally administered drugs was 5 µl, administered over 

two minutes. Rats (n=7 per group) received a central injection of saline or naltrexone 

as indicated.  Thirty minutes after central injection, the animals were challenged with 

saline or morphine (20 mg/kg; s.c.).  Leukocytes were isolated and then incubated with 

1000 ng/ml rrIL-4 for 24 hours.  After 24 hours, the cells were stained using markers 

for MHC-II and cell surface marker for lymphocytes (CD45RA).  Data are represented 

as mean fluorescent intensity of the sampled population ± SEM.  * p<0.05 compared to 

all other treatment groups (ANOVA, Newman-Keules).  
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c. Central µ-opioid receptor activation on induced B lymphocyte MHC-II 

expression   

Previous studies examining the suppressive effects of morphine on lymphocyte 

proliferation have demonstrated that this suppression is mediated through central µ-

opioid receptors (Mellon and Bayer, 1998).  To clarify the role of central µ-opioid 

receptors on the peripheral expression of MHC-II on B lymphocytes, central injections 

of a µ-opioid receptor specific agonist were used to determine if central µ-opioid 

receptor activation was sufficient to suppress MHC-II on peripheral B lymphocytes.  

Animals were administered a central injection of DAMGO, a µ-specific opioid receptor 

agonist, into the lateral ventricle.  A 20 nmol dose of DAMGO was selected, as it had 

been previously shown to significantly decrease lymphocyte proliferation and increase 

analgesic responses similar to acute morphine treatment.  To ensure that the central 

injections were effective, analgesia was measured using a tail-flick paradigm.  In this 

paradigm, animals’ tails are placed under a heat source and the time until the animals 

remove their tail from the noxious stimuli is determined.  Animals that are analgesic 

will be slow to remove their tail from the noxious stimuli while non-analgesic animals 

will quickly remove their tail.  Animals that were centrally administered DAMGO 

displayed similar analgesic responses to morphine (Figure 18).   In addition, as shown 

in Figure 19, centrally administered DAMGO alone was sufficient to suppress MHC-II 

expression on circulating B lymphocytes.  DAMGO injected animals displayed a 40% 

decrease in MHC-II expression compared to saline treated control animals. 



86 

 

Interestingly, centrally treated DAMGO animals display a greater suppression of 

peripheral MHC-II expression than morphine treated animals (DAMGO 40% 

suppression; morphine 31% suppression) (Figure 19). 

To further elucidate the role of central µ-opioid receptors in the suppression of 

MHC-II expression on circulating B lymphocytes, a µ-opioid receptor antagonist, 

CTOP, was administered i.c.v. into cannulated animals prior to a challenge injection of 

a high dose of morphine (20 mg/kg, s.c.).  CTOP is a cyclic somatostatin octapeptide 

analog with high affinity and selectivity toward µ-opioid receptors (Borner et al., 

2007).  Analgesia was measured using a tail-flick paradigm to ensure that the central 

injection was effective in blocking the analgesic actions of morphine.  As shown in 

Figure 18, CTOP pretreatment was able to block the analgesic effects of morphine, as 

the CTOP pretreated animals demonstrate decreased latency responses similar to saline 

treated controls.  Two hours after treatment with either morphine or saline, leukocytes 

were collected and cultured as previously described in Methods with 1000 ng/ml of 

rrIL-4.  Again, morphine decreased MHC-II expression by as much as 31% on rrIL-4 

induced peripheral B lymphocytes (Figure 19).   Similar to naltrexone pretreatment, 

central pretreatment with CTOP blocked the suppression of MHC-II expression by 

morphine, as CTOP pretreated rats were able to up-regulate MHC-II expression in 

response to IL-4 similar to saline treated control animals (Figure 19).  Taken together 

these data indicate that morphine mediates the suppressive effects of MHC-II 

expression through the activation of centrally located µ-opioid receptors. 
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Figure 18.  The effects of central pretreatment with a µ-opioid receptor specific 

agonist and antagonist on morphine induced analgesia. Analgesia was tested by 

the radiant heat tail-flick paradigm.  Animals (n=5) were acclimated to handling and 

the tail-flick device for two days prior to experimental manipulation.  Animals were 

tested 30 min post s.c. injection.  Data are expressed as duration (seconds) that the tail 

remained exposed to the radiant heat from the light (latency).  A cut-off time of 15 

seconds was used to prevent damage to tissue.  Data represent latency in seconds ± 

SEM.  *p<0.05 compared to saline treatment group (ANOVA, Newman-Keules). † 

p<0.05 compared to morphine and DAMGO treated groups (ANOVA, Newman-

Keules).
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Figure 19.  Peripheral B cell MHC-II expression after central pretreatment with a 

µ-opioid receptor specific agonist and antagonist.  Cannulated animals (n=5 per 

group) were centrally administered DAMGO (20 nmols), CTOP (5 µg/µl), or vehicle 

and then challenged 30 minutes later with a peripheral injection of saline (control and 

DAMGO pretreated groups) or morphine (20 mg/kg; s.c.). Animals were sacrificed 

two hours after treatment and blood leukocytes were collected, stained, and counted as 

previously described.  Data are represented as mean fluorescent intensity of the 

sampled population ± SEM. *p<0.05 compared to saline treatment group (ANOVA, 

Newman-Keules).     † p<0.05 compared to morphine and DAMGO treated groups 

(ANOVA, Newman-Keules). 
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Specific Aim 3:  To examine whether morphine-mediated decreases in B lymphocyte 

MHC-II expression are dependent on HPA axis activation.  

 

3.1 Morphine activation of the HPA 

Systemic administration of morphine in animals has been shown repeatedly to 

increase HPA activation.  Morphine has been shown to increase ACTH from the 

pituitary which in turn leads to increased release of gluococorticoids, specifically 

corticosterone in rats, from the adrenal glands (Pechnick, 1993).  Central 

administration of morphine has also been shown to increase ACTH and glucocorticoid 

release, suggesting that this effect of morphine is centrally mediated.  Our laboratory 

has previously shown that an acute dose of morphine (10 mg/kg; s.c.) leads to a 

significant increase in plasma corticosterone concentrations (2–4 fold) two hours after 

morphine injection (Flores et al., 1994; Lysle et al., 1993; Nelson et al., 1997).  

Therefore, in order to determine if the morphine suppression of MHC-II was due to 

increases in HPA activity, studies were undertaken to examine the effects of increased 

HPA axis activity on MHC-II expression. 

 

a. The effect of HPA activation on circulating B lymphocyte MHC-II 

expression  

Morphine alters several immune functions through activation of central opioid 

receptors, resulting in subsequent activation of the HPA axis and the ANS (Hall et al., 
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1998; Houghtling and Bayer, 2002).  Activation of the HPA and the ANS are known 

by themselves to exert immune effects.  As increased circulating corticosterone levels 

occur within the two-hour time frame in which MHC-II expression is altered, it was 

hypothesized that the morphine-induced increases in HPA activity could be mediating 

the effect of morphine on MHC-II expression.  Pursuing this hypothesis, the effect of 

morphine on B lymphocyte MHC-II expression in adrenalectomized animals was 

examined.   

Adrenalectomized animals were given supplementary corticosterone in their 

drinking water for one week prior to experimentation in order to maintain basal 

corticosterone levels in these animals and prevent weight loss.  This protocol was 

sufficient to maintain basal circulating levels of corticosterone while eliminating the 

increases in corticosterone that accompany morphine treatment.  On the day of the 

experiment, animals were injected with either saline or morphine (10 mg/kg; s.c.) and 

euthanized two hours later.  Leukocytes from these animals were isolated and cultured 

for 24 hours with rrIL-4 (100 ng/ml) as previously described in Methods.  

Adrenalectomy appeared to have no effect on basal MHC-II expression on circulating 

B lymphocytes, as there was no difference in the level of basal MHC-II expression in 

control animals (saline treated adrenalectomized versus saline treated intact animals) 

(Figure 20).   Interestingly, basal MHC-II expression in adrenalectomized animals was 

significantly increased after morphine treatment (* p<0.05 compared to all other 

treatment groups).   In contrast with previously presented data in this report, morphine 
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did not significantly decrease basal MHC-II expression in intact animals.  However, as 

has been previously shown in Figures 5 and 11, morphine treatment significantly 

reduced the IL-4 induced MHC-II expression on peripheral B lymphocytes by 29% in 

intact control animals.  However, the suppression of IL-4 induced MHC-II expression 

previously observed after morphine was absent in adrenalectomized animals as B 

lymphocytes from these animals were able to increase the level of MHC-II expression 

in response to IL-4 induction to a level similar in magnitude to that observed in both 

saline treated adrenalectomized and non-adrenalectomized control animals (Figure 21). 

Increased circulating corticosterone has been associated with decreases in basal 

splenic B lymphocyte MHC-II expression (McMillan et al., 1988; Schwab et al., 2005; 

Weiss et al., 1998); however, the effects of corticosterone on B lymphocyte MHC-II 

expression after stimulation with rrIL-4 have not previously been examined.  

Therefore, we examined the in vitro effects of increasing concentrations of 

corticosterone on basal and IL-4 induced MHC-II expression.  Isolated leukocytes 

from naïve animals were incubated with increasing concentrations of corticosterone 

(100–1000 ng/ml) for two hours and then washed.  These concentrations of 

corticosterone were chosen as they span the range of circulating corticosterone levels 

observed in previous experiments of morphine and/or stress treatment paradigms.  

Cultured leukocytes were then incubated for 24 hours with rrIL-4 (100 ng/ml) to 

determine if direct exposure to corticosterone decreased IL-4 induced MHC-II 

expression after morphine treatment.  Direct exposure to corticosterone decreased basal 
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MHC-II expression by as much as 88% at all concentrations (100–1000 ng/ml) (Figure 

22).  Further corticosterone blocked the ability of the lymphocytes to up-regulate 

MHC-II expression at all concentrations examined after treatment with IL-4 (Figure 

23).  These results suggest that the decrease in MHC-II expression may be due to the 

steroidogenic effects of morphine. 
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Figure 20. Basal MHC-II expression on circulating B lymphocytes in 

adrenalectomized animals treated with acute morphine. Adrenalectomized animals 

obtained from Taconic were given replacement corticosterone in their drinking water 

for one week prior to experimentation.  On the day of the experiment, animals (n=8 per 

group) were given either saline or morphine (10 mg/kg, s.c.) and then sacrificed after 

two hours.  Non-adrenalectomized animals also from Taconic were used as control 

groups.  Cells were cultured as previously described in Figure 3 for 24 hours.  Cells 

were harvested, washed, and then incubated with antibodies against lymphocytes and 

MHC-II RT1.B β as previously described.  Cells were counted using FACS.  Data are 

represented as mean fluorescent intensity of the sampled population ± SEM. * p<0.05 

compared to all other treatment groups (one-way ANOVA, Newman-Keules).  
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Figure 21. IL-4 induced MHC-II expression on circulating B lymphocytes in 

adrenalectomized animals treated with acute morphine. Adrenalectomized animals 

obtained from Taconic were given replacement corticosterone in their drinking water 

for one week prior to experimentation.  On the day of the experiment, animals (n=8 per 

group) were given either saline or morphine (10 mg/kg, s.c.) and then sacrificed after 

two hours.  Non-adrenalectomized animals also from Taconic were used as control 

groups.  Isolated leukocytes were incubated for 24 hours with rrIL-4 (100 ng/ml).  

Cells were harvested and washed and then incubated with antibodies against 

lymphocytes and MHC-II RT1.B β as previously described.  Cells were counted using 

FACS.  Data are represented as mean fluorescent intensity of the sampled population ± 

SEM.  * p<0.05 compared to all other treatment groups (one-way ANOVA, Newman-

Keules).  
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Figure 22.  In vitro corticosterone exposure on basal B lymphocyte MHC-II 

expression. Blood leukocytes were extracted from naïve animals and isolated as 

described in Methods.  Isolated leukocytes were incubated for two hours with 

increasing doses of corticosterone (100 ng/ml–1000 ng/ml).  After two hours, cells 

were collected and washed prior to incubation with antibodies against MHC-II and B 

lymphocyte cell surface marker (CD45RA).  MHC-II expression was measured on B 

lymphocytes using FACS analysis as previously described.  Data are represented as 

mean fluorescent intensity of the sampled population ± SEM. For all concentrations, 

corticosterone significantly decreased MHC-II expression when compared to saline 

controls (0 ng/ml) as determined by one-way ANOVA (*p<0.05); n=6.   
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Figure 23.  In vitro corticosterone exposure on IL-4 induced B lymphocyte MHC-

II expression. Blood leukocytes were extracted from the whole blood of naïve animals 

(n=6) and exposed to increasing concentrations of corticosterone (100 ng/ml–1000 

ng/ml) in vitro for two hours.  The cells were then washed with PBS and incubated 

with rrIL-4 (1000 ng/ml) for 24 hours.  Cells were harvested and washed prior to 

incubation with antibodies against MHC-II and B lymphocyte cell surface marker 

(CD45RA).  MHC-II expression was measured on B lymphocytes using FACS 

analysis as previously described.  Data are represented as mean fluorescent intensity of 

the sampled population ± SEM.  At all concentrations of corticosterone, rrIL-4 was 

unable to up-regulate MHC-II levels on B cells compared to rrIL-4 induced MHC-II on 

control cells (IL-4 alone) as determined by one-way ANOVA using Newman-Keules 

as a post-hoc test.  (* p<0.05 compared to all other treatment groups).  
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b. Examination of the effects of stressors alone on peripheral B 

lymphocyte MHC-II expression 

Previous studies have shown that activation of the HPA axis by different 

stressors has been accompanied by decreases in MHC-II expression on antigen-

presenting cells (Schwab et al., 2005).  In order to examine whether the application of 

stressors alone would suppress MHC-II expression on circulating B lymphocytes, 

studies were undertaken where groups of Sprague Dawley rats were subjected to two 

hours of either restraint stress or cold water stress (4°C) only.  After two hours, the 

animals were sacrificed and plasma was collected as described in Methods.  Plasma 

corticosterone levels were determined using radioimmunoassay (RIA).  As shown in 

Figure 24, two hours of restraint stress alone significantly increased circulating 

corticosterone levels in rats.  This increase was comparable to the increase in 

circulating corticosterone levels after acute morphine injection (10 mg/kg, 2 hrs) 

(Figure 24).  Two hours of restraint stress, similar to acute morphine treatment, 

significantly reduced basal MHC-II expression on circulating B lymphocytes (Figure 

25).  Restraint stress also reduced the ability of circulating B lymphocytes to increase 

MHC-II expression upon stimulation with either 100 ng/ml or 1000 ng/ml IL-4 (Figure 

26).  This reduced ability to increase MHC-II expression was not significantly different 

from the decrease in MHC-II expression observed after acute morphine treatment 

(Figure 26). 
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Figure 24.  Plasma corticosterone values after acute morphine treatment as 

compared to levels after two-hour restraint or cold water stress alone.   Animals 

(n=8) received either acute morphine treatment (10 mg/kg; s.c.) or two hours of either 

restraint or cold water stress (4°C).  After two hours of stress, animals were sacrificed 

and trunk blood collected for plasma as described in Methods.  Plasma corticosterone 

levels were measured using RIA and data expressed as mean corticosterone level 

(ng/ml) ± SEM.:  * p<0.05 compared to saline treated control group (ANOVA, 

Newman-Keules), # p<0.05 compared to all other treatment groups (ANOVA, 

Newman-Keules). 
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Figure 25.  Basal MHC-II expression on circulating B lymphocytes after restraint 

alone compared with acute morphine.  Groups of Sprague Dawley rats (n=8) were 

administered either saline or morphine (10 mg/kg, s.c.), or were subjected to two hours 

of restraint stress.  After two hours, the rats were decapitated and trunk blood was 

collected in heparinized tubes.  Blood leukocytes were isolated using a NycoPrep™ 

density gradient technique and suspended to a concentration of 2x10
6
 cells/ml (0.5 ml 

per well) in RPMI-1640 media with 1% FCS and 0.2% gentamicin sulfate. Cultured 

cells were immunostained with fluorophore conjugated antibodies for lymphocytes 

(anti-rat CD45RA-PE) and MHC-II (MHC-II FITC) and then counted using FACS.  

Data are represented as mean fluorescent intensity of the sampled population ± SEM.  

*p<0.05 compared to saline treated control group using one-way ANOVA with 

Newman-Keules as a post hoc test.  Data are representative of two separate 

experiments. 
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Figure 26.  IL-4 induced MHC-II expression in circulating B lymphocytes after 

restraint stress alone compared with acute morphine.  Groups of Sprague Dawley 

rats (n=8) were administered either saline or morphine (10 mg/kg, s.c.), or were 

subjected to two hours of restraint stress.  After two hours, the rats were decapitated 

and trunk blood was collected in heparinized tubes.  Blood leukocytes were isolated 

and cultured as described in Figure 5.  Cultured cells were incubated with increasing 

concentrations of IL-4 (0.1 ng/ml–1000 ng/ml) for 24 hours. Cultured cells were then 

collected and washed prior to incubation with fluorophore-conjugated antibodies for 

lymphocytes (anti-rat CD45RA-PE) and MHC-II (MHC-II RT1.B β-FITC).  Labeled 

cells were counted using FACS.  Data are represented as mean fluorescent intensity of 

the sampled population ± SEM.  * p<0.05 compared to saline treated control group 

using one-way ANOVA with Newman-Keules as a post hoc test.  Data are 

representative of two separate experiments. 
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Two hours of cold water stress also significantly increased circulating 

corticosterone in rats.  Interestingly, the increase in plasma corticosterone after cold 

water stress alone was significantly higher (almost 2 fold higher) than the increase 

observed in either morphine treated or restraint stressed rats (Figure 24).   Unlike 

restraint stress, two hours of cold water stress did not significantly reduce basal MHC-

II expression on circulating B lymphocytes (Figure 27); however, cold water stress did 

reduce the ability of B lymphocytes to increase MHC-II expression in response to IL-4 

(Figure 28).  As shown in Figure 28, this reduction in IL-4 induced MHC-II expression 

after cold water stress was similar in magnitude to the reduction observed after acute 

morphine treatment. 

The studies in this specific aim have shown that the effect of morphine on 

MHC-II expression is absent in adrenalectomized rats.  Direct incubation of naïve 

leukocytes with biologically relevant concentrations of corticosterone decreased the 

expression of MHC-II on B lymphocytes by 88% while completely preventing the 

induction of MHC-II by IL-4.  Stress alone (either restraint or cold water stress) also 

decreased B lymphocyte MHC-II expression comparable to acute morphine 

administration.   Therefore, it appears that the decrease in MHC-II expression after 

morphine may be mediated by circulating mediators associated with morphine-induced 

HPA axis activation. 
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Figure 27.  Basal MHC-II expression on circulating B lymphocytes after cold 

water stress alone compared with acute morphine.  Groups of Sprague Dawley rats 

(n=6) were administered either saline or morphine (10 mg/kg, s.c.), or were subjected 

to two hours of cold water stress (4°C).  After two hours, the rats were decapitated and 

trunk blood was collected in heparinized tubes.  Blood leukocytes were isolated using a 

NycoPrep™ density gradient technique and suspended to a concentration of 2x10
6
 

cells/ml (0.5 ml per well) in RPMI-1640 media with 1% FCS and 0.2% gentamicin 

sulfate. Cultured cells were immunostained with fluorophore-conjugated antibodies for 

lymphocytes (anti-rat CD45RA-PE) and MHC-II (MHC-II RT1.B β-FITC) and then 

counted using FACS.  Data are represented as mean fluorescent intensity of the 

sampled population ± SEM. * p<0.05 compared to saline treated control group using 

one-way ANOVA with Newman-Keules as a post hoc test.  Data are representative of 

two separate experiments. 
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Figure 28.  Induced MHC-II expression after cold water stress alone compared 

with acute morphine.  Groups of Sprague Dawley rats (n=8) were administered either 

saline or morphine (10 mg/kg, s.c.), or were subjected to two hours of cold water 

stress.  After two hours, the rats were decapitated and trunk blood was collected in 

heparinized tubes.  Blood leukocytes were isolated and cultured as described in Figure 

5.  Cultured cells were incubated with IL-4 (1000 ng/ml) for 24 hours. Cultured cells 

were then collected and washed prior to incubation with fluorophore-conjugated 

antibodies for lymphocytes (anti-rat CD45RA-PE) and MHC-II (MHC-II RT1.B β-

FITC).  Labeled cells were then counted using FACS.  Data are represented as mean 

fluorescent intensity of the sampled population ± SEM. * p<0.05 compared to saline 

treated control group using one-way ANOVA with Newman-Keules as a post hoc test.  

Data are representative of two separate experiments. 
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Specific Aim #4: To examine the contribution of stress pathways to alterations in 

peripheral MHC-II expression in chronic morphine treated animals. 

 

4.1 Brief review of the enhanced sensitivity to stress in chronic morphine treated 

animals 

The chronic use of opiates has been associated with deleterious effects on the 

immune system in humans (Govitrapong et al., 1998; Sacerdote et al., 2000b; Yeager 

et al., 1992; Yokota et al., 2000).  However, several parameters of immune function 

demonstrate tolerance to the previously suppressive effects of morphine upon chronic 

exposure to the drug.  One explanation for this discrepancy is that chronic morphine 

exposure alters the immune cell so that while it appears to respond normally, when the 

system is exposed to an additional stressor, the cell is unable to respond as it should.   

In fact, studies from this laboratory have demonstrated that an acute application of a 

novel stress results in a profound decrease in lymphocyte activity in chronic morphine 

treated animals that previously displayed an apparent tolerance to the effects of 

morphine on lymphocyte proliferation.  This decrease in proliferative ability was even 

greater than the decrease observed after acute morphine treatment alone, suggesting a 

heightened susceptibility to stress in the immune functioning of chronic morphine 

treated animals.   
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a. Examine if there is an enhanced sensitivity to stress in chronic 

morphine treated animals as measured by MHC-II expression on 

peripheral B lymphocytes  

As was previously shown in Figure 11, the suppression of MHC-II expression 

on B lymphocytes also appears to tolerize to the effects of chronic morphine.  

However, it was of interest to determine if this apparent tolerance to the effects of 

morphine on MHC-II expression belied a heightened susceptibility of these cells to the 

effects of stress.  Therefore, studies were undertaken to examine the effect of stressors 

on MHC-II expression in morphine tolerant animals.   Animals were given twice daily 

injections of morphine over a period of eight days.  The dose of morphine was 

increased over time, starting at a dose of 10 mg/kg and ending at a dose of 40 mg/kg.  

This dosing paradigm has previously been shown to render animals tolerant to the 

effects of a challenge dose of morphine (10 mg/kg) on measures of morphine-induced 

analgesia, lymphocyte proliferation, and increases in circulating levels of 

corticosterone (Bayer et al., 1994).  As shown in Figure 29, chronic morphine 

treatment as described above resulted in tolerance to the steroid-increasing effects of 

morphine, as the corticosterone levels of chronic morphine treated animals appear 

similar to the circulating corticosterone levels from saline treated animals.  In contrast 

with this, animals that received a single, acute dose of morphine have increased levels 

of circulating corticosterone (Figure 29).    
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The level of basal MHC-II expression also appears to be tolerant to the effects 

of chronic morphine treatment, as B lymphocyte MHC-II expression was similar to 

that of saline treated controls (Figure 30).  Again, basal MHC-II expression was 

significantly reduced in animals that received a single injection of morphine acutely on 

the day of the experiment, while this effect appeared to develop tolerance to the 

previously suppressive effect of morphine upon chronic exposure to the drug (Figure 

30).  Two hours of restraint stress did not decrease the level of basal MHC-II 

expression in either chronic saline treated or chronic morphine treated control animals 

(Figure 30) in spite of increasing the level of circulating corticosterone (Figure 29).  

This held true as well for the level of MHC-II expression after IL-4 induction (Figure 

31).  This is in contrast with previously reported results demonstrating that two hours 

of restraint stress alone was sufficient to decrease MHC-II expression.  Two hours of 

restraint stress appears to have reduced the level of MHC-II expression to a similar 

degree in both saline treated and chronic morphine treated animals; however, this 

reduction was not statistically significant (Figure 31). 

As previously demonstrated, cold water stress significantly increased 

circulating corticosterone levels (Figure 32).  An increase in circulating corticosterone 

levels was also apparent in chronic saline treated animals that received two hours of 

cold water stress (Figure 32).  The effect of cold water stress in chronic saline treated 

animals was also significantly higher than the corticosterone increasing effect of acute 

morphine treatment (again by about 2 fold).  Similarly, cold water stress also increased 
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the level of circulating corticosterone in chronic morphine treated animals (Figure 32).  

This increase in circulating corticosterone was accompanied by decreases in the basal 

expression of MHC-II in chronic saline and chronic morphine treated animals as well 

as acute morphine treated animals (Figure 33).  However, the decrease in basal MHC-

II expression after cold water stress in chronic morphine treated animals was similar in 

magnitude to that observed in both the acute and cold-water stressed saline treated 

controls (Figure 33).   

Induction of MHC-II with IL-4 in these animals produced mixed results.  As 

has been previously shown, acute morphine treatment significantly decreased IL-4 

induced MHC-II expression on circulating B lymphocytes, while tolerance appears to 

develop upon chronic treatment with morphine (Figure 34).  However, unlike the effect 

of cold water stress alone (which significantly reduced IL-4 induced MHC-II 

expression (Figure 28) and basal MHC-II expression (Figure 33)), cold water stress in 

this experiment did not significantly reduced the IL-4 induced expression of MHC-II 

on B lymphocytes from saline treated animals as compared to unstressed controls.   In 

addition, cold water stress did not significantly reduced the induced expression of 

MHC-II on circulating B lymphocytes from chronic morphine treated animals in 

comparison with similarly treated unstressed control groups (Figure 34).  However, the 

level of MHC-II expression in chronic morphine treated animals is of the same 

magnitude as the decrease observed in chronic saline treated animals which indicate 

that, despite the lack of a significant decrease in the stressed control group, chronic 
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morphine treatment does not lead to an enhanced sensitivity to cold water stress on 

measure of MHC-II expression.  
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Figure 29.  Circulating corticosterone levels after two hours of restraint stress in 

chronic morphine treated animals.  Groups of Sprague Dawley rats (n=6 per group) 

received either eight days of chronic saline or morphine treatment as previously 

described in Figure 11.  A subset of chronically treated rats was then subjected to two 

hours of restraint stress on the day of the experiment. Control groups received a single, 

acute injection of morphine (10 mg/kg, s.c.). Animals were sacrificed and trunk blood 

collected for plasma as described in Methods. Corticosterone levels were measured 

using RIA and data expressed as mean corticosterone level (ng/ml) ± SEM.  * p<0.05 

compared to saline treated group (ANOVA, Newman-Keules). 
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Figure 30. Effect of restraint stress on basal B lymphocyte MHC-II expression in 

morphine tolerant animals.  Sprague Dawley rats (n=8) were administered either 

chronic saline or morphine.  Acutely treated animals received 10 mg/kg morphine on 

the day of the experiment only.  Stressed groups received two hours of restraint stress.  

Two hours after dosing, blood leukocytes were isolated and cultured as previously 

described in Figure 11. Twenty-four hours later, cells were stained with anti-rat 

CD45RA PE and anti-rat MHC-II RT1.B ß-FITC and then counted using FACS.  Data 

are represented as mean fluorescent intensity of the sampled population ± SEM.           

* p<0.05 compared to saline treated control group (ANOVA, Newman-Keules).  

Stressed groups are not significantly different from unstressed groups (ANOVA). 
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Figure 31. Effect of restraint stress on IL-4 induced B lymphocyte MHC-II 

expression in morphine tolerant animals.  Sprague Dawley rats (n=8) were 

administered either chronic saline or morphine.  Acutely treated animals received 10 

mg/kg morphine on the day of the experiment only.  Stressed groups received two 

hours of restraint stress.  Two hours after dosing, blood leukocytes were isolated and 

cultured as described in Figure 11.  In addition, 100 ng/ml of rrIL-4 was added to each 

well. Twenty-four hours later, cells were stained with anti-rat CD45RA PE and anti-rat 

MHC-II RT1.B ß-FITC and then counted using a flow cytometer.  Data are represented 

as mean fluorescent intensity of the sampled population ± SEM. * p<0.05 compared to 

saline treated control group (ANOVA, Newman-Keules).  Stressed groups are not 

significantly different from unstressed groups (ANOVA).
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Figure 32. Circulating corticosterone levels after two hours of cold water stress in 

chronic morphine treated animals.   Animals (n=6) were treated with either saline or 

morphine for eight days as previously described in Figure 11.  On the day of the 

experiment, a subset of each chronically treated group was then subjected to an 

additional two hours of cold water stress.  Control groups received either eight days of 

chronic saline or morphine treatment with no cold water stress, or acute morphine 

treatment (10 mg/kg) on the day of the experiment.  Animals were sacrificed and 

serum collected as previously described in Methods.  Serum corticosterone levels were 

measured using RIA and data expressed as mean corticosterone level ± SEM.  *p<0.05 

compared to non-stressed treatment groups (ANOVA, Newman-Keules); #p<0.05 

compared to saline treated control group (ANOVA, Newman-Keules). 
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Figure 33. Effect of cold water stress on basal B lymphocyte MHC-II expression 

in morphine tolerant animals.  Sprague Dawley rats (n=8) were administered either 

chronic saline or morphine. Acutely treated animals received 10 mg/kg morphine on 

the day of the experiment only. Stressed groups received two hours of cold water 

stress.  Two hours after dosing, blood leukocytes were isolated and suspended to a 

concentration of 2x10
6
 cells/ml in RPMI-1640 media with 1% FCS and 0.2% 

gentamicin sulfate, and then cultured in a 24-well plate. Twenty-four hours later, cells 

were stained with anti-rat CD45RA PE and anti-rat MHC-II RT1.B ß-FITC and then 

counted using a flow cytometer.  Data are represented as mean fluorescent intensity of 

the sampled population ± SEM.  * p<0.05 compared to non-stressed treatment groups 

(ANOVA, Newman-Keules); # p<0.05 compared to saline treated control group 

(ANOVA, Newman-Keules). 



114 

 

0

100

200

300

400

500

*

+ cold water
stress (2 hrs)

saline

acute morphine

chronic morphine
M

H
C

-I
I 

e
x
p

re
s
s
io

n
 (

M
F

I)

 

 

 

Figure 34. Effect of cold water stress on IL-4 induced B lymphocyte MHC-II 

expression in morphine tolerant animals. Sprague Dawley rats (n=8) were 

administered either chronic saline or morphine. Acutely treated animals received 10 

mg/kg morphine on the day of the experiment only. Stressed groups received two 

hours of cold water stress.  Two hours after dosing, blood leukocytes were isolated and 

suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 with 1% FCS and 0.2% 

gentamicin sulfate, and then cultured in a 24-well plate containing 1000 ng/ml of rrIL-

4. Twenty-four hours later, cells were stained with anti-rat CD45RA PE and anti-rat 

MHC-II RT1.B ß-FITC and then counted using a flow cytometer.  Data are represented 

as mean fluorescent intensity of the sampled population ± SEM.  * p<0.05 compared to 

saline treated control group (ANOVA, Newman-Keules).  Stressed animals are not 

significantly different from non-stressed control groups. 
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b. Examine whether the stress of withdrawal affects peripheral MHC-II 

expression of circulating B lymphocytes 

Previously our laboratory has examined the effect of withdrawal on immune 

function in chronically treated animals.  Withdrawal from morphine can be considered 

a stressor as it has been demonstrated to increase circulating corticosterone levels 

(Avila et al., 2004).  Avila et al. (2004) demonstrated that, 24 hours after the cessation 

of drug treatment, lymphocyte proliferation responses were significantly decreased 

compared to saline treated control animals.  These results suggest that abrupt cessation 

of morphine leads to activation of stress-related pathways, which may contribute to an 

increased susceptibility to infection during the initial withdrawal phase.  To examine if 

there was an enhanced susceptibility to the stress of withdrawal after chronic morphine 

treatment, these studies examined if MHC-II expression was suppressed by abrupt 

withdrawal from chronic morphine treatment.  Animals were dosed using the chronic 

morphine-dosing paradigm previously described.  After eight days of morphine dosing, 

animals abruptly switched to twice daily s.c. injections of saline for an additional two 

days.  After two days, animals were euthanized and blood was collected for assaying.  

Measurement of plasma corticosterone demonstrates that, similar to acute morphine, 

48 hours of withdrawal from morphine significantly increased circulating 

corticosterone levels (Figure 35).  As shown in Figure 36, withdrawal from morphine 

did not significantly affect the level of basal MHC-II expression on circulating B 

lymphocytes.  However, the level of IL-4 induced MHC-II expression was 
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significantly suppressed by abrupt withdrawal from morphine (Figure 37).  This 

suppression appears to resolve within one week after morphine withdrawal was 

initiated, as neither basal nor IL-4 induced lymphocytes isolated from rats subjected to 

seven days of withdrawal demonstrated a significant decrease in the expression of 

MHC-II (Figures 38 and 39).  It should also be noted that morphine failed to suppress 

both basal and IL-4 induced MHC-II expression in these animals acutely. 

 Therefore, the suppression of MHC-II observed after acute morphine treatment 

does not appear to develop a heightened sensitivity to the effects of stress after chronic 

morphine treatment.  As these results demonstrated, MHC-II expression is not more 

susceptible to the effects of restraint stress after chronic morphine treatment.  In 

addition, the decrease in MHC-II expression observed after cold water stress was no 

greater than that observed after acute morphine.  Alternatively, withdrawal from 

morphine does affect MHC-II expression; however, this effect resolves within seven 

days after abrupt withdrawal from morphine.
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Figure 35.  Circulating levels of corticosterone after 48 hours withdrawal from 

chronic morphine treatment.   Animals (n=6) were treated chronically with morphine 

for eight days and then withdrawn from morphine for an additional two days as 

described in Methods.  Separate control groups (n=6 per group) received either eight 

days of chronic morphine treatment with no withdrawal, or acute morphine treatment 

(10 mg/kg) on the day of the experiment.  Two hours after the last injection, animals 

were sacrificed and trunk blood collected.  Plasma was collected and stored as 

described in Methods.  Corticosterone levels were measured using RIA and data 

expressed as mean corticosterone level (ng/ml)  ± SEM.  * p<0.05 compared to saline 

and chronic morphine treated groups (ANOVA, Newman-Keules). 
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Figure 36.  Effect of 48 hours withdrawal from chronic morphine treatment on 

basal and induced B lymphocyte MHC-II expression.  Sprague Dawley rats (n=8) 

were administered either chronic saline or morphine.   One group of animals was 

withdrawn from morphine by receiving twice daily injections of saline after chronic 

morphine treatment for two days.  Acutely treated animals received 10 mg/kg 

morphine on the day of the experiment only.  Blood leukocytes were isolated as 

described in Figure 3 and then cultured in a 24-well plate for 24 hours. Twenty-four 

hours later, cells were stained with anti-rat CD45RA PE and anti-rat MHC-II RT1.B ß-

FITC and then counted using a flow cytometer. Data are represented as mean 

fluorescent intensity of the sampled population ± SEM and are representative of two 

separate experiments.  * p<0.05 compared to saline treated control group (ANOVA, 

Newman-Keules). 
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Figure 37.  Effect of 48 hours withdrawal after chronic morphine on IL-4 induced 

B lymphocyte MHC-II expression.  Sprague Dawley rats (n=8) were administered 

either chronic saline or morphine.   One group of animals was withdrawn from 

morphine by receiving twice daily injections of saline after chronic morphine treatment 

for two days.  Acutely treated animals received 10 mg/kg morphine on the day of the 

experiment only.  Blood leukocytes were isolated as described in Figure 5 and then 

cultured in a 24-well plate for 24 hours with IL-4 (1000 ng/ml). Twenty-four hours 

later, cells were collected and washed prior to incubation with anti-rat CD45RA PE 

and anti-rat MHC-II RT1.B ß-FITC and then analyzed by FACS. Data are represented 

as mean fluorescent intensity of the sampled population ± SEM and are representative 

of two separate experiments.  * p<0.05 compared to saline treated and chronic 

morphine treated groups (ANOVA, Newman-Keules). 
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Figure 38. Effect of one week withdrawal from chronic morphine treatment on 

basal B lymphocyte MHC-II expression. Sprague Dawley rats (n=6) were 

administered either chronic saline or morphine.   A subset of animals was withdrawn 

from morphine by receiving twice daily injections of saline after chronic morphine 

treatment for seven days.  Acutely treated animals received 10 mg/kg morphine on the 

day of the experiment only.  Two hours after dosing, blood leukocytes were isolated 

and suspended to a concentration of 2x10
6
 cells/ml in RPMI-1640 with 1% FCS and 

0.2% gentamicin sulfate, and then cultured in a 24-well plate. Twenty-four hours later, 

cells were stained with anti-rat CD45RA PE and anti-rat MHC-II RT1.B ß-FITC and 

then counted using a flow cytometer. Data are represented as mean fluorescent 

intensity of the sampled population ± SEM.  There is no significant difference between 

treatment groups (one-way ANOVA). 
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Figure 39.  Effect of one week withdrawal from chronic morphine treatment on 

IL-4 induced B lymphocyte MHC-II expression.  Sprague Dawley rats (n=8) were 

administered either chronic saline or morphine.   One group of animals was withdrawn 

from morphine by receiving twice daily injections of saline after chronic morphine 

treatment for two days.  Acutely treated animals received 10 mg/kg morphine on the 

day of the experiment only.  Blood leukocytes were isolated as described in Figure 5 

and then cultured in a 24-well plate for 24 hours with IL-4 (1000 ng/ml). Twenty-four 

hours later, cells were collected and washed prior to incubation with anti-rat CD45RA 

PE and anti-rat MHC-II RT1.B ß-FITC and then analyzed by FACS. Data are 

represented as mean fluorescent intensity of the sampled population ± SEM and are 

representative of two separate experiments.  There are no significant differences 

between treatment groups (ANOVA). 
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Specific Aim 5:  To determine if alterations in immune cell apoptosis or cell cycle 

occur after exposure to morphine either acutely, chronically, or during withdrawal. 

 

5.1 Review of apoptotic effects of morphine and glucocorticoids 

  

 Morphine has previously been shown to promote apoptosis in the Jurkat T 

lymphocyte cell line (Yin et al., 1999).  In vitro, macrophages demonstrated enhanced 

apoptosis after chronic morphine exposure (Bhaskaran et al., 2007).  In pelleted mice, 

morphine has been shown to induce apoptosis in both the spleen and thymus (Freier 

and Fuchs, 1993).  Chronic morphine enhances Fas death receptor expression in T cell 

lines and in human peripheral blood leukocytes (Greeneltch et al., 2005).  Additionally, 

increased levels of glucocorticoids have been shown to enhance the apoptosis of 

immature thymocytes and eosinophils (Bloom et al., 2004; Chung et al., 2002) as well 

as mature T cells and monocytes (Herold et al., 2006; Wang et al., 2006).   Therefore, 

studies were undertaken to examine whether morphine treatment was accompanied by 

an increase in cell death consistent with the increases observed in circulating 

corticosterone levels after morphine treatment.  Since morphine has been shown to 

affect expression of genes relating to cell cycle checkpoints, we also wanted to 

examine if any alterations occurred in cell cycle progression that may lead to an 

increase in apoptosis.   
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a. Examine whether morphine exposure results in alterations in leukocyte 

cell cycle phase or apoptosis 

Annexin-V is a protein that preferentially binds to negatively charged 

phospholipids in the presence of calcium.  As cells begin the process of apoptosis, the 

phospholipid arrangement of their plasma membrane breaks down, exposing 

phosphatidylserine residues on the outer layer of the membrane.  Annexin-V binds to 

these phosphatidylserine residues and allows for quantification of pro-apoptotic cells 

by flow cytometry (Kylarova et al., 2002).  Later apoptotic cells will also permit entry 

of propidium iodide, allowing for a discrimination between early apoptotic cells 

(Annexin-V +, PI -) versus cells that are late in the apoptotic process or necrotic 

(Annexin-V +, PI +) (Kylarova et al., 2002).  Two hours after morphine challenge, 

animals were sacrificed and their leukocytes were isolated for analysis of apoptosis.  

As shown in Figure 40, treatment with acute morphine did not increase the percentage 

of cells that were apoptotic, as determined by Annexin-V staining.  Similarly, chronic 

morphine treatment did not increase the percentage of leukocytes that stained positive 

for Annexin (Figure 40).   
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Figure 40.  Effects of acute and chronic morphine treatment on apoptosis in 

circulating leukocytes.  Animals (n=6) received either saline, acute morphine, or 

chronic morphine treatment as described in Methods.  After two hours, leukocytes 

were isolated and resuspended in 1X Annexin-V binding buffer.  Cells were then 

incubated for 15 minutes with Annexin-V FITC and propidium iodide (PI) staining 

solution at room temperature and then analyzed using FACS.  Cells which stained 

positive for both Annexin-V and PI were considered apoptotic, while cells staining 

positive for only Annexin-V were considered pre-apoptotic. Data are represented as 

percent of the sampled population ± SEM. Data are not significantly different using 

ANOVA. 
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b. Determine if alterations in cell cycle phase or apoptosis occur in 

leukocytes from chronically treated animals exposed to a novel 

stressor 

As chronic morphine treated animals have previously been shown to have an 

enhanced sensitivity to the effects of a novel stressor on measures of lymphocyte 

proliferation, studies were undertaken to determine if there was an increase in 

apoptosis in leukocytes from animals that were exposed to stress after chronic 

morphine treatment.  Animals were chronically treated with morphine as previously 

described.  Animals were then subjected to two hours of restraint or cold water stress 

(4°C).  Two hours later, animals were euthanized and blood leukocytes were isolated 

for analysis.  As shown in Figure 41, leukocytes from acute and chronic morphine 

treated animals do not display an increase in either pro-apoptotic or apoptotic cells.  In 

contrast with this, chronic morphine treated animals that were subjected to two hours 

of restraint stress do exhibit a significant increase in the percentage of leukocytes that 

were pre-apoptotic (Figure 41).  However, there was no increase in the percentage of 

apoptotic leukocytes from these animals (Figure 41).   

Cell cycle progression is highly regulated, involving both positive and negative 

regulating proteins.  Positive regulators of cell cycle progression include cyclin-

dependent kinases (cdk), which function at specific cell cycle checkpoints.  Cell cycle 

progression from G0 to S phase in T cells requires the induction of cyclin D2 and D3, 
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which form active kinase complexes with cdk4 or cdk6, resulting in progression of the 

cell cycle through the G1 restriction point and subsequent entry into S phase (Lundberg 

and Weinberg, 1999).  Failure to progress through the cell cycle generally results in 

cell death through apoptosis.  As morphine has been shown to alter several genes 

related to cell cycle regulation, analysis of cell cycle phase was conducted on the same 

samples used for analysis of apoptosis after morphine.  Cell cycle is easily determined 

using flow cytometry by staining DNA with propidium iodine.  The intensity with 

which a cell’s propidium iodide–stained nucleus emits light is directly proportional to 

its DNA content, allowing for a determination of cell cycle phase.    

Leukocytes isolated from both acute and chronic morphine treated animals do 

not have a disproportionate percentage of cells in the proliferative phases of the cell 

cycle (Figure 42).  In addition, the increase in pro-apoptotic cells observed in animals 

that were exposed to two hours of restraint stress following chronic morphine 

treatment was not accompanied by an alteration in cell cycle phase, as leukocytes from 

these animals did not have a disproportionate number of cells in the proliferative 

phases of the cell cycle (Figure 42).   In contrast with this, chronic morphine treated 

animals that were exposed to two hours of cold water stress do exhibit an increase in 

the percentage of cells considered apoptotic by the Annexin-V assay (Figure 43); 

however, this increase is not significantly different from the apoptosis observed in non-

stressed chronic morphine treated animals.  This increase in apoptotic cells was 
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accompanied by an increase in the percentage of leukocytes in both S and G2/M phases 

of the cell cycle (Figure 44).   

To determine if this increase in apoptosis after cold water stress was due to the 

effects of cold water stress alone, animals were subjected to either acute or chronic 

cold water stress.  Isolated leukocytes from stressed animals were then examined for 

both apoptosis and cell cycle disregulation.  As shown in Figure 45, cold water stress 

alone, either acutely or chronically, did not increase the percentage of leukocytes 

considered pro-apoptotic.  In addition, there was no increase in the number of 

leukocytes from these animals that were considered to be necrotic or apoptotic (Figure 

45).  Cell cycle analysis of leukocytes from stressed animals demonstrated that there is 

no increase in the percentage of leukocytes in S phase, but actually a significant 

decrease in the percentage of leukocytes in G2/M phase of the cell cycle in acutely 

stressed animals only (Figure 46), indicating a decrease in the number of cells in the 

proliferative phases of the cell cycle.   
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Figure 41.  Effect of two-hour restraint stress on apoptosis in leukocytes from 

chronic morphine treated animals.  Animals (n=6) were treated as previously 

described in Figure 30.  After two hours, isolated leukocytes were incubated with 

Annexin-V FITC and propidium iodide (PI) staining solution at room temperature for 

15 minutes and then counted using FACS.  Cells which stained positive for both 

Annexin-V and PI were considered apoptotic, while cells staining positive for only 

Annexin-V were considered pre-apoptotic.  Data represent the percentage of total cells 

in the sample ± SEM.  A: * p<0.05 when compared with all other treatment groups 

(ANOVA, Newman-Keules).  B: The percentage of apoptotic cells is not significant 

between the groups (ANOVA). 
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Figure 42.  Effect of two-hour restraint stress on leukocyte cell cycle phase after 

chronic morphine treatment.  Animals (n=6) were treated as described in Figure 30. 

Blood leukocytes were isolated from whole trunk blood and suspended in 1 ml 

citrate/DMSO buffer for every 1x10
6
 cells.  Cells were frozen at -80°C until analysis.  

Cells were analyzed in a flow cytometer to determine cell cycle phase of each cell as 

described in Methods.  Data points represent the percentage ± SEM of total cells in the 

specified phase of the cell cycle (S or G2/M) (n=6).  A: There are no differences 

between groups as determine by ANOVA. B: No significant differences were found 

between groups as determine by ANOVA. 
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Figure 43.  Effect of cold water stress on apoptosis in leukocytes from chronic 

morphine treated animals.  Groups of Sprague Dawley animals (n=6) were treated as 

described in Figure 33. Cell death was determined using the Annexin-V assay. Cells 

which stained positive for both Annexin-V and PI were considered apoptotic, while 

cells staining positive for only Annexin-V were considered pre-apoptotic. Data 

represent the percent of cells in the sample ± SEM. A: There are no differences 

between groups as determined by ANOVA. B: * p<0.05 compared to chronic saline 

treated, saline treated, and acute morphine treated control groups using ANOVA, 

Newman-Keules.  
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Figure 44.  Effect of cold water stress on leukocyte cell cycle phase after chronic 

morphine treatment.  Groups of animals (n=6 per group) were treated as described in 

Figure 33.  Two hours after the final injection, animals were euthanized and their 

leukocytes isolated and resuspended in 1 ml citrate/DMSO buffer per 1x10
6
 cells.  

Cells were trypsinized and then stained with propidium iodide prior to analysis by 

FACS. The intensity with which a cell’s propidium iodide–stained nucleus emits light 

is directly proportional to its DNA content. Data points represent the percentage ± 

SEM of total cells in the indicated phase of the cell cycle (S or G2/M).  A: * p<0.05 

when compared with saline and acute morphine treated groups (ANOVA, Newman-

Keules). B: * p<0.05 when compared with saline and acute morphine treated groups 

(ANOVA, Newman-Keules). 
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Figure 45.  Effect of cold water stress alone on apoptotic cell death in circulating 

blood leukocytes. Animals (n=7) were stressed in 4°C cold water (2 hours) twice daily 

for a period of seven days (chronic stress).  On the day of the experiment, an additional 

group of animals was stressed for two hours in 4°C cold water (acute stress).  

Leukocytes were isolated from whole trunk blood and resuspended in 1X Annexin-V 

binding buffer.  Cells were then incubated for 15 minutes with Annexin-V FITC and 

propidium iodide (PI) staining solution at room temperature prior to being analyzed 

using FACS.  Cells which stained positive for both Annexin-V and PI were considered 

apoptotic, while cells staining positive for only Annexin-V were considered pre-

apoptotic.  Data represent the percent of total cells in the sample ± SEM.  Data are not 

significantly different (ANOVA). 
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Figure 46. Effect of cold water stress alone on cell cycle phase of circulating blood 

leukocytes. Groups of animals (n=7 per group) were treated as described in Figure 45.  

Two hours after the final injection, animals were euthanized and their leukocytes 

isolated and resuspended in 1 ml citrate/DMSO buffer per 1x10
6
 cells.  Cells were 

trypsinized and then stained with propidium iodide prior to analysis by FACS. The 

intensity with which a cell’s propidium iodide–stained nucleus emits light is directly 

proportional to its DNA content. Data points represent the percentage ± SEM of total 

cells in the indicated phase of the cell cycle (S or G2/M).  A: There is no significant 

difference between treatment groups (ANOVA).  B: * p<0.05 when compared with 

saline treated groups (ANOVA, Newman-Keules).  
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c. Determine if alterations in cell cycle phase or apoptosis occur in 

leukocytes from morphine treated animals in withdrawal 

 

As has been previously described, withdrawal from morphine constitutes a 

stress in that it significantly increases circulating levels of corticosterone.  To 

determine if the stress associated with withdrawal increased apoptosis in circulating 

leukocytes, animals were treated with chronic morphine and then abruptly withdrawn 

from morphine for either two or seven days.  At the conclusion of the experiment, 

animals were euthanized and their blood leukocytes were isolated.  Both two and seven 

days of withdrawal stress significantly increased the percentage of cells considered 

pro-apoptotic (Figure 47).  This increase was quite dramatic, as 49% of the cells from 

two days’ withdrawn animals and 67% of the cells from seven days’ withdrawn 

animals were considered pro-apoptotic by the Annexin assay.  The percentage of 

leukocytes that were apoptotic or necrotic also was significantly increased with both 

two- and seven-day withdrawal from morphine (Figure 47).  Cell cycle analysis of 

leukocytes from the same animals shows that there is a significant increase in the 

percentage of leukocytes in S phase of the cell cycle (Figure 48).  This increase is not 

apparent until nearly a week after the withdrawal from morphine.   
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Figure 47.  Effect of withdrawal from chronic morphine treatment on apoptosis of 

blood leukocytes.  Sprague Dawley rats (n=8) were chronically administered either 

saline or morphine for eight days.  A subset of animals was then abruptly withdrawn 

from morphine, receiving twice-daily injections of saline instead for a period of two or 

seven days.  At the end of the treatment period, cell death was determined using the 

Annexin-V assay.  Cells which stained positive for only Annexin-V were considered 

pre-apoptotic, while cells staining positive for both Annexin-V and PI were considered 

apoptotic.  Data represent the percent of total cells in the sample ± SEM. * p<0.05 

when compared with all other treatment groups (ANOVA, Newman-Keules).  Data are 

representative of two separate experiments. 
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Figure 48.  Effect of withdrawal from chronic morphine treatment on circulating 

blood leukocyte cell cycle phase.  Groups of animals (n=6) were chronically treated 

with morphine as described in Methods.  A subset of chronic morphine treated animals 

was then subjected to either two or seven days of withdrawal stress.  Two hours after 

the final injection, animals were euthanized and their leukocytes isolated using 

Nycoprep™ density isolation gradient centrifugation techniques described in Methods.  

Isolated cells were counted, washed twice in PBS, and then resuspended in 1 ml 

citrate/DMSO buffer per 1x10
6
 cells.  Cells were trypsinized and stained with 

propidium iodide prior to analysis by FACS.  Data points represent the percentage ± 

SEM of total cells in the indicated phase of the cell cycle (S or G2/M).  * p<0.05 when 

compared with all other treatment groups (ANOVA, Newman-Keules).   
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DISCUSSION 

Specificity of morphine on MHC-II 

The studies presented here demonstrate that a single dose of morphine (10 

mg/kg, s.c.) reduced MHC-II expression on circulating B lymphocytes by over 30% 

within two hours after morphine administration.  Previously published data has 

demonstrated that morphine affects not only the cell surface expression of MHC-II 

protein complexes but also decreases MHC-II gene expression (as determined by gene 

chip microarray) and MHC-II messenger RNA (as determined by reverse transcriptase 

PCR) (Beagles et al., 2004), suggesting that the effect of morphine is specific to MHC-

II.  The studies presented in this dissertation show that the decrease in MHC-II 

expression is specific to B lymphocytes, as morphine had no effect on monocyte 

MHC-II expression.  This evidence further supports the idea that the effect of 

morphine on MHC-II was specific, as one would expect to see alterations in MHC-II 

expression on all antigen-presenting cells and not just on circulating B lymphocytes if 

the effect of morphine was nonspecific.   

Additionally, the morphine signaled reduction in B lymphocyte MHC-II 

expression persists upon ex vivo stimulation with IL-4.  IL-4 is produced by activated 

CD4+ T cells and signals an increase in MHC-II expression in vivo.  In addition, IL-4 

and has been shown to potently induce MHC-II expression specifically on B 

lymphocytes in vitro (Noelle et al., 1984; Pai et al., 2002).  Though the exact 

mechanism of the increase in MHC-II expression by IL-4 is not known, studies have 



138 

 

demonstrated that STAT6 plays an important role in the induction of MHC II by IL-4 

(Kaplan et al., 1996; Takeda et al., 1996).  Interestingly, previous work in the Bayer 

lab has shown that this inability to increase MHC-II expression upon induction with 

IL-4 lasts up to 48 hours after the injection of morphine (20 mg/kg) (Beagles, 2003), 

suggesting that the morphine-induced dysfunctional response to cytokine stimulation 

may continue well after morphine has been cleared from the bloodstream.  The 

decreased ability of B lymphocytes to increase MHC-II expression upon induction with 

IL-4 indicates that morphine may impair the ability to these cells to up-regulate MHC-

II in the course of an immune response, representing a significant impairment in the 

ability of the animal to signal an effective immune response. 

 

Decreased MHC-II results in impaired immune responses 

Suppression of MHC-II expression represents a significant impairment in the 

ability of the host to mount an immune response, as the ability of CD4+ T cells to 

recognize exogenously derived antigen is dependent upon efficient cell-surface 

presentation of antigen by the MHC-II molecule (Friedl and Brocker, 2002).  

Recognition of a loaded MHC-II complex by a T cell receptor initiates an intracellular 

signaling cascade that ultimately leads to T lymphocyte activation and differentiation 

(Benacerraf and Germain, 1981; DiMolfetto et al., 1998; Huppa and Davis, 2003; 

Setterblad et al., 2004).  This activation of CD4+ T cells depends on T cell receptor 

recognition of antigen-bound MHC-II as well as on co-stimulation provided by B7 and 
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other co-stimulatory molecules (Diagram 3).   As previously mentioned, activated T 

lymphocytes in turn release cytokines (interleukins 2, 4, and 5), which act as positive 

regulators to further increase expression of MHC class II complexes on antigen-

presenting cells (APCs) (Rudge et al., 2002).   This reciprocal activation is extremely 

important in amplifying the immune response to a particular antigen.  One can 

speculate that given the role of MHC-II in initiating this response, decreases in basal 

and IL-4 induced MHC-II expression may well result in an insufficient degree of 

immune activation to combat an invading pathogen. 

Decreased MHC-II expression on B lymphocytes in vivo has also been shown 

to reduce T cell proliferation.  Kleindiest and Brocker (2005) recently examined the 

effects of MHC-II on T cell proliferation by utilizing mice that were genetically 

modified to express MHC-II molecules on either dendritic cells or B cells in order to 

examine the relative contribution of each cell type to the activation and proliferation of 

CD4+ T cells.  The results of this study demonstrated that selective expression of 

MHC-II on dendritic cells was sufficient to induce CD4+ T cell activation, expansion, 

and IL-2 production.  However, B cell–dependent antigen presentation increased T cell 

proliferation, clonal expansion, and cytokine production to near normal levels, leading 

the authors to conclude that antigen presentation by B cells is needed in order to 

enhance the degree of in vivo CD4+ T cell proliferation (Kleindienst and Brocker, 

2005).  Studies of chimeric mice, which have MHC-II–deficient B cells, but normal  
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dendritic and monocytic MHC-II expression, also found that mice deficient in MHC-II 

display decreased T cell proliferation (Crawford et al., 2006).   

Additionally, decreases in MHC-II expression appear to alter the balance 

between TH1 and TH2 cell development.  T helper cell differentiation into either the 

TH1 or the TH2 phenotype is dependent on both T cell activation and a co-stimulatory 

signal (the two-signal hypothesis).  Crawford et al. (2006) demonstrated that the loss of 

B lymphocyte MHC-II expression resulted in both decreased T cell proliferation and 

decreased TH2 cell differentiation.  Further studies demonstrated that reduced MHC-II 

expression on both B lymphocytes and dendritic cells in mice resulted in T cell 

responses that were dominated by TH1-associated cytokines with reduced levels of the 

TH2 cytokine IL-4 (DiMolfetto et al., 1998).  It is not hard to imagine that the reduction 

in TH2 cytokines, specifically IL-4, could result in decreased MHC-II expression.  This 

loss of IL-4 may also decrease the ability of the organism to increase antibody 

production as IL-4 serves as a signal to activated B lymphocytes to differentiate into 

antibody-producing plasma cells.   

Interestingly, many of the effects of decreased MHC-II are strikingly similar to 

the immunosuppressive effects of morphine (Table 3).  For example, morphine 

administration has been shown to decrease T cell proliferation in response to mitogen 

(Bayer et al., 1990a).  Similarly, decreased MHC-II expression has been shown to 

decrease mitogen-induced T cell proliferation (Crawford et al., 2006; Grakoui et al., 

1999; Kleindienst and Brocker, 2005).  In addition, decreases in MHC-II expression  
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have been shown to decrease antibody production and class switching as well as  

impaire delayed-type hypersensitivity reactions, both of which have been shown to be 

affected after morphine treatment.  Morphine also increases the release of circulating 

glucocorticoids, catecholamines, and cytokines, all of which have been shown to affect 

MHC-II expression.  Therefore due to the striking similarities between the decreases in 

MHC-II expression and the alterations in immune functioning that are known to occur 

in response to morphine treatment, it was of interest to determine if the morphine-

induced decreases in MHC-II were similarly mediated.   

 

Central µ-opioid receptors signal decreases in peripheral MHC-II expression 

Considerable evidence over the years has demonstrated that morphine alters 

peripheral immune cell function through activation of centrally mediated pathways.  

Supporting this, central i.c.v. injections of morphine have been shown to decrease 

natural killer cell activity (Shavit et al., 1986b), lymphocyte proliferation (Mellon and 

Bayer, 1998b), and antibody production and class switching (Lockwood et al., 1996).  

Studies utilizing peripheral injections of N-methyl morphine, a morphine analogue that 

does not cross the blood–brain barrier, have failed to produce a similar decrease in 

either natural killer cell activity (Shavit et al., 1986b) or lymphocyte proliferation 

(Hernandez et al., 1993b), further supporting the role of central pathways in mediating 

these effects of morphine.    
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  The alterations in peripheral immune function observed after acute morphine 

administration have been demonstrated to be mediated primarily through activation of 

central µ-opioid receptors.  Previously published reports demonstrated that central 

injections of µ-opioid receptor specific agonists, such as DAMGO, replicated the 

effects of acute morphine treatment on both lymphocyte proliferation and natural killer 

cell activity (Mellon and Bayer, 1998b; Nelson et al., 2000a).   Further support for the 

importance of µ-opioid receptors comes from extensive studies that have shown that 

these and other effects of morphine on the immune system are absent in µ-opioid 

receptor knockout mice (Gaveriaux-Ruff et al., 1998).   

Although the findings demonstrate that activation of central opioid receptors 

clearly plays an important role in the modulation of peripheral MHC-II expression, the 

involvement of direct effects of morphine on MHC-II expression could not be 

excluded; therefore, studies were undertaken to examine the effect of morphine directly 

on leukocytes from naïve animals.  Direct incubation of naïve leukocytes with 

morphine, even at high concentrations, had no effect on either basal or IL-4 induced 

MHC-II expression.  As direct morphine exposure did not affect either basal or 

induced expression of MHC-II, it was hypothesized that changes in MHC-II expression 

might be signaled indirectly through central activation of opioid receptors (Fecho et al., 

1996a; Hernandez et al., 1993b; Mellon and Bayer, 1998a; Nelson et al., 2000a).  

Similar to the previously published work that demonstrated that the decreases in both 

natural killer cell activity and lymphocyte proliferation were dependent on activation 
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of central opioid receptors, MHC-II expression on circulating B lymphocytes also 

appears to be modulated through central µ-opioid receptors.  While these results 

strongly suggest that central opioid receptors are mediating the decreases in MHC-II 

expression, further studies should be done to determine that the in vivo effect of 

morphine is not acting directly on immune cell opioid receptors.  These studies might 

include experimental designs that have previously been used to determine the site of 

action of morphine in reducing lymphocyte proliferation and natural killer cell activity, 

including the use of n-methyl-morphine and n-methyl-naltrexone injections as well as 

using opioid receptor knockout mice or conditional knockouts. 

As direct pathways did not appear to mediate the effect of morphine on MHC-II 

expression, central injection studies were utilized to determine if central µ-opioid 

receptors were involved in morphine-mediated suppression of MHC-II on B cells.  A 

single i.c.v. injection of the µ-opioid receptor specific agonist DAMGO mimicked the 

effect of acute morphine on IL-4 induced MHC-II expression.  In addition, central 

pretreatment with µ-opioid receptor antagonists, either naltrexone or CTOP, blocked 

the previously suppressive effect of a high dose of peripheral morphine (20 mg/kg) on 

B lymphocyte MHC-II expression.  Taken together, these results demonstrate that 

similar to the effects of morphine on lymphocyte proliferation, morphine is modulating 

peripheral B lymphocyte MHC-II expression through activation of central µ-opioid 

receptor dependent pathways. 
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The decreases in MHC-II expression are HPA dependent 

It has been well established that morphine mediates its effects through central 

opioid receptors, leading to the suppression of cell-mediated immune responses 

(Hernandez et al., 1993a; Lockwood et al., 1994a; Mellon and Bayer, 1998a; Shavit et 

al., 1986a; Weber and Pert, 1989a).  Interestingly, µ-opioid receptors, the opioid 

receptor mediating most of morphine’s central effects on the immune system, have 

been found to be expressed in most of the brain regions involved in responding to 

stress.  In fact, central µ-opioid receptor activation by acute morphine activates the 

HPA axis signaling the release of pituitary hormones, which increase circulating 

corticosterone levels.  In addition, morphine-mediated µ-opioid receptor activation has 

been shown to increase sympathetic nervous system output.  Application of a stressor, 

such as restraint or cold water stress, also triggers increases in both HPA axis and 

autonomic nervous system (ANS, and the SNS in particular) activity.   Due to the 

similarity between the effects of morphine and those of stress, morphine has been 

likened to a pharmacological stressor (Nikolarakis et al., 1989).  One immediate 

connotation of this observation is that there may well be significant overlap in the 

effects of morphine and/or stress on immune function.   

Application of a stressor by itself has been shown to decrease MHC-II 

expression on antigen-presenting cells (Schwab et al., 2005).  Kizaki et al (1996) found 

that cold stress (5°C, 24 hours) significantly decreased the expression of MHC-II by 

peritoneal monocytes in mice (Kizaki et al., 1996).  Zwilling et al (1990) showed that 
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restraint stress (eight hours) resulted in the suppression of MHC-II expression on 

murine peritoneal macrophages. Similarly, restraint stress has been shown to decrease 

the expression of Ia molecules in epidermal Langerhan’s cells (Hosoi et al., 1998).  

The decrease in Ia expression on Langerhan’s cells was HPA dependent as the effects 

were not observed in adrenalectomized mice (Hosoi et al., 1998).     

As previous reports have shown that direct incubation of peritoneal 

macrophages with corticosterone resulted in significantly decreased MHC-II 

expression within two hours after exposure (Zwilling et al., 1990), corticosterone was 

examined as a candidate in mediating the effects of morphine on B lymphocyte basal 

MHC-II expression.   The results of direct incubation with corticosterone demonstrate 

that corticosterone, at biologically relevant concentrations, decreased basal 

corticosterone by 88% in cultured B lymphocytes from naïve animals.  In addition, 

corticosterone completely blocked the ability of B cells to increase MHC-II expression 

in response to stimulation with IL-4.  Similar studies have examined IFN-γ induction 

of MHC-II on peritoneal macrophages exposed to corticosterone in culture, with 

similar results (Kimura et al., 1995). 

Directly injecting corticosterone to levels comparable with in vivo levels found 

after stress in mice was shown to be sufficient to signal decreased basal MHC-II 

expression on splenic B cells (Weiss et al., 1996).  Studies utilizing injections of 

dexamethasone, a potent synthetic glucocorticoid, have demonstrated that murine 

lymphocytes display a decrease of MHC-II expression similar in magnitude to the 
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decrease observed after acute morphine treatment (McMillan et al., 1988).  As reported 

here, direct incubation of leukocytes with increasing concentrations of corticosterone 

decreased basal MHC-II expression.  Therefore, it is possible that the increased 

circulating corticosterone levels observed after morphine treatment could mediate the 

effect of morphine on MHC-II expression, as such treatment is known to significantly 

increase circulating corticosterone levels within the two-hour time frame during which 

MHC-II expression is altered (Bayer et al., 1990a).  The hypothesis that a decrease in 

MHC-II expression is glucocorticoid-dependent is also consistent with our central 

studies, as central injections of DAMGO have been shown to increase circulating 

corticosterone levels, while the antagonists used in these studies, naltrexone and 

CTOP, block the increases in corticosterone levels typically observed after treatment 

with morphine (Mellon and Bayer, 1998b).      

          Several studies have investigated mechanisms whereby glucocorticoids decrease 

MHC-II expression.  Fontes et al. (1999) demonstrated that glucocorticoids cause 

translocation of the glucocorticoid receptor to the nucleus where it binds to CBP 

(CREB binding protein), a coactivator for transcription of MHC-II.  This leaves no free 

CBP to interact with CIITA, resulting in a down-regulation of MHC-II expression 

(Fontes et al., 1999). However, the inhibition of MHC-II expression by glucocorticoid 

competitive binding of CBP was overcome through over-expression of CBP, indicating 

that the glucocorticoid receptor had sequestered CBP (Diagram 5).  It is worth noting 

that while direct incubation with corticosterone completely diminished B lymphocyte  
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Diagram 5. Interference with MHC-II expression by glucocorticoids  

 

Figure adapted from Beagles, 2003. 
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MHC-II expression, IL-4 stimulated cells exposed to corticosterone appear to have a 

basal level of MHC-II expression.  Stimulation with rrIL-4 may override the 

squelching of CBP by the glucocorticoid receptor by enhancing activity of STAT6 or 

other pathways thereby increasing MHC-II expression.  Alternatively, IL-4 may signal 

internal mechanisms that prevent the down-regulation of MHC-II at the cell surface, 

thereby maintaining a basal level of MHC-II expression.  This would account for the 

similarity in MHC-II expression in basal and corticosterone incubated/IL-4 stimulated 

lymphocytes (Figure 23).  However, it appears that glucocorticoids in culture 

prevented the stimulatory effect of IL-4 on MHC-II expression, suggesting that 

glucocorticoids are interfering with the increased transcription of MHC-II normally 

signaled by IL-4. 

Although it is likely that corticosterone is in fact mediating some of the effects 

of morphine on MHC-II expression, it is unlikely that the totality of morphine’s effects 

on MHC-II is due entirely to the increases in corticosterone.  The likelihood that other 

agents are affecting MHC-II expression would account for the discrepancy in the 

magnitude of the effects obtained with the direct addition of corticosterone in 

comparison to those obtained with morphine.  For example, at plasma levels similar to 

those induced by morphine, corticosterone completely blocks the up-regulation of 

MHC-II by IL-4.  In contrast, there is only a partial (36%) inhibition of cytokine-

induced MHC-II expression after morphine administration.  In support of this, prior 

work by Zwilling et al. (1993) demonstrated that restraint stress continued to exert a 



152 

 

suppressive effect on murine peritoneal macrophage MHC-II expression in 

adrenalectomized animals (Zwilling et al., 1993).  This may be related to several 

differences when comparing in vivo versus in vitro effects, but may also suggest the 

possibility of the release of other factors in vivo that may modulate the suppressive 

effects of corticosterone.    

It is possible that other as yet undetermined cytokines may play a role in 

increasing the level of MHC-II expression after morphine treatment.  Morphine has 

been shown to alter the levels of several cytokines including IFN-γ and IL-4, both of 

which induce MHC-II expression (Roy et al., 2005; Wang et al., 2003).  

Glucocorticoids have also been shown to increase IL-4 production in isolated human 

PBMCs (Edelbauer et al., 2002).  Caulfield et al. (1999) demonstrated that another 

cytokine, granulocyte-macrophage–colony stimulating factor (GM-CSF), was only 

able to increase MHC-II expression in the presence of dexamethasone.   

MHC-II expression may also be modulated via other factors that are increased 

after morphine treatment.  For example, central morphine has been shown to 

significantly increase both glucocorticoid and catecholamine levels in plasma and 

spleen dialysates, respectively (Gomez-Flores and Weber, 2000).   However, unlike 

increased glucocorticoids, increased catecholamine levels have been shown to induce 

MHC-II expression (Bourdoulous et al., 1993).  These studies suggest that a synergistic 

action between glucocorticoids and possible unknown circulating factors could account 

for the changes we observed in IL-4 induced MHC-II expression after morphine. 
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Finally, the concentrations of corticosterone binding globulin (CBG) in the 

serum may change in response to some stressors and this may alter the bioavailability 

of glucocorticoids (Fleshner et al., 1995).  In fact, morphine (75 mg pellet) has been 

shown to increase CBG by 160% in Sprague Dawley rats (Nock et al., 1997).  This 

increase was evident within three days after pellet implantation, reaching maximal 

effect after seven days. Decreased biologically available corticosterone due to 

increases in CBG may mean that the level of corticosterone measured in chronic 

morphine treated animals is not available to affect immune cells, which may include 

affecting the levels of MHC-II expression.  However, it is not clear that the increase in 

CBG levels always decreases the accessibility of corticosterone to all types of immune 

cells (Hammond et al., 1990).  Furthermore, Pruett noted in his studies examining 

corticosterone in relation to MHC-II expression that restraint stress did not necessarily 

affect the percentage of bioavailable corticosterone in the blood of restrained mice 

(Pruett et al., 1999). 

Therefore, while the increase in glucocorticoids after morphine clearly plays a 

part in mediating the morphine-induced immunosuppression, the totality of the 

immunosuppressive effects of morphine represents a complex interplay between 

several signaling systems.  For example, in addition to activation of stress hormones 

and catecholamines, morphine has been reported to lead to increases in various 

peptides such as neuropeptide Y and substance P, both of which have also been shown 

to have immunomodulatory properties (Chancellor-Freeland et al., 1995; Elenkov et 
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al., 2000; Madden et al., 1995; Pavlov and Tracey, 2004; Zukowska et al., 2003).  

Additionally, previous work in the lab has shown that adrenalectomized animals were 

still susceptible to restraint-induced immunosuppression, indicating the involvement of 

factors other than glucocorticoids in modulation of immune activity (Ballard, 2005).  

Multiple neurotransmitter and neuropeptide systems would thus have to be targeted to 

fully elucidate all aspects of morphine-induced pathways leading to 

immunomodulation in general and the suppression of MHC-II expression specifically.   

 

Drugs of abuse and MHC-II 

The effect of drugs of abuse on MHC-II expression has not been well studied.  

A single report on the effect of in vitro cocaine exposure on MHC-II expression in 

macrophages found that, similar to the findings presented here, cocaine had no effect 

on MHC-II expression in cultured macrophages (Shen et al., 1999).  In fact, cocaine 

has been shown to have suppressive effects on measures of lymphocyte proliferation.  

However, this effect appears to be dependent on the route of drug administration, as 

intravenous injections of cocaine (5 mg/kg) have previously been shown by our 

laboratory to decrease mitogen-induced T lymphocyte proliferation (Bayer et al., 

1995), while central injections of cocaine or intraperitoneal injections of cocaine did 

not affect the ability of T lymphocytes to proliferate in response to mitogen (Avila et 

al., 2003; Pellegrino et al., 2001).  Interestingly, cocaine has been shown to increase 

the levels of circulating corticosterone within thirty minutes after central 
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administration; however, two hours after an intraperitoneal injection of cocaine, there 

is no significant increase in the level of circulating corticosterone.  The lack of a 

prolonged (several hours) increase in corticosterone may account for the lack of an 

effect of cocaine on MHC-II expression two hours after an intraperitoneal injection of 

cocaine.  Additionally, it is of interest to note that the alterations observed with MHC-

II appear to parallel the known suppression of lymphocyte proliferative responses. In 

addition, studies have shown that cocaine increases the production of anti-

inflammatory cytokines including increasing IL-4 (Stanulis et al., 1997a).  Studies 

examining the direct effects of corticosterone on TH2 cytokines, IL-4 and IL-10, 

demonstrated a biphasic dose dependency where low concentrations of corticosterone 

increased TH2 cytokines while higher doses significantly suppressed them (Stanulis et 

al., 1997a).   

The results presented here demonstrate that i.p. cocaine administration did not 

affect the expression of MHC-II on B lymphocytes either acutely or chronically.  

Previous studies have shown that cocaine administration (30 mg/kg; twice in 1 day) 

prior to the injection of sheep erythrocytes increases the T dependent antibody 

responses in mice, suggesting that cocaine may actually stimulate B lymphocyte 

responses.  Further examination of the effect of cocaine on antibody responses in mice 

demonstrated that the enhancement in antibody responses was due to increases in 

adrenal factors, as the enhancement in antibody responses was no longer evident in 

adrenalectomized mice (Stanulis et al., 1997b).  Supporting the role of adrenal factors, 
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injection of exogenous corticosterone to levels similar to those observed after cocaine 

administration replicated the enhancement of antibody responses to sheep erythrocytes 

(Stanulis et al., 1997b).  This suggests that unlike morphine, the increases in 

corticosterone after cocaine may actually serve to enhance B lymphocyte responses.   

Further studies would be needed to determine if the lack of an effect of cocaine on 

MHC-II expression demonstrated here is due to alterations in the corticosterone 

responses observed after cocaine or alternatively an enhancement of B lymphocyte 

function in response to cocaine administration. 

While little has been done to examine the effect of cocaine on MHC-II 

expression, there is a great deal of literature examining decreases in MHC-II 

expression after ethanol.  Similar to morphine, ethanol use has been shown to affect 

both antigen presentation and effector T cell function.  Ethanol treatment in mice has 

also been associated with decreases in splenic cell number and MHC-II expression.  

Ethanol dose-responsively decreased total spleen cell number, mature B cell number, 

and MHC-II expression on B cells, reaching a maximal effect 12 hours after ethanol 

exposure (Starkenburg et al., 2001; Weiss et al., 1996).  The decrease in splenic cell 

number and MHC-II expression appeared to be partly mediated by glucocorticoids, as 

pretreatment with the glucocorticoid antagonist RU486 partially blocked these effects 

(Weiss et al., 1996).  Similar to morphine, consumption of alcohol (0.8 g/kg) in alcohol 

naïve individuals has been shown to decrease mitogen-stimulated T cell proliferation 

by 35% after four hours (Chang and Norman, 1999; Szabo et al., 2001).   Ethanol has 
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also been shown to impair antigen presentation by monocytes by decreasing the 

surface expression of MHC-II.  Therefore, as the effects of morphine are similar to 

those reported after ethanol exposure, one might conclude that there must be a 

commonality between the two drugs that is affecting the changes in MHC-II 

expression.  Further study will be needed to fully elucidate the similarities and 

differences between ethanol and morphine suppression of MHC-II. 

 

Enhanced sensitivity to stress in chronic morphine treated animals  

Chronic exposure to morphine results in the development of tolerance to the 

analgesic as well as the steroidogenic effects of acute morphine treatment.  Many of 

the acute immune effects of morphine also appear to develop tolerance to the initially 

suppressive effects of the drug upon chronic exposure.  To determine if this was the 

case for morphine modulation of MHC-II, animals were chronically treated with 

morphine and their blood leukocytes isolated for analysis.  In contrast to the effects of 

acute morphine exposure, MHC-II expression in chronically treated animals was not 

suppressed, indicating the development of an apparent tolerance to the effect of the 

drug.  The dosing paradigm used in our laboratory consists of increasing twice-daily 

doses of morphine, escalating from an initial dose of 10 mg/kg to a final dose of 40 

mg/kg.  Using this dosing schedule, we and others have shown that tolerance develops 

to the effects of a challenge dose of morphine (10 mg/kg) on the activation of the HPA 

axis as well as on measures of immune cell function (Bayer et al., 1994); therefore, it 
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was of interest to determine if MHC-II expression also developed tolerance to the 

effects of chronic morphine exposure.  MHC-II expression was not reduced in animals 

that were chronically administrated morphine, suggesting that these animals had 

developed an apparent tolerance to the morphine-dependent effects on MHC-II 

expression similar to the tolerance that develops to the elevation of plasma 

corticosterone (Figure 10) and lymphocyte proliferation.   

Chronic opiate exposure produces a large number of compensatory systemic 

changes and other changes at the cellular level that may render immune cells more 

susceptible to dysfunction when faced with an additional stressor.  Supporting this idea 

that chronic morphine use increases immune cell susceptibility to stress, a large 

number of studies have previously shown that chronic opioid exposure in humans 

results in higher rates of disease and infection (Govitrapong et al., 1998; Zaki et al., 

2006).  Furthermore, it has been demonstrated that chronically treated animals display 

a heightened sensitivity to stressors on measures of lymphocyte proliferation and 

cytokine production (Ballard et al., 2006).  It is unknown if this heightened sensitivity 

could be related to HPA-dependent alterations in MHC-II expression.  Thus the 

apparent tolerance of MHC-II expression to chronic treatment with morphine may not 

be predictive of a lack of continuing effect on the overall immune response.   

Studies have demonstrated an enhanced sensitivity to the effects of stress after 

chronic morphine treatment.  Chronic opiate use has been associated with alterations in 

central signaling, leading to alterations in stress response pathways (Laorden et al., 
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2003; Milanes et al., 1997).  It has been suggested that this disregulation of the stress 

response may contribute to stress-induced drug-seeking behaviors observed after 

chronic morphine treatment (Kreek and Koob, 1998).  From this, one might postulate 

that MHC-II expression on B lymphocytes from chronic morphine treated animals 

could exhibit an enhanced immune sensitivity to stress due to adaptations in stress 

pathways. 

Previous work from our laboratory has demonstrated that apparently tolerant 

morphine animals are more susceptible to the aversive effects of novel stressors such 

as restraint and water stress (Alonzo and Bayer, 2003; Bayer et al., 1994).  This 

sensitivity to stress appears to be dependent on increases in HPA axis activity, as 

adrenalectomized animals treated chronically with morphine were found to be less 

sensitive to the anti-proliferative effect of stress on blood lymphocytes than non-

adrenalectomized chronic morphine treated control animals (Ballard, 2005).  Studies 

using a chronic morphine-pellet paradigm have also implicated the HPA axis in 

mediating morphine-induced immunomodulation (Bryant et al., 1991; Bryant and 

Roudebush, 1990; Wang et al., 2002).  Bryant and colleagues (1991) observed a 

significant blunting of chronic morphine-induced immunosuppression in 

adrenalectomized mice.  Additionally, they found that twice daily injections of the 

glucocorticoid antagonist RU-486 blocked the decrease in splenic proliferation and 

spleen weights due to chronic morphine exposure.  In addition, pharmacologic studies 

revealed that antagonism of sympathetic pathways can also attenuate 
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immunosuppression induced by stress in morphine tolerant animals (Ballard, 2005).  

Thus, the two most prominent immunomodulatory pathways, the hypothalamic-

pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS), appear to 

contribute to the heightened immune vulnerability of animals treated chronically with 

morphine.  Clearly, further studies are needed to clarify the role of these pathways in 

modulation of immune functioning in the context of chronic opioid treatment. 

 Studies have shown that the immune function of chronically treated animals is 

actually more susceptible to the immunosuppressive effects of stress.  For example, 

chronic morphine treated animals that appear to have normal lymphocyte proliferative 

responses display an exaggerated impairment in response to mitogen stimulation after 

the application of a stressor (Bayer et al., 1994).  However, while the level of MHC-II 

expression in chronic morphine treated animals did decrease in response to a novel 

stressor, the decrease was no greater than that observed in animals that had been 

exposed to chronic morphine alone.    Therefore, the level of MHC-II expression after 

chronic morphine treatment does not appear to develop a heightened sensitivity to the 

effects of stress after chronic morphine treatment. 

The decrease in MHC-II expression after morphine or stress may be instead a 

direct response to increases in corticosterone levels in circulation.  Previous studies in 

mice have shown that MHC-II expression does not habituate to the effect of repeated 

injections of dexamethasone.  Initial injections of dexamethasone (40 µg) resulted in a 

35–40% suppression of Ia expression on splenic B lymphocytes within three hours 
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after the injection, while additional injections of dexamethasone on consecutive days 

failed to increase the level of Ia suppression (Dennis and Mond, 1986).  Instead MHC-

II expression appears to be closely tied to the level of stress over time as analysis of 

several markers of stress-induced immunosuppression in mice demonstrated that of all 

the biomarkers tested, MHC-II expression was predictably associated with increases in 

corticosterone and most closely predicted stress-induced immunosuppression in mice 

(Schwab et al., 2005).   

 The results presented here imply that the decrease in MHC-II expression after 

chronic morphine treatment does not develop a heightened sensitivity to stress.  

Instead, the decrease in MHC-II expression after restraint stress in chronic morphine 

treated animals is similar in magnitude to the decrease observed in animals subjected to 

restraint stress alone.  In fact, the suppression after restraint stress in chronically treated 

animals was not as great as that seen after morphine, implying that there may be 

additional suppressive effects of morphine apart from the increases in corticosterone 

that are mediating the morphine-induced suppression of MHC-II.  Additionally, there 

did not appear to be a heightened sensitivity to cold water stress after chronic morphine 

treatment, as these animals also had a decrease in MHC-II expression similar in 

magnitude to that of animals exposed to cold water stress alone (Figure 32).   
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Increased vulnerability of immune cells to apoptosis after morphine 

In the normal course of immune system function, apoptosis of immune cells 

serves to curb inflammatory processes by reducing the number of activated 

lymphocytes.  Apoptosis in lymphocytes can be signaled in a number of different 

ways.  Activation-induced cell death is signaled in part by interactions of 

Fas(cd95)/Fas ligand, which activate the extrinsic apoptotic pathway through the 

internal Fas-associated death receptor complex.   The Fas-associated death receptor 

(FADD) signals apoptosis through activation of caspases, many of which are 

intimately linked to cell cycle control.  In fact, many cell cycle proteins are caspase 

substrates.   Additionally, glucocorticoids have been shown to signal cell death in 

lymphocytes (as well as other immune cells) by altering expression of both apoptotic 

and anti-apoptotic genes through activation of the glucocorticoid receptor.   

Studies of morphine have shown decreases in leukocyte cell number; however, 

it is unclear if these decreases in cell number after morphine are due to increased cell 

death, decreased lymphopoesis, or increased migration of cells into alternative body 

compartments (for example, movement of cells from the blood into the spleen).  To 

examine whether the increases in glucocorticoids observed after morphine increased 

leukocyte cell death, both cell cycle and apoptosis FACS analyses were performed.  

Acute morphine treatment did not increase the percent of circulating leukocytes that 

could be considered apoptotic as measured by Annexin-V binding.  Further analysis of 

leukocytes from chronic morphine treated animals also failed to show an increase in 
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apoptosis.  Interestingly, cell cycle analysis of acute and chronic morphine treated cells 

demonstrate a trend toward fewer cells entering into mitosis (G2/M phase) compared to 

saline treated controls.   

MHC-II molecules have been shown to function as intracellular signaling 

molecules, which signal cell survival pathways protecting the cell from apoptosis.  In 

support of this, interference with MHC-II expression by cross-linking of MHC-II 

molecules with anti-MHC-II antibodies has been shown to increase cell death (Yang et 

al., 2007).  Further evidence has shown that signals through the MHC-II molecule are 

important for the transition of B cells from G1 into S phase, as anti-MHC-II antibodies 

delayed entry of LPS-stimulated B cells into S phase of the cell cycle (Baluyut et al., 

1993).  Interestingly, apoptotic cells demonstrate a rapid and continuous decrease in 

MHC-II expression (Park et al., 2000).    

Acute morphine treatment has been shown to reduce blood lymphocyte number 

by 30% within two hours after morphine administration (Flores et al., 1995).  Similar 

studies using morphine (5–20 mg/kg; 1 hr) on splenic leukocyte number demonstrated 

no significant reduction in splenic leukocyte number (Fecho and Lysle, 1999); 

however, injection of heroin was found to decrease the number of total splenic 

leukocytes within the same one-hour period (Fecho and Lysle, 2000).  Interestingly 

this decrease after one hour of exposure to heroin was accompanied by an increase in 

the percentage of Annexin-V positive cells, indicative of apoptotic death in splenic 

cells (Fecho and Lysle, 2000).  Morphine has previously been shown to induce Fas-
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mediated T lymphocyte apoptosis in vitro, increasing caspase activity including 

caspase 3 (Singhal et al., 2001; Yin et al., 2006).  Chronic exposure to morphine has 

also been shown to promote TH2 development by promoting Fas-mediated AICD of 

CD4
+
 T cells in culture (Greeneltch et al., 2005).  In addition, results from the gene 

microarray study demonstrate that morphine treatment alters a number of proteins that 

are involved in both cell cycle regulation and apoptosis (Table 2).  Many of these 

proteins have also been shown to be sensitive to glucocorticoids, leading one to 

speculate that the effect of morphine on these proteins may be mediated through 

morphine-induced increases in glucocorticoid levels.   

Glucocorticoids modulate inflammatory responses by inhibiting the expression 

of cytokines and adhesion molecules as well as modulating apoptosis, thereby shutting 

down an inflammatory response (Planey and Litwack, 2000).  In fact, injections of 

glucocorticoids in humans have been shown to decrease lymphocyte number through 

induction of apoptosis within five hours (Jetzek-Zader et al., 2007).  Biological 

concentrations of glucocorticoids similar to that observed in response to stress have 

been shown to increase lymphocyte cell death (Ashwell et al., 2000).  Additionally, 

increases in glucocorticoids have been associated with alterations in cell cycle 

progression.  Glucocorticoids were shown to produce early G1 accumulation and a 

delayed increase in the duration of S-phase therefore increasing cell-cycle duration 

(Baghdassarian et al., 1998).  In addition, glucocorticoids altered the expression of 
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several cyclins, cyclin-dependent kinases (CDKs), and CDK inhibitors (CKIs) 

(Baghdassarian et al., 1998).  

Given the effects of increased glucocorticoids, one could surmise that the 

effects of stress, or anything that increases the stress response, may serve to 

inappropriately increase lymphocyte apoptosis through increases in circulating 

glucocorticoids.  However, the results reported here demonstrate that neither acute nor 

chronic morphine treatment significantly increased leukocyte apoptosis (Figure 39), 

suggesting that the decrease in leukocyte number after morphine is not due to cell 

death of peripheral leukocytes.   

Studies examining the effect of stress in chronic morphine treated animals on 

measures of leukocyte apoptosis produced mixed results.  Restraint stress after chronic 

morphine treatment did not increase the percent of leukocytes that could be considered 

apoptotic.  In fact, fewer leukocytes from chronic morphine treated animals were 

considered pro-apoptotic after two hours of restraint stress (Figure 40).  In contrast 

with this, cold water stress in chronic morphine treated animals significantly increased 

the number of leukocytes that were apoptotic.  Since cold water stress was shown to 

dramatically increase the level of circulating corticosterone, it does not appear that in 

vivo increases of corticosterone by themselves mediated increases in leukocyte 

apoptosis.  In addition, cold water stress in chronic morphine treated animals 

significantly increased the number of leukocytes that were in a proliferative phase of 

the cell cycle.  This result may mean that increasing numbers of cells are entering the 
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cell cycle to balance the increase in leukocyte apoptosis.  Alternatively it could 

represent leukocytes that have a prolonged S phase or that were in cell cycle arrest.  

Further analysis of the effects of stress on the alterations in cell cycle progression in 

leukocytes after chronic morphine would need to be done in order to conclusively 

examine this result. 

 

Effect of withdrawal 

Withdrawal from morphine has also been associated with changes in the brain 

and immune cells that may leave the organism more susceptible to the effects of a 

novel stressor.  Studies of heroin withdrawal in humans have reported depressed 

lymphocyte proliferation responses and alterations in the T cell ratio of CD4
+
/CD8

+
 T 

lymphocytes (Govitrapong et al., 1998; Kao et al., 1996).  In addition, secretion of IL-

2, IL-4, and IFN-γ was suppressed in patients undergoing heroin withdrawal (Zaki et 

al., 2006).  Some of these measures of immune function have been reported in ex-

heroin addicts to be altered up to two years after the last dose of morphine 

(Govitrapong et al., 1998). 

Morphine withdrawal in animal studies has been demonstrated to elicit 

inhibition of multiple immune parameters, including decreases in natural killer cell 

activity (Shavit et al., 1986c; West et al., 1997), decreased mitogen-induced 

lymphocyte proliferative responses (Bayer et al., 1994; Bryant et al., 1987a; Rahim et 

al., 2005), decreased B cell proliferation in response to anti-IgM/IL-4 stimulation 
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(Bhargava et al., 1994), alterations in antibody formation (in vitro plaque-forming cell 

(PFC) response to sheep red blood cells) (Rahim et al., 2002), and decreased cytokine 

production of IL-1β, TNF-α, IL-12 , and IFN-γ (Kelschenbach et al., 2005; Rahim et 

al., 2003).  Therefore, withdrawal from morphine may leave the animal at greater risk 

of immune system dysfunction.   

Withdrawal stress, either by abrupt removal of opioids or precipitated with 

naltrexone, is accompanied by a large increase in circulating corticosterone levels 

(Alonzo and Bayer, 2003; Avila et al., 2004; Rahim et al., 2003). Previous work from 

the Bayer lab has shown that 24 hours after abrupt withdrawal from morphine, rats 

exhibit a significantly increased level of corticosterone compared with non-withdrawn 

chronic morphine treated rats (Avila et al., 2004).  This increase in corticosterone is 

accompanied by a significant decrease in the ability of these animals to respond to 

mitogen as determined by suppressed responses of their lymphocytes to increasing 

concentrations of the T cell mitogen conA (Avila et al., 2004).  Interestingly, upon 

induction of withdrawal from morphine, MHC-II expression is significantly suppressed 

within 48 hours.  That morphine is still exerting an effect on immune function 48 hours 

after withdrawal implies that this effect is not a direct effect of morphine on the 

immune cells, as morphine should be cleared from systemic circulation by this time 

point.   

The effects on corticosterone previously observed after 24 hours of withdrawal 

from morphine are no longer apparent 72 hours after the last dose of morphine (Avila 
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et al., 2004).  However, 72 hours after the last dose of morphine, the lymphocyte 

proliferation responses of these animals is still significantly impaired (Avila et al., 

2004).  As previous experiments have shown that MHC-II parallels the alterations in 

circulating corticosterone levels, it was of interest to determine if MHC-II expression 

remained suppressed after one week of withdrawal.  Again, similar to corticosterone 

levels after one week of withdrawal from morphine, this effect of morphine on MHC-II 

was no longer apparent after one week of withdrawal, as neither basal nor IL-4 induced 

MHC-II appeared suppressed.   

Interestingly, several parameters that are associated with decreases in MHC-II 

expression are also known to be suppressed after withdrawal from morphine. In fact 

studies of abrupt morphine withdrawal have shown that there was a significant 

decrease in absolute leukocyte number by nearly 50% after withdrawal from morphine 

(Weed et al., 2006).  As previously presented, the decrease in leukocyte number was 

not associated with an alteration in the CD4
+
/CD8

+
 ratio, as the decrease in absolute 

numbers did not affect their relative percentages (Weed et al., 2006).   

Remarkably, approximately one third of the circulating leukocytes isolated 

from the whole blood of animals withdrawing from morphine for 24 hours were 

considered apoptotic, with another 30% of the cells being considered pre-apoptotic as 

determined by Annexin-V binding (Figure 46).  This effect was still evident one week 

after the last morphine injection (seven days of withdrawal) (Figure 47); however, after 

a week of withdrawal from morphine the increase in leukocyte apoptosis was 
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accompanied by an increase in the number of circulating leukocytes that were in a 

proliferative phase of the cell cycle.   

 

Possible implications of decreased MHC-II expression in humans 

The decreases in MHC-II expression on antigen-presenting cells after morphine 

reported in this dissertation may represent a significant impact on the ability of the 

animals to ward off infection.  In fact, diminished monocytic MHC-II expression in 

humans is highly predictive of poor outcomes in septic patients (Venet et al., 2007).  

Sepsis represents a complex clinical syndrome resulting in significant morbidity and 

mortality.  Recent worldwide statistics show that sepsis is the third leading cause of 

death after coronary heart disease and myocardial infarction. The initial symptoms of 

sepsis include fever, leukocytosis, and arterial hypotension.  Ultimately, sepsis results 

in a massive uncontrolled proinflammitory cytokine response that can eventually lead 

to organ dysfunction and death.  Sepsis continues to be a major concern in intensive 

care units around the world, despite extensive use of antibiotics, aggressive surgical 

intervention, and optimization of nutritional support.   

Sepsis leads to the death of many types of immune cells.  This extensive 

apoptotic death results in immune cell depletion, which may serve to further 

compromise the ability of the patient to combat the infection.  Peripheral circulating 

lymphocyte apoptosis is increased in patients with sepsis and has been shown to 
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correlate with the severity of the disease (Hotchkiss et al., 2003).  In addition, uptake 

of apoptotic cells can impair the immune function of surviving cells contributing to 

further immunosuppression (Hotchkiss et al., 2003).   

Opiate addicts have been shown to have a high susceptibility to bacterial 

infection and sepsis.  Epidemiological data has shown that intravenous heroin addicts 

are at increased risk for sepsis.  Morphine exposure has been shown to accelerate the 

development of sepsis in animals exposed to LPS (Ocasio et al., 2004; Roy et al., 

1999).  In addition, withdrawal from morphine has also been shown to sensitize 

animals to LPS-induced septic shock (Feng et al., 2006).  This may be due to the 

involvement of opioid pathways in the development of sepsis.  In fact, studies have 

demonstrated that pretreatment with the opioid antagonist naltrexone was able to 

protect mice from LPS-induced septic shock (Greeneltch et al., 2004; Hilburger et al., 

1997b). 

Decreased MHC-II expression has been shown to be predictive of increased 

mortality in septic patients (Abe et al., 2008).  Endotoxin challenge in animals has been 

shown to decrease intracellular MHC-II expression as well as the expression of the 

MHC-II invariant chain (Wolk et al., 2003).  Endotoxin challenge has also been shown 

to interfere with expression of the MHC-II transactivator complex (CIITA) (Wolk et 

al., 2003).  Plasma from septic patients has been shown to induce MHC-II endocytosis, 

resulting in decreased surface expression of MHC-II on immune cells from healthy 
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donors (Fumeaux and Pugin, 2002).  This effect was blocked by the addition of anti-

IL-10 antibodies, demonstrating a role for IL-10 in the down-regulation of MHC-II 

molecules in sepsis.  In fact, the mortality rate of septic patients was higher in patients 

with high IL-10 levels (Abe et al., 2008).  Therefore, the results presented in this 

dissertation may represent not only a potential mechanism whereby morphine exerts an 

immunosuppressive effect on measures of immune function, but may also be related to 

the increased susceptibility of morphine treated animals to such conditions as septic 

shock.  Future experiments will be needed to more closely examine the relationship 

with decreased MHC-II expression and morphine immunosuppression.   
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Conclusions 

 

1. Morphine specifically decreases MHC-II expression on circulating B 

lymphocytes within two hours after the administration of morphine (10 mg/kg) 

(Figure 3). This decrease appears to be functionally significant, as B 

lymphocytes from morphine treated animals were unable to increase MHC-II 

expression upon stimulation with IL-4 (Figure 6). 

2. Morphine alters peripheral MHC-II expression on circulating B lymphocytes by 

activating central µ-opioid receptors (Figures 17 &19).   

3. The decrease in MHC-II expression after morphine appears to be modulated by 

the morphine-induced increases in circulating corticosterone (Figures 22 & 

23). 

4. Basal MHC-II expression is also decreased by the application of two hours of 

restraint stress alone (Figure 25).   

5. The decrease in MHC-II expression after stress continues even upon MHC-II 

induction with IL-4 (Figure 26). 

6. Animals that have been chronically treated with morphine develop tolerance to 

the suppressive effects of acute morphine on B lymphocyte MHC-II expression 

(Figure 11). 

7. MHC-II expression does not appear to develop a heightened sensitivity to the 

effects of a novel stressor after chronic morphine treatment (Figures 31 & 34).   
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8. Measures of leukocyte apoptosis are not increased after stress or acute or 

chronic morphine treatment (Figure 40).  However, leukocytes from 

chronically treated animals appear to be more sensitive to the effects of a 

stressor as measured by increases in leukocyte apoptosis and cell cycle analysis 

(Figures 41, 43, & 44). 

9. Withdrawal stress dramatically increases the percentage of leukocytes 

undergoing apoptosis while simultaneously increasing the percentage of cells in 

proliferative phases of the cell cycle (Figures 47 & 48). 
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Relevance and future directions 

Few studies have examined the effects of morphine on antigen presentation.  

Only one study to date, initiated from the Bayer lab, has examined the effect of 

morphine on MHC-II expression.  While previous studies have hinted at the effect of 

opiates on MHC-II expression as evidenced by reports of decreased HLA-DR 

immediately after the induction of an opiate anesthetic (Hiesmayr et al., 1999), the 

studies presented in this report represent some of the first attempts to characterize the 

effects of morphine on MHC-II expression.   The effect of morphine on decreases in 

MHC-II expression, specifically on B lymphocytes, may provide a tool by which to 

more closely examine the role of B lymphocytes in antigen presentation and activation 

of T lymphocyte proliferative responses.  Functional assays that directly examine the 

effect of decreased MHC-II expression on lymphocyte proliferation may provide 

insights into the immunosuppression observed not only after morphine use but also 

after stress.  In addition, MHC-II expression on different antigen-presenting cells may 

produce different functional changes.   

Additionally, it would be of interest to determine if the changes in MHC-II 

expression render the B lymphocytes unresponsive to future immune cell activation.  

Evidence presented in this dissertation as well as B lymphocyte dependent functions 

that have been shown to be impaired after morphine exposure hint at the possibility 

that B lymphocytes may not be able to recover from morphine.  For example, the effect 

of morphine on MHC-II expression extends for up to 48 hours after the last dose of 
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morphine, way beyond the point where morphine should have been cleared from 

circulation.  Therefore, a closer examination of the time course of morphine’s effect on 

MHC-II will be needed to determine if this in fact the case. 

Of particular interest is the effect of stress on MHC-II expression in circulating 

antigen-presenting cells.  The findings presented in this dissertation demonstrate that 

the decrease in MHC-II expression appears to be directly related to increases in 

circulating corticosterone.  However, there is a disconnect between the degree of 

MHC-II suppression observed after direct incubation with corticosterone and 

experimental manipulations that are known to increase corticosterone levels in animals.   

In addition, the results of previous literature examining the effect of ethanol on 

MHC-II expression also indicate that this effect is dependent upon HPA axis 

activation.  It would be of interest to examine the differences in the response of MHC-

II expression to ethanol versus the MHC-II response to morphine.  Of particular 

interest would be the effect on MHC-II of poly drug use.  This could include an 

examination not only of the effect of both morphine and alcohol on antigen 

presentation ability, but also of the effects of the combination of morphine and cocaine 

on MHC-II expression, as these drugs are frequently used in combination.  This may 

shed light on the other factors that may be acting upon the immune cells in order to 

both decrease and/or increase MHC-II expression in antigen-presenting cells. 

Finally, these findings demonstrate that morphine withdrawal substantially 

increases the percentage of circulating leukocytes that can be considered apoptotic.  
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Much closer analysis of this result will need to be conducted in order to fully determine 

the effect that this decrease in cell number would have on the organism.  However, the 

death of approximately one third of circulating leukocytes within 24 hours of 

withdrawal from morphine clearly indicates that morphine withdrawal may produce an 

extremely precarious immunological state.  As withdrawal from morphine commonly 

occurs in both drug abusers as well as clinical populations who may already be at 

higher risk of negative immune consequences, a closer analysis of the 

immunosuppressive effect of morphine withdrawal is clearly needed. 
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