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ABSTRACT 

 

 

 

EFFECT OF MORPHINE ON IMMUNE RESPONSES AND INFECTION 

 

Jessica Marie Breslow 

Doctor of Philosophy 

Temple University, August, 2010 

Advisor: Toby K. Eisenstein, Ph.D. 

 

Opioids have been shown to modulate immune function in a variety of assays and 

animal models.  In a more limited number of studies, opioids have been shown to 

sensitize to infection.  Heroin, the prototypical opioid drug of abuse, is rapidly 

metabolized to morphine in the body.  Morphine has been used as an analgesic for 

hundreds of years, and continues to be a drug of choice for treating pain in ICU and 

trauma patients.   The continued use of these opioid compounds in humans warrants 

further investigation of their effect on immune responses against, and progression of, 

common bacterial infections.    Two infections were investigated in this thesis using 

murine models, Acinetobacter baumannii and Salmonella typhimurium. A recent increase 

in the prevalence of A. baumannii infections among healthy, but wounded, military 

personnel, lead to the hypothesis that analgesic morphine might sensitize to infection 

with this multiply-drug resistant bacterium.  A systemic, intraperitoneal A. baumannii 

infection model was established in mice that resulted in rapid, disseminated disease 

where animals became septic as organisms replicated in the blood, lungs, and other 

organs.  This model was used to investigate the role of various parameters of innate 

immune defenses to Acinetobacter. Neutralization of neutrophils by antibody depletion 
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greatly sensitized to this infection.  Infection resulted in a rapid, biphasic induction of 

both IL-17 and the chemokine, KC/CXCL1, a major chemotactic factor for neutrophils, 

that continued to rise through 18h after bacterial inoculation.  However, depletion of 

either IL-17 or KC/CXCL1 using monoclonal antibodies failed to sensitize to 

Acinetobacter infection.  Further, IL-17 receptor KO mice were not sensitized to this 

infection. Collectively, these results suggest that there must be other chemotactic factors 

for neutrophils that can compensate for the absence of IL-17 and KC. Morphine, 

delivered by extended release pellet, sensitized two strains of mice to two strains of 

Acinetobacter, as measured by mortality to a sublethal challenge dose, and this effect was 

blocked by administration of the opioid-receptor antagonist, naltrexone. .  Morphine 

increased Acinetobacter burdens in the organs and blood of infected mice, and increased 

the levels of pro-inflammatory cytokines. Evidence for an effect of morphine on 

neutrophil infiltration was obtained. Morphine decreased the total numbers of cells, as 

well as the total numbers of neutrophils and macrophages infiltrating into the peritoneal 

cavity.  This inhibition of neutrophil accumulation correlated with suppression of levels 

of both IL-17 and KC/CXCL1. The evidence supports the conclusion that morphine 

sensitizes to Acinetobacter infection by suppressing the response of neutrophils, 

potentially via depression of neutrophil chemotactic factors IL-17 and KC.  However, 

taken together with the data above there are probably additional factors in addition to IL-

17 and KC that are sensitizing the animals to infection in the presence of morphine.  

In addition to these studies, the opioid-receptor dependency of morphine-

mediated sensitization to Salmonella enteric serovar Typhimurium was examined.  

Previous experiments had determined that extended release morphine pellets sensitized 
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mice to a sublethal dose of Salmonella, as determined by survival and bacterial burdens 

in the organs of infected mice, but naltrexone resulted in only incomplete reversal of the 

morphine-mediated effects.  To further characterize the receptor dependency of the 

observed phenomenon, mu-opioid receptor knockout (MORKO) mice were used.  

MORKO mice were found to be completely resistant to the lethal effects of morphine 

plus infection observed in wild-type (WT) mice.  In addition, MORKO mice showed 

greatly reduced bacterial burdens and pro-inflammatory cytokine levels when treated 

with morphine and challenged with a sublethal challenge dose of Salmonella, in 

comparison to WT mice.   

In summary, the studies presented in this thesis explored basic mechanisms of 

innate immunity to A. baumannii using a systemic model of infection.  The work 

provides additional evidence that morphine sensitizes to infection, using models of 

Acinetobacter and Salmonella in mice.  An implication of this work is use of caution in 

the administration of opioids in patients that are susceptible to opportunistic infections.   
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CHAPTER 1 

INTRODUCTION 

 

Opioids 

 The term opioid refers to a group of substances having opium- or morphine-like 

properties.  These properties were first attributed to the juice from the poppy plant, 

Papaver soniferum, commonly referred to as opium.  The first written description of such 

a substance was recorded by Theophrastus as early as the third century B.C., though it is 

likely that the pharmacological properties associated with the poppy plant were known 

well before this.  Since this time, the term opioid has come to include both the exogenous 

opioids derived from the poppy plant, as well as the endogenous, naturally occurring 

opioid peptides, the enkephalins, endorphins, and dynorphins, as well as any natural or 

synthetic compound that acts at opioid receptors (Brunton et al., 2006).   

More than 20 alkaloids have been identified within the opium extract.  Isolation  

of the first pure substance from opium occurred in 1806 by Sertürner, who named this 

compound morphine.  Isolation of other opium alkaloids followed thereafter, with the 

discovery of codeine in 1832 and papaverine in 1848 (Brunton et al., 2006).  The 

isolation and identification of opioid compounds with differing effects, having agonist, 

antagonist, and mixed properties, led to the hypothesis that different opioid receptors 

exist (Martin et al., 1976).  Indeed, later, the existence of µ-, δ-, and κ-opioid receptors 

were confirmed at both the protein and mRNA levels (Evans et al., 1992; Kiefer et al., 

1992; Chen et al., 1993a; Chen et al., 1993b; Fukuda et al., 1993; Li et al., 1993; Meng et 

al., 1993; Yasuda et al., 1993).   
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Even today, morphine is the one of the most potent analgesic agents available in 

the pharmacological lexicon, and is the compound that is used as a standard against 

which new analgesic compounds are measured.  It is commonly accepted that morphine 

and other opioid analgesics mediate pain relief primarily through agonist actions at µ-

opioid receptors.  Morphine acts predominantly at µ-opioid receptors, but also has 

agonist activity at δ- and κ-opioid receptors (Brunton et al., 2006).  Morphine and other 

opioid compounds have a high liability for abuse, which is reflected in the high incidence 

of opioid intravenous drug use.  Heroin is the prototypical opioid drug that is abused, 

although the prevalence of abuse of prescription opioids such as oxycodone (Oxycontin) 

and hydrocodone (Vicodin) has been on the rise (Substance Abuse and Mental Health 

Services Administration and Office of Applied Studies,2008).  Heroin, which is a 

synthetic compound, diacetyl morphine, is rapidly metabolized to morphine in the blood, 

providing a rational for the use of morphine as an opioid drug of abuse in scientific 

investigations (Brunton et al., 2006).   

Tolerance development is a characteristic of all opioid drugs.  This tolerance 

results in diminished efficacy of the same dose of drug after prolonged exposure.  This 

causes users to increase the amount of drug used in order to reach a satisfactory level of 

response, whether that is analgesia for the patient, or the desired euphoric central nervous 

system (CNS) effects for the drug abuser.  In these cases, abstinence from opioids causes 

a debilitating withdrawal syndrome (Katzung et al., 2009).  Withdrawal can also be 

induced by administration of an opioid antagonist.  Naltrexone and naloxone are the 

standard antagonists used to counteract the activities of morphine.  These compounds are 

potent antagonists at µ-, δ-, and κ-opioid receptors.  Administration of these compounds 
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does not typically cause any effects on their own, but rather counteracts the 

administration of morphine when they are given in combination (Brunton et al., 2006).    

Opioids and the Immune System 

 As discussed, opioids are the strongest analgesic compounds currently available.   

It is, therefore, no surprise that opioids are prescribed and administered in large quantities 

in the hospital setting.  Opioid drug abuse also remains a problem world-wide.  As heroin 

addicts were observed to have increased incidence of infection (Hussey and Katz,1950; 

Louria et al., 1967; Cherubin,1967), the hypothesis was formulated that opioids might 

alter immune responses. Solid evidence for this premise was published in 1979 by 

Wybran, which will be described further below (Wybran et al., 1979), and subsequently a 

substantial literature has emerged verifying that opioids are immunomodulatory 

(Eisenstein et al., 2008).  The full significance of this interaction of opioids with the 

immune system is still being explored. The enormous intake of opioid compounds in the 

human population warrants further studies on the interaction of these drugs with the 

immune system.  Elucidation of the cellular and molecular interactions of opioids with 

the components of the immune system is important for understanding how opioids might 

alter host resistance to infection.  As there is a strong intersection between intravenous 

drug abuse and HIV infection, with one third of all HIV patients in the U.S. being 

intravenous drug abusers (2000), the question arises as to whether the drugs have a role in 

susceptibility to, or progression of, the virus. The understanding of these mechanisms is 

necessary for the development of analgesic drugs that lack the immunomodulatory effects 

of opioids, and thus do not affect host resistance to pathogens.    The expression of opioid 

receptors in the immune system, the impact of morphine on the innate and adaptive arms 
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of the immune response, as well as the impact of opioids on various infections, will be 

examined in detail.   

Opioid Receptor Expression in the Immune System   

It was first suggested by Joseph Wybran, in 1979, that cells of the immune system 

express receptors for the opioid class of compounds (Wybran et al., 1979).  In these 

seminal studies, it was observed that opioids, both exogenous (morphine) and 

endogenous (met-enkephalin), modulated the ability of T cells to rosette with sheep red 

blood cells in vitro, and these effects was both blocked by naloxone, an opioid antagonist.  

Based on these functional studies, Wybran postulated that lymphocytes must express 

opioid receptors. Detection of opioid receptors on cells of the immune system proved to 

be difficult using classical techniques.   While the presence of opioid receptors on cells of 

the immune system is now widely accepted, several studies continue to challenge the 

conditions on which these receptors are expressed and regulated. 

Radioligand binding studies provided early, important evidence for the presence 

of opioid receptors on immune cells.  It was shown that 
3
H-naloxone was able to bind to 

rat splenocytes, thereby suggesting an opioid-binding site exists on rat immune cells 

(Olszewski and Levine,2004).  Gaveriaux et al were the first to definitively find opioid 

receptor mRNA in the immune system (Gaveriaux et al., 1995).  In these studies, the 

authors used the then recently identified sequences of the µ-, δ-, and κ-opioid receptors 

present in the brain to clone and sequence homologous receptors in various human and 

murine cell types.  While the µ-opioid receptor was not identified in any immune sites, 

the δ-opioid receptor was found in human B and T cell lines, but not in freshly isolated 

PBMCs.  The δ-opioid receptor was also found in murine whole splenocyte cultures, as 
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well as in B and T cell lines.  The κ-receptor was also identified in a human B cell line 

and in human monocytes.  The laboratory of R. Y. Chuang carried out several studies in 

which δ-opioid receptors were identified by RT-PCR in monkey peripheral blood 

mononuclear cells (PBMCs) and the human B/T hybrid cell line CEMx174 (Chuang et 

al., 1994).  In another study, it was found that δ-opioid receptor mRNA was expressed in 

CD4
+
 T cells following ConA stimulation (Miller,1996).  The mRNA for κ-opioid 

receptors was also identified in CEMx174 cells, in addition to being found in human 

PBMCs and purified T cells (Chuang et al., 1995). These results were confirmed and 

extended with northern blot controls in a variety of human cell lines and freshly isolated 

PBMCs (Wick et al., 1996; Rogers et al., 1991; Bidlack et al., 1992; Lawrence et al., 

1995).   

Subsequent studies demonstrated the presence of µ-opioid receptors on human 

and primate cells.  Mu-opioid receptor mRNA transcripts were found to be expressed in 

CEMx174 cells, a B cell line, and freshly isolated human monocytes/macrophages and 

neutrophils.  They also found µ-transcripts in PBMCs and neutrophils isolated from 

monkeys (Chuang et al., 1995b).  These studies were extended to demonstrate that 

morphine (10µM) added to cultures of human and monkey PBMCs caused up-regulation 

of µ-opioid receptor protein expression at 12h (Suzuki et al., 2000).  Recently, studies on 

primary human B and T cells, as well as on the human Jurkat T cell line and human Raji 

B cell line indicate that µ-opioid receptor expression could only be detected by RT-PCR 

after interleukin (IL)-4 or tumor necrosis factor-α (TNF-α) stimulation (Borner et al., 

2007).  Using all known methods for detection of opioid receptors, Williams et al 

(Williams et al., 2007) failed to demonstrate µ, δ, or κ opioid receptor protein expression 



6 

 

in unstimulated human PBMCs.  Mu-opioid receptors have been detected on the surface 

of activated murine dendritic cells by RT-PCR and double immunofluorescence staining 

(Li et al., 2009).  Interestingly, it was shown that in vivo injection of mice with 20 mg/kg 

morphine caused a 55% reduction in the binding sites of fluoresceinyl naloxone to T and 

B cells, suggesting that morphine treatment reduced the density of opioid receptors 

(Patrini et al., 1996).    

Effects of Morphine on Innate Immune Effector Cells (or Innate Immune 

Responses) 

There is robust evidence for opioid-mediated depression of innate immune 

responses.  Suppression of cytokine release has been characterized by many laboratories, 

with the degree of suppression being dependent upon the route of administration of the 

opioid, dose of compound, and species in which experiments were performed.  In 

general, opioid agonists have been shown to inhibit natural killer cell activity, and 

various functions of polymorphonuclear cells (PMNs, also known as neutrophils), and 

monocyte/macrophages.  Specificity of the effects has been verified in several studies by 

using opioid receptor antagonists, naltrexone or naloxone, or by using µ-opioid receptor 

knock-out (MORKO) mice.  Experimental evidence supporting these statements is 

detailed below.   

Natural killer cells.  Natural killer (NK) cells are a unique type of effector 

lymphocyte that is part of the innate immune system, as they recognize in a non-antigen 

dependent manner.  They have cytotoxic activity against virally infected target cells and 

tumor cells without prior priming or antigen recognition.  The effects of morphine on NK 

cell activity have been studied in many models, using rodent, porcine, primate, and 
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human subjects.  Although there are varying effects given the model, dosage, length of 

administration, and cellular source, the literature uniformly shows an immunosuppressive 

effect of morphine on NK cell activity. 

The acute effects of morphine on NK cell activity have been well documented.  

Acute subcutaneous injection of morphine resulted in decreased NK cell activity of both 

mice (Weber and Pert,1989; Jamali et al., 2007) and rats (Shavit et al., 1987; Franchi et 

al., 2007; Bayer et al., 1990; Condevaux et al., 2001) at time points up to 4 hours post-

injection.  Shavit et al. demonstrated the opioid receptor dependency of this phenomenon 

using naltrexone, the opioid receptor antagonist (Shavit et al., 1987; Shavit et al., 1984) 

and that this effect was dependent on opioid receptors in the brain, as N-methyl-

morphine, a morphine analogue that does not pass the blood brain barrier, did not affect 

NK cell activity (Shavit et al., 1986).  Further studies demonstrated that these effects are 

seen in the periaqueductal gray matter of the mesencephalon (PAG), as microinjection of 

morphine into this site, in comparison to 6 other brain sites, induced suppression of 

splenocyte NK cell activity in rats (Weber and Pert,1989).  Later studies demonstrated 

that mice that have been implanted with a 75mg extended release morphine pellet show 

decreased NK cell activity at 24 hours post-pellet implantation (Freier and Fuchs,1994).  

Mixed results were seen in NK cell studies using Pietrain crossbreed pigs given one 

intravenous dose of morphine, in the four hours following acute injection.  Low dose 

morphine (0.5 mg/kg) enhanced NK cell activity in comparison to untreated controls, 

while high dose morphine (5.0 mg/kg) decreased NK cell activity at later time points 

(Borman et al., 209).    Immunosuppression of NK cell activity was noted in humans as 
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well, after a 24 hour continuous morphine infusion in the blood of volunteers (Yeager et 

al., 1995).   

The effects of a more chronic administration of morphine have also been 

documented.  Daily s.c. injections of morphine to mice for 4 days, caused decreased NK 

cell activity (Shavit et al., 1984), and tolerance to the immunosuppressive effect of 

morphine on NK activity is achieved after 14 daily injections (Shavit et al., 1986).  This 

effect was also observed by Gaveriaux-Ruff et al (Gavériaux-Ruff et al., 1998), who 

demonstrated morphine-mediated suppression of NK cell activity after 6 days of repeated 

morphine injections.  This effect was dependent on the µ-opioid receptor, as MORKO 

mice were resistant to these effects.  Rats that have been subjected to morphine pellets for 

several months, show decreased splenic NK cell activity, while peritoneal NK cells 

showed increased activity (Van Der Laan et al., 1996).  Macaques that were made 

dependent on morphine by drinking a morphine-infused drink 4 times a day for several 

months, showed a decrease in absolute number and percentage of NK cells (Weed et al., 

2006).   Long lasting effects of morphine treatment were shown during prenatal morphine 

exposure.  Rats were given morphine during pregnancy at gestational days 12-18 and NK 

cell activity was measured in litters at 10-12 weeks of age.  Rats exposed to morphine 

during prenatal life exhibited decreased NK cell cytotoxicity (Shavit et al., 1998). 

One study examined the effects of in vitro morphine exposure on NK cell activity.  

Murine splenocytes and cynomolgus monkey PBMCs exhibited a dose-dependent 

decrease in NK cell activity, 2 hours after exposure to morphine in culture (Condevaux et 

al., 2001) 
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Polymorphonuclear (PMN) cells.  Polymorphonuclear cells (PMNs; also known 

as neutrophils) are important during the innate immune response, particularly during the 

early initial stages of infection, for phagocytizing and killing pathogens.  IL-17 is a 

molecule that has been shown to induce robust PMN responses.  Upon pathogen 

recognition, macrophages rapidly produce and secrete IL-23 which can stimulate 

production of IL-17 production by classical natural killer T (NKT) cells and by γ/δ T 

cells, in the innate arm of the immune response (Matsuzaki and Umemura,2007).  IL-17 

receptor (IL-17R) expression is abundant on neutrophils.  Engagement of IL-17R by IL-

17 on the surface of PMNs induces these cells to release cytotoxic granules containing an 

array of compounds, including antimicrobial peptides, into the immediate environment, 

to cause pathogen killing.  IL-17  increases granulopoiesis through induction of IL-6, 

granulocyte-colony stimulating factor (G-CSF), and granulocyte macrophage-colony 

stimulating factor (GM-CSF), as well as up-regulating molecules that induce homing of 

neutrophils to injured tissue sites, such as keratinocyte-derived chemokine [(KC), which 

is also known as CXCL1, a homolog of human IL-8], growth-related oncogene (GRO)-α, 

and granulocyte chemoattractant protein (GCP)-2 (Witowski et al., 2004).   

The effect of opioids on PMN numbers, phagocytic index, and cytotoxicity has 

been studied in rodents, primates, and humans.  The first study of its kind was carried out 

in 1983 by Tubaro et al (Tubaro et al., 1983) in mice.  Following a subcutaneous 

injection of morphine ranging from 10-100 mg/kg, suppression of peritoneal PMN 

phagocytosis and killing of Candida albicans and Klebsiella pneumoniae were observed.  

Similar observations were seen in BALB/c mice receiving an 80 mg/kg dose of morphine 

for 10 days, in that the percentage of PMNs was reduced, as was phagocytic activity 
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(Shirzad et al., 2009).  Interestingly, in the immediate hours following an acute morphine 

injection in mice, thioglycollate-induced granulocytes were increased in comparison to 

saline-injected controls (Fecho and Lysle,2002).  In a murine incision model, morphine 

was shown to decrease PMN infiltration into the injured tissue site, in a dose-dependent 

manner (Clark et al., 2007).  In a similar model of murine wound healing, morphine was 

shown to inhibit neutrophil migration to injured sites at 30 minutes and two hours, which 

was associated with a decrease in KC/CXCL1 (Martin et al., 2010).  In a model of 

Streptococcus pneumoniae pneumonia, treatment of mice with morphine pellets resulted 

in significantly less neutrophil influx into the broncho-alveolar space of infected mice at 

4 hours post infection, as measured in broncho-alveolar lavage fluid (Wang et al., 2008).  

Morphine has also been shown to suppress the phagocytic activity of rat blood PMNs in 

vitro (Luza,1992). 

The immunosuppressive effects of morphine on PMNs have also been established 

in primates and humans.  Morphine was shown to decrease chemotaxis of rhesus 

macaque PMNs (Miyagi et al., 2000), and transiently suppressed PMN killing ability (Liu 

et al., 1992).  Yossuck et al demonstrated that morphine impaired human neonatal PMN 

chemotaxis to IL-8, but found no effect of morphine on adult PMNs (Yossuck et al., 

2008).  In response to a different chemotactic factor, TNF-α, morphine was found to 

reduce adult PMN chemotaxis (Makman et al., 1995).  Addition of morphine to adult 

human PMNs suppressed the respiratory burst in a dose-dependent manner (Chen et al., 

1995).  Morphine also suppressed PMN complement-receptor expression and 

phagocytosis, in a nitric-oxide (NO)-dependent manner, as demonstrated by lack of effect 

when using NO synthase inhibitors and fentanyl, respectively (Welters et al., 2000b).  
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These authors also demonstrated that morphine inhibits NF-κB nuclear binding in PMNs 

in a nitric oxide-dependent fashion, thus implying a mechanism for the 

immunosuppressive effects of morphine observed in PMNs (Welters et al., 2000a).   

Monocytes/macrophages.  There is an extensive literature examining the effects 

of morphine on the monocyte/macrophage lineage.  These cells are professional antigen-

presenting cells that have the ability to produce cytokines and toxic molecules, thereby 

allowing them to both phagocytize and kill pathogens.  The effects of morphine on 

macrophage chemotaxis, proliferation, apoptosis, phagocytosis, pathogen killing, and 

cytokine and effector molecule production have been examined in rodents, primates, and 

humans.  

 Tubaro et al were the first to show that after several days of twice daily injections 

of morphine, the numbers of peritoneal macrophages were decreased in comparison to 

controls.  This held true for both mice and rabbits, at baseline and by any means of 

macrophage-elicitation (Tubaro et al., 1983).  Mice that were implanted with morphine 

pellets have also been shown to be impaired in their ability to respond to macrophage 

colony stimulating factor (M-CSF) after 72 hours in culture, and this effect was reversed 

with the addition of a naloxone pellet (Roy et al., 1991).  These studies were confirmed 

using a macrophage cell line, Bac1.2F5, again showing that morphine inhibited cell 

proliferation (Roy et al., 1996).    These studies were extended to demonstrate that mice 

implanted with a morphine pellet for 48 hours have a smaller percentage of phagocytic 

cells in the peritoneal cavity, and these effects were shown to be opioid receptor 

dependent using antagonist pellets containing naltrexone (Rojavin et al., 1993).   In a 

mouse model of wound healing, morphine treatment both delayed and reduced 
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macrophage infiltration to the injured tissue site (Martin et al., 2010).  In vitro treatment 

of murine macrophages with either morphine or the µ-opioid receptor selective agonist 

DAMGO, caused a dose-dependent decrease in the percentage of phagocytic cells in the 

cultures, as well as in the phagocytic index, as measured by Candida uptake (Rojavin et 

al., 1993; Szabo et al., 1993). 

 Morphine has been shown to inhibit the chemotaxis of macrophages towards 

several chemoattractants.  Following morphine treatment, in vitro cultures of human 

monocytes were shown to be impaired in their ability to migrate in response to 

macrophage inhibitory protein (MIP)-1α (Grimm et al., 1998b) or endotoxin-activated 

serum (Perez-Castrillon et al., 1992).  The addition of morphine to cultures of leukocytes 

from rhesus monkeys decreased chemotaxis towards the chemokine, RANTES (Miyagi et 

al., 2000).  .  In mice, whether morphine treatment was delivered in vivo or cells were 

treated in vitro, macrophage migration towards the chemokine, macrophage 

chemoattractant protein 1 (MCP-1), was suppressed in comparison to controls (Patel et 

al., 2003).   

 Singhal et al have published many studies examining the role of morphine in 

macrophage apoptosis.  These investigators demonstrated that macrophage cell lines 

undergo increased apoptosis upon treatment with morphine.  Similarly, macrophages 

harvested from morphine-treated mice and rats were shown to have greater apoptosis in 

comparison to controls (Singhal et al., 2001; Singhal et al., 2000; Singhal et al., 2002; 

Bhat et al., 2004)  This process was associated with an increase in NO, as addition of 

inducible NO synthase inhibitors prevented macrophage injury (Singhal et al., 2001; Bhat 

et al., 2004).  The increase in morphine-mediated macrophage apoptosis was also 
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associated with increased levels of transforming growth factor-β  (TGF-β), up-regulation 

of p38 mitogen-activated protein kinase (MAPK) phosphorylation, and up-regulation of 

both Fas and Fas ligand (FasL) (Singhal et al., 2000; Singhal et al., 2002; Bhat et al., 

2004).  The authors suggest that morphine-mediated macrophage apoptosis is mediated 

by p38 MAPK phosphorylation, with TGF-β and inducible NO synthase downstream 

signaling leading to the activation of apoptotic protein cascades.   

 Macrophage phagocytosis allows for processing of foreign material for antigen 

presentation, and provides access of pathogens to the cytotoxic activity of the 

intracellular components of these cells.  Several studies have examined the effects of 

morphine on this function of macrophages.  Tubaro et al demonstrated that morphine 

suppressed the phagocytic capacity of both mouse and rabbit macrophages (Tubaro et al., 

1983).  This result was confirmed by several authors.  Rojavin et al showed that 

implantation of mice with extendedextended release morphine pellets, or treatment of 

peritoneal macrophages with morphine in vitro, caused a decrease in the number of yeasts 

ingested per cell.  These effects were blocked by administration of a naltrexone pellet at 

the time of morphine implantation, suggesting an opioid receptor dependent mechanism 

(Rojavin et al., 1993).  Casellas et al demonstrated that when added to peritoneal 

macrophages in vitro, morphine suppressed the phagocytic activity for sheep red blood 

cells (SRBCs) (Casellas et al., 1991).  Similary, addition of morphine to in vitro cultures 

of alveolar macrophages caused a decrease in phagocytosis of Streptococcus pneumoniae 

(Wang et al., 2008).  Acute morphine was shown to decrease phagocytosis of SRBCs by 

human monocyte-derived macrophages in vitro, and this effect was dose-dependent and 

reversible by the opioid antagonist naloxone.  Administration of 100 nM of morphine for 
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24 hours, considered a chronic treatment, resulted in development of tolerance to the 

immunosuppressive effect of morphine on macrophage phagocytosis (Delgado-Velez et 

al., 2008). 

 Although macrophages are capable of phagocytosis, there are a number of 

pathogens that prevent their cytotoxic activity, thus sparing the pathogen from 

intracellular killing.  The effect of morphine on the ability of macrophages to kill 

intracellular pathogens has been examined.  In their seminal studies, Tubaro et al 

demonstrated a dose-dependent inhibition of killing of C. albicans by mouse and rabbit 

macrophages treated with morphine in vitro (Tubaro et al., 1983).  When morphine was 

administered to mice by repeated subcutaneous injections for several days, the cytotoxic 

activity of macrophages for 
3
H-labeled tumor cells was decreased.  Similar effects were 

seen if whole macrophages were replaced with LPS-stimulated macrophage culture 

supernatant, suggesting morphine may affect the levels of secreted cytotoxic substances 

from macrophages (Pacifici et al., 1993).  In a murine Leishmania donovani infection 

model, morphine was shown to have dose-dependent effects on leishmanicidal activity of 

peritoneal macrophages.  In vitro treatment of peritoneal macrophages with high doses of 

morphine (1 x 10
-5 

M), increased the growth of intracellular parasites, while low doses (1 

x 10
-9

 and 1 x 10
-11

 M) actually decreased parasite growth (Singh and Singal,2007).  In 

another infection model, addition of morphine at 1 µM to cultures of alveolar 

macrophages and S. pneumoniae caused a statistically significant decrease in bacterial 

killing (Wang et al., 2008).   

 Macrophages mediate intracellular killing, as well as signal to other cells of the 

immune system, through generation of cytokines and reactive oxygen species.  
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Morphine‟s effects on these components have been thoroughly studied, in both mice and 

humans, leading to the consensus that morphine down-regulates many of these protective 

mechanisms in macrophages.  Peterson et al showed that addition of morphine to PBMC 

cultures caused a marked decrease in O
-
2 and H2O2 production in response to opsonized 

zymosan and phorbal myristate acetate (PMA) in comparison to control cells (Peterson et 

al., 1989), and this effect was reversed upon addition of naloxone to the cultures 

(Peterson et al., 1987a).  Also, these authors showed that morphine suppressed IFN-γ 

production in response to concanavalin A (ConA) and varicella zoster virus (Peterson et 

al., 1989), and again, this effect was mediated by opioid receptors, as naloxone reversed 

the observed effects (Peterson et al., 1987b).  Welters et al demonstrated that morphine 

reduced NF-κB nuclear binding in response to LPS, and these effects were both time- and 

concentration-dependent.  In addition, these effects were reversed by the addition of 

naloxone to the PBMC cultures (Welters et al., 2000a).  Depression of macrophage TNF-

α and IL-6 production was found in morphine-treated human PBMCs stimulated with 

peptidoglycan, and again, these effects were naloxone-reversible (Bonnet et al., 2008).  In 

another study, mice were injected with 20 mg/kg morphine 1 hour before removal of 

thioglycollate-elicited macrophages.  Macrophages were stimulated for 24 hours with 

lipopolysaccharide (LPS) or LPS plus interferon (IFN)-γ.  Morphine was shown to 

decrease the production of IL-12 and IL-10 in a naltrexone-sensitive manner 

(Sacerdote,2003).  Morphine treatment of the murine macrophage cell line J774 before 

stimulation with LPS, resulted in a significant decrease in nitric oxide production, which 

was reversed by naloxone, suggesting an opioid receptor-dependent phenomenon (Iuvone 

et al., 1995).  The addition of morphine to Leishmania donovani-infected murine 
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peritoneal macrophages in vitro increased the levels of TGF-β (Singh and Singal,2007).  

TGF-β elaboration has been shown to act as an evasion strategy for a similar parasite 

Leishmania chagasi in humans (Gantt et al., 2003), thus suggesting that morphine-

mediated increase in TGF-β could act as a protective mechanism for the parasite, rather 

than the host.  In another series of in vitro experiments, when macrophages were 

harvested from mice, stimulated with LPS, and exposed to morphine, alterations in 

cytokine levels were observed that were dose dependent. Low doses of morphine (50 

nM), increased levels of TNF-α and IL-6, while high doses (50 µM), decreased these 

cytokines.  High dose morphine was also shown to inhibit the transcription factor NF-κB, 

but this effect was opioid receptor-independent, as naloxone failed to reverse the effects 

of high dose morphine (Roy et al., 1998b).  Reports from the same group also indicate 

that addition of morphine at 1 µM to cultures of alveolar macrophages stimulated with S. 

pneumoniae, caused suppression of both MIP-2 and NF-κB activity (Wang et al., 2008).  

Interestingly, opposite results have also been observed.  Peng et al stimulated peritoneal 

macrophages in vitro, from mice that had been implanted with 75 mg morphine pellets, 

with LPS and IFN-γ, and observed an increase in IL-12p40, IL-12p70, and TNF-α 

mRNA, after 24 hours of culture.  The effects on IL-12 were antagonized by naltrexone 

pellet implantation (Peng et al., 2000).   

These murine studies were confirmed in vivo.  In mice that had received a single 

subcutaneous (s.c.) dose of morphine, peritoneal macrophages were harvested one hour 

after injection, and stimulated with LPS in vitro for 24 hours.  Macrophages harvested 

from morphine injected mice showed a decrease in IL-1β, TNFα, IL-12, and IL-10 

production, and these effects were absent in mice lacking the NFκB family member, 
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RelB.  Macrophage NO production was decreased by morphine as well, but NO 

responses were completely absent in RelB
-/-

 mice.  Morphine also suppressed 

spontaneous and N-formyl-methionine-leucine-phenylalanine (fMLP; chemotactic 

product of bacteria) chemotaxis of macrophages (Martucci et al., 2007).  Mice that 

received twice daily injections of morphine for several days, showed an increase in IL-1α 

and TNF-α levels (Pacifici et al., 1993).  In a model that used chronic administration of 

morphine by implantation of extendedextended release pellets, the levels of macrophage 

IL-1β and TNF-α were suppressed in morphine treated mice in comparison to controls.  

These results were not evident when MORKO mice were used, suggesting the effect is 

due to µ-opioid receptors (Wang et al., 2002).   

Cytokines and chemokines.  Cytokines and chemokines are chemical mediators 

that are responsible for modulating the activity and movement of the cells of the immune 

system.  These molecules bind cellular receptors thus initiating signaling cascades that 

induce cellular changes.  Cytokines play a crucial role in the differentiation of cells into 

mature effectors, and govern the types of adaptive immune responses that follow.  The 

effect of morphine on the roles that chemokines play in neutrophil chemotaxis, as well as 

the modulation of macrophage/monocyte cytokine production has been previously 

discussed.  Further discussion will examine the additional alterations of cytokine and 

chemokine production and signaling that are caused by treatment with morphine. 

 The morphine-mediated modulations of lymphocyte cytokines and chemokines, 

and the molecular mechanisms governing these changes, have been extensively studied in 

vitro.  In mice, morphine suppressed lymph node T cell IL-2 and IFN-γ production in a 

dose dependent manner, that was absent in MORKO mice.  These results were associated 
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with an increase in lymph node T cell apoptosis and NO synthase production (Wang et 

al., 2001).  These studies were extended to show that splenic IFN-γ was suppressed and 

IL-4 was increased in morphine treated cells, and these results were abolished in 

MORKO mice (Roy et al., 2001).  The mechanism of morphine-mediated inhibition of 

IFN-γ production was further examined.  Addition of morphine to cultures of murine 

splenic T cells dose-dependently inhibited anti-CD3/CD28-induced IFN-γ promoter 

activity, and this was associated with inhibition of ERK1/2 and p38MAPK.  Morphine 

also inhibited the DNA binding activities of the transcription factors AP-1, NF-κB, and 

NFAT.   All of these observations were absent in cells collected from MORKO mice 

(Wang et al., 2003).  The mechanism of morphine-mediated inhibition of IL-2 was also 

studied.  Splenic and lymph node T cells were treated with morphine in vitro for 24 

hours, which resulted in an up-regulation of cyclic AMP (cAMP) levels, as well as in the 

cAMP inducible repressor, inducible cAMP early repressor (ICER)/cAMP response 

element modulator (CREM).  These changes occurred along with a decrease in p-cAMP-

response element-binding protein (CREB).  These modulations are responsible for the 

abrogation of IL-2 production (Wang et al., 2007).  Furthermore, treatment of murine T 

cells in vitro with morphine was shown to increase GATA-3 protein and mRNA while 

decreasing T-bet.  This change in transcription factor expression has been shown to 

differentiate T helper cells into the Th2 type of effector cells, suggesting morphine 

promotes a Th2 phenotype (Roy et al., 2004).  These studies were confirmed and 

extended to examine potential mechanisms.  It was shown that in vitro morphine 

treatment of anti-CD3/CD28 stimulated murine T cells increases IL-4 protein and mRNA 

and GATA-3 mRNA.  The increase in IL-4 promoter activity observed in morphine-
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treated cells was shown to be p38 MAPK-dependent, and PKA- and ERK1/2-

independent.  These changes were associated with a dose-dependent increase in 

cytoplasmic cAMP levels (Roy et al., 2005). 

In vitro treatment of human lymphocytes with morphine has also been shown to 

modulate similar effects to those seen in murine cells.   It was shown that treatment of 

human PBMCs with morphine also caused a decrease in IFN-γ and IL-2, along with an 

increase in IL-4 and IL-5 in a dose-dependent manner.  Morphine also increased IL-4 

promoter activity and NFAT nuclear protein binding (Roy et al., 2001).  The mechanism 

of morphine-mediated inhibition of IL-2 transcription was investigated in primary human 

T cells and the Jurkat T cell line.  Morphine inhibited activation of the transcription 

factors AP-1, NFAT, and NFκB (Borner et al., 2009), which is in agreement with studies 

performed in mice (Wang et al., 2007).  These authors also went on to show that 

morphine caused a change in signaling pathways that resulted in “a further enhancement 

of the tonic inhibition of the leukocyte-specific protein tyrosine kinase Lck, thereby 

blocking the intiation of TCR signaling” (Borner et al., 2009).  The morphine-mediated 

shift towards a Th2 phenotype was confirmed in fresh human T cells.  The ratio of IFN-

γ
+
IL-2

+
 T cells to IL-4

+
IL-10

+
 T cells was reduced in human PBMCs treated with 

morphine in vitro for 24 hours (Qian et al., 2005).  Further support for this idea comes 

from a study in which PBMCs from opioid-addicted persons produced less IFN-γ and 

more IL-4 in response to PHA or LPS, in comparison to non-addicted controls (Azarang 

et al., 2007).  In contrast to studies performed using murine T cells, Chuang et al (Chuang 

et al., 1997) showed that addition of morphine sulfate (10 µm) to cultures of the human 

CEMx174 cell line, caused an increased expression of ERK1, ERK2, MEK1, and 
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MEKK, as well as increased phosphorylation of ERK1 and ERK2.  Naloxone was shown 

to reverse these effects (Chuang et al., 1997).   

 Several studies have also examined the modulation of these molecules after in 

vivo administration of morphine.  Mice were administered 75 mg morphine pellets, and 

after 48 hours, thymocytes were harvested and stimulated in vitro with IL-1 and PHA.  

Wild-type mice that had been treated with morphine showed a suppression of IL-2 

production (Wang et al., 2002), and this effect was also present in MORKO mice, 

suggesting a non-opioid receptor-mediated mechanism (Roy et al., 1998a).  Subcutaneous 

injection of morphine (20 mg/kg) also caused a decrease in ConA-induced splenic IL-2, 

as well as in IFN-γ and IL-10 at 1 hour post-injection.  In contrast to the large body of 

accumulating evidence to the contrary, this group demonstrated a decrease in IL-4 

production following 48 hours of in vitro ConA stimulation (Martucci et al., 2007).  In 

rats, Houghtling et al (Houghtling et al., 2000) showed that administration of morphine to 

the lateral ventricle caused an increase in serum IL-6 levels that was naltrexone-

reversible (Houghtling et al., 2000).  Implantation of extended release morphine pellets 

caused a decrease in IL-6 and an increase in IL-1β in the brains of rats treated with LPS 

for 2 hours.  After 16 hours of LPS treatment, morphine treated animals showed an 

increase in TNF-α levels in the brain in comparison to placebo treated controls (Staikos et 

al., 2008). 

 Chemokines are chemotactic cytokines that are similar in size and structure, and 

are divided into four main groups based on the spacing of their conserved cysteine 

residues.  The effects of opioids on the expression of chemokines has been carefully 

studied, in part because of the important roles of the chemokine receptors CXCR4 and 
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CCR5 which act as cellular receptors for HIV.  The µ-opioid receptor selective agonist 

DAMGO was shown to increase CXCR4 and CCR5 expression in CD3
+
 lymphocytes 

and CD14
+
 monocytes from human PBMCs (Steele et al., 2003).  In human astrocytes, 

morphine was shown to decrease expression of MCP-1 and MIP-1β, and increase 

expression of CCR2b, CCR3, and CCR5 (Mahajan et al., 2005).   

An interesting phenomenon exists between chemokine receptors and opioid 

receptors.  Both classes of receptors belong to the family of G protein-coupled (GPCR) 

class of seven transmembrane-spanning receptors.  In a process known as heterologous 

desensitization, the activation of one GPCR can down-regulate the activity of another 

GPCR.  Activation of the first GPCR results in the phosphorylation of the cytoplasmic 

tail of the second GPCR, a process that is mediated by kinases such as protein kinase A 

(PKA) or PKC.  The phosphorylation of cytoplasmic receptor tails inhibits the coupling 

of G proteins that are necessary to induce downstream signaling, thus rendering the 

second GPCR insensitive to subsequent stimulation (Zhang and Oppenheim,2005).  This 

phenomenon has been recorded for interactions of morphine with the µ-opioid receptor 

and several chemokines.  Studies in the laboratory of J. J. Oppenheim were the first to 

show that treatment of human neutrophils and monocytes with morphine in vitro caused 

insensitivity to the neutrophil chemokine IL-8.  Morphine at doses of 10
-9 

M caused 

maximal suppression of monocyte chemotaxis to MIP-1α and MCP-1.  Using µ-, κ-, and 

δ-opioid receptor selective compounds, it was found that these results are µ- and δ-opioid 

receptor dependent.  Chemokine receptors were not internalized, and chemokines were 

still able to bind their putative receptors, but phosphorylation of CXCR1 and CXCR2 

rendered these receptors insensitive to ligand binding (Grimm et al., 1998a).  It was 
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shown that the µ-opioid receptor selective agonist DAMGO caused the cross-

desensitization of CCR5 on primary human monocytes and transfected Chinese hamster 

ovary (CHO) cells, and again, this was not associated with receptor internalization (Szabo 

et al., 2003).  Similar results were found in a primate model.  When PBMCs from Rhesus 

macaques were incubated with morphine or other µ-opioid receptor agonists, IL-8, MIP-

1β, and RANTES-mediated chemotaxis was inhibited, and this phenomenon was 

reversed by addition of naloxone (Choi et al., 1999).  Interestingly, the opposite 

phenomenon also occurs.  When human PBMCs are treated with ligands for CCR5 or 

CCR7, cells fail to subsequently respond to DAMGO chemotaxis.  This did not occur 

when CXCR1 or CXCR2 ligands were used to pretreat cells before chemotaxis assays.  

Injection of CCR1, CCR5, and CXCR4 ligands into the periaqueductal gray region of rat 

brains caused a reduction in the analgesic response induced by a subsequent injection of 

DAMGO, suggesting that chemokine receptor stimulation also causes cross-

desensitization of opioid receptors (Szabo et al., 2002).   

Effect of Morphine on Adaptive Immune Effectors 

Adaptive immunity is induced by effectors of the innate immune system.  

Adaptive immune responses involve specialized cells that are antigen-specific, in contrast 

to the largely non-antigen specific responses in the innate immune system.  When 

triggered these cells divide and differentiate, processes which require time to be initiated.  

Thus, the adaptive response does not appear for a week to 10 days after exposure to an 

antigen or a microbe. There are two major cell types within this arm of the immune 

system, T and B lymphocytes.  Each of these cell types is highly specialized and each 

lymphocyte population can be further subdivided in more specialized subsets.  These 
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cells respond to and produce cytokines, and in many instances, the effector mechanisms 

of both T and B cells are interactive.   The adaptive immune response plays an important 

and critical role in the clearance of many pathogens, making the interaction between 

opioids and adaptive immune responses an important area of investigation. 

T lymphocytes.  The effects of opioids on T cells have been studied, providing 

evidence for an additive, detrimental effect of opioid abuse during HIV infection.  Many 

studies have documented the effects of morphine on decreased T cellularity, thymic and 

splenic atrophy, and suppressed proliferation.  Bryant et al characterized the effects of 75 

mg morphine implants in C3H/HeN mice, noting decreases in thymus size in morphine 

treated animals that were greatest between 48-96 hours (Bryant et al., 1987; Bryant et al., 

1988; Bryant et al., 1988; Bryant et al., 1991) as well as a decrease in thymic cellularity 

(Bryant et al., 1988).  These effects were confirmed in other mouse strains (Roy et al., 

1998a; Roy et al., 2001; Roy et al., 2001; Wang et al., 2002), as well as under chronic 

daily morphine injection conditions (Carr and Carpenter,1995; Gavériaux-Ruff et al., 

1998).  These effects were shown to be dependent on the µ-opioid receptor, as 

demonstrated using MORKO mice (Roy et al., 1998a; Roy et al., 2001; Wang et al., 

2002; Gavériaux-Ruff et al., 1998).  It was shown that both morphine pellet implantation 

and chronic morphine injections in mice caused a decrease in the ratio of CD4
+
CD8

+ 
in 

the thymus of WT mice, but not in MORKO mice, suggesting a µ-opioid receptor 

phenomenon (Gavériaux-Ruff et al., 1998; Roy et al., 2001).  Donahoe et al documented 

a decrease in circulating CD4+ T cells during the first 32 weeks of morphine dependency 

in rhesus macaques (Donahoe et al., 2001).   
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The decrease in cellularity and immune organ atrophy has been associated with a 

morphine-mediated induction of apoptosis in T cells.  Yin et al showed an increase in 

apoptosis-inducing factor Fas in a T cell hybridoma, as well as in splenocytes and  human 

peripheral blood lymphocytes (PBL), after stimulation with morphine in vitro, and this 

was reversed by naloxone (Yin et al., 1999).  Subsequent studies using human Jurkat T 

cells demonstrated that morphine-induced apoptosis occurred through a Fas-associated 

death domain (FADD) and p53-dependent mechanism (Yin et al., 2006).  This work was 

corroborated in purified human CD3
+
 T cells, showing a naloxone-reversible increase in 

p53 in morphine-treated cells (Tsujikawa et al., 2009).  Interestingly, Suzuki et al showed 

that morphine suppressed cell death under apoptosis-inducing conditions in human 

CEMx174 cells.  Morphine suppressed induction of p53 and associated cell death when 

apoptosis was initiated using actinomycin D.  The authors suggest that while morphine 

has been shown to increase apoptosis under steady-state conditions, it may also suppress 

beneficial apoptosis under some conditions (Suzuki et al., 2003). 

Morphine has been shown to inhibit T cell proliferation under a variety of stimuli.  

Barbara Bayer‟s group showed that following a s.c. injection of morphine, rat peripheral 

blood leukocytes (PBL) proliferation was suppressed in comparison to controls (Bayer et 

al., 1990).  In morphine pelleted mice, ConA-induced (Bryant et al., 1988; Bryant et al., 

1988; Bryant et al., 1987; Bryant et al., 1991; Wang et al., 2001) and PHA-induced (Roy 

et al., 1998a) proliferation was suppressed, and this effect was absent in cells from 

MORKO mice (Wang et al., 2002; Roy et al., 1998a).   In addition, PHA-induced T cell 

proliferation was shown to be suppressed in cultures of human PBL treated with 10
-4

, 10
-
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6
, and 10

-8 
M concentrations of morphine, and these results were reversed by addition of 

naloxone (Govitrapong et al., 1998).  

Broadly speaking, T cell-mediated immunity can be divided into two main 

categories, T-helper cells (CD4
+
) and T-cytotoxic cells (CD8

+
).  Delayed type 

hypersensitivity (DTH) is dependent upon CD4
+
 T cells that recognize phagocyte-

engulfed proteins or microbes and induce their destruction.  This process is highly 

dependent upon phagocytic macrophages, and as previously discussed, morphine 

suppresses macrophage functions.  The second category, involves CD8
+
 T cell mediated-

killing of infected or altered cells, often in the context of viral infection or against tumor 

cells.  The role that morphine plays during each of these conditions will be further 

examined.   

Delayed type hypersensitivity is typically measured by sensitizing a subject to 

antigen with an initial small dose and subsequently measuring the induration of the skin 

following a secondary exposure, as a measure of T cell induced inflammatory responses.  

In rodents, DTH is measured by swelling at the antigen injection site.  Picryl chloride was 

used to sensitize morphine pelleted mice.  Three days later, morphine treated mice 

challenged with antigen showed a reduction in DTH, and this was reversed by addition of 

naltrexone pellets (Bryant and Roudebush,1990).  Pellis et al showed that twice daily 

morphine injections (50 mg/kg) caused a 92% decrease in DTH responses to the T-

dependent antigens of M. tuberculosis, strain BCG, on the 7
th

 day of morphine injections 

in rats (Pellis et al., 1986).  In pigs, a chronic daily injection of morphine caused a 

suppression of skin responses to 2,4-dinitrofluorobenzene (DNFB) (Molitor et al., 1992).  

Interestingly, rats were treated with a single acute 20 mg/kg dose of morphine showed an 
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increase in proliferative responses to the antigen dinitroflluorbenzene (DNFB) at 72 

hours, accompanied by increases in iNOS and IL-6 as early as 3 hours post-injection 

(Nelson and Lysle,2001).  The reasons for this discrepancy are unclear.   

CD8
+
 cytotoxic T lymphocytes (CTLs) are effector cells responsible for direct 

killing of virally-infected cells, tumor cells, and modified self-cells.   Carpenter et al 

showed that once daily 50 mg/kg injections of morphine into alloimmunized mice for 11 

days caused a decrease in splenic and peritoneal CTL activity (Carpenter et al., 1994; 

Carr and Carpenter,1995).  These studies were extended to show that 10-100 mg/kg doses 

of morphine given once daily to mice for 5 days, showed a dose-dependent, and 

naltrexone-reversible inhibition of CTL activity (Scott and Carr,1996).  A single acute 

injection of 50 mg/kg was shown to decrease CTL activity again HSV-1 infected cells at 

12 hours post-infection (Mojadadi et al., 2009).   In vitro, morphine inhibited human 

CD8+ CTL activity against HIV latently-infected cells, and this was associated with a 

decrease in CD8+ expression of signal transducer an activator of transcription (STAT)-1 

(Wang et al., 2005).   

Olin et al were the first to document the effects of morphine on γ/δ T cells.  These 

unique cells have the ability to recognize infected cells and induce cytolytic mechanisms 

to ensure their removal.  When pigs were treated chronically with morphine in their food, 

and given a subcutaneous injection of 100 mg/kg morphine 10 days prior to M. 

tuberculosis-BCG immunization, ex vivo γ/δ T cell cytotoxic activity against 

Mycobacterium-infected monocytes was suppressed (Olin et al., 2007).  Recently, it was 

shown that treatment of mice with morphine pellets caused a reduction in IL-17 

production by γ/δ T cells following S. pneumoniae infection (Ma et al., 2010). 
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B lymphocytes.  B lymphocytes are responsible for producing antibodies which 

play an important role in host defense to a variety of pathogens.  When B cells recognize 

their cognate antigens in the context of MHC molecules and receive appropriate 

stimulation, they proliferate and produce antigen-specific antibodies.  The role that 

morphine plays in each of these processes has been examined. 

The effects of morphine on antibody production have been extensively studied.  

The laboratory of Dr. Toby K. Eisenstein is largely responsible for the contribution of the 

effects of morphine on murine antibody responses in the literature.  The plaque-forming 

cell (PFC) assay was used to measure the production of antibodies to sheep red blood 

cells (SRBC).  These effects have been examined in several mouse strains.  It was found 

that implantation of morphine pellets caused suppression of PFC responses in 

C3HeB/FeJ, C3H/HeJ, and C57BL/6ByJ at 72 hours post-implantation, and in C57BL/6J 

bg
J
/ bg

J
 mice at 48 hours.  Naltrexone was able to block these results in the C3HeB/FeJ 

and C3H/HeJ mice (Bussiere et al., 1992a; Bussiere et al., 1992b).  The kinetics of 

morphine pellets on suppression of splenic antibody responses was assessed in 

C3HeB/FeJ mice.  Morphine pellets suppressed PFC responses at 24 hours, with maximal 

suppressionat 48 hours, followed by a rebound to normal responses by 120 hours post-

pellet implantation (Bussiere et al., 1993).  An alternative method of morphine 

administration was tested in the form of osmotic minipumps in C3HeB/FeJ mice.  

Osmotic minipumps administering morphine at 0.5-2.0 mg/kg/day were found to 

maximally suppress the PFC response, and this could be reversed by addition of the 

antagonist CTAP (Rahim et al., 2001).  To further examine mouse strain differences, 

spleen cells were treated in vitro with different concentrations of morphine.  Doses of 
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morphine from 10
-8

 to 10
-5 

M were shown to maximally suppress the PFC assay in 

C3HeB/FeJ, and this effect was reversible by addition of naloxone to the cultures.  In 

agreement with in vivo data, in vitro morphine had no effect on PFC responses in 

C57BL/6 mice at any concentration tested (Eisenstein et al., 1995).  These results were 

extended in studies using opioid receptor specific agonists.  Morphine suppressed PFC 

responses in Balb/c mice at doses from 10
-7

M to 10
-5 

M, and this was reversed by 

naloxone.  DAMGO, the µ-opioid receptor agonist, suppressed PFC responses at 10
-6 

M.  

CxBK/By mice are deficient in µ-opioid receptors, and thus their response to µ-agonists 

was tested in vitro.  As expected, CxBK/By mice were refractory to the effects of 

morphine or DAMGO in comparison to the parental C57BL/6J mice (Taub et al., 1991).  

Morphine has also been shown to inhibit murine antibody responses to 

immunization using microbial products.  Dinari et al (Dinari et al., 1989) showed that 

daily treatment of mice with subcutaneous morphine treatments for several days 

surrounding initial and booster immunizations of mice with cholera toxin, decreased IgA 

secretion in intestinal lavages.  Eisenstein et al found that morphine pellet implantation 

suppressed the secondary serum IgG response to tetanus toxoid at 72 hours post-

implantation (Eisenstein et al., 1990).  This group also showed that morphine pellets 

caused a decrease in cholera toxin-specific IgA and IgG production in Peyer‟s Patches 

(PP), mesenteric lymph nodes (MLN), and ileal organ culture supernatants 12 days later.  

In addition, morphine was found to reduce TGF-β, an IgA switch factor.  These results 

were found to be opioid receptor-dependent, as naltrexone pellet implantation reversed 

these effects (Peng et al., 2001).   
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Molitor et al (Molitor et al., 1992) examined the effect of chronic morphine 

administration on swine B cell antibody production to other antigens.  When morphine 

was administered by injection every 4 days for 42 days, it was found that there was no 

change in antibody production to swine herpes virus or to E. coli in comparison to control 

animals.  These results are likely due to the opioid-tolerant state invoked in this drug 

treatment protocol.  Vassou et al (Vassou et al., 2007) examined the effects of morphine 

on normal human CD19
+
 B cell constitutive antibody secretion.  These cells were isolated 

from peripheral blood by magnetic sorting and incubated with 10
-6 

M morphine for 12 

hours caused a 20-55% decrease in the secretion of IgM, IgA, and IgG. 

The effect of morphine on B cell antigen presentation molecules was examined in 

rats.  At 2 hours following a 20 mg/kg s.c. injection of morphine, a decrease in the 

expression of major histocompatibility complex class II (MHC II) and MHC II invariant 

chain in blood leukocytes.  Specifically, MHC IIRT1.B β expression was decreased on B 

cells.  In addition, blood leukocytes from morphine treated rats showed a reduction in 

MHC IIRT1.B β expression following 24 hours of IL-4 treatment in vitro, in comparison 

to control cells (Beagles et al., 2004).  The effect of morphine on the proportions of cell 

types has also been investigated.  Hillburger et al (Hilburger et al., 1997a) implanted 

C3HeB/FeJ mice with 75 mg morphine pellets and noted a decrease in the proportions of 

Ig expressing B cells in the spleen and peritoneal cavity at 48 hours.  These effects were 

reversed by implantation of animals with naltrexone pellets (Hilburger et al., 1997a).  In a 

paradigm of acute morphine treatment, subcutaneous injections of up to 20 mg/kg 

morphine had no effect on CD45RA/B
+
 B cell numbers at 1 hour post-injection (Fecho 

and Lysle,1999). 
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A commonly used antigen employed to measure B cell proliferation is LPS.  In 

vitro it was found that at both 48 and 72 hours following implantation of mice with 

extended release morphine pellets, LPS-induced B cell proliferation was found to be 

suppressed (Bryant et al., 1991; Bryant et al., 1987).  The immunosuppressive effects 

found at 48 hours were shown to be absent in adrenalectomized mice, suggesting these 

effects may be due to activation of the hypothalamo-pituitary-adrenal (HPA) axis (Bryant 

et al., 1991).  In contrast, studies using murine spleen cells showed that treatment of cells 

with 1 µM of morphine enhanced B cell proliferation at 72 hours, and this effect was 

reversed by addition of naloxone to the cultures (Bian et al., 1995).  .Interestingly, LPS-

induced proliferation of B cells was unaltered in rats given two subcutaneous injections 

of morphine 5 hours prior to assay (Hamra and Yaksh,1996). 

Effect of Morphine on Infection 

The fact that morphine alters a wide variety of immune functions suggests that 

opioids might sensitize to infecting microbes.  It has been recognized that opioid drug 

abuse sensitizes to infections (Risdahl et al., 1996; Hussey and Katz,1950; Louria et al., 

1967; Cherubin,1967).  There is a robust literature including effects of morphine on 

bacterial, parasitic, fungal, and viral infections.  Of particular interest is the effect of 

opioids on HIV infection.  In 2007, it was estimated by the Centers for Disease Control 

that 36% of all HIV cases were either directly or indirectly associated with intravenous 

drug use (IVDU) (Centers for Disease Control,2007).  The role that morphine plays 

during infections will be more closely examined. 

As previously described, morphine has been shown to inhibit antibody responses 

to the microbial toxins, cholera toxin (Dinari et al., 1989; Peng et al., 2001) and tetanus 
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toxoid (Eisenstein et al., 1990).  In addition, morphine has also been shown to exacerbate 

the effects of LPS and to cause sepsis in several models.  The Eisenstein lab 

demonstrated in a mouse model that morphine pellet implantation caused escape of 

several intestinal microbes including Proteus mirabilis, Enterococcus faecalis, and 

Escherichia coli to peripheral tissues at 24 hours post-implantation.  This effect was 

blocked by implantation of a naltrexone pellet.  In addition, it was found that morphine 

exacerbated mortality when LPS was given to mice 24 hours after morphine pellet 

implantation, resulting in mortality 100% of animals, while 100% of placebo-treated 

mice given LPS survived.  Again, this effect was blocked by naltrexone (Hilburger et al., 

1997b).  Similarly, morphine injections in mice caused an acceleration of sepsis-mediated 

mortality when LPS was injected concurrently, and this was associated with a decrease in 

thymocyte IL-2 synthesis and proliferation (Roy et al., 1999) and an increase in IL-1 and 

IL-6 (Roy et al., 1998c).  Other investigators found that injection of mice with naltrexone 

could block the acute septic shock induced by LPS injection, and this was dependent on 

inhibition of TNF-α (Greeneltch et al., 2004).  These results were in accord with studies 

that were subsequently extended in a rat model to observe the role of the HPA axis during 

this phenomenon (Ocasio et al., 2004; Lin et al., 2005).  Yukioka et al observed the well-

documented increase in gut stasis (Yukioka et al., 1987; Kromer,1988) when rats were 

subcutaneously injected with 20 mg/kg morphine sulfate, but in addition bacteria were 

found to have translocated from intestines to peripheral tissues, suggesting a morphine-

mediated escape of intestinal flora (Runkel et al., 1993).    While initial studies suggested 

that morphine may cause increased intestinal permeability, therefore allowing for the 

escape of intestinal flora and exacerbation of exogenously added LPS (DuPont and 
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Hornick,1973; Kent et al., 1966; Formal et al., 1963), one study has shown that morphine 

does not cause increased intestinal permeability.  Instead, morphine was shown to reverse 

intestinal hyperpermeability caused by N-formyl-methionyl-leucyl-phenylalanine 

(FMLP) (Harari et al., 2006).   

The immunosuppressive effect of morphine on bacterial infections is well 

documented.  As early as 1962, opiate-induced sensitivity to gram-negative bacterial 

infection was noted in Shigella flexneri and Salmonella typhimurium-infected guinea 

pigs.  These observations were followed up with studies in mice from Dr. Eisenstein‟s 

laboratory that will be discussed below in the section of the Introduction on Salmonella 

infection.  Formal et al demonstrated that opium increased Shigella flexneri-induced 

mortality and resulted in higher numbers of bacteria in the organs of guinea pigs that 

were starved or treated with carbon tetrachloride (Formal et al., 1963).  These authors 

postulated that the increase in gut stasis caused by opium would allow for higher bacterial 

replication.  In harmony with this hypothesis, a S. flexneri vaccine study yielded results 

suggesting that Lomotil, an antidiarrheal drug that slows gut motility, exacerbated S. 

flexneri disease (DuPont and Hornick,1973).   

Several studies have focused on the effects of morphine on the pathogenesis of a 

gram-positive bacterial pathogen, Streptococcus pneumoniae.  In a mouse model of S. 

pneumoniae pneumonia, the laboratory of S. Roy has thoroughly examined the effects of 

morphine and the mechanisms responsible for its immunosuppressive effects on 

infection.  Chronic treatment of mice with 75 mg extended release pellets caused delayed 

neutrophil recruitment, increased bacterial burdens in the organs, and increased mortality.  

This was associated with a decrease in TNF-α, IL-1, IL-6, MIP-2, KC/CXCL1, and 
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galectin-3, as well as with an inhibition of NF-κB (Wang et al., 2005).  An in vitro study 

showed that MIP-2 and NF-κB were inhibited in alveolar macrophage cultures stimulated 

with S. pneumoniae and treated with morphine, and this was dependent upon TLR-9 

signaling.  In vitro morphine treatment also decreased S. pneumoniae phagocytosis and 

killing by alveolar macrophages (Wang et al., 2008). 

As would be expected from the accumulating evidence of the impact of morphine 

on monocytes and macrophages, morphine modulates intracellular bacterial infections of 

the macrophage, such as Mycobacterium tuberculosis.  Interestingly, and similar to 

previous results by the same investigative group, Singh et al observed a biphasic dose-

dependent modulation of Mycobacterium tuberculosis infection in mice.  Low doses of 

morphine were protective against the pathogen, whereas high doses exacerbated 

infection.  In vitro, morphine-mediated suppression of macrophage killing was reversed 

by naloxone, suggesting these effects are at least partially opioid receptor-dependent 

(Singh et al., 2008).  Peterson et al showed that morphine stimulated the phagocytosis of 

M. tuberculosis by human microglial cells in a Gi protein-coupled opiate receptor-

dependent mechanism (Peterson et al., 1995).   

Morphine has also been shown to have effects upon fungal infections.  Tubaro et 

al observed enhanced numbers of Candida albicans surviving in the kidneys of morphine 

injected mice (Tubaro et al., 1983).  In vivo morphine was shown to suppress IL-2 and 

IL-4 in restimulated cell culture supernatants from mice challenged with Candida 

albicans (Casalinuovo et al., 2000).  Opioid-mediated sensitivity to these fungal 

infections has serious implications for the opioid drug abusing populations, as well as to 

immunocompromised hospitalized patients. 
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The immunomodulatory effects of morphine on parasitic infections have also 

been examined.  The laboratory of Singh and Singh found a dose-dependent, biphasic 

modulatory effect of morphine on Plasmodium berghei infections in mice (Singh and 

Singh,2000; Singh et al., 1993), as well as on Leishmania donovani infections in both 

hamsters (Martin et al., 2003) and mice (Singh and Singal,2007).  In all three models, it 

was shown that low doses of morphine given subcutaneously, suppressed the infection, 

while high doses of morphine caused higher parasitic burdens.  Similarly, morphine 

decreased the leishmaniacidal activity of mouse macrophages in vitro at high doses, but 

increased this activity at low doses.  Interestingly, naloxone was able to reverse the 

potentiating effects of low-dose morphine, but had no effect on the suppressive, high 

dosage (Singh and Singal,2007).  These same phenomena were observed during P. 

berghei infection (Singh et al., 1993; Singh and Singh,2000).  These authors extended 

their studies to show that in vitro, morphine significantly suppressed production of 

Leishmania donovani amastigote induced colony-stimulating factors (CSF) that have 

been shown to protect from L. donovani infection (Singal and Singh,2005).  Chao et al 

showed that repeated subcutaneous injections of morphine caused mortality in response 

to a avirulent strain of Toxoplasma gondii, and this lethal effect was blocked by 

pretreatment with naltrexone (Chao et al., 1990).  When morphine was administered with 

food, an increase in muscle Trichinella spiralis larvae was observed at day 42 of 

infection (DeWaal et al., 1998).   

 Morphine has also been shown to be immunomodulatory during viral infections.  

A single subcutaneous injection of morphine was shown to enhance production of IFN-α 

and IFN-β mRNA, and decrease IFN-γ and IL-12 in spleens of herpes simplex virus 
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(HSV)-1-infected mice (Sheridan and Moynihan,2005).  Morphine was also shown to 

exacerbate encephalitis due to HSV-1 (Lioy et al., 2006).  In another model of HSV-1 

infection, a single subcutaneous injection of morphine administered after initiation of 

HSV-1 disease, caused a reduction in natural killer cell activity and IFN-γ mRNA, which 

was associated with an increased mortality rate in comparison to control mice (Jamali et 

al., 2007).  Mojadadi et al demonstrated that an acute morphine injection administered 30 

days after initiation of a latent ocular HSV-1 infection, caused a decrease in cytotoxic T 

lymphocyte responses, lymphocyte proliferation, and IFN-γ production.  Additionally, 

morphine treatment was shown to reactivate latent HSV-1 infection (Mojadadi et al., 

2009).  

Intravenous drug use (IVU) contributes considerably to the still growing AIDS 

epidemic.  As discussed, morphine causes suppression of macrophage and T cell 

functions, thus raising the question of whether morphine would have an effect on the 

etiological agent, HIV-1. This question has been difficult to answer in humans, and there 

is no model of HIV in immunocompetent rodents. Research has used either the related 

simian immunodeficiency viruses (SIV) or feline immunodeficiency viruses (FIV) (Barr 

et al., 2003), or used human cells treated with opioids in vitro.   

Peterson et al demonstrated that morphine added to human PBMC co-cultures 

was able to increase the replication of HIV-1 as measured by production of p24 antigen.  

The dose response curve of morphine was bell-shaped, with a 3- to 4-fold increase in p24 

production at 10
-12 

M.  The effect was naloxone inhibitable, suggesting an opioid-

mediated mechanism (Peterson et al., 1990).  These results were confirmed in a similar 
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co-culture model using the chronically infected promonocytic cell line U1 and human 

fetal brain cells (Peterson et al., 1994). This effect was mediated in part by both TNF-α 

and IL-6.  Interestingly, in a model using morphine-treated mouse microglia, cell culture 

supernatants were able to increase HIV-1 expression in the promonocytic cell line, U1.  

In this model, TNF-α production was amplified in comparison to controls, and the 

sensitizing effect of morphine for HIV replication was reversed by addition of TNF-α 

blocking antibody (Chao et al., 1994). These investigators went on to show that morphine 

had very different, dose-dependent effects on HIV-1 expression when added to in vitro 

cultures of human CD4
+
 lymphocytes or to microglia, and these effects were dependent 

upon the time of pre-incubation with morphine.  In lymphocyte cultures, morphine added 

for 30 min decreased viral expression, while treatment with morphine for 24 hours 

increased HIV-1 expression.  Morphine added for 30 minutes before infection of 

microglia, resulted in an increase in HIV-1 expression, while 24 hours pretreatment had 

no effect (Peterson et al., 2004).  HIV-Env-Gag peptide was shown to induce 

proliferation of human PBMCs, and morphine dose-dependently inhibited this 

proliferation.  Morphine also decreased HIV-induced PBMC production of IFN-α and 

IFN-β, which was naloxone sensitive.  Other investigators showed that morphine 

increased replication of both the X4 and R5 strains of HIV-1, which was associated with 

an increase in their cellular receptors, CXCR4 and CCR5 on the surface of infected 

PBMCs (Steele et al., 2003).   

 Chuang et al observed that morphine treated Rhesus monkeys were more 

susceptible to simian-immunodeficiency virus (SIV), which correlated with fewer SIV-

neutralizing antibodies (Chuang et al., 1993a; Chuang et al., 1995a).  Chronic morphine 
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treatment of Rhesus macaques has also been reported to cause a more rapid loss in CD4+ 

T cells and a higher viral set point during SIV infection (Kumar et al., 2004).  Other 

investigators have found that morphine treatment of SIV-infected macaques resulted in 

an increase in malondialdehyde levels and a decrease in glutathione levels, as well as in 

superoxide dismutase and catalase activity, thus implicating oxidative stress in morphine-

mediated modulation of SIV infection (Perez-Casanova et al., 2007; Perez-Casanova et 

al., 2008).  Prolonged morphine treatment of SIV infected Indian Rhesus macaques 

eliminated production of IFN-γ by CD8+ T cells.  Furthermore, chronic morphine 

exposure was shown to enhance viral migration through the blood-brain barrier (BBB) 

(Kumar et al., 2006) which was associated with a greater buildup of virus in the brains of 

morphine-treated, viral infected monkeys (Marcario et al., 2008).  

In vitro, morphine has been shown to enhance SIV infection in human CEMx174 

cells.  Morphine caused an increase in cellular reverse transcriptase, in the formation of 

syncytium of SIV-infected CEMx174 cells, and in p27 expression.  Morphine treated 

cells appeared to be resistant to the lytic effects of SIV, thus allowing the virus to reach 

higher titers of replication.  This observation corroborated effects the investigators found 

in vivo, demonstrating a decrease in PBMC apoptosis following SIV infection (Chuang et 

al., 1993b).  Li et al also observed morphine-mediated resistance to apoptosis in 

CEMx174 cells during the early stages of SIV infection, and this was associated with an 

increase in PKC activity and phosphorylated ERK1/2, thus implicating the calcium-PKC-

MAPK cascade in morphine-mediated modulations (Li et al., 2004).  These same authors 

demonstrated that these cells are released from this apoptotic-resistant state after 

prolonged culture with morphine (72 hours), and instead undergo an accelerated process 
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of apoptosis involving bax, p53 protein, and caspase-3 (Xu et al., 2004).  Recent evidence 

has suggested that HIV-1 gp120 stimulation of human PBMCs works synergistically with 

morphine to induce apoptosis.  Murine splenocytes from MORKO mice were protected 

from the HIV-1 gp120/morphine-induced up-regulation of apoptosis (Moorman et al., 

2009).     

Salmonella enterica serovar Typhimurium 

Salmonellae are Gram-negative, facultative intracellular bacteria that have the 

ability to infect a wide variety of hosts.  They are commonly acquired by consumption of 

contaminated food or water, and in rare occasions, infection occurs as a result of handling 

infected reptiles and amphibians.  In humans, most strains of Salmonella cause 

gastroenteritis.  However, one species, Salmonella enterica serovar Typhi, causes typhoid 

fever, a systemic disease.  Salmonella enterica serovar Typhimurium causes enteritis in 

humans, but mimics human typhoid in mouse models, thus providing a useful model of 

systemic infection with the bacterium.  Oral infection of mice with S. typhimurium results 

in moderate levels of bacteria in the intestine which elicits inflammatory immune 

responses of the gastrointestinal associated lymphoid tissue (GALT), including Peyer‟s 

patches and mesenteric lymph nodes (Grassl and Finlay,2008). 

S. typhimurium causes pathology upon invasion and replication within cells of the 

gastrointestinal tract, primarily within the small intestine.  After passage through the 

stomach and introduction to the intestinal lumen, S. typhimurium gains access to host 

cells by a variety of tactics.  Amongst these tactics, Salmonella may enter non-phagocytic 

epithelial cells of the intestinal tract by endocytosis, which is mediated by bacterial 

factors including fimbrial adhesions (Francis et al., 1992; Takeuchi,1967; Baumler et al., 
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1996).  Preferentially, Salmonella invades the microfold cells (M cells), the cells that 

cover the Peyer‟s patches of the intestinal epithelium.  Upon invasion of M cells, 

Salmonella antigens are transported to antigen presenting cells (APCs) on the basolateral 

side of the M cell (Kohbata et al., 1986; Jones et al., 1994).  In addition to entering M 

cells or intestinal epithelial cells, Salmonella is phagocytized by CD18-expressing cells, 

thus providing another route of translocation across the epithelial layer from the intestinal 

lumen to the cells that lie beneath (Vazquez-Torres et al., 1999).  Simultaneously, 

shedding and turnover of Salmonella infected epithelial cells may lead to reintroduction 

of bacteria to the intestinal lumen, thus providing sufficient time for replication and 

maintenance of the infection (Haraga et al., 2008).  Once across the epithelial boundary, 

Salmonella enters the underlying lymphoid tissue where it encounters phagocytic 

mononuclear cells, which internalize the bacteria by macropinocytosis.  This allows for 

antigen processing and interaction with dendritic cells (DCs) to initiate immune 

responses in the GI tract (Wick,2007).   

 Once the host senses the presence of this pathogen, large number of PMNs, 

monocytes, and macrophages home to intestinal tissues.  Production of IL-8, a strong 

neutrophil chemokine, results in accumulation of neutrophils to the infected area (Pegues 

et al., 1995; Haraga et al., 2008).  Macrophages and monocytes in the area release IL-12 

which induces production of large amounts of TNF-α, IL-1β, and inducible nitric oxide 

synthase (iNOS) (Wick,2007).  The infiltration of cytotoxic neutrophils and the ensuing 

inflammatory cytokine response leads to the destructive cell turnover that is largely 

responsible for the diarrhea and fever observed during Salmonella infection (Haraga et 

al., 2008).   
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The effect of opioids on Salmonella typhimurium infection has been studied. 

Older studies found that opium treated guinea pigs had decreased mean survival time and 

became ill faster than control animals (Kent et al., 1966).  MacFarlane et al (MacFarlane 

et al., 2000) established that morphine administered by 75 mg extended release morphine 

pellet, decreased mean survival time and overall survival of mice challenged with S. 

typhimurium, but the increased sensitivity to infection was only partially antagonized by 

naltrexone.  Increased numbers of salmonellae were recovered from the organs of 

morphine-treated mice, as well as higher levels of iNOS, TNF-α, IL-12, and IFN-γ.  The 

effects of morphine on iNOS and cytokines were found to be naltrexone-reversible 

(MacFarlane et al., 2000). In subsequent studies, this group compared morphine pellets to 

morphine administered by mini-pump at doses that were previously found to be 

immunosuppressive.  Morphine given by pump failed to sensitize to Salmonella as 

assessed by lack of increase in bacterial burdens in PPs, MLNs, and spleens in 

comparison to animals receiving a saline pump or a placebo pellet (Feng et al., 2006a).  

The studies by MacFarlane et al. suggest that at least some of the morphine-

mediated effects on Salmonella infection were mediated by opioid receptors.  The opioid 

receptor antagonist naltrexone was able to completely reverse the morphine-mediated 

increase in bacterial burdens and proinflammatory cytokines, but it only partially blocked 

the effects of morphine on survival (MacFarlane et al., 2000).  Studies contained within 

this thesis use µ-opioid receptor knockout (MORKO) mice to further elucidate the 

contributions of the µ-opioid receptor in the morphine-mediated sensitization to oral 

Salmonella infection.   
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Acinetobacter baumannii 

 The bacterial species known as Acinetobacter baumannii was first described in 

1911.  In the years since, A. baumannii has been classified under a variety of names, 

making its identification and classification often difficult and confusing.  This organism 

gained increased attention in the early 1970‟s through association with nosocomial 

outbreaks, often associated with widespread infection throughout intensive care units 

(ICUs) (Towner,2009).  In addition, since the Vietnam war, there has been a significant 

increase in the number of Acinetobacter infections among wounded military personnel.  

Opioid compounds are often used to treat both civilian ICU patients and wounded 

military personnel to alleviate pain.  In light of the large literature presented above 

showing that opioids are immunosuppressive, and that they sensitize to a variety of 

infections, the hypothesis was generated that opioids might be a cause of increased 

incidence of Acinetobacter infections.  There is little known about the innate immune 

response to Acinetobacter, and there is no knowledge on the effects of opioids on innate 

immune responses to A. baumannii.  For these reasons, this thesis will examine the innate 

immune responses to systemic Acinetobacter infection and provide evidence of the 

modulation of these responses by morphine.  A brief review of the characteristics, animal 

models, and immune responses of A. baumannii will be discussed further to provide a 

background for the understanding of A. baumannii pathogenesis and its modulation by 

morphine. 

The original genus Acinetobacter compromised a collection of nonmotile, gram-

negative, colorless saphrophytes that included both oxidase-positive and oxidase-negative 

species.  In 1971, the Subcommittee on the Taxonomy of Moraxella and Allied Bacteria 
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suggested that the Acinetobacter genus comprises only oxidase-negative strains 

(Bergogne-Berezin and Towner,1996).  Acinetobacter spp. have been previously 

described under the names Bacterium anitratum, Herellea vaginicola, Mima polymorpha, 

Moraxella lwoffi, Moraxella glucidolytica, Micrococcus calcoaceticus, Achromobacter, 

and Alcaligenes.  This confusing taxonomy has been put to rest with the advent of 

molecular typing techniques, and the genus Acinetobacter now includes 33 species, with 

the species of greatest clinical importance known as Acinetobacter baumannii 

(Towner,2009).    

Acinetobacter baumannii is a strictly aerobic, non-fermentative, oxidase-negative, 

catalase-positive, Gram-negative coccobacillus measuring approximately 1.0 μm x 1.5 

μm in length (1996).  It is a non-fastidious organism that can use a wide variety of carbon 

sources for energy, thus aiding its ability to persist in the environment for periods up to 

six days, and as long as four months in some cases (Wendt et al., 1997).  It can be carried 

as normal flora in up to 25% of the healthy human population, primarily colonizing the 

skin of the axillae, toe webs, and groin (1996).  The source and transmission of A. 

baumannii in the hospital environment has been attributed to several factors including 

contaminated environmental surfaces, poor health worker hand hygiene, mechanical 

ventilation, and exposure to other patients infected with the bacterium (Towner,2009).  

Among battle-field associated patients, a common misconception has been that A. 

baumannii is acquired from the soil during combat, but recently this concept has been 

definitively refuted.  Whereas other Acinetobacter species are found in the soil, no A. 

baumannii samples have ever been recovered from the soil in any geographical regions 

(Silberman,2007).   
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Acinetobacter baumannii infections manifest primarily as pneumonia, 

bloodstream infections, urinary tract infections (UTIs), soft-tissue infections, and less 

commonly as secondary meningitis.  Infections are commonly seen in burn and war-time 

trauma victims, as well as in patients that have been mechanically ventilated 

(Towner,2009).  Recently, a large scale, international study of the extent of infections in 

ICUs known as the Extended Prevalence of Infection in Intensive Care (EPIC II) 

determined that Acinetobacter was involved in 9% of all ICU infections (Vincent et al., 

2009).  The mortality of such infections has been estimated to be between 3% in some 

studies, and as high as 68% in others, with greater mortality attributed to longer stays in 

the ICU (Kang et al., 2010; Boucher et al., 2009).  A significant increase in the number of 

A. baumannii infections among wounded military personnel has caught the attention of 

health organizations worldwide.  As reported in Morbidity and Mortality Weekly Report, 

a report of the Centers for Disease Control, A. baumannii bloodstream infections 

increased 100-fold between the periods 2000-2002 and 2002-2004 (2004).  Further 

studies of multidrug-resistant A. baumannii outbreaks in the US Military Health Care 

System suggests that increased prevalence of these infections were associated with 

environmental contamination of the war-time field hospitals and transmission within 

these facilities, illustrating the necessity for better control of the pathogens in hospital 

environments, in particular those in use during military combat (Scott et al., 2007).   

The difficulty in treating the increasing prevalence of A. baumannii infections lies 

in the increasing resistance of these strains to antibiotics.  Antibiotic resistance of A. 

baumannii occurs through several mechanisms: antimicrobial-inactivating enzymes, 

reduced access to bacterial targets due to an abundance of antibiotic efflux pumps, and 
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mutations that change antibiotic targets (Maragakis and Perl,2008).  The development of 

these mechanisms is likely due to both increased pressure from persistence in 

environments heavily laden with antimicrobial agents, as well as in the horizontal gene 

transfer of antibiotic resistance markers, resulting in the sharing of antimicrobial genetic 

factors between other MDR bacterial strains.  Some MDR A. baumannii strains remain 

susceptible only to the polymyxin class of antimicrobials, but these antibiotics are not 

commonly used due to their associated toxicity, making the development of novel 

antimicrobials a necessity to overcome this growing problem (Towner,2009; Maragakis 

and Perl,2008).   

Due to the range of pathologies caused by A. baumannii, it is important to develop 

animal models that can serve to further elucidate the mechanisms involved in 

Acinetobacter infection and immunity.  Several animal models of Acinetobacter infection 

have been described in the literature, including mouse, rat, guinea pig, and rabbit hosts.  

In addition, several groups have examined the impact of individual Acinetobacter 

virulence factors on immune parameters.    

Several A. baumannii virulence factors have been studied.  It has been 

demonstrated that purified A. baumannii outer membrane protein A (AbOmpA) localizes 

to the mitochondria of epithelial cells and causes apoptosis (Choi et al., 2005).  

Therefore, Lee et al expressed AbOmpA in E. coli to assess the ability of this protein to 

induce maturation of dendritic cells and to polarize immune responses (Lee et al., 2007).  

AbOmpA increased expression of DC maturation markers and MHC molecules, as well 

as increased the numbers of cells expressing the Th1-inducing cytokine, IL-12.  In 

addition, AbOmpA-stimulated dendritic cells co-cultured with T cells elicited a strong 
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IFN-γ response, with no change in IL-4 secretion, further suggesting a Th1 polarizing 

phenotype of the AbOmpA protein.  These changes were dependent on activation of the 

mitogen-activated protein kinases (MAPK) and NF-κB signaling pathways.  These 

studies were extended to determine the effect of sublethal concentrations of recombinant 

AbOmpA on the gene expression profiles of human laryngeal epithelial cells.  The 

rAbOmpA did not directly induce production of pro-inflammatory cytokines and 

chemokines, but did activate the c-Jun N-terminal kinase (JNK) and the MAPK pathway.  

Inhibiting these pathways was shown to inhibit iNOS production by the laryngeal cells, 

indicating that AbOmpA may have an effect on induction of innate immunity in vivo 

(Kim et al., 2008).  Interestingly, it was found that monoclonal antibodies to the iron-

regulated outer membrane proteins of A. baumannii were bactericidal, and demonstrated 

opsonizing properties in vitro, suggesting that antibody-mediated inhibition of the iron 

acquisition systems of A. baumanniir may act as a potential target for future therapeutics. 

The biological effects of Acinetobacter LPS have also been studied.  Erridge et al 

compared the virulence of A. baumannii LPS with the LPS of several well known 

bacterial pathogens, classifying it with the most highly active endotoxins known.  

Purified A. baumannii LPS was shown to stimulate TLR4 signaling in TLR-transfected 

human embryonic kidney (HEK) cells lines, while whole UV killed A. baumannii were 

shown to stimulate both TLR2 and TLR4 signaling (Erridge et al., 2007).  In studies of 

whole, live organisms, clinical strains of A. baumannii were shown to cleave human 

soluble IgA (sIgA) in vitro.  The resulting sIgA fragments lost the effector potential 

present in sIgA that had not been co-cultured with A. baumannii, suggesting IgA 
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cleavage may be an evasive strategy for the bacterium against host responses (Diebel et 

al., 2009). 

The contribution of complement to A. baumannii killing was examined in 

conjunction with a soft-tissue infection model in rats (Russo et al., 2008).  The serum 

sensitivity of several strains of A. baumannii was measured in vitro over a 3 hour time 

period.  Strains were also tested in vivo for their ability to grow and be cleared from the 

infection site.  There was a rough correlation between increased serum sensitivity and 

bacterial clearance of the strains tested.   These studies were extended to determine the 

mechanism of resistance against complement-mediated lysis.  It was found that clinical 

strains of A. baumannii were able to bind factor H, the main regulator of the alternative 

complement pathway, to the surface of the bacterium, thus neutralizing its activity in the 

initiation of the alternative complement pathway (Kim et al., 2009).    

Several investigators have described animal models of A. baumannii infection. 

Obana et al. (1985) were the first to report infection of mice via the intraperitoneal (i.p.) 

route of administration.  The authors report an i.p. LD50 dose of  ≥10
6
 cells for most 

strains tested, with only 15% of strains demonstrating LD50 doses between 10
5
-10

6
 cells.  

For this reason, the remaining studies carried out by this group were performed on mice 

injected with A. baumannii coated with hog gastric mucin to increase bacterial virulence 

(Obana et al., 1985).  Later studies using the i.p. route of infection demonstrated the 

increased virulence of clinical A. baumannii strains obtained from patients with mixed 

microbial infections, in mice made neutropenic by cyclophosphamide injection 

(Obana,1986).  These LD50 studies also showed that animals had succumbed by day 5, 

demonstrating the rapidity of a systemic infection induced by intraperitoneal inoculation.   



47 

 

   The increased prevalence of Acinetobacter infections in wounded military 

personnel has lead to the use of several unique infection models to investigate the host 

response to infection in these cases.  In rats, a soft tissue infection model that mimics 

subcutaneous abscesses was evaluated as a model for infection following combat injury 

in wounded soldiers (Russo et al., 2008).  In another similar model, rats were rendered 

neutropenic by injection of cyclophosphamide, and infection was established by injection 

of an inoculum into the thigh muscle (Pantopoulou et al., 2007).  To determine the effect 

of the acute phase reaction during trauma and A. baumannii infection, Renckens et al 

used a subcutaneous turpentine injection to model the acute-phase protein response often 

seen in trauma patients (Renckens et al., 2006).  A. baumannii pneumonia was then 

induced 2 or 5 days later via intranasal instillation, and the ensuing immune response was 

monitored.  The acute-phase response induced by turpentine injection blunted the 

inflammatory response to A. baumannii pneumonia, demonstrated by decreased 

pulmonary TNF-α, IL-6, and KC/CXCL1 levels, as well as a decrease in the recruitment 

of neutrophils to the lungs.  It also resulted in inhibition of the clearance of bacteria from 

the lung at 24 hours post-infection.  Injection of the acute-phase protein, serum amyloid 

A (SAA), in the absence of turpentine injection, recapitulated the attenuated immune 

response to A. baumannii (Renckens et al., 2006).   

Joly-Guillou et al. introduced a mouse model of Acinetobacter pneumonia, via 

intratracheal instillation of bacteria (Joly-Guillou et al., 1997).  Pneumonia models have 

also been developed in several species (mice, rats, and guinea pigs) using intranasal 

instillation of Acinetobacter and been used mostly to examine the efficacy of different 

antibiotics on A. baumannii infection (Pachon-Ibanez et al., 2010; Crandon et al., 2009; 
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Beceiro et al., 2009; Chiang et al., 2009; Koomanchai et al., 2009; Song et al., 2009; 

Montero et al., 2004; Ko et al., 2004; Joly-Guillou et al., 2000; Rodriguez-Hernandez et 

al., 2000; Wolff et al., 1999; Bernabeu-Wittel et al., 2005).  

Knapp et al induced pneumonia by intranasal installation in TLR2, TLR4, and 

CD14 gene deficient mice to track the contributions of each molecule to the defense 

against A. baumannii.  It was shown that IL-6, TNF-α, KC/CXCL1, and MIP-2 were 

reduced in TLR4
-/-

 mice in comparison to wild-type controls.  In addition, bacterial 

clearance was delayed and neutrophil influx was diminished in TLR4
-/-

 and CD14
-/- 

mice.  

Interestingly, this group noted an increase in MIP-2 and MCP-1 in TLR2
-/- 

mice, which 

correlated with a greater cell influx to the lungs (Knapp et al., 2006).  These data conflict 

with that collected from Erridge et al, who showed that UV-killed A. baumannii 

stimulated pro-inflammatory cytokine signaling via both TLR4 and TLR2 (Erridge et al., 

2007).  Van Faasen et al. used the intranasal pneumonia model and rendered mice 

neutropenic by injection of the anti-Ly6G antibody, RB6-8C5, then challenged them with 

A. baumannii.  Mice depleted of neutrophils exhibited worse clinical signs, increased 

bacterial burdens in the lungs and spleens, and delayed clearance of bacteria.  A. 

baumannii induced increased mRNA expression of the pro-inflammatory cytokines TNF-

α, IL-1β, IL-6, KC, MIP-1α, MIP-2, MCP-1, and IL-10 at 4 hours post-infection in wild-

type mice, while neutrophil deficient mice had a significant delay in mRNA expression of 

these molecules.  It was shown that mice treated intranasally (i.n.) with MIP-2, a 

neutrophil-inducing cytokine, had significantly lower bacterial burdens in comparison to 

untreated controls.  This group also showed that mice deficient in CD8+ T cell or 

plasmacytoid DC showed no impairment in their ability to clear lung A. baumannii loads 
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(vanFaassen et al., 2007).  The important role of neutrophils during intranasal A. 

baumannii pneumonia was confirmed by Qui H et al.  In this study, A/J mice were shown 

to be more susceptible to Acinetobacter infection than C57BL/6 mice, and this was 

related to a reduction in IL-1β, MIP-2, TNF-α and the numbers of neutrophils homing to 

the lungs.  They also confirmed findings by Van Faasen et al demonstrating that 

administration of MIP-2 to A/J mice enhanced the otherwise lacking neutrophil response 

to A. baumannii (Qiu et al., 2009a; vanFaassen et al., 2007).  This group also 

demonstrated that mice lacking NADPH phagocyte oxidase (phox) were more susceptible 

to intranasal A. baumannii challenge, with resultant higher bacterial burdens and 

increased mortality in comparison to wild-type mice.  Interestingly, mice deficient in 

inducible nitric oxide synthase (iNOS), had only slight increases in bacterial burdens, but 

were able to efficiently control infection (Qiu et al., 2009b).  These studies suggest that 

NADPH phagocyte oxidase is necessary for the critical neutrophil host response to 

pulmonary A. baumannii infection. 

While few studies have examined the innate immune responses to Acinetobacter 

pneumonia, to date there have been no studies examining the immune responses that 

occur following a systemic A. baumannii infection.  In addition, there have been no 

documented studies examining the effects of opioids on Acinetobacter infections of any 

kind.  The studies contained within this thesis will address these issues to establish the 

role that opioids may play during human infection with A. baumannii.    
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CHAPTER 2 

MATERIALS AND METHODS 

 

Animals 

Specific pathogen-free, female or male, six to eight week-old C57BL/6J and 

C3HeB/FeJ mice were purchased from Jackson Laboratories (Bar Harbor, ME).  Mice 

with a genetic disruption of the IL-17R gene, (IL-17R
-/- 

knockout (KO)) mice, were 

obtained from Dr. Jay Kolls (LSU School of Medicine), with the permission of Dr. 

Yoishira Iwakura (The Institute of Medical Science, the University of Tokyo, Japan), 

who originally developed these animals.  The -opioid receptor knockout (MORKO) 

mice were developed by Dr. John Pintar by disruption of exon-1 of the MOR-1 gene 

through homologous recombination(Hummel et al., 2004). The MOR-1 mutant 

(MORKO) C57BL/6J mice were derived following at least 15 generations of successive 

backcrossing to C57BL/6J mice. At Temple University, MORKO and WT mice were 

obtained from het:het matings. All MORKO and age-matched wild type (WT) littermates 

were bred and maintained in the Central Animal Facility of Temple University. All mice 

were allowed to acclimate for at least 1 week before use.  Rodent chow (Purina, St. 

Louis) and fresh water were available ad libitum.  All experiments were carried out with 

the approval of the Institutional Animal Care and Use Committee at Temple University. 

Animals were housed in a barrier facility of the Central Animal Facility. 
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Reagents 

 Rat anti-mouse Ly-6G (Clone RB6-8C5) was purchased from BioXCell (West 

Lebanon, NH).  Rat anti-mouse IL-17 (Clone 50104) and rat anti-mouse KC/CXCL1 

(Clone 124014) were purchased from R&D Systems (Minneapolis, MN).  Opioid 

agonists and antagonists were provided by The National Institute on Drug Abuse (NIDA; 

Rockville, MD).  These included 25 and 75 mg extended release morphine pellets, 30 mg 

naltrexone pellets, and placebo pellets.   

 

Acinetobacter baumannii 

Clinical strains of A. baumannii: 576, 4502, 5798, 6143, and 7215 were provided 

by Colonel David Craft (Walter Reed Army Institute of Research, Silver Spring, MD).  

Organisms were stored by freezing at -80°C in DMSO.  To grow organisms for in vitro or 

in vivo experimentation, a hot sterile loop was touched to the frozen stock and used to 

streak out two blood agar (BA) plates. Plates were incubated at 37
o
C overnight.  Ten 

isolated colonies were picked and inoculated into a 50 ml conical tube (Becton-

Dickinson; Franklin Lakes, NJ), containing 10 ml of Brain-Heart Infusion (BHI) media.  

The tube was incubated at 37
o
C with rotary agitation (250 rpm) for 3.5 hours. The top 5 

ml was drawn off and used to inoculate a 200 ml Erlenmeyer flask containing 45 ml of 

BHI.  This flask was incubated at 37
o
C with agitation (200 rpm) on a G24 Environmental 

Incubator Shaker (New Brunswick Scientific Co., New Brunswick, NJ) for 2.5 hours to 

produce late log-phase organisms.  After 2.5 hours, the flask was placed on ice to retard 

further growth of the bacteria. To estimate the number of organisms/ml for inoculation 

into mice, an appropriate dilution of the desired culture was made in 10% 
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paraformaldehyde and counted in a Petroff-Hausser counter. The culture was diluted with 

0.9% sterile, pyrogen-free saline (Hospira; Lake Forest, IL) in an endotoxin-free, sterile 

vial to obtain the desired concentration of organisms/ml. Viable counts on blood agar 

(BA) were used to determine the actual number of colony-forming units (CFUs) per ml, 

and to calculate the precise inoculum injected. For in vivo inoculation, mice were injected 

intraperitoneally (i.p.) with the desired dose using a 26 gauge needle in a 200µl volume.  

Doses of bacteria were chosen which would permit survival of animals to indicated time 

points under different experimental conditions. 

Antibiotic resistance screening was performed on isolated pure colonies of each 

strain that had been plated on Tryptic Soy Agar.  Antibiotic resistance of strains was 

analyzed using the BD Phoenix Automated Microbiology System instrument (BD NMIC 

127) in the Clinical Microbiology Laboratory of Temple University Hospital. BD expert 

rules were used in the evaluation of susceptibilities according to the CLSI (Clinical 

Laboratories Standards Institute) recommendations under the supervision of Dr. Alan 

Truant, Director of the Microbiology Clinical Laboratory.   

 

Salmonella enterica, serovar Typhimurium 

Strain W118-2, was used for experimental infection.  This strain has been used 

extensively by our laboratory (MacFarlane et al., 2000; Feng et al., 2006a; Feng et al., 

2006a; Feng et al., 2006b).   For culture growth, a lyophil was rehydrated with 10 ml of 

brain heart infusion (BHI) broth, incubated overnight, and then streaked onto a tryptic 

soy agar (TSA) plate and grown overnight at 37C.  Typical colonies were picked and 

inoculated into 10 ml of Brain Heart Infusion (BHI) broth.  The culture was incubated for 
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3.5 h at 37C, then the top 5 ml of medium was transferred into 50 ml of BHI broth and 

incubated at 37C for 1.5 h on an orbital shaker to produce late log-phase organisms.  

Bacteria were counted in a Petroff-Hauser counter (see below) and diluted to the desired 

concentration in sterile, pyrogen-free 0.9% saline.  The actual number of organisms 

inoculated was verified later from duplicate spread plates on BA.  The oral LD50 dose of 

W118-2 obtained during four hour fasting conditions has been determined by our 

laboratory as 2 x10
4
 cells.  For bacterial challenge, suspensions were prepared to contain 

the desired concentration of bacteria in a 200 μl volume.  Food and water were withheld 4 

h prior to oral infection.  Mice were anesthetized by isoflurane (Butler Animal Health 

Supply, Dublin, OH) inhalation and were orally inoculated with bacteria into the 

esophagus using a 21-gauge needle with a fine polished blunt end (MacFarlane et al., 

2000; Feng et al., 2006a). 

 

Pellet Implantation Surgery 

Mice were anesthetized with isoflurane and an area of the back was shaved.  A 1-

cm incision was made in the skin, and mice were implanted subcutaneously (s.c.) 

between the scapula with either a 25 mg (C57BL/6 mice) or a 75 mg (C3HeB/FeJ) 

morphine extended release pellet, a 30 mg naltrexone pellet, a placebo pellet or a 

morphine plus a naltrexone pellet.  The difference in dose of morphine used for the two 

mouse strains is due to their different sensitivities to the opioid. Surgical staples were 

used to close the wound, and mice were allowed to recover under a heat lamp. Morphine 

pellets are used routinely by pharmacologists to yield a continuous supply of the drug 

without having animals experience episodes of withdrawal (Bryant et al., 1988; Bryant et 
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al., 1988; Cheney and Goldstein,1971; Cerletti et al., 1976). The dose of morphine in the 

blood using the 75 mg pellets is in the physiologic range measured in humans given 

morphine for analgesia, about 0.6 to 2.0 µg/ml (Bryant et al., 1988; Feng et al., 2006b; 

Hilburger et al., 1997b) The 30 mg naltrexone pellet is standard and dispenses a sufficient 

amount of drug to antagonize the morphine in both the 75 and 25 mg pellets. 

 

Survival Studies 

 Susceptibility to infection was assessed by mortality.  The initial LD50 values 

(Table 1) were determined by injecting 3 groups of 3 mice each, with each group 

receiving a different concentration of organisms. More precise values for several of the 

strains were obtained using 5 groups of 5 mice each. Mortality was scored, and the LD50 

was calculated by the method of Probit Analysis..  In some cases the Mean Survival Time 

was compared between mice in different treatment groups using the method of survival 

distribution based on the log rank test.  Mortality was scored for 7 days (Acinetobacter) 

or 30 days (Salmonella).   

 

Necropsy 

 Mice were anesthetized with 100 μl of a 50 mg/ml solution of sodium 

pentobarbital injected intramuscularly (i.m.). Blood was collected via cardiac puncture 

using a 22 gauge needle, into heparinized 3 ml syringes.  0.1 ml of blood or an 

appropriate dilution was plated on Levine Eosin Methylene Blue (EMB) agar plates and 

incubated at 37C overnight.  The number of colony forming units (CFU) were counted 

and expressed as CFU/0.1ml blood.  For plasma collection, heparinized blood was 
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centrifuged at 12,000 x g for 10 min at 4˚C, and the plasma layer removed to 1.5 ml 

Eppendorf tubes and frozen at -80˚C until further use to determine levels of cytokines and 

chemokines. Mice were euthanized via cervical dislocation, and if desired, peritoneal 

exudate fluid (PEF) was collected by lavage with HBSS and frozen at -80˚C until further 

use, also to determine levels of cytokines and chemokines.  Organs were removed 

aseptically from individual animals and homogenized in 3 ml of ice-cold phosphate-

buffered saline (PBS) in 14 ml round-bottom tubes (BD; Franklin Lakes, NJ), using a 

Tekmar Tissuemizer
®
 (Tekmar, Cincinnati, Ohio).  Homogenates were serially diluted in 

sterile water and spread onto EMB agar plates and incubated at 37C overnight.  The 

number of colony forming units (CFU) was counted and the results expressed as 

CFU/0.1gm tissue or CFU/0.1ml blood.  The limit of detection in undiluted samples was 

30 CFU/0.1gm organ or 1 CFU/0.1ml blood.  

  

Cytokine Measurement by Cytometric Bead Array (CBA) 

 Levels of IL-6, IL-10, MCP-1, IFN-γ, TNF-α and IL-12p70 in plasma were 

analyzed simultaneously in a multiplex assay using the Mouse Inflammatory Cytometric 

Bead Array (CBA) kit (BD Biosciences, San Jose, CA).  The assay was carried out 

according to the manufacturer‟s instructions.  Briefly, capture beads for the various 

cytokines and chemokines were mixed together to form a bead suspension.  Fifty μl 

aliquots of the bead suspension was then incubated with 50 μl of sample plasma, and 50 

μl of anti-murine PE detection reagent for 2 hours at room temperature in the dark.  One 

ml of wash buffer was added to each assay tube and centrifuged at 200 x g for 10 

minutes.  Supernatants were discarded and 200 μl of wash buffer was added to resuspend 
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the bead pellet.  For each sample, 300 events per capture bead were gated and analyzed 

on a BD FACScan flow cytometer calibrated with set-up beads (provided by the 

manufacturer) for optimization of instrument settings at specific fluorescent intensities.  

Cytokine levels were quantified by comparison with standard curves generated by flow 

cytometric analysis of cytokine standards incubated with mixed capture beads and anti-

murine PE detection antibody. 

 

Peritoneal Lavage 

Mice were euthanized by cervical dislocation and the skin was pulled away to 

expose the peritoneum.  A 1 ml volume of ice-cold Mg
++

Ca
++

 free Hank‟s Balanced Salt 

Solution (HBSS) (Invitrogen, Carlsbad, CA) was injected intraperitoneally.  Peritoneal 

exudate fluid (PEF) was collected using a 22 gauge needle into a 1.5 ml Eppendorf tube.  

PEF was centrifuged at 12,000 x g for 10 min at 4˚C.  Supernatants were collected and 

frozen at -80˚C until further use. 

 

ELISA 

 Levels of IL-17, KC/CXCL1, and MCP-1 were assessed in peritoneal exudate 

fluid (PEF) or cell culture supernatants by a sandwich ELISA.  IL-17 and KC/CXCL1 

antibodies and reagents were purchased from R&D Systems (Minneapolis, MN) as IL-17 

, KC/CXCL1, or MCP-1 Duoset ELISA Development kits.  The assay was carried out 

according to the manufacturer‟s instructions.  Briefly, a 96-well Costar (Corning, NY) 

plate was coated with the desired concentration of capture antibody, and incubated 

overnight at room temperature.  The solution was aspirated and washed with 300 μl Wash 
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Buffer three times.  Reagent Diluent (1% bovine serum albumin in PBS; 300 μl) was 

added and incubated for 1h when the plate was washed three times.  100 μl of diluted 

sample or standards were added to appropriate wells and the plate was covered and 

allowed to incubate for 2h at room temperature.  The plate was washed three times and 

100 μl Detection Antibody was added to each well.  The plate was covered, allowed to 

incubate for 2h at room temperature, and followed by three washes.  100 μl of a working 

concentration of Steptavidin-horseradish peroxidase (HRP) solution was added to each 

well, the plate was covered and incubated for 20 minutes in the dark at room temperature.  

Three more washes were performed and 100 μl of Color Reagent Solution containing a 

1:1 mixture of H202 and tetramethylbenzidine was added to each well and the plate 

incubated 20 minutes in the dark at room temperature.  Finally, 50 μl of Stop Solution 

containing 2N H2SO4 was added to all wells and the absorbance was read at 450nm on 

OMEGA (BMG Labtech, Inc., Cary,NC).  Levels of cytokines or chemokines were 

quantified in plasma or in PEF using standard curves generated within each experiment 

of the assay.  Samples were run in duplicate.   

 

Flow Cytometry 

 Peritoneal exudate cells were adjusted to contain 10
6
 cells in 100 μl PBS 

containing 2% bovine serum albumin (FACS Buffer).  Samples were blocked to prevent 

non-specific antibody binding via the Fc receptor using rat anti-mouse CD16/CD32 

(Mouse Fc Block; BD; Franklin Lakes, NJ), by adding 2 μl Fc Block to each sample and 

incubating for 15 minutes at 4
o
C.  The cells were incubated for 30 minutes at 4

o
C with 

pre-titrated, optimal concentration of 2μl PE-F4/80, FITC-Ly6G, and APC-CD-11b.  



58 

 

After the incubation, cells were washed twice with 500μl of FACS Buffer and the cells 

were centrifuged at 250 x g for 5 minutes after each wash.  After the last wash, 200μl of 

FACS buffer was added followed by 200μl of 4% paraformaldehyde in 0.9% saline to fix 

the cells.  Data was collected from 50,000 gated live cells on a BD FACSCalibur flow 

cytometer (BD; Franklin Lakes, NJ).  Data was analyzed using FloJo software (Tree Star; 

Ashland, OR). 

 

Statistical Analyses 

Data were analyzed using SAS V9.1 (Cary, NC) by John G. Gaughan, Ph.D. at 

the Biostatistics Consulting Center at Temple University. The dependent variables, cell 

counts, marker levels, etc. were treated as continuous variables for all analyses.  Means, 

standard deviations, and number of observations were presented for each variable.  The 

experimental unit was each individual animal or culture samples.  The experiments used a 

factorial design with each animal evaluated at individual time points. The null hypothesis 

was that there would be no difference between or within treatment groups over time. 

Prior to analysis, data were tested for normality using the Shapiro-Wilk test.  If the data 

were significantly non-normal, a „normalized-rank‟ transformation was applied to the 

data.  The rank-transformed data was analyzed using a mixed-model ANOVA with or 

without repeated measures followed by multiple comparisons to detect significant 

differences between means (treatment groups and times).  Multiple pair-wise 

comparisons (treatment groups and times) were not adjusted for Type 1 error.  Two-

group experiments were analyzed using t-tests and Wilcoxon rank sums test for non-

normal distributed dependent variables.  Survival studies were carried out using Kaplan-
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Meier Product Limit estimation.  Between group differences were tested using the log 

rank test.  LD50 estimation with 95% fiducial limits was based on Probit Analysis.  A p-

value of 0.05 was used for statistical significance in all studies.   
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CHAPTER 3 

RESULTS 

 

Objectives 

1. To characterize clinical strains of Acinetobacter baumannii with respect to mouse 

virulence and antibiotic resistance. 

2. To establish an intraperitoneal, systemic infection model of Acinetobacter in 

mice. 

3. To characterize the innate immune mechanisms during systemic Acinetobacter 

infection. 

4. To test the hypothesis that morphine potentiates systemic Acinetobacter infection. 

5. To determine if morphine-mediated sensitization to oral Salmonella enterica 

serovar Typhimurium infection is via the µ-opioid receptor. 

 

 

Establishment and Characterization of an Intraperitoneal Acinetobacter Infection 

Model 

Characterization of Acinetobacter Strains 

Five clinical isolates of Acinetobacter baumannii were obtained from Walter 

Reed Army Institute of Research.  To determine growth kinetics, one strain, 5798, was 

grown aerobically on a shaker, in 50 ml of Brain Heart Infusion (BHI), and aliquots were 
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removed at desired time points for assessment of turbidity (Figure 1 Panel A) and 

viability (Figure 1 Panel B).  The doubling time of the bacteria was calculated from the 

growth curve and was estimated to be 23 minutes.  In collaboration with Dr. Allan Truant 

at the Temple University Hospital, the antibiograms of all 5 strains were determined 

(Table 1).  Two strains, 576 and 7215, were found to be susceptible to all the antibiotics 

tested and they were of lowest virulence.  The other three strains tested were resistant to 

the majority of the antibiotics tested.   
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A. 

 
B. 

 
Figure 1.  Growth and viability of Acinetobacter baumannii strain 5798.  A. 

baumannii, strain 5798, was cultured aerobically in Brain Heart Infusion (BHI) broth.  

Aliquots were taken at given time points. Turbidity was determined 

spectrophotometrically for growth (Panel A), and viability was determined by CFUs from 

samples plated on BA plates (Panel B). 
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 Table 1.  Estimation of antibiotic resistance and bacterial strain virulence in 

C3HeB/FeJ mice.   

 
a
 Bacteria injected i.p. 
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Establishment of an Intraperitoneal Model of Acinetobacter Infection in Mice 

Acinetobacter baumannii strains were injected i.p. at three 10-fold dilutions to 

make a preliminary estimate of the relative virulence of the isolates in C3HeB/FeJ mice 

(Table 1).  Strain 576 was found to be least virulent, while strain 4502 was the most 

virulent. Based on these preliminary LD50, values, strains were classified as being of low, 

intermediate, or high virulence.  Strains ranged over a 10
2.5 

fold difference in virulence, 

with a median LD50 of approximately 7x10
6
, indicating that while strains of this 

opportunistic organism are capable of causing mortality in mice, they are only of 

intermediate virulence.  A rough correlation between virulence and degree of antibiotic 

resistance was observed.  The two strains that were susceptible to all antibiotics tested, 

were of lowest virulence, while the other 3 strains exhibiting higher virulence were 

resistant to all but one, two or three antibiotics. 

The LD50 dose of strain 5798, one of intermediate virulence, was determined more 

precisely in both C57BL/6 and C3HeB/FeJ male and female mice (Table 2). No 

statistically significant difference was found in the LD50 doses between males and 

females of either C57BL/6 or C3HeB/FeJ animals, using strain 5798.  In addition, no 

statistically significant difference was found between the two mouse strains within the 

same gender for strain 5798.  Similar studies were also carried out using the most virulent 

strain of A. baumannii, 4502.   Within both strains of mice, there was no statistically 

significant difference found in the virulence of, strain 4502 between male and female 

mice.    Due to the finding that there was no difference in virulence between males and 

females when using either A. baumannii strain, female mice were used in all subsequent 
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studies to avoid male-dominance related injuries that might impact immunological 

readouts.  

Necropsy studies were carried out to follow the course of the infection after 

intraperitoneal inoculation. The LD50 studies had shown that mice succumbed to i.p. 

infection within 48 hours or they survived.  Therefore, kinetics of in vivo growth of this 

strain were established in C3HeB/FeJ and in C57BL/6 mice by infecting i.p., and 

performing necropsies on blood, liver, lungs, and spleen at various time points over the 

first 16 to 24 hours after inoculation.  Data in Figures 2 and 3 show that in both strains of 

mice, both strains of Acinetobacter disseminated from the peritoneum by 4 hours post-

infection to the blood, lungs, spleen, and liver.  In both strains of mice, using either strain 

4502 or 5798, Acinetobacter multiplied by 1.5 to 3.0 log10 over the first 12 hours in the 

organs, including the lungs, as well as in the blood, indicating a septic state.  For strain 

4502 (Figure 2), bacteria replicated more quickly in C57BL/6 mice, likely due to the 

higher inoculum.    For this strain, the bacterial burden rose over 1000-fold between 4 and 

12 hr p.i.    For A. baumannii strain 5798 (Figure 3), at 4 hrs p.i. C3HeB/FeJ mice had 

lower bacterial burdens in organs than C57BL/6 mice, which may be attributed to the 

lower inoculating dose of bacteria given to C3HeB/FeJ mice.  Subsequent bacterial 

replication of strain 5798 resulted in bacterial burdens that reached maximal levels 

matching that of the initial inoculums by 12 hours p.i., followed by the beginning of 

clearance of bacteria over the following 4 hours.  Any differences in the rates of 

multiplication and whether bacterial burdens were increasing at the later time points are 

likely a function of differences in the inoculating doses between experiments.   
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Table 2.  Virulence of Acinetobacter baumannii strains 5798 and 4502 in two mouse 

strains.   

 
a
 not statistically significant (n.s.) between males vs females in each mouse strain 

b
 not statistically significant between mouse strain by gender  
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A.  

 
Figure 2. Bacterial kinetics in organs of mice infected i.p. with A. baumannii, strain 

4502.  Panel A: C57BL/6 mice challenged with a 6 LD50 dose.  Animals were euthanized 

at 4, 8, 12, 16, and 24h post infection, and livers, lungs, spleens, and blood were 

harvested and plated to determine the number of CFUs per gram of tissue or per 0.1ml of 

blood.  Points represent individual animals.  Lines are median values for bacterial 

burdens.  
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B. 

 
Figure 2 (continued).  Bacterial kinetics in organs of mice infected i.p. with A. 

baumannii, strain 4502. Panel B: C3HeB/FeJ mice challenged with a 0.5 LD50 dose.  
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A.

  

Figure 3.  Bacterial kinetics in organs of mice infected i.p. with A. baumannii, strain 

5798.  Panel A: C57BL/6 mice challenged with a 1 LD50 dose. Inoculating doses are 

indicated by arrows on the y-axis.  Animals were euthanized at 4, 8, 12, and 16h post 

infection, and livers, lungs, spleens, and blood were harvested and plated to determine the 

number of CFUs per gram of tissue or per 0.1ml of blood.  Points represent individual 

animals.  Lines are median values for bacterial burdens.  
#
counts exceeded dilution series  
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B. 

 
Figure 3 (continued). Bacterial kinetics in organs of mice infected i.p. with A. 

baumannii, strain 5798.  Panel B: C3HeB/FeJ mice challenged with a 0.2 LD50 dose.   
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Innate Immune Responses to Acinetobacter 

  Due to the rapidity of the systemic infection, it was hypothesized that 

neutrophils would play an important role in the host innate immune response to systemic 

Acinetobacter infection.   To determine the role of neutrophils, mice were rendered 

neutropenic by i.p. injection of anti-Ly6G (BioXcell; clone RB68C5) antibody 24 hours 

before, at the time of, and 24 hours after infection.  Depletion of neutrophils was 

followed by challenge with one of two doses of A. baumannii, srain 4502. As shown in 

Figure 4, depletion of neutrophils resulted in sensitization to a sublethal infection of A. 

baumannii, 4502.  When challenged with a 0.05 LD50 dose, 90% of anti-Ly6G treated 

mice succumbed to infection, while all control animals survived.  When neutropenic mice 

were challenged with a ten-fold higher dose (0.5 LD50), most of the animals in both 

groups succumbed to the infection.  However, the mean survival time was reduced from 

35±9.7 hr in control animals to 23.7±7 hr (p<.05) in the group lacking neutrophils, a 

significant difference.   These data support an important protective role for neutrophils in 

response to systemic Acinetobacter infection. 

  Studies were carried out to examine the induction of factors that are chemotactic 

for neutrophils, following Acinetobacter inoculation. A major chemotactic factor for 

neutrophils is KC/CXCL1, which is up-regulated by IL-17 (Witowski et al., 2004). IL-17 

and KC/CXCL1 were measured in peritoneal exudate fluid (PEF) at various times 

following i.p. infection. As shown in Figure 5A, IL-17 was induced as early as 4 hours 

post-infection.  IL-17 protein concentrations in the peritoneal fluid showed a biphasic 

rise, with a plateau at 8 to 12 hours and a second escalation in concentration between 12 

and 18 hours.  Levels of KC/CXCL1 were similar, but not identical (Figure 5B).  For 
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KC/CXCL1 a significant rise in protein was observed at 2 hours post-infection. The 

kinetics of induction over the next 16 hours showed a biphasic rise, similar to that seen 

with IL-17.  

To further characterize the innate immune response, the level of monocyte 

chemoattractant protein (MCP)-1 was analyzed in peritoneal exudate fluid.  MCP-1 is a 

chemokine responsible for the migration of monocytes/macrophages (Deshmane et al., 

2009).  As shown in Figure 5C, MCP-1 levels were significantly different in infected 

animals by 2 hours post-infection in comparison to saline injected controls.  The shape of 

the curve over the first 12 hours was similar to that seen for IL-17 and KC/CXCL1, with 

a sharp rise at 8 hours that plateaued until 12 hours.  However, the second rise observed 

for the other two cytokines/chemokines was not present.  Instead, the levels of MCP-1 

began to decline by the 18 hour time point.    

To determine the importance of these molecules for the innate immune response 

against Acinetobacter, antibody-mediated depletion studies were conducted.  IL-17 was 

depleted by i.p. injection of 70 μg of anti-IL-17 monoclonal antibody one hour before 

challenge with A. baumannii strain 4502, following a published protocol (Kohyama et al., 

2007; Kohyama et al., 2007).  Control groups were treated with equivalent doses of 

nonspecific IgG2a monoclonal antibody.  At 10 hours post-infection, mice were 

euthanized and spleens, lungs, and blood were necropsied to determine bacterial burdens.  

With injection of either a 1 LD50 dose (Figure7A) or a 2 LD50 dose (Figure 7B), anti-IL-

17 antibody treatment failed to alter the number of bacteria recovered from the organs or 

blood of infected mice in comparison to control antibody treated animals.     
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To more definitively assess whether IL-17 is important during A. baumannii 

infection, studies was carried out in animals lacking the IL-17 receptor.  Both wild-type 

(WT) and IL-17 receptor knockout (IL-17RKO) mice were infected with A. baumannii, 

strain 4502, and organs and blood were collected at 8 hours post-infection.  As seen in 

Figure 7, the lack of IL-17 signaling caused no difference in the bacterial burdens in any 

organ or the blood at 8 hours post-infection.  This experiment provides strong evidence 

that IL-17 signaling is dispensable for the innate immune response against A. baumannii. 

A similar strategy to that employed for the IL-17 studies was used to determine 

the effect of depleting KC/CXCL1 before infection.  Mice were injected i.p. with 50 μg 

of either anti-KC/CXCL1 or control anti-IgG2a antibody one hour before i.p. 

Acinetobacter challenge, following the protocol of Frink M. et al.(Frink et al., 2007), 

who found positive results investigating the role of this chemokine in a model of trauma 

and hemorrhage.  As seen in Figure 9, depletion of KC/CXCL1 had no effect on bacterial 

burdens in the organs of infected mice at 10h post-infection in comparison to controls.  

This result demonstrates that depletion of KC/CXCL1, with the dose of antibody used, 

did not affect host defense to Acinetobacter.   
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Figure 4.   Neutrophils are important for host innate immune response to systemic 

A. baumannii infection.  C3HeB/FeJ mice were injected i.p. with 25 ug of either anti-

Ly6G (neutrophil specific) or control IgG2b antibody 24h prior to, at the time of, and 24h 

after i.p. injection with a given  dose of A. baumannii, strain 4502.  Survival was 

monitored for 7 days.  Numbers in parentheses represent number dead/total. *p<0.0001 

for survival ** p<0.05 for survival distribution based on log rank test 
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A. 

 
 

Figure 5.  Kinetics of IL-17, KC/CXCL1, and MCP-1 induction following 

Acinetobacter infection.  C3HeB/FeJ mice were infected i.p. with A. baumannii, strain 

4502, in 4 experiments with doses ranging between a 1.1-2.3 LD50 or injected i.p. with 

saline.   Peritoneal exudate fluid was harvested at indicated times and analyzed for IL-17 

(pg/ml; Panel A) by ELISA.  Points represent duplicate samples, 5-15 samples per time 

point. *p<0.0001 for infected vs saline.   
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B. 

 
C. 

 
Figure 5 (continued).  Kinetics of IL-17, KC/CXCL1, and MCP-1 induction 

following Acinetobacter infection.  C3HeB/FeJ mice were infected i.p. with A. 

baumannii, strain 4502, in 4 experiments with doses ranging between a 1.1-2.3 or 

injected i.p. with saline.   Peritoneal exudate fluid was harvested at indicated times and 

analyzed for KC/CXCL1 (ng/ml; Panel B) or MCP-1 (ng/ml; Panel C) by ELISA.  Points 

represent duplicate samples, 5-15 samples per time point. *p<0.05 for infected vs saline; 

**p<0.0001 for infected vs saline.   
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A. 

 
Figure 6.  Depletion of IL-17 by antibody neutralization does not sensitize 

C3HeB/FeJ mice to Acinetobacter infection.  C3HeB/FeJ mice were injected i.p. with 

either anti-IL-17 mAb or control Ig2a mAb 1 hour before i.p. infection with a 1 LD50 

dose (Panel A) of A. baumannii, 4502.  Mice were euthanized for necropsy at 10 hours 

post-infection.  Points represent individual animals.  Lines are median values for bacterial 

burdens.  Levels of organisms in mice treated with anti-17 are not statistically 

significantly different from mice given control antibody in any organ at either challenge 

dose. 
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B. 

 
Figure 6 (continued).  Depletion of IL-17 by antibody neutralization does not 

sensitize C3HeB/FeJ mice to Acinetobacter infection.  C3HeB/FeJ mice were injected 

i.p. with either anti-IL-17 mAb or control Ig2a mAb 1 hour before i.p. infection with a 

0.2 LD50 dose (Panel B) of A. baumannii, 4502.  Mice were euthanized for necropsy at 10 

hours post-infection.  Points represent individual animals.  Lines are median values for 

bacterial burdens.  Levels of organisms in mice treated with anti-17 are not statistically 

significantly different from mice given control antibody in any organ at either challenge 

dose. 
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Figure 7.  IL-17 knockout mice are not sensitized to A. baumannii.   IL-17R
-/-

 and 

wild- type C57BL/6 mice were infected i.p. with a 17 LD50 dose of A. baumannii, strain 

4502.  Mice were euthanized for necropsy at 8h post-infection.   Points represent 

individual animals.  Lines are median values for bacterial burdens.  Levels of organisms 

in any organs or blood of IL-17R
-/-

 mice are not statistically significantly different from 

WT mice. 
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Figure 8. Depletion of KC/CXCL1 by antibody neutralization does not sensitize 

C3HeB/FeJ mice to Acinetobacter infection.  C3HeB/FeJ mice were injected i.p. with 

either anti-KC mAb or control Ig2a mAb 1 hour before i.p. infection with a 2 LD50 dose 

of A. baumannii, 4502.  Mice were euthanized for necropsy at 10 hours post-infection. 

Points represent individual animals.  Lines are median values for bacterial burdens.  

Levels of organisms in organs and blood of mice treated with anti-KC are not statistically 

significantly different from mice given control antibody. 
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Effect of Morphine on Acinetobacter Infection 

Effects of Morphine on Growth and Viability of Acinetobacter In Vitro 

Based on published literature regarding the immunosuppressive effects of opioids 

and their capacity to sensitize to other infections, it was hypothesized that morphine 

would sensitize to A. baumannii infection.  Initial studies investigated whether morphine 

had any direct effect on the growth or viability of Acinetobacter in vitro.  As shown in 

Figure 9, the presence of morphine in the culture medium had no effect on the growth of 

the bacteria, as measured either by optical density of the culture medium (Figure 9A) or 

by viability, as measured by colony counts (Figure 9B).   
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Figure 9.  Morphine does not affect the growth or viability of A. baumannii, in vitro.  

A. baumannii, strain 5798, was cultured in Brain Heart Infusion (BHI) in the presence or 

absence of a 6-log10 fold dose range of morphine and evaluated spectrophotometrically 

for growth (Panel A) or plated on BA plates to determine viability by CFU (Panel B).  

There was no statistically significant difference in growth rate of morphine treated 

cultures as compared to control cultures. 
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Effect of Morphine on Survival During Systemic Acinetobacter Infection 

The hypothesis was tested that morphine would sensitize to Acinetobacter 

infection.  To test this premise, mice of two different strains were implanted with 

morphine pellets, challenged 48 hr later with sub-lethal doses of one of two strains of 

Acinetobacter, and scored for survival. As shown in Table 3, only mice which had 

received morphine exhibited any mortality in any group.  Both strains of Acinetobacter 

resulted in mortality of morphine treated animals  When the results are considered in 

aggregate, mice that had received a morphine pellet were significantly sensitized to 

infection, with 14/27 dead, whereas all placebo treated mice survived (0/23 dead).  To 

further investigate this observation, the study was repeated in both mouse strains using 

the opioid-receptor antagonist, naltrexone.  Groups of mice received either a morphine 

pellet, a placebo pellet, a naltrexone pellet, or both a naltrexone and morphine pellet 48 

hours before i.p. challenge with A. baumannii, strain 5798.  As shown in Table 4, 

morphine resulted in 100% mortality in C57BL/6 mice, whereas all placebo and 

naltrexone treated animals survived.  Mice that received the opioid-receptor antagonist, 

naltrexone, with the morphine pellet, were protected from the morphine-mediated 

sensitization to infection, showing that sensitization is opioid-receptor dependent.  In 

C3HeB/FeJ mice, at this challenge dose, 40% mortality was observed in morphine-

treated animals, and again, no deaths were observed in animals that received morphine 

plus naltrexone.  
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Table 3.  Effect of morphine on mortality of mice challenged i.p. with A. baumannii. 

Mice were implanted with pellets 48 hours before i.p. challenge with A. baumannii, strain 

5798. 

 

 

 

Table 4.  Naltrexone blocks increased mortality in Acinetobacter-infected mice 

induced by morphine. 

Mice were implanted with pellets 48 hours before i.p. challenge with 0.12 LD50 

(C3HeB/FeJ) or 0.17 LD50 (C57BL/6J) A. baumannii, strain 5798; *p<0.05 for morphine 

vs placebo, naltrexone, or morphine + naltrexone; **p<0.0001 for morphine vs placebo, 

naltrexone, or morphine + naltrexone 
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Effect of Morphine on Bacterial Burdens in Organs of Acinetobacter-infected Mice 

Survival data showing sensitization to infection by morphine were corroborated 

by assessing bacterial burdens in the organs and blood of infected mice that received the 

drug, as compared to animals given placebo.  All animals were challenged i.p. with A. 

baumannii, 48 hours after morphine pellet implantation.  Based on results from kinetic 

studies of bacterial burdens (Figures 2 and 3), animals were sacrificed at 12 hours after 

Acinetobacter infection, at which time lungs, livers, spleens, and blood were collected for 

necropsy.  Experiments were carried out in both C57BL/6 and C3HeB/FeJ mice. As 

shown in Figure 10A, morphine treated C57BL/6 mice had a statistically significant 

increase in bacterial burdens over placebo-treated mice in lungs, spleen, and blood, with a 

strong trend towards significance in liver. Similar results were observed in C3HeB/FeJ 

mice (Figure 10B), where a statistically significant increase in bacterial burdens in 

morphine-treated mice was observed in lungs, livers, and blood with a strong trend 

toward statistical significance in the spleen.  These data show that morphine potentiates 

Acinetobacter bacterial burdens in the organs and blood of both C57BL/6 and 

C3HeB/FeJ mice.  
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A.  

 
Figure 10.  Morphine potentiates bacterial burdens in organs and blood of two 

strains of mice.  Mice were implanted with either a morphine pellet or a placebo pellet 

48 hours before i.p. infection.  Panel A: C57BL/6 mice (0.1 LD50 dose, A. baumannii, 

strain 5798). Organs and blood were harvested at 12 hours post-infection for necropsy. 

Points represent individual animals.  Lines are median values for bacterial burdens. 

Symbols on the X-axis represent animals whose Acinetobacter burden was below the 

detectable limit of 30 CFU/0.1gram tissue or 1 CFU/0.1ml blood. 

 

 

 

 

 

 

 

 

 

 



87 

 

 

B.  

 
Figure 10 (continued).  Morphine potentiates bacterial burdens in organs and blood 

of two strains of mice.  Mice were implanted with either a morphine pellet or a placebo 

pellet 48 hours before i.p. infection. Panel B: C3HeB/FeJ mice (0.2 LD50 dose, A. 

baumannii, strain 4502).  Organs and blood were harvested at 12 hours post-infection for 

necropsy.  Points represent individual animals.  Lines are median values for bacterial 

burdens. Symbols on the X-axis represent animals whose Acinetobacter burden was 

below the detectable limit of 30 CFU/0.1gram tissue or 1 CFU/0.1ml blood. 
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Effect of Morphine on Inflammatory Cytokine Levels During Systemic 

Acinetobacter Infection 

Further studies were carried out to test the effect of morphine on levels of 

inflammatory cytokines and chemokines in plasma following Acinetobacter infection.  

C57BL/6 or C3HeB/FeJ mice were implanted with either a morphine pellet or a placebo 

pellet and were challenged i.p. 48 hours after pellet implantation with a sub-lethal dose of 

A. baumannii strain, 5798.  At 8 hours post-infection, plasma was collected and analyzed 

using a multiplex Cytometric Bead Array (CBA) assay for mouse pro-inflammatory 

cytokines. Treatment of C57BL/6 mice with morphine before infection resulted in 

increased levels of all cytokines tested except IFN-γ (Figure 11A).  In C3HeB/FeJ mice 

(Figure 11B), morphine treatment caused a significant increase only in IL-10, IL-12p70, 

IFN-γ, and TNF-α. C3HeB/FeJ and C57BL/6 mice differ in their MCP-1 response to 

morphine, with the former showing suppression, and the latter an increase. Additionally, 

no effect of morphine on IL-6 production was observed in C3HeB/FeJ mice.  
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A. 

 
Figure 11.  Morphine increases levels of proinflammatory cytokines and chemokines 

induced by infection.  Mice were implanted with either a morphine pellet or a placebo 

pellet 48 hours before i.p. infection with a 0.7 LD50 dose (C57BL/6 mice; A. baumannii, 

strain 5798; Panel A) of A. baumannii.  Plasma was collected at 8 hours post-infection for 

analysis by Cytometric Bead Array.   Points represent individual animals.  Lines are 

median values for cytokine levels. 
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B. 

 
Figure 11 (continued).  Morphine increases levels of proinflammatory cytokines and 

chemokines induced by infection.  Mice were implanted with either a morphine pellet 

or a placebo pellet 48 hours before i.p. infection with a 0.4 LD50 dose (C3HeB/FeJ mice; 

A. baumannii, strain 4502; Panel B) of A. baumannii.  Plasma was collected at 8 hours 

post-infection for analysis by Cytometric Bead Array.  Points represent individual 

animals.  Lines are median values for cytokine levels.  Data are a compilation of results 

from two experiments. 
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Effect of Morphine on Cell Numbers in the Peritoneal Cavity Following Infection 

Due to the rapidity of the Acinetobacter infection in morphine-treated mice, it was 

hypothesized that the effect of the drug was likely to be on neutrophil recruitment or on 

levels of chemokines that recruit neutrophils.  This hypothesis was tested by quantitating 

the neutrophil response to Acinetobacter in morphine, as compared to placebo treated 

animals.  At 12 hours post-infection, peritoneal exudate cells (PECs) were collected and 

stained for Gr-1 (neutrophil marker), F4/80 (macrophage/monocyte marker), and CD11b 

(activation marker; Mac-1).  Morphine suppressed the total numbers of cells present in 

the peritoneal cavity in comparison to placebo treated controls (Figure 12A).   Morphine 

also suppressed both the percentage (Figure 12B) and total numbers of neutrophils 

(Figure 12C), as well as the total numbers of macrophages (Figure 12E) within the 

peritoneal cavity at this same time point. There was no effect observed on the percentage 

of macrophages in the peritoneal cavity at 12 hours post-infection (Figure 12D).  These 

results demonstrate that morphine suppressed the numbers of neutrophils and 

macrophages responding to the site of infection at 12 hours post-infection, suggesting 

that morphine may interfere with the chemotaxis of cells to the infected site. 
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A. 

 
Figure 12.  Effect of morphine on peritoneal cell numbers following infection.  

C3HeB/FeJ mice were implanted with morphine pellets or placebo pellets 48 hours 

before i.p. infection with a 0.4 LD50 dose of A. baumannii, strain 4502.  Peritoneal cells 

were collected at 12 hours post-infection for analysis by flow cytometry for total numbers 

of cells (Panel A), percentage of neutrophils (Panel B: Gr-1
+
CD11b

+
) and total numbers 

of neutrophils (Panel C), and for percentage of macrophages (Panel D: F4/80
+
CD11b

+
) 

and total numbers of macrophages (Panel E).  Points represent individual animals.  Lines 

are median values.  Data are a compilation of results of 2 experiments.   
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Production of IL-17 In Vitro and the Effect of Morphine 

It was demonstrated that morphine treated mice had decreased numbers of 

neutrophils at the site of infection at 12 hours post-infection, and that neutrophils are 

important for protective immunity against A. baumannii.  It was also shown that mice 

infected with Acinetobacter induced a rapid and robust IL-17 response within the 

peritoneal cavity in vivo.  It was, therefore, hypothesized that morphine might modulate 

the IL-17 response, thus affecting neutrophil chemotaxis to the peritoneal cavity.  To test 

this hypothesis, experiments were designed to determine the conditions under which 

peritoneal exudate cells (PECs) could produce IL-17 in vitro.  As shown in Fig. 13, PECs 

were collected from Acinetobacter infected or uninfected (saline injected) mice, and 

distributed in 96-well plates at several cell concentrations.  Cells were then left untreated 

or stimulated with various concentrations of either recombinant mouse IL-23 (rIL-23) or 

LPS.  In comparing the two stimuli, rIL-23 induced a much more robust IL-17 response 

than LPS.  Recombinant IL-23-induced IL-17 production reached a plateau in most 

samples at the 10 ng/ml concentration, which was therefore chosen as the optimal 

concentration of rIL-23 to use in subsequent experiments.  Stimulation of PECs from 

infected mice with rIL-23 resulted in markedly increased (5-fold) IL-17 production than 

stimulation of naïve PECs.  In contrast, for LPS induced IL-17 production from both 

naïve and infected PECs, even at the highest dose of LPS tested (10 μg/ml), naive cells 

were more responsive than infected cells in producing IL-17.  Further, LPS at 10 µg/ml 

did not induce as high a response as IL-23 at 20 ng/ml.  The results suggest that infection 

is necessary to elicit rIL-23-induced IL-17-producing cells to the peritoneal cavity, while 
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LPS-induced IL-17-producing cells are resident in the peritoneal cavity in the absence of 

infection.  

The effect of morphine on in vitro production of IL-17 was tested.  PECs from 

infected mice were treated with a 5 log10 dose range of morphine for 1h before addition 

of rIL-23 or LPS to cultures for 24 hours.  As shown in Figure 14, addition of morphine 

to cells under any stimulation parameter had no effect on production of IL-17.  Consistent 

with other studies, rIL-23 elicited a more robust IL-17 response in comparison to LPS-

stimulation.  

In order to test the capacity of heat-killed A. baumannii (HkAb) to stimulate an 

IL-17 response, HkAb was added to in vitro cultures in the absence of other stimuli, with 

or without addition of morphine.  PECs were harvested from infected mice and morphine 

was added over a range of concentrations for 1 hour before the addition of IL-17-eliciting 

stimuli.  Recombinant IL-23 was added at 10ng/ml and HkAb, strain 4502, was added to 

cell cultures at a ratio of 10:1.  As shown in Figure 15, heat-killed Acinetobacter failed to 

induce an IL-17 response above that seen in unstimulated control cells.  In agreement 

with previous data, rIL-23 induced a robust IL-17 response that was unaffected by 

addition of morphine to the culture medium.  These data further support the absence of an 

effect of morphine on in vitro PEC cultures.   
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A. 

 
B. 

 
Figure 13.  In vitro induction of IL-17 from peritoneal exudate cells by recombinant 

IL-23 and LPS.  PECs were collected from naive C3HeB/FeJ mice or from mice 

infected with a 1.2 LD50 dose of A. baumannii,  strain 4502.  Cells plated at given 

concentrations were treated with recombinant IL-23 (Panel A) or LPS (Panel B).  Culture 

supernatants were harvested 24h or 48h after stimulation and analyzed for IL-17 

production by ELISA.  
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Figure 14.  Morphine has no effect on production of IL-17 in vitro.  C3HeB/FeJ mice 

were infected with a 0.9 LD50 dose of A. baumannii, strain 4502.  PECs were plated and 

morphine was added to the cultures at the given concentrations for 1h before addition of 

IL-23 (10 ng/ml) or LPS (10 μg/ml). Culture supernatants were harvested 24h later and 

analyzed by ELISA for IL-17.  Error bars represent standard deviation.  *p<0.01 for IL-

23 vs unstimulated at each morphine concentration 
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Figure 15.  Heat-killed A. baumannii does not stimulate significant IL-17 production 

in vitro.  C3HeB/FeJ mice were infected with a 0.4 LD50 dose of A. baumannii, strain 

4502.  PECs were plated at 5 x 10
6
 cells/well, and morphine was added to the cultures at 

the given concentrations for 1h.  Heat-killed A. baumannii (HkAb) were added at an MOI 

of 10 (1*10
7
 cells).  IL-23 was added at 10 ng/ml.   Culture supernatants were harvested 

24h later and analyzed by ELISA for IL-17.  Error bars represent standard deviation.  

*p<0.01 for IL-23 vs unstimulated cells at each morphine concentration.  N.S. IL-23 

alone versus IL-23 plus morphine.  
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Effect of Morphine on the Production of IL-17 and KC/CXCL1 In Vivo 

Experiments were next designed to determine whether morphine administered in 

vivo, by one of two protocols, extended release pellets or subcutaneous injection, could 

modulate IL-17 and KC/CXCL1 in the peritoneal cavity in response to A. baumannii 

infection. In the first paradigm, morphine was administered by implantation of a extended 

release pellet, following the protocol used in the prior experiments. At given times 

following infection, PEF was collected for analysis of IL-17 or KC/CXCL1 levels by 

ELISA.  As shown in Figure 16, morphine pellets caused a significant reduction in the 

amount of IL-17 and KC/CXCL1 produced ex vivo in the peritoneal cavity at 12 hours 

post-infection.  No difference was seen at the 6 hour time point.  

In the second morphine administration protocol, 10 mg/kg morphine sulfate or 

saline was administered by a single subcutaneous injection 1 hour before infection.  

Similarly, PEF was collected at various time points following infection and was analyzed 

by ELISA for IL-17 and KC/CXCL1 protein levels.  As shown in Figure 17, a morphine 

injection administered one hour before infection suppressed both IL-17 and KC/CXCL1 

at 6 hours, but not 2 hours.  
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A. 

  
B. 

 
Figure 16.  Effect of morphine delivered by extended release pellet on production of 

IL-17 and KC/CXCL1.  C3HeB/FeJ mice were implanted with a morphine pellet or a 

placebo pellet 48h before infection with a 1.2-2.4 LD50 dose of A. baumannii, strain 

4502.  Peritoneal exudate fluid was harvested at indicated times following infection and 

analyzed by ELISA for IL-17 (Panel A) or KC/CXCL1 concentrations (Panel B).  
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A. 

 
B. 

 
Figure 17.  Effect of morphine injections on production of IL-17 and KC/CXCL1 .  

C3HeB/FeJ mice were injected s.c. with either 10 mg/kg morphine sulfate or with saline 

one hour before infection with a 1.2-2.5 LD50 dose of A.baumannii strain 4502.  

Peritoneal exudate fluid was harvested at given times following infection and were 

analyzed by ELISA for IL-17 (Panel A) or KC/CXCL1 concentrations (Panel B). 



101 

 

Effect of Chronic Morphine and Morphine Withdrawal on Acinetobacter Infection 

To determine the effects of chronic morphine treatment on immunosuppression, 

groups of C57BL/6 mice were implanted with either a morphine pellet or a placebo pellet 

at a specified time point  before challenge with a 0.1 LD50 dose of A. baumannii, strain 

5798 (Figure 18). All mice given placebo pellets survived the sub-lethal infection.  The 

mortality of morphine-treated mice subsequently challenged with Acinetobacter was 

dependent on the time of morphine pellet implantation. At 24 and 48 hr post morphine 

pellet implantation, mice were sensitized to infection. By 96 hours, mice showed 

tolerance to the effect of the opioid, as all animals survived.  

Published data has shown that withdrawal from morphine results in a wave of 

immunosuppression that can sensitize to infection  (Rahim et al., 2002; Rahim et al., 

2005; Rahim et al., 2004; Feng et al., 2005; Feng et al., 2006b; Feng et al., 2005; Rahim 

et al., 2005; Rahim et al., 2004; Feng et al., 2005; Feng et al., 2006b; Feng et al., 2005).  

The common „abrupt‟ withdrawal paradigm involves the removal of extended release 

morphine pellets or placebo pellets 96 hours after implantation. Maximal 

immunosuppression was observed 24 hours after pellet removal (Rahim et al., 2002). 

Using this paradigm, A. baumannii was injected 24 hours after the start of withdrawal, 

and mice were sacrificed 12 hours post-infection for assessment of the levels of pro-

inflammatory cytokines and the levels of bacterial burdens in the blood and in various 

organs.  As shown in Figure 19, morphine withdrawal had no effect on the production of 

any cytokine tested in comparison to control groups who underwent placebo withdrawal 

and infection at this time point.  Similarly, morphine withdrawal had no statistically 

significant effect on bacterial burdens in the livers, spleens, or blood (Figure 20).   
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Figure 18.  Duration of exposure to morphine on survival of C57BL/6 mice infected 

with A. baumannii strain 5798.  Groups of C57BL/6 mice were implanted with either a 

morphine pellet (solid bars) or with a placebo pellet (open bars) at each time point, and 

then challenged i.p. with a 0.2 LD50 dose of A. baumannii, strain 5798. Mortality was 

scored for 7 days following infection.  Numbers over bars represent survivors over total. 

  

. 
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Figure 19.  Morphine withdrawal has no effect on inflammatory cytokines of 

C3HeB/FeJ mice infected with A. baumannii, strain 5798.  C3HeB/FeJ mice were 

implanted with either a 75mg morphine pellet or a placebo pellet.  Ninety-six hours later, 

pellets were removed to induce morphine withdrawal (WD).  At 24h post withdrawal, 

mice were infected i.p. with a 0.5 LD50 dose of A. baumannii, strain 5798.  Animals were 

euthanized at 12h post infection and plasma was collected.  Levels of 

cytokines/chemokines were determined using the BD Cytometric Bead Array (CBA) 

assay. There was no statistically significant difference between morphine withdrawal 

groups and placebo withdrawal groups. 
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Figure 20.  Morphine withdrawal has no effect on the bacterial burdens in organs 

and blood of C3HeB/FeJ mice infected with A. baumannii strain 5798.  C3HeB/FeJ 

mice were implanted with either a morphine pellet or a placebo pellet.  Ninety-six hours 

later, pellets were removed to induce morphine withdrawal (WD).  At 24h, mice were 

infected i.p. with a 0.5 LD50 dose of A. baumannii. strain 5798. Animals were euthanized 

at 12h post infection the number of CFUs per gram of tissue or per 0.1ml of blood 

determined.  Limit of detection =30 CFU/0.1gram tissue or 1 CFU/0.1ml blood. There 

was no statistically significant difference between morphine withdrawal groups and 

placebo withdrawal groups. 
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µ-Opioid Receptor Dependency During Morphine-Mediated Sensitization to 

Salmonella Infection 

 Data from our laboratory had shown that morphine markedly sensitizes 

C3HeB/FeJ mice to oral infection with Salmonella enterica, serovar Typhimurium 

(MacFarlane et al., 2000; Feng et al., 2006a; Feng et al., 2006a; Feng et al., 2006a).  

However, the opioid antagonist, naltrexone, only partially blocked the effect of the drug 

in this infection model by prolonging mean time to death, without resulting in increased 

survivors, compared to animals receiving morphine alone.  The current studies were 

undertaken to clarify the role of the µ-opioid receptor in mediating the effect of morphine 

on sensitization to oral Salmonella infection.  In order to assess the role of the µ-opioid 

receptor in oral Salmonella infection, groups of WT and µ-opioid receptor knockout 

(MORKO) mice were implanted with either a 75 mg extended release morphine pellet or 

a placebo pellet and then orally challenged with a sublethal dose of Salmonella.  As 

shown in Figure 21, WT animals treated with a placebo pellet and challenged with this 

dose of Salmonella showed no mortality, indicating that the challenge was a sub-lethal 

dose of organisms.  In accord with previous results, all of the wild-type animals receiving 

morphine, and challenged with the same dose of Salmonella as the placebo group, 

succumbed to infection, with 80% mortality in the first 3 days.  In contrast, 100% of the 

MORKO animals receiving morphine survived Salmonella infection.   

 These studies were extended to examine bacterial burdens in the organs of mice.  

WT and MORKO mice were implanted with morphine or placebo pellets and orally 

challenged with a dose of 3 x 10
4
 of virulent Salmonella.  Figure 22 shows the bacterial 

numbers in Peyer‟s patches (PP), peritoneal exudates, mesenteric lymph nodes (MLN), 
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and blood of individual WT or MORKO mice treated with morphine or placebo, assayed 

24 hrs after Salmonella challenge.  Robust differences in Salmonella burdens were 

observed in PP, MLN, and blood between the MORKO and WT mice, and a statistically 

significant difference, although less robust, was observed between these groups in the 

peritoneal exudate fluid.  Whereas most WT animals receiving morphine had measurable 

levels of Salmonella in all organs tested, none of the MORKO mice receiving the same 

treatment had any detectable colonies.   Bacterial burdens in MORKO mice receiving 

morphine were not statistically different from those of wild-type animals receiving 

placebo.  There are a few MORKO animals receiving placebo that had elevated counts in 

their mesenteric lymph nodes.  The reason for these seemingly anomalous results in these 

animals is not known.   

 The levels of pro-inflammatory cytokines and chemokines were assessed in 

plasma of individual animals sacrificed at 36 hr after infection using a multiplex CBA 

assay. As shown in Fig. 23, WT infected mice given morphine had elevated levels of 

TNF-α, IL-6, IFNγ, MCP-1 and IL-10, whereas infected MORKO animals did not.  

These results suggest that the morphine-mediated increase in proinflammatory cytokines 

is a µ-opioid receptor-dependent phenomenon, as this response is lost in MORKO mice. 
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Figure  21.  Absence of the µ-opioid receptor blocks morphine induced sensitization 

to oral Salmonella infection as assessed by survival.  C57BL/6 (WT) mice or µ-opioid 

receptor knockout (Mu
-/-

) mice implanted with either a 75 mg morphine pellet or a 

placebo pellet were simultaneously orally challenged with either 3.8x10
3 

or 3.5x10
3 
 

Salmonella enterica, serovar Typhimurium, strain W118-2.  Data are pooled results of 

two individual experiments. All groups versus WT plus morphine, p<0.0001. 
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Figure 22.  Absence of the µ-opioid receptor blocks morphine induced sensitization 

to oral Salmonella infection as assessed by bacterial burden.  C57BL/6 (WT) mice or 

µ-opioid receptor knockout (Mu
-/-

) mice implanted with either a 25mg morphine pellet or 

a placebo pellet and at the same time were orally challenged with 3.0 x10
4
 Salmonella 

enterica serovar Typhimurium strain W118-2.  Animals were euthanized at 24h post 

infection and Peyers patches (Panel A), peritoneal exudates (Panel B), mesenteric lymph 

nodes (Panel C), and blood (Panel D) were harvested.  Organs were homogenized and 

plated to determine the number of CFUs per gram of tissue or per ml of fluid.  Limit of 

detection= 30 CFU/0.1gram tissue or 1 CFU/0.1ml blood.  Numbers in parentheses on 

the X-axis represent the number of animals sampled in each group. 
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Figure 23.  MORKO mice given morphine and orally infected with Salmonella do 

not respond with pro-inflammatory cytokines.  C57BL/6 (WT) mice or µ-opioid 

receptor knockout (Mu
-/-

) mice implanted with either a 25mg morphine pellet or a 

placebo pellet and at the same time were orally challenged with 2.0 x10
3
 Salmonella 

enterica serovar Typhimurium strain W118-2.  Animals were euthanized at 36h post 

infection and plasma was collected.  Levels of cytokines/chemokines were determined 

using the BD Cytometric Bead Array (CBA) assay. Numbers in parentheses on the X-

axis represent the number of animals sampled in each group. 



110 

 

CHAPTER 4 

DISCUSSION 

Establishment and Characterization of an Intraperitoneal Acinetobacter Infection 

Model 

The first part of this thesis established an intraperitoneal, systemic Acinetobacter 

baumannii infection in mice which models the septic state.  Five clinical strains of A. 

baumannii, obtained from the Walter Reed Army Institute of Research,, were found to 

have a spectrum of virulence that spread over a 2.5 log10 difference in LD50 values.  

Classification of this organism as an opportunistic pathogen is supported by LD50s in the 

range of 7x10
6
 in two strains of mice, demonstrating an overall intermediate level of 

virulence.  These results are consonant with results of Obana (Obana,1986) who tested 

clinical Acinetobacter isolates and found LD50 values in a similar range.  Information on 

the clinical condition of the patients from which the Walter Reed 5 strains were isolated 

was unavailable.  However, antibiograms performed on these strains showed a rough 

correlation between virulence and degree of antibiotic resistance, a relationship that has 

not been previously investigated.  It is possible that virulence factors are associated with 

mobile genetic units that are acquired during horizontal gene transfer, a well documented 

phenomenon which frequently imparts antibiotic resistance. If virulence genes were 

transferred with antibiotic resistance genes, it could be a mechanism that would link the 

two phenotypes. Such a relationship bears futher investigation. The tendency for A. 

baumannii strains to exhibit a high level of antibiotic resistance is well established in the 

literature (Pachon-Ibanez et al., 2010; Crandon et al., 2009; Beceiro et al., 2009; Chiang 

et al., 2009; Koomanchai et al., 2009; Song et al., 2009; Montero et al., 2004; Ko et al., 
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2004; Montero et al., 2002; Joly-Guillou et al., 2000; Rodriguez-Hernandez et al., 2000; 

Wolff et al., 1999; Bernabeu-Wittel et al., 2005). Resistance is due both to 

chromosomally encoded resistance genes, as well as to ones found on plasmids and 

transposons(Gordon and Wareham,2010).  In the current study, some strains remained 

susceptible to all antibiotics tested, while three strains did remain susceptible to one to 

three of the following antibiotics: tobramycin, amikacin, and imipenem.  Tobramycin and 

amikacin belong to the aminoglycoside family of antibiotics.  These drugs are inactivated 

by 16s rRNA methyltransferases encoded by armA and rmt A, B, C, and D.  The presence 

of armA is widespread amongst A. baumannii isolates, found on both the chromosome 

and on plasmids, while rmt members have not yet been identified in this species (Gordon 

and Wareham,2010).  According to the antibiotic screens carried out in the present 

studies, imipenem is the one drug that remains effective against all the strains of A. 

baumannii tested.  Imipenem belongs to the carbapenem class of β-lactam antibiotics 

which are inactivated by oxacillinases.  A. baumannii contains a chromosomally encoded 

OXA-51-like group of enzymes, which can hydrolyze carbapenems, but only weakly 

(Gordon and Wareham,2010), thus resulting in the susceptibility to imipenem seen in our 

studies.  Early studies of the antibiotic resistance to A. baumannii suggested that these 

strains were susceptible to the tetracyclines (minocycline and doxycycline) and to 

colistin, a polymyxin (Obana et al., 1985; Maderazao et al., 1975; Maderazao et al., 

1975).  Recent studies suggest that the tetA and tetB genes, responsible for membrane 

efflux systems that rapidly remove tetracyclines from bacterial cells, are widespread 

amongst recent A. baumannii isolates.  Similarly, resistance to the polymyxin class of 

antibiotics is conferred by pmrAB, another antibiotic resistance gene found in A. 
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baumannii clinical isolates (Gordon and Wareham,2010). To our knowledge, these 

studies are the first to directly compare the antibiotic resistance patterns with the lethality 

of A. baumannii strains, and a correlation was observed.  This correlation raises concern 

that clinical A. baumannii strains with the greatest resistance to antibiotics may also be 

the most virulent, suggesting the necessity for development of more effective antibiotics 

against this pathogen.   

 Strains 5798 and 4502, which were found to be of highest or intermediate 

virulence, were chosen to compare pathogenic potential of A. baumannii in male and 

female mice of two different mouse strains, C3HeB/FeJ and C57BL/6J.  No difference 

was found in the LD50 values for either isolate between males and females of the same 

strain.  Historically, in our laboratory female mice have been used for immunological 

studies to avoid male dominance injuries inflicted due to fighting and differences in 

weight between the alpha male and the least dominant animal. The results showing no 

difference between male and female mice justified use of female animals, in spite of the 

fact that the majority of wounded soldiers are male.  There are no other reports 

comparing strains of Acinetobacter in males versus females. 

The two strains, 5798 and 4502, were further compared in terms of kinetics of in 

vivo multiplication and dissemination from the peritoneal cavity to lung, liver, spleen, 

and blood using female C57BL/6 and C3HeB/FeJ mice.  For both strains of bacteria in 

both strains of mice there was rapid dissemination from the peritoneal cavity, the site of 

injection, to blood and the other organs by 4 hours post-infection, showing that i.p 

inoculation can be considered a model of Acinetobacter sepsis, with resultant seeding of 
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other organs, including the lungs. Pneumonia resulted from this route of inoculation as 

organisms actively multiplied in the lung.  These studies are the first to demonstrate that 

an intraperitoneal, systemic A.  baumannii infection model rapidly results in bloodstream 

infection with subsequent pneumonia that is reflective of human Acinetobacter disease 

states.   

Due to the rapidity of the infection, studies focused on the contribution of innate 

immune responses to host resistance to infection with this organism.  Initial studies 

examined the effect of selective depletion of neutrophils on susceptibility to infection. 

The strategy used was to deplete PMNs by treatment with an antibody to Ly6G, a 

neutrophil specific marker. Depletion of neutrophils sensitized mice to intraperitonal 

Acinetobacter infection. This result is in agreement with early studies to establish a 

mouse model of Acinetobacter where the animals were treated with cyclophosphamide, a 

neutrophil depleting agent (Joly-Guillou et al., 1997), which is not as specific a way to 

selectively reduce neutrophils as using antibody. Interestingly, the virulence of the 

WRAIR strains given i.p. to normal mice was comparable to, or lower than, the virulence 

observed by this group with their isolates following cyclophosphamide treatment and 

intratracheal inoculation, Other investigators using an intranasal challenge with 

Acinetobacter, to establish a pneumonia model, found that depletion of neutrophils with 

the anti-Ly6G antibody resulted in sensitization to infection (vanFaassen et al., 2007). 

The present studies are also in agreement with unpublished results from our laboratory 

showing that neutrophil depletion sensitized to an intratracheal pneumonia model of 

Acinetobacter infection.  In these studies, the anti-Ly6G antibody caused a 60-fold 

sensitization to intratrachael A. baumannii infection in comparison to controls [Phillip 
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Spence. Modulation of innate host defense to Acinetobacter baumannii.  Masters thesis 

Temple University. 2009]. The results of the current studies clearly show that neutrophils 

are important for the protective innate immune response against systemically inoculated 

A. baumannnii.     

Further research focused on assessing the effect of Acinetobacter infection on 

chemokines and chemokine-inducing pathways for neutrophils.  Initial studies examined 

IL-17, a pro-inflammatory cytokine known to induce granulopoiesis and to induce 

production of other pro-inflammatory cytokines and chemokines that enhance the 

accumulation of neutrophils, particularly KC/CXCL1 (the homologue of human IL-8). It 

was found that Acinetobacter, in fact, induced high levels of IL-17, which increased at 

time points after infection, reaching a plateau between 8 and 12 hours, and then 

continuing to rise through 18 hours.  The reason for the biphasic expression of IL-17 is 

unknown.. The early induction of IL-17 in the systemic Acinetobacter model is 

comparable to what has been observed using other infectious agents (Table 5).  There are 

two models that are most similar to the systemic A. baumannii one examined in this 

thesis.  One involves infection with the gram-negative pathogen E. coli which was 

injected i.p. into C57BL/6 mice.  In this model, IL-17 was rapidly induced and reached a 

peak at 6 hours post-infection, at which time the levels of IL-17 decreased until they 

reached baseline by 24 hours post-infection (Shibata et al., 2007).  The second is also a 

systemic Gram negative mixed infection induced by cecal ligation and puncture (CLP).  

IL-17 protein was induced in the blood shortly after induction of CLP and peaked at 12 

hours, after which it declined to baseline levels by 24 hours (Flierl et al., 2008).  IL-17 

has also been shown to be induced during Streptococcus pneumoniae (Ma et al., 2010), 
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Klebsiella pneumoniae (Ye et al., 2001a; Ye et al., 2001b; Happel et al., 2005; Happel et 

al., 2003), and Candida albicans (Huang et al., 2004) infections.  IL-17 was also induced 

in a model of abscess formation following sepsis using Staphylococcus aureus or 

Bacteroides fragilis infection (Chung et al., 2003). For each organism, a change was 

observed in IL-17 induction kinetics as infection progressed.   The present studies are the 

first documentation of the rapid induction of IL-17, which is part of a 

cytokine/chemokine circuit that induces neutrophils, during A. baumannii infection.     

IL-17 is known to be responsible for induction of downstream chemokines, such 

as KC/CXCL1, which are chemotactic for neutrophils (Witkowski et al., 2004). The 

induction of KC/CXCL1 following infection has been documented for a wide variety of 

pathogens.  For bacteria these include Pseudomonas aeruginosa (Wilkinson et al., 2009; 

Tiesset et al., 2009; Schultz et al., 2002), Chlamydia muridarum (Zhou et al., 2009), 

Citrobacter rodentium (Wang et al., 2010; Spehlman et al., 2009), Listeria 

monocytogenes,(van der Zee et al., 2010), Streptococcus pneumoniae(Smith et al., 2007; 

vanFaassen et al., 2007)., Leptospira interrogans (da Silva et al., 2009), and Borrelia 

burgdorferi (Brown et al., 2003). Conditions induced by viruses that result in induction of 

KC/CXCL1 include an adenoviral-induced keratitis (Chintakuntlawar and Chodosh,2009) 

and a rhinovirus induced pneumonia (Nagarkar et al., 2009).  The yeast, Cryptococcus 

neoformans, also induced KC in a pneumonia model (Guillot et al., 2008). In the present 

studies KC/CXCL1 induction was evaluated following systemic A. baumannii infection 

in C3HeB/FeJ mice. It was found that KC/CXCL1 appeared in PEF in a biphasic manner, 

similar to IL-17.  The biphasic induction of these molecules may be a consequence of the 

inability to eliminate the bacteria in the early stages of infection, necessitating a 
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secondary wave of cytokine/chemokine induction at time points later than 12 hours post-

infection and this increase may be necessary to boost the protective neutrophil response 

to eliminate the persisting bacterial burdens.    

The importance of IL-17 and KC/CXCL1 for host defense to A. baumannii was 

determined by using monoclonal antibodies to deplete these molecules based on 

successful published protocols (Kohyama et al., 2007; Frink et al., 2007).  In the current 

studies it was shown that depletion of either IL-17 or KC failed to cause a significant 

difference in the bacterial burdens of spleens, lungs, and blood in comparison to control 

antibody treated mice.  It is possible that IL-17 depletion was insufficient to completely 

eliminate the IL-17 observed following A. baumannii infection, although this depletion 

protocol was found by other investigators to be sufficient to increase vaccinia virus titers 

(Kohyama et al., 2007), reduce Schistosoma mansoni granuloma formation (Rutitzky et 

al., 2005), as well as to reduce EAE severity (Langrish et al., 2005). The protocol used to 

deplete KC levels had been reported to reduce neutrophil infiltration in the lungs and 

livers following induction of trauma and hemorrhage, and to prevent edema formation 

and hepatocyte damage (Frink et al., 2007).  In another model using a concentration of 

anti-KC/CXCL1 antibody less than the one used in our study (50 µg vs 20 µg), anti-

KC/CXCL1 antibodies were able to reduce IL-6 levels and reduce lung tissue damage 

following induction of hemorrhage and sepsis (Lomas-Neira et al., 2005).  Another 

KC/CXCL1 depletion study demonstrated that KC-neutralization reduced detrimental 

neutrophil infiltration in a model of heterologous nephrotoxic nephritis (Brown et al., 

2007).  
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To further define the role of IL-17 during A. baumannii infection, IL-17RKO
 

were used.  While these mice show no external phenotype, IL-17R is absent on their 

immune cells (Ye et al., 2001b).   When these mice were injected with A. baumannii, no 

difference in bacterial burdens between IL-17R
-/- 

and wild-type animals was observed.  

This observation is in agreement with data from the IL-17 antibody neutralization studies, 

showing no difference in bacterial burdens.   

The studies presented in this thesis are the first to demonstrate that IL-17 and 

KC/CXCL1 are induced rapidly following A. baumannii infection.  In contrast to other 

reports in the literature, where absence of either one of these molecules sensitized to a 

variety of infections, depletion of either molecule, or inhibition of IL-17 signaling via 

absence of the receptor, had no effect on Acinetobacter systemic infection as assessed by 

bacterial burdens.  These studies suggest that a compensatory mechanism may be acting 

to maintain neutrophil levels during an Acinetobacter challenge. As there are other 

known chemokines that attract neutrophils, including MCP-1 and MIP-2, in the absence 

of the IL-17-KC/CXCL1 circuit, release of these other molecules may be sufficient to 

keep neutrophils at protective levels. 

To follow this possibility, MCP-1 levels were assessed. Monocyte 

chemoattractant protein-1 (MCP-1), is a chemokine responsible for the chemotaxis of 

monocytes. The induction of MCP-1 by several pathogenic microbes has been observed 

including Listeria monocytogenes (Serbina et al., 2003), Salmonella typhimurium 

(Tuaillon et al., 2002), Toxoplasma gondii infection(Robben et al., 2005), the fungal 

pathogen Aspergillus fumigatus (Blease et al., 2001).  In the present studies, following 

i.p. A. baumannii infection, MCP-1 production was evident by 2 hours, and peaked 
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between 8 and 12 hours post-infection.  These kinetics follow those of IL-17 and 

KC/CXCL1 after Acinetobacter inoculation.  However, the second rise in 

cytokine/chemokine levels was not observed for MCP-1.  Instead, levels declined from 

12 to 18 hours post-infection. The elevation of MCP-1 during the 8 to 12 hour time frame 

is consistent with the time frame of continued high bacterial replication within the organs.  

It is possible that the extended lifetime of monocytes, in comparison to short-lived 

neutrophils, negates the necessity to continue robust production of MCP-1 past the 12 

hour time point.  The induction of MCP-1 following intranasal challenge with A. 

baumannii has been demonstrated in C57BL/6 mice (vanFaassen et al., 2007).  In these 

studies, a robust response to MCP-1 was observed in serum up to 72 hour post-infection, 

but no MCP-1 lwas detected in the BAL, the secondary site of infection, at any time point 

tested (vanFaassen et al., 2007). In contrast, the present studies show that MCP-1 was 

induced in the PEF by an intraperitoneal inoculation of A. baumannii. 

Studies were carried out to determine conditions under which IL-17 production 

occurred in vitro.  The in vitro induction of IL-17 by rIL-23 or by LPS from mouse cells 

has been observed by several other investigators (Happel et al., 2005; Shibata et al., 2007; 

Kohyama et al., 2007; Wu et al., 2007; Shibata et al., 2007; Kohyama et al., 2007; Wu et 

al., 2007). Experiments carried out for this thesis confirmed these circuits, but added an 

interesting result. It was observed that rIL-23-induced IL-17 production was markedly 

more robust when PECs were harvested from Acinetobacter infected mice, rather than 

naïve mice.  This was not the case for LPS-induced IL-17 production, as PECs harvested 

from both naïve or infected mice were able to produce equivalent levels of IL-17.  The 

most important observation from this study is that Acinetobacter infection is necessary to 
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elicit these rIL-23-responsive cells to the peritoneal cavity.  It is likely that the cells 

producing IL-17 under LPS stimulation are a different population, as infection is not 

necessary to elicit these cells to the site; they are resident in the peritoneal cavity.  
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Table 5.  Effects of innate IL-17 during infection 

Abbreviations:  cecal ligation and punction (C.L.P.), intragastric (i.g.), intranasal (i.n.), intraperitoneal (i.p.), intratrachael (i.t.), 

intravenous (i.v.), monoclonal antibodies (mAbs), subcutaneous (s.c.) 

Net Effect Organism Route of 

Infection 

Experimental Details Origin of IL-17 Reference 

 Mycobacterium 

tuberculosis 

aerosol 

inhalation 

IL23 and M.tuberculosis-infected dendritic 

cells induce γδ T cells to produce IL-17 

γδ T cells Lockhart E. 2006.  JI 

177:4662 

 Klebsiella 

pneumonia 

i.t. IL23 induces T cells to produce IL17 in a 

TLR4-dependent and contact-independent 

manner 

CD4+ & CD8+ 

T cells 

Happel KI. 2003. JI 

170:4432; Ye P. 2001.  

Am. J. Respir. Cell Mol. 

Biol. 25:335 

Beneficial Klebsiella 

pneumonia 

i.n. IL17
-/-

 mice have increased bacterial burdens 

and decreased survival following infection; 

rIL17 decreases bacterial burdens following 

infection 

CD4+ & CD8+ 

T cells 

Ye P. 2001.  J Exp Med. 

194:519; Ye P. 2001. 

Am J Resp Cell Mol 

Bio. 25:335 

Beneficial Pneumocystis 

carinii 

i.t. Anti-IL17 and anti-IL23 mAbs increase 

fungal burdens; IL23
-/- 

mice have delayed 

fungal clearance 

CD4+ T cells Rudner XL. 2007.  I&I. 

75:3055 

Beneficial Candida albicans i.v. Anti-IL-17 mAbs decrease neutrophils and 

survival and increase fungal burdens; IL17 

expression prolongs survival in response to 

fungal infection 

Undetermined Huang W. 2004. J Infect 

Dis.  190:624. 

 

Beneficial Escherichia coli i.p. Anti-IL-17 mAbs decrease neutrophils and 

increase bacterial burdens 

γδ T cells Shibata K.  2007.  JI 

178:4466 

Detrimental Schistosoma 

mansoni 

i.p.  Anti-IL17 mAbs cause decreased lesions 

and inflammation due to infection 

CD4+ T cells Rutitzky LI. 2005.  JI. 

175:3920 

Detrimental Sepsis-mixed 

infection 

C.L.P. Anti-IL17 mAbs cause decreased bacterial 

burdens and cytokines and increase survival  

γδ T cells Flierl M.A. 2008.  

FASEB J.  22: 2198 

Detrimental Staphylococcus 

aureus 

Bacteroides fragilis 

i.p. abscess 

formation 

Anti-IL17 mAbs inhibit abscess formation CD4+ T cells Chung DR.  2003.  JI 

170:1958 
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Effect of Morphine on Acinetobacter Infection 

A second question posed in these studies was to evaluate the effect of morphine 

on Acinetobacter infection.  The hypothesis tested was that morphine sensitizes to 

systemic A. baumannii infection.  No direct effect of morphine sulfate was found when it 

was added to in vitro cultures of A. baumannii at doses over a 10
6
-fold dose range, as 

measured by optical density and viability at various times over a 24 hour period. While 

these were the first studies of their kind to determine the effects of morphine on 

Acinetobacter growth, other studies have examined the effect of alcohol on A. baumannii 

replication.  In one study, A. baumannii (ATCC 17928) was cultured in vitro in several 

concentrations of ethanol ranging from 0.1-9.5%.  The growth of A. baumannii cultures 

was enhanced in the presence of 1.0-3.0% ethanol, but in the presence of 5.5% ethanol or 

greater, bacterial growth was inhibited.  Growth of A. baumannii in high concentrations 

of salt (1-5% NaCl) caused inhibition of growth, but the addition of 0.1% ethanol 

protected cells from the detrimental effects of salt.  Caenorhabditis elegans is a natural 

predator of A. baumannii.  It was found that growth of A. baumannii in 1.0% ethanol 

caused increased pathogenicity when fed to the predator C. elegans.  A. baumannii grown 

in ethanol increased the rate of death of C. elegans by 30% in comparison to A. 

baumannii grown in the absence of ethanol (Smith et al., 2004).  In another study, growth 

of A. baumannii was enhanced by 0.1% ethanol or less when grown in YPAD media, and 

enhanced by 1.0% ethanol or less when grown in Minimal Media (MM) (Edwards et al., 

2007).  These studies suggest that commercial alcohol rubs may enhance the growth of A. 

baumannii, which may add to the spread of the bacteria in the hospital setting.   
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After determining that morphine had no direct effect on the growth or viability of 

A. baumannii in vitro, we sought to determine the effects of morphine administered in 

vivo on susceptibility to Acinetobacter infection.  For most of the studies extended release 

morphine pellets subcutaneously implanted into the dorsal flank of mice were used.  The 

use of extendedextended release pellets allows for a continuous release of morphine that 

results in an initial bolus of morphine that starts at approximately 2 µg/ml and then levels 

out to approximately 0.6 µg/ml in the serum, levels that are comparable to those obtained 

with opioid use in humans for both analgesia and abuse (Bryant et al., 1988). 

Acinetobacter infections were performed 48 hours following pellet implantation based on 

previous published studies (Bussiere et al., 1993).  Results of survival studies using 

morphine treated mice showed that the opioid sensitized to Acinetobacter infection 

through an opioid receptor mediated mechanism, as naltrexone blocked the effect of the 

drug. Further, morphine was also shown to increase Acinetobacter burdens in the organs 

and blood of infected animals in comparison to placebo controls.  Together, these results 

show definitively that morphine sensitizes to Acinetobacter infection. This result is 

consonant with the literature where the implantation of extendedextended release 

morphine pellets has been shown to sensitize to other microbes. MacFarlane et al 

reported that morphine pellets resulted in dramatic sensitization of mice orally challenged 

with Salmonella typhimurium, which correlated with increased numbers of bacteria 

recovered in the spleens, livers, Peyer‟s patches, and mesenteric lymph nodes following 

infection (MacFarlane et al., 2000). Wang et al showed that morphine pellets increased 

the number of Streptococcus pneumoniae recovered in the spleen at 4 hours post-

infection, and in the blood, lung tissue, and bronchoalveolar lavage fluid at 24 and 48 
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hours (Wang et al., 2005).  In addition to the morphine pellet implantation paradigm, 

morphine injections have also been shown to increase the burdens of other infectious 

organisms recovered from animals, including Candida albicans in mouse liver (Tubaro et 

al., 1983), Plasmodium berghei in the blood of mice (Singh et al., 1993), and Leishmania 

donovani in both livers and spleens of mice (Singh and Singal,2007) and in the spleens of 

hamsters (Singal et al., 2002).   

Morphine was also shown in the present studies to alter the levels of pro-

inflammatory cytokines following Acinetobacter infection. Morphine treated mice had 

elevated levels of IL-10, IL-12p70, and TNF-α mice in comparison to placebo controls.  

Interestingly, MCP-1 was increased in morphine treated C57BL/6 mice but was 

decreased in the C3HeB/FeJ strain.  This difference could be due to the use of different A. 

baumannii strains in each strain of mouse.  MCP-1 is responsible for the recruitment of 

monocytes/macrophages, suggesting that morphine may decrease the recruitment of these 

cells in C3HeB/FeJ mice, but not in C57BL/6 mice, though this has not been 

investigated.  The generally increased levels of pro-inflammatory cytokines is probably a 

reflection of the increased Acinetobacter burdens in the organs of morphine treated 

animals, part of the innate immune response mounted by the host in order to eliminate the 

replicating pathogen levels. The observation that morphine treatment enhances the levels 

of pro-inflammatory cytokines in infection has precedent.  In studies in which mice 

C3HeB/FeJ mice were implanted with morphine pellets and challenged with Salmonella, 

mRNA levels for IL-12p40, IFNγ, TNF-α, and iNOS were increased at 40 hours post-

infection in the Peyer‟s patches in comparison to placebo treated mice, and this 

enhancement could be reversed by the addition of naltrexone (MacFarlane et al., 2000).  
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In another study the chronic treatment of mice with extended release pellets, followed by 

intranasal challenge with S. pneumoniae caused a decrease in lung and BAL levels of 

TNF-α, IL-1, IL-6, MIP-2, and KC/CXCL1 at an early time point of 4 hours post-

infection, but by 24 and 48 hours post-infection, the levels of all of these molecules were 

increased in comparison to placebo treated controls (Wang et al., 2005).  The published 

studies report that morphine can exacerbate pro-inflammatory cytokine production 

following infection, which is consonant with the results of the present experiments.   

Having established that treatment of mice with morphine resulted in sensitization 

to infection, as assessed by an increase in mortality and higher bacterial burdens, studies 

were carried out to determine the mechanism of morphine action. The first hypothesis 

tested was that morphine suppressed the number of cells, in particular neutrophils, which 

would respond to infection in the peritoneal cavity.  It was found that morphine treatment 

caused a statistically significant decrease in the percentage and number of neutrophils 

recovered, from the peritoneal cavity of infected mice. While the percentage of 

macrophages did not change in response to morphine, the reduced number of total cells 

recovered from morphine treated mice resulted in a statistically significant decrease in the 

total number of macrophages recovered.  The absence of a change in the percentage of 

macrophages recovered from the peritoneal cavity, suggests that another uncharacterized 

population of cells must be present in the peritoneal cavity to cause a decrease in the 

percentage of neutrophils recovered.  These results demonstrate that morphine suppressed 

the numbers of neutrophils and macrophages responding to the site of Acinetobacter at 12 

hours post infection, suggesting that morphine may interfere with the chemotaxis of cells 

to the site of infection.   
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   These studies are not the first to determine that morphine suppresses neutrophil 

responses following infection.  Morphine-mediated suppression of neutrophil diapedesis 

has been previously observed by the group at Temple.  It was shown that animals 

implanted with morphine pellets exhibited decreased leukocyte rolling and adhesion to 

the arteriole and venule walls of the murine vasculature, and this effect could be reversed 

by treatment with the antagonist naltrexone (Ni et al., 2000). In addition, others have 

shown that chronic morphine injections decrease neutrophil chemotaxis (Shirzad et al., 

2009). Neutrophil chemotaxis has also been shown to be decreased following morphine 

administration in a wound incision model (Clark et al., 2007; Martin et al., 2010; Martin 

et al., 2010). In regard to the effect of morphine on neutrophils during infection, there is a 

limited literature. The present studies are the first documentation of a morphine-mediated 

decrease in neutrophil recruitment following A. baumannii infection, and they fit with the 

observation that depletion of neutrophils with antibodies also sensitizes to this organism. 

Only one other investigator that has explored this area and found that implantation of 

morphine pellets into mice challenged with S. pneumoniae resulted in decreased 

recruitment of neutrophils to the lung tissue and BAL at 4, 6, and 24 hours post-infection 

(Ma et al., 2010; Wang et al., 2005). 

The hypothesis was pursued that a mechanism by which morphine might decrease 

neutrophil influx was by decreasing chemokine levels. As Acinetobacter was shown to 

induce high levels of IL-17 and KC/CXCL1, the effect of morphine on these proteins was 

assessed.   It was found that morphine pellets suppressed the levels of IL-17 and 

KC/CXCL1 produced ex vivo in PEF at 12 hours post-infection, while no difference was 

observed at 6 hours. The 12 hour time point correlated with the time of morphine-
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mediated exacerbation of the Acinetobacter burdens.  A single injection of morphine also 

partially suppressed both IL-17 and KC/CXCL1, at 6 hours post-infection.  By 12 hours 

the effect was lost. The difference in the time course of morphine given by pellet or 

injection is probably attributable to the difference in pharmacokinetics of morphine 

administered by the two different routes. These studies are the first to document 

morphine-mediated suppression of IL-17 and KC/CXCL1 following A. baumannii 

infection, using either morphine pellets or morphine injections.   

Two studies published while this thesis was in progress found that mice that 

received morphine pellets 24 hours before intranasal infection with S. pneumoniae.  

exhibited suppression of IL-17 (Ma et al., 2010) and KC/CXCL1 (Wang et al., 2005) in 

the lung tissue at 6 hours post-infection.  This suppression was associated with a decrease 

in neutrophils in the lung and BAL fluid at the 6 hours time point, and an increase in the 

number of S. pneumoniae recovered in the lungs and blood at various times post-

infection. Thus, the studies on the effect of morphine on two different bacterial infections 

in regard to the IL-17 circuit yielded similar results.  There have been two other studies 

that examined the effect of injected morphine on KC/CXCL1 levels, both using an 

incision and pain model.  Following an acute exposure to morphine by injection, a high 

dose of morphine suppressed KC/CXCL1 in the skin at 2 hours post-incision, and this 

corresponded with a simultaneous decrease in the numbers of neutrophils at the site 

(Clark et al., 2007).  Findings reported in this thesis, which showed that morphine 

injection suppressed KC/CXCL1 at early time points following infection, are in 

agreement with this report.  These authors did not follow KC/CXCL1 responses later than 

2 hours post-incision, preventing the generation of any further conclusions.  It is 
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interesting that in another model of drug abuse and infection, alcohol consumption was 

shown to suppress KC/CXCL1 during S. pneumoniae infection (Boe et al., 2001) and 

during sepsis (Zhang et al., 2002).    

The hypothesis was also tested that morphine would suppress in vitro IL-17 

production from peritoneal exudate cells harvested from Acinetobacter infected mice.  In 

these studies, heat-killed A. baumannii was used as a stimulant to promote IL-17 

production in vitro.  Heat-killed cells were used rather than live cells to avoid bacterial 

overgrowth of the eukaryotic cultures.  No effect of morphine was found when added to 

peritoneal cells in vitro. The opioid had no effect on production of IL-17 over a 5 log10 

dose range when added to unstimulated cells, or those stimulated with either rIL-23,  

LPS, or HkAb. While this work was in progress, another study was published which 

showed that treatment with morphine 24 hours before addition of live S. pneumoniae  to 

bone marrow derived dendritic cells (BMDCs) or alveolar macrophages (AMs) reduced 

the levels of IL-23 present in the supernatants, and the effect was blocked by naltrexone 

and by MYD88 inhibitory proteins (Ma et al., 2010). While these studies did not address 

IL-17 production in vitro, they demonstrate that morphine can suppress S. pneumoniae-

induced upstream IL-23 production in vitro in a naltrexone-sensitive and MyD88-

dependent manner. In the present thesis studies, morphine was added to cells that had 

already been stimulated by exposure to Acinetobacter in vivo.  The opioid was unable to 

inhibit the production of IL-17 that had been triggered in vivo. It appears from the study 

of Ma et al (Ma et al., 2010) that morphine can block induction of IL-17 by a live 

bacterial challenge in vitro. Support for the capacity of other abused substances to alter 

the IL-17 circuit, when added in vitro prior to stimulation of the cells, comes from a study 
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in which ethanol added to PMA/ionomycin treated murine splenocytes suppressed IL-17 

production (Shellito et al., 2001). 

A clear conclusion from the present studies is that in vivo morphine treatment 

decreases IL-17 and KC/CXCL1, as well as the numbers of neutrophils responding to the 

site of infection.  The work has also demonstrated that neutrophils are critical to 

protective immunity against A. baumannii systemic infection.  The studies also show, 

however, that both IL-17 and KC/CXCL1 are individually dispensable for a protective 

innate immune response against this pathogen.  These results suggest that morphine must 

be acting on an as yet unexplored component of innate immunity in our infection model, 

or that morphine is depleting all neutrophil-inducing chemokines at the same time.  

Otherwise the remaining chemokines can potentially compensate for the depleted one.  

While IL-17 and KC/CXCL1 are important mediators of the neutrophil response, they are 

not the only molecules responsible for the homing of neutrophils during an immune 

response.  G-CSF is responsible for mediating the release of neutrophils from the bone 

marrow.  G-CSF negatively regulates expression of SDF-1, which is responsible for 

retaining neutrophils in the bone marrow (Kobayashi,2008).  It is possible that G-CSF or 

SDF-1 may be modulated by morphine during A. baumannii infection.    In addition to 

these molecules, macrophage inflammatory protein-2 (MIP-2/CXCL2) is a chemokine 

that is selective for neutrophils, and induces the transmigration of neutrophils to sites of 

insult (Kobayashi,2008).  Other studies have shown that morphine is capable of 

suppressing MIP-2 expression.  In vitro treatment of S. pneumoniae-infected alveolar 

macrophages with morphine suppressed MIP-2 release (Wang et al., 2008).  Treatment of 

mice with morphine pellets followed by S. pneumoniae infection resulted in a 
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suppression of MIP-2 in the lungs and BAL at 4 hours post-infection. (Wang et al., 

2005).  Levels of this chemokine after morphine treatment have not been determined in 

the Acinetobacter model.  If morphine inhibits this chemokine during Acinetobacter 

infection, it may work in concert with the suppression of IL-17 and KC/CXCL1 to 

decrease the numbers of neutrophils.   

While it is clear from these studies and those in the literature that, in general, 

morphine is immunosuppressive, it still leaves the question of whether the suppression 

occurs by direct action of the drug on the cells of the immune system or whether these 

effects are mediated centrally through the nervous system.  As previously discussed, 

morphine has been shown to have a direct effect on cells of the immune system and to 

alter many immune parameters in vitro (Tubaro et al., 1983; Luza,1992; Miyagi et al., 

2000; Pacifici et al., 1993; Martucci et al., 2007).  In contrast, other effects of morphine 

delivered in vivo have been shown to be mediated. The immunosuppressive effects of 

opioids on NK cell function have been attributed to activation of the central nervous 

system (Shavit et al., 1986; Weber and Pert,1989) including sympathetic nervous inputs 

(Carr and France,1993; Carr et al., 1994) and involvement of the HPA axis (Freier and 

Fuchs,1994).  Some of the opioid-mediated immunosuppressive effects on T cells have 

also been associated with the CNS (Fecho et al., 1993; Fecho et al., 1996; Sei et al., 

1991).  The mechanism of morphine-mediated suppression observed during A. baumannii 

infection is yet to be explored.   

Still another possibility is that morphine is inhibiting neutrophil chemotaxis in 

response to chemokines by the process of heterologous sensitization. Opioids have been 

shown to inhibit chemotaxis of mouse peritoneal exudate macrophages and human 
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peripheral blood monocytes to chemokines by desensitizing their chemokine receptors 

(Grimm et al., 1998a; Rogers et al., 2000; Szabo et al., 2002; Steele et al., 2002).   Opioid 

receptors and chemokine receptors have been shown to heterodimerize in cells 

transfected with both receptors (Chen et al., 2004). This process of opioid inhibition of 

chemotaxis has not been previously been demonstrated in neutrophils, but could be an 

additional mechanism by which morphine is decreasing neutrophil responses.   

The epidemiology of A. baumannii infections and treatment of infected patients 

with opioids, suggests that opioid tolerance and withdrawal could play an 

immunomodulatory role during infections. While animals were immunosuppressed at the 

24 and 48 hour time points, tolerance developed to the morphine-mediated sensitization 

to infection by 96 hours post pellet implantation. This result agrees with published studies 

showing that tolerance develops to the immunosuppressive effects of morphine at 96 hr 

after morphine pellet implantation (Bussiere et al., 1993; Eisenstein and Hilburger,1998; 

Eisenstein et al., 2006).  As the literature also shows that withdrawal from morphine is 

immunosuppressive and sensitizes to infection (Rahim et al., 2002; Rahim et al., 2005; 

Rahim et al., 2004; Feng et al., 2005; Feng et al., 2006b; Feng et al., 2005; Eisenstein et 

al., 2006; Rahim et al., 2003).(Rahim et al., 2005; Rahim et al., 2004; Feng et al., 2005; 

Feng et al., 2006b; Feng et al., 2005)  The effect of abrupt withdrawal on Acintobacter 

infection was investigated.  At 24 hr post morphine withdrawal there was no effect on the 

levels of Acinetobacter burdens recovered from the livers, spleens, and blood, or on the 

production of cytokines in serum. Although the time point of 24 hours post-pellet 

withdrawal has been shown in a number of studies to be maximally immunosuppressive 

in other immune models, it is possible that this is not the optimal time to examine for 
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Acinetobacter infection.  At least one previous study suggested that abrupt withdrawal 

caused maximal immunosuppresion at 12 hours post withdrawal, when immunological 

endpoints were T cell proliferation, and IFN-γ production.  In these studies, these 

parameters had returned to baseline levels by the 24 hour time point(West et al., 1999).  

The kinetics of immunosuppression following morphine pellet withdrawal were not 

examined for Acinetobacter infection.  It is possible that repeating these experiments at a 

different time point following withdrawal would result in the immunosuppression 

observed in other models.   

µ-Opioid Receptor Dependency During Morphine-Mediated Sensitization to 

Salmonella Infection 

 Previous data from our laboratory demonstrated that morphine greatly sensitizes 

C3HeB/FeJ mice to oral infection with Salmonella enterica, serovar Typhimurium 

(MacFarlane et al., 2000; Feng et al., 2006a; Feng et al., 2006a; Feng et al., 2006a).  In 

these studies, the opioid antagonist, naltrexone, only partially blocked the effects of 

morphine, thus failing to adequately define the role of opioid receptors during the 

sensitization by morphine.  The studies presented here were carried out to further clarify 

the role of the -opioid receptor in morphine-mediated sensitization to oral Salmonella 

infection.  These studies employed the use of the µ-opioid receptor knockout (MORKO) 

mice and wild-type animals of the same genetic background (C57BL/6).  It was found 

that wild-type mice were greatly sensitized to a sub-lethal dose of Salmonella, resulting 

in death for 100% of the wild-type mice assayed; meanwhile, all MORKO mice survived 

infection.  In previous studies, high mortality was observed in wild-type animals (100% 

mortality), as well as in mice treated with both naltrexone and morphine (92% mortality), 



132 

 

although naltrexone was able to significantly increase the mean survival time by 11.6 

days(MacFarlane et al., 2000).   The abolition of morphine-mediated increases in 

mortality in response to a sub-lethal dose of Salmonella in MORKO mice suggests that 

these effects are due to signaling through the µ-opioid receptor.  Naltrexone acts as an 

antagonist at µ-, δ-, and κ-opioid receptors, thus suggesting the inability to completely 

reverse morphine-mediated changes may be due in part to the antagonism at δ- and κ-

opioid receptors.     

   Results from the survival experiments were corroborated by examination of the 

levels of Salmonella burdens in the organs and fluid of wild-type and MORKO mice 

treated with morphine and placebo pellets.  Consistent with previous studies, wild-type 

mice treated with morphine had significantly higher levels of Salmonellae in the Peyer‟s 

patches (PP), peritoneal exudate fluid, mesenteric lymph nodes (MLN), and blood in 

comparison to wildtype controls (MacFarlane et al., 2000; Feng et al., 2006a; Feng et al., 

2006a).  Robust differences in Salmonella burdens were observed in PP, MLN, and blood 

between the MORKO and WT mice, and a statistically significant difference, although 

less robust, was also observed between these groups in the peritoneal exudate fluid.  The 

degree of morphine-mediated increases in bacterial burdens is compelling, as the median 

burdens in morphine treated wild-type mice is a million-fold greater than those observed 

in MORKO mice or in wild-type mice treated with placebo.  In previous studies, 

naltrexone was able to completely block the morphine-mediated increases in bacterial 

burdens in the PP, but failed to do so in the MLN, spleen and liver.  These studies 

partially explored the mechanism of the morphine-mediated sensitization to infection.  By 

using a strain of Salmonella that carried a temperature sensitive plasmid, increases in 
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bacterial burdens were shown to be due to multiplication of the challenge organisms in 

the intestinal tract(MacFarlane et al., 2000).  The current study suggests that increases in 

Salmonella replication due to morphine treatment are dependent on the µ-opioid receptor.   

Studies were also undertaken to determine the effects of morphine treatment on 

the levels of pro-inflammatory cytokines in the plasma of wild-type and MORKO mice.  

TNF-, IFN, and IL-6 were elevated in wild-type mice, but not in MORKO animals. 

This result is in agreement with previous findings that wild-type mice treated with 

morphine had increased levels of pro-inflammatory cytokines in the Peyer‟s patches.  In 

these studies, naltrexone was able to completely reverse the elevation of proinflammatory 

cytokines(MacFarlane et al., 2000).  The current studies suggest that morphine-mediated 

increases in proinflammatory cytokines are µ-opioid receptor dependent.   

The present experiments do not distinguish whether the mechanism by which 

morphine potentiates Salmonella infection is via intestinal stasis or via 

immunosuppression. It has been established that morphine slows gastrointestinal transit 

time by inhibiting peristalsis in rodents (Greenwood-Van Meerveld et al., 2004; Feng et 

al., 2006a; Feng et al., 2006a) and humans (Kromer,1988; Holzer,2008; Holzer,2008).  

All subtypes of opioid receptors have been found in abundance within the intestinal tract, 

suggesting opioids may have a direct effect on the primary site of infection of Salmonella 

enteric serovar Typhimurium (2006).  As discussed, morphine has been shown to impact 

the intestinal tract by causing sepsis (Yukioka et al., 1987; Runkel et al., 1993; Hilburger 

et al., 1997b; Runkel et al., 1993; Hilburger et al., 1997b).  Gut stasis might allow growth 

of Salmonella to higher numbers because of failure to flush them out of the intestinal 

lumen, or by allowing greater numbers of organisms to attach to and invade cells (Formal 
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et al., 1963).  The alternative explanation for the morphine-mediated exacerbation of 

Salmonella infection is the immunosuppressive effects of the drug.  Similar to 

Acinetobacter baumannii infection, the effects of morphine in the Salmonella model are 

rapid, suggesting the effect would occur within the innate arm of the immune response.  

As previously discussed, morphine has a wide range of effects on the innate immune 

system.  Lack of morphine-mediated effects on the innate immune system in MORKO 

mice suggests that the µ-opioid receptor is responsible for some of these effects 

(Gavériaux-Ruff et al., 1998; Wang et al., 2002; Wang et al., 2002).  Thus, it is 

reasonable that morphine might sensitize to Salmonella infection by suppressing immune 

responses and the absence of the -opioid receptor might be a strong contributing factor 

to the lack of sensitization to infection in the MORKO animals, while it is still not 

possible to tease out the effects of intestinal stasis in these current studies.   As discussed 

previously, these studies do not clarify whether morphine-mediated sensitization to 

Salmonella infection is mediated by direct effects on immune cells or through the CNS.   

The major conclusion from these studies is that the morphine-mediated exacerbation of 

Salmonella infection is µ-opioid receptor dependent. 

General Conclusions 

The data from these studies add to the body of literature that characterizes the 

innate immune responses to A. baumannii.  A systemic, intraperitoneal Acinetobacter 

baumannii infection model was established using clinical bacterial strains, and was found 

to result in a rapid disseminated disease causing both pneumonia and sepsis.  There was a 

rough correlation found between antibiotic resistance and virulence in the strains tested.  

Depletion studies lead to the observation that neutrophils are important for systemic A. 
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baumannii infection.  Infection was shown to result in the biphasic induction of IL-17 

and KC/CXCL1, as well as the induction of MCP-1.  Depletion studies and the use of IL-

17RKO mice lead to the conclusion that neither IL-17 nor KC/CXCL1 individually, are 

important for protective immunity. 

These studies have also contributed to the literature documenting the 

immunosuppressive effects of morphine following infection.  Morphine was found to 

suppress the levels of IL-17 and KC/CXCL1 following A. baumannii infection.  This was 

accompanied by a decrease in the total numbers of cells, as well as the numbers of 

neutrophils and macrophages in the peritoneal cavity following A. baumannii infection.   

The suppression of neutrophil responses by morphine was associated with an increase in 

bacterial burdens and pro-inflammatory cytokines, and an opioid-receptor dependent 

sensitization to infection.  Morphine suppressed the neutrophil response, as well as IL-17 

and KC/CXCL1, but individually, these molecules were dispensable for host defense.  

Therefore morphine must have an impact on both of these molecules, or on other 

neutrophil-inducing molecules, to mediate the suppression of neutrophils and sensitize to 

systemic A. baumannii infection. 

These studies also defined the role for the µ-opioid receptor during morphine-

mediated sensitization to oral S. typhimurium infection.  Morphine-mediated 

exacerbations of bacterial burdens and pro-inflammatory cytokines, and sensitization to 

infection, were absent in MORKO mice.  These studies suggest that morphine-mediated 

immunosuppression of responses against S. typhimurium are µ-opioid receptor 

dependent.  
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Overall, these studies suggest that morphine can suppress innate immune 

responses following bacterial insults.  An implication of this work is exertion of caution 

in the use of opioids in patients that are susceptible to A. baumannii or S. typhimurium 

infection.  Alternatively, the studies suggest attention to limiting exposure of opioid-

treated patients to bacterial pathogens.  Finally, a translational application of this work is 

the possibility of recommending that patients receiving opiates be treated 

prophylactically with an antibiotic regimen.   
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