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Abstract
Previous studies from our laboratory demonstrated that mice treated with morphine pellets are
sensitized to Salmonella enterica, serovar Typhimurium infection. However, the opioid receptor
antagonist, naltrexone, only partially blocked the effect of morphine, raising the possibility that the
opioid might have some of its effects through a nonopioid receptor. To further clarify whether
sensitization to infection is an opioid receptor-dependent phenomenon, μ-opioid receptor knock-out
(MORKO) mice were used in the present study. Wild type (WT) and MORKO mice were treated
with morphine and their sensitivity to oral Salmonella infection assessed by mortality, bacterial
burdens in gut associated lymphoid tissue and in blood and peritoneal fluid, and by levels of pro-
inflammatory cytokines in plasma. MORKO animals treated with morphine were refractory to a
sublethal dose of Salmonella, while similar treatment of WT animals resulted in 100% mortality.
WT animals treated with morphine had high bacterial loads in all organs tested, while morphine-
treated MORKO animals had no culturable Salmonella in any organs. Pro-inflammatory cytokine
levels were elevated in morphine treated WT but not MORKO mice infected with Salmonella. These
results provide definitive evidence that the morphine-mediated enhancement of oral Salmonella
infection is dependent on the μ-opioid receptor.
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1. Introduction
Morphine has been used as an analgesic for hundreds of years, and continues to be commonly
prescribed for pain management. There is a substantial and compelling literature demonstrating
that alkaloid opioids, such as morphine, and congeners such as heroin, have a wide of variety
of immunosuppressive effects on the immune system [1,2]. Cells of the immune system
respond functionally to the drugs, as first demonstrated by Wybran in 1979 [3], and have been
shown to express message for opioid receptors [4]. It is well documented that morphine
depresses Natural Killer (NK) cell activity [5,6], phagocytic cell function [7,8], antibody
formation [9,10], responses to mitogens [11,12], and delayed-type hypersensitivity [13]. In
addition opioids depress production of reactive oxygen and nitrogen intermediates by
phagocytes [8,14]. The fact that opioids alter leukocyte function suggests a potential
immunosuppressive role for this class of compounds in response to infecting microbes or
microbial products. Opioid abusers have long been noted to have increased rates of infection
[15–18]. Morphine has been found to potentiate a variety of experimental infections by
pathogens including Streptococcus pneumoniae [19], Toxoplasma gondii [20], Klebsiella
pneumoniae [21], Candida albicans [21], Plasmodium berghei [22], Listeria monocytogenes
[23], and Leishmania donovani [24]. Our laboratory has previously demonstrated that
morphine markedly sensitizes C3HeB/FeJ mice to oral infection with Salmonella enterica,
serovar Typhimurium [25,26]. 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 [25]. 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. C57BL/6 mice with a genetic
lesion in the μ-opioid receptor, and wild-type (WT) animals of the same strain were used. It
was found that in the absence of the μ-opioid receptor, morphine did not sensitize to oral
Salmonella infection.

2. Results
2.1 Salmonella infection in MORKO mice given morphine

In order to assess the role of the MOR in oral Salmonella infection, groups of WT and MORKO
mice were implanted with either a 25 mg slow-release morphine pellet or a placebo pellet and
then orally challenged with a sublethal dose of Salmonella. This experiment was repeated twice
and results were pooled. As shown in Figure 1, WT animals treated with a placebo pellet and
challenged with a sublethal dose of Salmonella, showed no mortality. In accord with previous
results [25], 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
Salmonella. Figure 2 shows the bacterial numbers in Peyers patches (PP), mesenteric lymph
nodes (MLN), blood, and peritoneal exudates of individual WT or MORKO mice treated with
morphine or placebo, assayed 24 hrs after Salmonella challenge. Robust differences in
Salmonella burden were observed in PP, blood, and MLN between the MORKO and WT mice,
and a statistically significant difference, although less robust, was observed between these
groups in the peritoneal exudate. 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.
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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.

2.2 Cytokine levels in Salmonella infected WT and MORKO mice
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. 3, WT infected mice given morphine had elevated levels of TNF-α, IL-6, IFN-γ, and
IL-10, whereas infected MORKO animals did not.

3. Discussion
These studies conclusively demonstrate that the increased sensitivity of mice to oral Salmonella
infection induced by morphine is dependent on the μ-opioid receptor. Animals genetically
deficient in the receptor were not sensitized to this infection and behaved like the placebo
treated group with respect to survival, bacterial burdens, and levels of pro-inflammatory
cytokines.

The degree to which morphine sensitizes to oral Salmonella is indeed impressive, as the median
bacterial burdens in WT animals given the drug is a million-fold higher than that observed in
MORKO or WT-placebo treated animals. In our previous work using C3HeB/FeJ mice, the
mechanism of the sensitization by morphine was partially explored. We demonstrated, using
a strain of W118-2 carrying a temperature sensitive plasmid, that the increase in Salmonella
burdens in the WT mice given morphine was due to multiplication of the challenge organisms
in the intestinal tract [25]. The current studies also measured cytokines in the plasma of WT
or MORKO mice given morphine and infected with Salmonella, with the result that TNF-α,
IFN-γ, and IL-6 were shown to be elevated in WT, but not MORKO animals. This result is
consonant with our previous finding that WT animals had an elevation of pro-inflammatory
cytokines in the Peyer’s patches [25]. It is our interpretation that the higher levels of pro-
inflammatory cytokines in the WT mice compared to the MORKO animals is a consequence
of the higher bacterial burdens in the former.

It was established as long ago as 1917 that morphine applied to isolated guinea pig small
intestine inhibits peristalsis [27]. It has subsequently been shown that morphine delays
gastrointestinal (GI) transit in the mouse and the rat [28], as well as in humans [29,30]. We
have shown that C3HeB/FeJ mice implanted with slow-release morphine pellets, or with
osmotic mini-pumps dispensing morphine, decrease intestinal transit [26]. They also have an
increased incidence of spontaneous sepsis [31]. Opioid receptors have been identified in the
small intestine of animals and humans, which when activated lead to decreased peristalsis and
increased muscle tone and spasms, resulting in consipation [32,33]. Both μ and δ opioid
receptors have been shown to mediate the delay in GI transit [28]. While morphine has higher
affinity for the μ-opioid receptor, it can act on the κ and δ receptors. Naltrexone has activity
at all three receptors. Therefore, our previous experiments, while demonstrating that morphine
exacerbated Salmonella infection, did not definitively prove that the effect of the drug was
through the μ-opioid receptor [25]. Further, the weak activity of naltrexone, previously
demonstrated as only a prolongation of mean time to death, brought into question whether the
effect of morphine was even through a classical opioid receptor [25]. The current experiments
verify that the mu receptor is essential for the activity of morphine in this regard. This
conclusion is supported by the prior work of Roy et al who reported that a different line of
MORKO mice [34] failed to show inhibition of gastrointestinal transit in response to morphine.
These experiments also solidify older reports in the literature by Takeuchi and Kent in Formal’s
laboratory, in which opium was used in guinea pigs and shown to increase their sensitivity to
Salmonella infection [35,36].
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Future studies will be needed to determine whether the mechanism by which morphine
potentiates Salmonella infection is via intestinal stasis or via immunosuppression. Stasis might
allow growth of Salmonella to higher numbers because of failure to flush them out of the
intestinal lumen [37], or by allowing greater numbers of organisms to attach to and invade
epithelial or M cells in the intestinal tract. In our previous work, we demonstrated that the
increase in Salmonella burdens in the WT mice given morphine was due to multiplication of
the challenge organisms in the intestinal tract [25]. However, greater growth of Salmonella
could also be the result of immunosuppressive effects of the drug. Given the rapidity of
mortality in morphine-treated, Salmonella infected animals, it is likely that the absence of the
μ-opioid receptor would abrogate effects of morphine on the innate immune system. Morphine
has been shown to inhibit phagocytic and microbicidal activity of polymorphonuclear
leukocytes and macrophages [8,38,39]. Mu-opioid-deficient mice used by other investigators
[40], containing different genetic lesions to those used in our studies [41], failed to exhibit
morphine-mediated effects on macrophage phagocytosis and TNF-α secretion [42]. Thus, the
hypothesis that, in addition to gastrointestinal stasis, morphine might sensitize to Salmonella
infection by suppressing immune responses is tenable. These studies have potential
implications for management of human infectious gastroenteritis or bacillary dysentery. The
constipating effects of opioids in humans have been well documented [32], and are a major
unwanted side effect of their use to control pain. Although their effect on the gastrointestinal
tract is generally detrimental, leading to ileus, they can be used therapeutically to treat diarrhea.
The experiments reported here on the sensitizing effect of morphine in mice to an oral
Salmonella infection, raise the question as to the safety of using opioids to control diarrhea
during bacterial infections. The literature on this question is extremely scant. Medical practice
is largely based on a 1973 paper by DuPont and Hornick [43] which showed that in human
volunteers, Lomotil®, which contains the opioid, diphenoxylate hydrochloride, prolonged
excretion of experimentally administered Shigella flexneri. As studies in animals showed
similar effects of opioids on Shigella and Salmonella oral infections, the package insert for
Lomotil® contraindicates usage during Salmonella infection . The present experiments support
a sensitizing effect of morphine acting via the μ-opioid receptor.

4. Materials and Methods
4.1 Animals

Pathogen-free, female, 6–8-week-old C57BL/6J mice were purchased from Jackson
Laboratories (Bar Harbor, ME). The μ-opioid receptor knockout (MORKO) mice were
developed by disruption of exon-1 of the MOR-1 gene through homologous recombination as
described previously [41,44]. 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 until just prior to the
experiment when food and water were withheld 4 h prior to oral infection with Salmonella.
All experiments were carried out with the approval of the Institutional Animal Care and Use
Committee at Temple University and were housed in a barrier facility of the Central Animal
Facility.

4.2 Bacterial strain
Salmonella enterica, serovar Typhimurium, strain W118-2, was used for experimental
infection in this study. This strain has been used extensively by our laboratory [26,45,46]. 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
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at 37°C. Typical colonies were picked and inoculated into 10 ml of Brain Heart Infusion (BHI)
broth. The culture was incubated for 3.5 h at 37°C, then the top 5 ml of medium was transferred
into 50 ml of BHI broth and incubated at 37°C for 1.5 h on an orbital shaker to produce late
log-phase organisms. Bacteria were counted in a Petroff-Hauser counter 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 TSA.

4.3 Morphine and placebo treatment, and oral Salmonella infection
Mice were anesthetized by isoflurane inhalation, and an area of the back was shaved. A 1-cm
incision was made in the skin of the back, and mice were implanted subcutaneously with a 25
mg slow-release morphine pellet or a placebo pellet (National Institute on Drug Abuse,
Rockville, MD). Slow-release pellets are a preferred method of opioid delivery in studying
chronic administration [47,48], as the continuous presence of drug prevents opioid withdrawal
[49]. Using this method, plasma levels of morphine are in the 0.6- to 2.0-µg/ml range [50].
Heroin, the prototypical opioid drug of abuse, is rapidly metabolized to morphine in the body.
Immediately following pellet implantation, mice were orally inoculated with Salmonella in 0.2
ml saline, using a 21-gauge needle with a fine polished blunt end, as in previous work [25].

4.4 Morphine induced sensitivity to infection in WT and MORKO mice
Groups of MORKO or wild-type mice were implanted with either morphine or placebo pellets.
All mice were orally inoculated with Salmonella. Sensitivity to infection was assessed by
mortality, which was scored for 30 days, and by microbial burdens in various tissues and body
fluids. At 48 h post morphine pellet-implantation and infection, bacterial burden in various
organs was assessed. Mice were anesthetized with pentobarbital sodium injection
intramuscularly (i.m.) and blood was collected via cardiac puncture into heparinized 3 ml
syringes. Mice were euthanized via cervical dislocation and peritoneal exudates were collected
by lavage. In addition, mesenteric lymph nodes (MLN), spleen, and Peyer’s patches (PP) were
aseptically removed from individual animals. Tissues of individual animals were homogenized
in 3 ml of ice-cold phosphate-buffered saline (PBS), using a Tekmar Tissuemizer® (Tekmar,
Cincinnati, Ohio). Homogenates were spread onto Levine Eosin Methylene Blue (EMB) agar
plates and incubated at 37°C overnight. Numbers of colony forming units (CFU) were counted
and recorded. Typical individual bacterial colonies were identified as Salmonella enterica
serovar Typhimurium by slide agglutination, using typing antiserum for O antigens 1, 4, 12
and 27 (Becton, Dickinson, and Company, Sparks, MD)

4.5 Cytokine levels in Salmonella infected WT and MORKO mice
Wild-type and MORKO mice were implanted with 25 mg morphine pellets or placebo pellets
and infected with Salmonella. Thirty-six hrs later, mice were anesthetized using pentobarbital
sodium injection intramuscularly (i.m.) and blood was collected via cardiac puncture into
heparinized 3 ml syringes. Blood was spun in a microcentrifuge at 12,000 rpm at 4°C for 5
minutes, and plasma collected. Levels of pro-inflammatory cytokines and chemokines were
determined using a multiplex Cytokine Bead Array assay (BD Biosciences, San Diego, CA).
The assay was carried out according to the manufacturer’s instructions. Briefly, capture beads
specific for the various cytokines were mixed together to form a bead suspension. Fifty µl
aliquots of the bead suspension were then incubated with a 50 µl plasma sample collected from
an individual mouse and 50 µl of a phycoerythrin-conjugated anti-murine detection reagent
for 2 h at room temperature in the dark. One ml of wash buffer was then added to each assay
tube and centrifuged at 200 × g for 6 min. Supernatants were discarded, and 200 µl of wash
buffer was added to resuspend the bead pellet. The prepared tubes were analyzed on a BD
FACS Calibur flow cytometer (BD PharMingen, San Diego, CA) calibrated with cytometer
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setup beads provided by the manufacturer. The phycoerythrin intensities of each sample were
converted to concentration values of cytokines using computer software.

4.6 Statistical analysis
Survival data were analyzed using the Kaplan-Meier Product Limit Estimator followed by
group comparisons using the log rank test. Numbers of bacteria in tissues and levels of
cytokines were analyzed using analysis of variance for fixed effects (between groups and
treatments). Data from multiple experiments (replications) were pooled after testing for
differences. Data were transformed to normalized ranks prior to analysis due to failing the
Wilk-Shapiro test of normality. Because of the exploratory nature of the experiments, no
adjustments were made for multiple comparisons. In all cases statistical significance was based
on p≤0.05. Data were analyzed using SAS V9.1 (Cary, NC).
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Figure 1.
Absence of the μ opioid receptor blocks morphine induced sensitization to oral Salmonella
infection as assessed by survival. Wild-type or MORKO C57BL/6J female mice implanted
with a 25 mg morphine pellet or a placebo pellet were simultaneously orally challenged with
either 3.8 × 103 or 3.5 × 103 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 2.
Absence of the μ-opioid receptor blocks morphine induced sensitization to oral Salmonella
infection as assessed by bacterial burden. In two experiments, mice implanted with a 25 mg
morphine or a placebo pellet were orally challenged at the same time as pellet implantation
with either a 1.0 × 104 or 3.0 × 104 dose of W118-2. At 24 h post-infection, bacterial burdens
in organs and fluids were determined by plate counts. Points represent bacterial counts of
individual animals and are data from both experiments. Lines indicate the mean number of
CFU/group. Numbers in parentheses on the X-axis represent the number of animals sampled
in each group.
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Figure 3.
MORKO mice given morphine and orally infected with Salmonella do not respond with pro-
inflammatory cytokines. WT or MORKO mice were implanted with 25 mg morphine or
placebo pellets and simultaneously orally infected with 2.0 × 103 Salmonella. Thirty-six hr
later, plasma was collected by cardiac puncture. Levels of cytokines and chemokines were
determined by the multiplex CBA assay. Lines represent the mean cytokine concentration per
group. Numbers in parentheses on the X-axis represent the number of animals sampled in each
group. Levels of statistical significance between groups are indicated on the figure.
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