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ABSTRACT. Microglia are important immune effector cells within the brain. The phagocytosis of nonopso- 
nized Cryptococcw neoformans by swine microglia was used as an in vitro model for studies on cellular mechanisms 
of opiate-mediated immunomodulation in the brain. Morphine inhibited potently (1~~~ = lo-l6 M) the phago- 
cytosis of C. neofonnans by primary cultures of neonatal pig microglia. The k opioid agonist Tyr-D-Ala-Gly-N- 
Me-Phe-Gly-ol (DAMGO) also suppressed phagocytosis but with a much lower potency than morphine (ICKY = 

10-s M). The inhibitory effects of morphine and DAMGO were blocked by equimolar concentrations of 
naloxone and by the selective p, opiate receptor antagonist p-funaltrexamine. Pertussis toxin but not cholera 
toxin reversed the inhibitory effects of both morphine and DAMGO. Our data suggest that morphine inhibits 

phagocytosis of C. neoformms by swine microglia via a mechanism involving p. opiate receptors coupled to a 
pertussis toxin-sensitive G,/G, protein signaling pathway. BIOCHEM PHARMACOL 53;6:823-828, 1997. 0 1997 

Elsevier Science Inc. 
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Opiates are known to modulate a number of immune re- 
sponses [ 1, 21. Mononuclear and polymorphonuclear phago- 
cytes play important roles in host defense against a variety 
of microorganisms. Morphine-induced alteration of the re- 
spiratory burst activity of human polymorphonuclear leu- 
kocytes and mononuclear phagocytes [3-61 and impair- 
ments of the antimicrobial activity of human [7] and mu- 
rine phagocytes [8, 91 have been reported. 

The CNS is the primary target of opiate action. Despite 
a growing body of evidence that opiates have neuroim- 
munomodulatory effects, little is known about the action of 
opiates on microglia. In the CNS, microglia are believed to 
be the functional equivalent of macrophages in somatic 
tissues [lo, 111. Because the brain is the primary target of 
opiates, it has been suggested that opiates may play an 
immunomodulatory role within the CNS via their effects 
on microglial cells [12]. Recent in vitro studies in our labo- 
ratory demonstrated that morphine stimulates the phago- 
cytosis of nonopsonized Mycobacterium tuberculosis by hu- 
man microglia [13]. In the present study, an interest in 
opiate effects on phagocytosis of nonopsonized microorgan- 

§ Corresponding author: Phillip K. Peterson, M.D., Department of Medi- 
cine, Hennepin County Medical Center, 701 Park Ave., Minneapolis, MN 
55415. Tel. (612) 347.2877; FAX (612) 904-4299. 

Received 15 August 1996; accepted 24 October 1996. 

isms was extended to the fungus Cryptococcus neoformans. 
C. neoformans meningoencephalitis is an opportunistic fun- 
gal infection that affects 510% of AIDS patients [14, 151. 
Cell-mediated immunity provided by T lymphocytes and 
activated macrophages is the main line of defense against 
C. neoforrnans infection [16]. 

In this study, we used primary cultures of neonatal swine 
microglia, which we have found share a number of func- 
tional properties of human fetal microglia [17]. Using a 
recently developed method that specifically identifies 
phagocytized (i.e. ingested) cryptococci,” we found that this 
process is inhibited profoundly by extremely low (femto- 
molar) concentrations of morphine. We also examined the 
mechanism of morphine’s suppressive effect and found that 
a G protein-coupled p, opiate receptor appears to be in- 
volved. 

MATERIALS AND METHODS 
Chemicals 

Morphine sulfate was obtained from the Hennepin County 
Medical Center Pharmacy. The p. opioid receptor antago- 
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nist &FNA4T was provided by Dr. I’. S. Portoghese (Uni- 
versity of Minnesota). The selective k opioid receptor ago- 
nist DAMGO, pertussis toxin, and cholera toxin were pur- 
chased from Research Biochemicals International (Natick, 

MA). 

C. neoformans 

The encapsulated strain NIH 37 serotype A C. neofomuxns 

was obtained from the National Institutes of Health (NIH, 
Bethesda, MD) and was maintained on Saboraud Dextrose 

Agar (Merck, Darmstadt, Germany) at 4”. 

Mi~og~ Cell C&w-es 

One-day-old outbred Yorkshire pigs were obtained from the 

University of Minnesota Animal Facility under a protocol 
approved by the Animal Care, Use, and Research Commit- 

tee. Microglial cell cultures were prepared as previously 
described [17]. Briefly, the meninges were removed from 

the cerebral cortex and tissues were dissociated following a 
30-min trypsinization (0.25%). Isolated cells were layered 
on top of medium containing 9.6 mL of 100% Percoll, 4.8 

mL of 1.25 M sucrose, and 25 mL of PBS and centrifuged at 
,30,000 g at 4” for 45 min. Dissociated cells (2.5 x lo5 
cells/ml) were then plated in 75cm* culture flasks in com- 
plete medium, containing DMEM (Sigma Chemical Co., 
St. Louis, MO), 10% heat-inactivated fetal bovine serum 
(Hyclone Laboratories, Logan, UT)), penicillin (100 

U/mL), and streptomycin (100 p,g/mL). Culture medium 
was changed every 3 days after plating. 

Microglial Cell Treatments 

Prior to constituting the phagocytosis assay, microglial cell 
cultures were exposed to opioids, opiate antagonists, or tox- 
ins for indicated periods of time in complete culture me- 
dium followed by washing and reconstituting the cells in 

culture medium devoid of fetal bovine serum but contain- 
ing each of the indicated test reagents. 

P~o~tos~ Assay 

Phagocytosis of nonopsonized C. neoformans by swine mi- 

croglia was quantified microscopically, a procedure to be 
described in detail elsewhere .* Briefly, C. neofo~~ (the 

target cells) were heat-killed (56” for 30 min), and diluted 

to lo8 yeast cells/ml. The yeast cells were labeled with 
FITC (Sigma) at 50 pg/mL in PBS at room temperature for 
30 min. Microglia (the effector cells) were placed in four- 
chamber tissue culture slides (2.5 x lo4 cells in 0.5 mL of 

47 ~~ew~~~; P-FNA, p-fun&examine; DAMGO, Tyr-D-Ala-Gly-N- 
Me-Phe-Glyol; DMEM, Dulbecco’s modified Eagle’s medium; and FITC, 
fluorescein isothiocynate. 
* Lipovsky MM, Gekker G, Anderson WR, Molitor TW, Peterson PK and 
Hoepelman A, Manuscript submitted for publication. 

complete medium per well). After 1 hr of incubation at 37”, 
the medium was replaced, and the cells were treated as 
indicated above. Thereafter, the complete medium was re- 
placed by 0.5 mL of DMEM with FITC-labeled C. neofor- 
mans (2.5 x lo6 yeast cells/ml; effector:target cells ratio of 

1:50). After an incubation of 2 hr at 37” with gentle shak- 
ing (85 rpm), cells were washed three times with 1 mL of 
PBS and then incubated for 5 min at room temperature 

with the fluorescent dye diaethanol (Uvitex; 1% solution 

in PBS). After washing two times with PBS, the slides were 
dried and fixed with 100% methanol for 3 min. The slides 
were kept at 4” until examined for phagocytosis. Using an 
epifluorescent microscope equipped with a UV objective, 
4-5 random microscope fields were examined under bright 

field illumination to determine the cells with associated 
yeast (100 cells per each slide were counted), and then 
examined with UV excitation to exclude the adherent 

yeast stained with Uvitex. Only fully internalized yeasts 
(i.e. not stained with Uvitex) were counted. The percent- 

age of microglia that phagocytized at least one yeast cell (% 
phagocytosis), and the total number of yeast cells ingested 
by 100 microglial cells (yeast/l00 microglia) were assessed. 

The slides were evaluated by a microscopist blinded to the 

treatment groups. 

Statistics 

Data are expressed as means + SEM of values from 2 to 3 
independent experiments using microglia isolated from dif- 

ferent pigs. Where appropriate, data were compared by 
analysis of variance using Stat View II (Abacus Concepts, 
Inc., Berkeley, CA), and significant differences were as- 

sessed with Fisher’s least significant difference test (P < 

0.05). 

RESULTS 
Phagocytosis of C. neoformans by Microglial Cells 

Phagocytosis of nonopsonized C. neoformans was first as- 
sessed using swine microglia that were not exposed to opi- 
ates. After 2 hr of incubation, the percentage of microglial 
cells that ingested one or more yeast cells (% phagocytosis) 
was 29 rl: 3, while the total number of yeast cells ingested by 
100 microglial cells (yeast/100 microglia) was 37 + 6 (N = 

6). of the microglial cells that had ingested cryptococci, 
there were on average 1.29 -f: 0.12 cryptococci/cell (range 1 
to 5 yeast/cell) (N = 6). 

Opiute Efiects cm Phagocytosis of C. neoformans 

To determine if morphine affected phagocytosis of C. neo- 
fomns, microglial cells were preincubated with morphine 
at concentrations ranging between 10A2* and 10e6 M for 24 
hr, and then challenged with cryptococci for an additional 
2 hr. Morphine inhibited in a concentration~dependent 
manner both the percentage of cells that had internalized 
yeast (Fig. 1A) and the number of yeast cells ingested per 
100 microgliai cells (Fig. 1B). Phagocytosis was maximally 
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FIG. 1. Concentration-dependent effect of morphine on mi- 
croglial cell phagocytosis of C. neoformans. Micro&al cells 
(2.5 x 104) were preincubated for 24 hr in medium alone 
(control) or medium containing morphine at the indicated 
concentrations prior to adding yeast cells. After 2 hr of in* 
cubation with cryptococci, phagocytosis was assessed by de. 
termining: (A) the percentage of ceils that ingested one or 
more cryptococci, and (B) the total number of cryptococci 
ingested by 100 microglia. Data are means t SEM from 
three independent experiments. Key: (*)P < 0.05, compared 
with control. 

decreased by morphine at a concentration of lo- M (93% 

inhibition), and the inhibitory activity of morphine was 
sustained at concentrations as low as lo-l6 M. The I_L re- 
ceptor selective opioid agonist DAMGO also suppressed 
phagocytosis (maximally decreased by 55% at 10m6 M) (Fig. 
2A) and the number of yeast cells ingested per 100 microg- 
lial cells (Fig. 2B). However, the suppressive activity of 
DAMGO was lost at concentrations of lo-” M and below. 
Thus, although morphine and DAMGO were both capable 
of inhibiting phagocytosis of cryptococci by microglial cells, 
the inhibitory activity of morphine was orders of magnitude 
greater than that of DAMGO (1~~~ values of about lo-l6 M 
and lOma M, respectively). Overnight pretreatment of the 
microglial cells with opioids was required, since neither 
morphine ( lo-l2 M) nor DAMGO (lo-’ M) had any effect 
when added 3 hr before or at the time of the phagocytosis 
assay (data not shown). 

Esects of Opiate Antagonists 

To determine if the inhibitory effects of morphine and 
DAMGO were related to classical opioid receptors, micro- 
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FIG. 2. Concentration-dependent effect of DAMGO on rnie 
croglial cell phagocytosis of C. neoformans. Microglial cells 
(2.5 x 104) were preincubated for 24 hr in medium alone 
(control) or in medium containing DAMGO at indicated 
concentrations prior to adding yeast cells. After 2 hr of in+ 
cubation with cryptococci, phagocytosis was assessed by de- 
termining: (A) the percentage of cells that ingested one or 
more cryptococci, and (B) the total number of cryptococci 
ingested by 100 microglia. Data are means + range from two 
independent experiments. Key: (*)P < 0.05 compared with 
control. 

glial cells were pretreated with the relatively p, selective 
opiate receptor antagonist P-FNA for 30 min prior to treat- 
ment for 24 hr with morphine ( lo-l2 M) or DAMGO ( 1O-8 
M). At equimolar concentrations, P-FNA completely 
blocked the inhibitory activities of morphine and of 
DAMGO, whereas P-FNA alone had no effect on phago- 
cytosis (Fig. 3). This finding suggests that both opioids in- 
hibit phagocytosis via a p_ opiate receptor mechanism. 
Similar results were obtained when microglia were pre- 
treated with the nonselective opiate receptor antagonist 
naloxone for 30 min prior to adding lo-l2 M morphine to 
the microglial cell cultures, i.e. at an equimolar concentra- 
tion, naloxone blocked by 94.7% the inhibitory activity of 
morphine on phagocytosis (mean of two separate experi- 
ments) . 

Involvement of CjJCj, Proteins 
in lnhibitov Effects of Opioids 

To determine if the inhibitory effects of morphine and 
DAMGO were mediated through a G protein signaling 
pathway, microglial cells were preincubated for 30 min with 
pertussis toxin (10 ng/mL) or cholera toxin (10 ng/mL), 



826 G. Sowa et al. 

0 Medium 
W Morphine 
q DAMGO 

4 

Control lbFNA 

FIG. 3. Effects of B-FNA on morphine and DAMGO. Mi- 
crogIiaI cells (2.5 x 104) were incubated in medium alone 
(control) or were pretreated witb f3-FNA (lo-‘* M) for 30 
min prior to incubation for 24 hr in medium alone or me* 
dium containing lo-” M morphine or 10-s M DAMGO. 
Yeast cells were added, and after 2 hr of cubure, phagocy- 
tosis was assessed by determining: (A) the percentage of 
cells that ingested one or more cryptococci, and (B) the total 
number of cryptococci ingested by 100 microglia. Data are 
means * SEM from three independent experiments. Key: 
(*)P -c 0.05 compared with medium control. 

and then treated with morphine (lo-l2 M) or DAMGO 
(lo-* M) for 24 hr. While pertussis and cholera toxin them- 
selves did not affect phagocytosis, pertussis toxin but not 
cholera toxin completely reversed the inhibitory effects on 
phagocytosis of morphine and DAMGO (Fig. 4). 

DISCUSSION 

In the present study, we found that morphine almost com- 
pletely inhibited the phagocytosis of nonopsonized C. neo- 
fowrums by swine microglial cells. Moreover, astonishingly 
low concentrations ( lo-l6 M) of morphine were sufficient 

for this inhibitory effect. In sharp contrast to these findings, 
the phagocytosis of M. tuberculosis by human microglia was 
shown in previous studies to be enhanced by morphine and 
only by concentrations in the nanomolar range [13]. The 

reason for these opposing effects of morphine on microglial 

cell phagocytosis (i.e. inhibition of ingestion of cryptococci 
vs stimulation of ingestion of M. tuberculosis) is unknown 
but could be related to differences in the nature of the 
target (large encapsulated yeast vs small unencapsulated 
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FIG. 4. Effects of pertussis toxin on morphine and DAMGO. 
MicrogIiaI cells (2.5 x 104) were incubated in medium (con- 
trol) or were pretreated witb cholera toxin (10 ng/mL) or 
pertussis toxin (10 ng/mL) for 30 min prior to incubation for 
24 hr in medium alone or medium containing lo-” M mor- 
phine or lo- M DAMGO. Yeast cells were added, and after 
2 hr of culture, phagocytosis was assessed by determining: 
(A) tbe percentage of cells that ingested one or more cryp 
tococci, and (B) tbe total number of cryptococci ingested by 
100 microglia. Data are means * range from two indepen- 
dent experiments. Key: (*)P < 0.05 compared with medium 
control. 

bacilli) or to the animal species or age from which the 

effector cells were derived (neonatal swine vs fetal human 

microglia) . 

The phagocytosis of nonopsonized C. neoformuns by 

swine microglia seems to be mediated via CD14 receptors,* 
as is also the case for phagocytosis of nonopsonized tubercle 
bacilli by human microglia [18]. Thus, modulation of CD14 
receptors may be involved both in the stimulatory and in- 
hibitory effects of morphine on phagocytosis of nonopso- 
nized microorganisms by microglia. Higher (nanomolar) 
concentrations of morphine have been reported to inhibit 
the phagocytosis by murine peritoneal macrophages of 
sheep erythrocytes opsonized with immunoglobulin IgG 
[19] and nonopsonized Car&&z albicuns [20, 211. However, 
the maximal inhibitory effects of morphine in these earlier 
studies were lower (below 40%) than those observed in this 
study. Possibly the different mechanisms of phagocytosis of 
these targets, i.e. Fc receptors for IgG opsonized erythro- 

* Lipovsky MM, Gekker G, Anderson WR, Molitor TW, Peterson PK and 
Hoepelman A, Manuscript submitted for publication. 
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cytes and lectin-like receptors for nonopsonized C. focus 

vs CD14 receptor-mediated phagocytosis of nonopsonized 

C. neofcnmuns could be the reason for the observed differ- 

ences in the potency of the inhibitory action of morphine 

in these experimental models. Differences due to animal 

species (rodent vs swine) and the type of mononuclear 

phagocyte (peritoneal macrophages vs microglia) could be 

other explanations. 

The inhibitory effect of morphine in this study appeared 
to be mediated via p_ opiate receptors, since it was reversed 

by the relatively selective p opioid receptor antagonist 

P-FNA as well as by the nonselective opioid receptor an- 

tagonist naloxone. These data are consistent with the ob- 

servation of Szabo et al. [21], who also demonstrated such a 

b opioid receptor selectivity of morphine. Since our experi- 

ments with antagonists suggested that the p, opiate receptor 

was involved in the inhibitory effect of morphine, we also 

used the selective l_t opiate receptor agonist DAMGO. To 

our surprise, DAMGO was about eight orders of magnitude 

less potent than morphine, as well as less effective in terms 

of its maximal inhibitory effect. In contrast to our findings, 

DAMGO was more effective than morphine in inhibition 

of phagocytosis of nonopsonized C. albicuns by murine peri- 

toneal macrophages [21]. However, in both cell types, 

namely swine microglia and murine peritoneal macro- 

phages, the potencies and the maximal inhibitory effects of 

DAMGO on phagocytosis were similar. The effect of 

DAMGO at a nanomolar concentration in inhibiting a 

variety of different immune functions is consistent with Kd 

values reported for p opioid receptor specific ligands in 

different cell types of both nervous and immune tissue ori- 

gin [22-241, and supports the involvement of the classical l.~ 

opioid receptor in regulation of these functions. 

The different potencies of morphine and DAMGO in 

inhibiting microglial cell phagocytosis of C. neoformuns 

could be explained by the involvement of different subtypes 

of f..t opiate receptors activated by these ligands. For ex- 

ample, the existence of a p,, opioid receptor sensitive to 

morphine and other opiate alkaloids but not opioid pep- 

tides, including DAMGO, has been reported 123, 25, 261. 

Using 13H]mo~hine in binding assays, a k3 receptor sub- 

type has been characterized in different cell types, including 

cat microglia, with a Kd of 14 nM [26]. Moreover, exposure 

of cat microglia to morphine or etorphine but not to opioid 

peptides caused changes in the morphology of these cells, 

suggesting that these functional effects of morphine were 

mediated exclusively by (us but not by the classical l_+ or pZ 
opioid receptors. Involvement of l-_~~ receptors in functional 
effects of morphine on other phagocytic cell types also has 
been reported [25, 271. 

Because l.t*? receptors appear to be sensitive to morphine 
only at nanomolar and higher concen~ations 123, 25, 271 
and are not activated by DAMGO, the findings in the 
present study would argue against p3 receptor involvement 
in the inhibitory effect of morphine on swine microglial cell 
phagocytosis of C. neofownans. Also, current knowledge 

about the classical yl and IQ opioid receptors cannot pro- 

vide a satisfactory explanation of the extremely high po- 

tency of morphine observed in this study. Interestingly, 

comparable potency of morphine in the modulation of 
other immune functions has been observed in previous in 

v&o studies in our laboratory. Picomolar concentrations of 

morphine were capable of potentiating lipopolysaccharide- 

induced tumor necrosis factor-a production by human [28] 

and murine [29] microglial cells. Also, we have found in 

studies of human peripheral blood mononuclear cell cul- 

tures that picomolar concentrations of morphine promote 

the growth of human immunodeficiency virus-l, and that 

this effect was both naloxone inhibitable and stereospecific, 

i.e. (+)-morphine had no effect [30]. 

Thus, our observations suggest that microglial cells have 

an ultra high affinity i.~ opiate binding site that is unlikely 

to be identified by classical pharmacological tools, such as 

ligand binding assays. Rather, novel approaches like studies 

on coupling of receptors to G proteins and related intra- 

cellular signaling pathways may be more fruitful. We initi- 

ated studies on the involvement of G proteins in mediating 

the effects of morphine on microglial cell phagocytosis in 

our earlier study of M. tuberculosis [13] and extended this 

assessment to the phagocytosis of C. neoformans in the pre- 

sent study. It appears that the activation of G,/G, but not 

G, proteins by mo~hine is essential for its effect on phago- 

cytosis, since this effect was fully reversed by the pretreat- 

ment of cells with pertussis toxin but not cholera toxin. 

This observation suggests that like classical p, opioid recep- 

tors [3 11, the microglial cell p, opioid receptor is coupled to 

pertussis toxin-sensitive G,/G, proteins. 

In the present study, we found that only -30% of the 

microglial cells in a given experiment participated in the 

phagocytosis of nonopsonized cryptococci. Although mor- 

phine profoundly inhibited the phagocytic activity of these 

cells, it is at present unknown whether they bear the pu- 

tative p, opiate receptors. Alternatively, morphine could 

interact with a subpopulation of microglia, which may or 

may not be phagocytic, that release a factor that indirectly 

suppresses phagocytosis by neighboring cells within the mi- 

croglial cell cultures. 

The biological relevance of the in vitro finding that mor- 

phine is capable of inhibiting microglial cell phagocytosis of 

C. neofomns is unknown. If these cells play a role in the 

defense of the CNS against this fungus, then these findings 

suggest that opiate users would be at increased risk of de- 

veloping cryptococcal meningoencephalitis. Because of the 
high incidence of this opportunistic infection in AIDS pa- 
tients [14, 151, it would be of value to determine whether 
systemically administered opiates foster the pathogenesis of 
C. neofmns. Interestingly, morphine has been reported 
to be synthesized endogenously in animal tissues including 
the brain [32], and the concentration of morphine in the 
brains of mice has been shown to increase up to 10 pmol/g 
tissue after i.p. injection of the immunomodulator muramyl 
dipeptide [33]. Such concentrations of morphine seem suf- 
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ficient for the activation of p opioid receptors on microglial 
cells and for the modulation of functional activities that are 
sensitive to such an activation. Thus, the observation that 
morphine can alter microglial cell function at concentra- 
tions in the femtomolar range suggests a physiological role 
for endogenous morphine within the brain during immu- 
nologic responses to infectious disease. 

This work was supported, in part, by National Institutes of He& 
Grants DA-04351 and DA-08446. 
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