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Abstract

Objective: It has been reported that acute morphine admin-
istration modulates innate immune response to herpes sim-
plexvirus 1 (HSV-1) infection. In this study, the effect of acute
morphine oninnate resistance and its probable mechanisms
in increasing the mortality rate during HSV-1 infection were
investigated. Methods: Mice were infected with HSV-1 24 h
prior to different doses of morphine or saline administration
and the mortality rate was recorded. Spleen cells were ob-
tained from morphine- or saline-treated mice, then natural
killer (NK) cell activity and interferon-y (IFN-vy) production
were evaluated. The effect of morphine on white blood cells’
capacity to induce protection against HSV-1 infection was
evaluated by adoptive transfer of spleen cells to cyclophos-
phamide-treated mice that were previously infected with
HSV-1. Furthermore, in a separate experiment, a different
group of mice received corticosterone 24 h after HSV-1 infec-
tion. Results: Mortality rate in high-dose acute morphine-
treated mice increased significantly compared to saline-
treated mice (p =0.035). NK cell cytotoxicity and IFN-y mRNA
levels also showed a significant reduction compared to
those of control groups (p < 0.001 and p = 0.014, respective-
ly). Corticosterone administration reduces innate resistance
against HSV-1 infection compared to saline-treated mice

(p = 0.044). Furthermore, adoptive transfer of normal but
notmorphine-treated spleen cellsinducesresistance against
HSV infection in cyclophosphamide-injected mice (p =
0.009). Conclusions: The current study shows that acute
morphine administration reduces white blood cells’ capabil-
ity to induce protection against HSV-1 infection via suppres-
sion of IFN-y production and NK cells activity. This may be
due to the increase in corticosteroids. Further studies are
needed to test the effect of acute morphine on other im-

mune cells. Copyright © 2007 S. Karger AG, Basel

Introduction

Herpes simplex virus type 1 (HSV-1) is a worldwide
infectious agent causing a variety of diseases from spo-
radic benign infections to fatal disease in neonate and
immunocompromised individuals [1]. Specific and non-
specific immune responses have been implicated in pro-
tecting against HSV-1 infections [2]. Like many other vi-
ral infections, innate immunity appears to have a signif-
icant role in restricting HSV replication and recovery
from the infection [3]. Interferon-a (IFN-a), IFN-B and
IFN-vy have been shown to be essential for HSV control
[4-6]. Previous data showed that even in the absence of
natural killer (NK) cells or specific immunity, IFNs can
eliminate HSV-1 at the early stages of infection [4]. How-
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ever, the role of NK cells in acute HSV-1 infection is still
controversial and there are numerous contradictory re-
ports [7-10]. Adoptive transfer studies have shown that
NK cells are important for protection against HSV-1 [10].
In contrast, using NK-depleted mice, it was shown that
NK cell function is not essential for resistance to HSV-1
[9]. It is considered that genetic background of animals
and route of HSV-1 infection can alter NK cell capacity
to confer innate resistance to HSV-1 infection. Other
components of the innate immune system including den-
dritic cells as professional antigen-presenting cells and a
source of interleukin-12 (IL-12) and IFN production, and
macrophages as a source of IL-12 may play a role in resis-
tance to HSV-1 infection [11, 12].

It is now clear that opioids have a wide array of immu-
nomodulatory effects on the innate and acquired im-
mune systems directly through opioid receptors of im-
mune cells and/or indirectly through the hypothalamic-
pituitary-adrenal axis by increasing glucocorticoids [13,
14]. Consistent with these findings, opioid administra-
tion has been associated with increased susceptibility of
animals to microbial infection [15]. It has been proven
that morphine alters the course of HSV-1 infection [16,
17]. Furthermore, morphine reduces the activity of im-
mune cells, including NK cells and macrophages, and de-
creases the production of cytokines like IFN-y and IL-12
[18-20].

The modulation effect of morphine on the compo-
nents of innate immunity may cause an increase in mor-
tality rate during acute HSV-1 challenge. The current
study has focused on the role of a single dose of morphine
injection on the activity of white blood cells (WBCs), es-
pecially NK cells, and IFN-y production in acute HSV-1
infection. Furthermore, innate resistance against lethal
challenge of HSV-1 was investigated in acute morphine-
treated mice. The role of glucocorticoids, which increase
upon morphine administration, in the enhancement of
HSV-1 mortality was also studied.

Materials and Methods

Cells and Viruses

Vero cell line was used for propagation of viruses. Cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS). K562, an
NK-sensitive cell line [21], maintained in RPMI 1640 without
phenol red, supplemented with 10% FBS, HEPES (20 mM), strep-
tomycin (100 mg/ml) and penicillin (100 IU/ml) was used as tar-
get cell for the cytotoxicity assay. The cells were cultured in 96-
well round-bottom plates (Nunc, Denmark) at a density of 4 X
10° cells/well. Wild HSV-1 was isolated from a cold sore lesion of
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a patient. The virus was confirmed as HSV-1 with an HSV-1-spe-
cific monoclonal antibody [22]. The neurovirulence of the virus
was proved by injection of the virus into mice and isolation of the
virus from brains of dead mice. Briefly, the brains of dead mice
were aseptically removed, homogenized and the extract was add-
ed on Vero cell monolayers. The isolated virus was confirmed as
previously described. Wild HSV-1 and KOS (nonvirulent strain)
were grown on Vero cells, titered and stored at -70°C.

Mice

Six- to eight-week-old female BALB/c mice were obtained
from the Pasteur Institute (Karaj, Iran). Mice were housed for 1
week before the experiment, given free access to food and water,
and maintained in a light/dark cycle with lights on from 6:00 to
18:00 h. All experiments were done according to the Animal Care
and Use Protocol of Tarbiat Modares University.

Drugs

Morphine sulfate was purchased from TEMAD (Tehran, Iran)
and dissolved in normal saline. The desired amount of morphine
based on the weight of each mouse was subcutaneously injected
atatotal volume of 100 I Dry powder of cyclophosphamide (CY;
ASTA Medica, Frankfurt, Germany) was dissolved in saline and
intraperitoneally injected into mice at a concentration of 250
mg/kg.

HSV-1 Challenge

Considering the time of induction of maximum innate immu-
nity, 24 h after HSV-1 infection was chosen for the evaluation of
morphine effects on innate immunity. Mice (9 per group) were
subcutaneously injected with different doses of morphine (10, 50
or 75 mg/kg) or with normal saline as control. All mice had been
preinfected with 5 X 10* plaque-forming units (PFU) of wild
HSV-1 24 h prior to morphine treatment. As a control of virus
infection, a group of uninfected mice (9 per group) received 75
mg/kg morphine. The mortality rate was followed for 14 days. The
dose of morphine which could induce a significant mortality
comparing with controls was chosen for further experiments.

Spleen Cell Preparation

Under sterile conditions, spleens were removed and single-cell
suspension was prepared in RPMI 1640 without phenol red (Gib-
co, UK). Red blood cells were osmotically lysed using ammonium
chloride buffer (NH4CI 0.16 M, Tris 0.17 M). Cells were washed
twice with RPMI 1640, counted and the viability was determined
by trypan blue (0.4% w/v) exclusion.

NK Cytotoxicity Assay

Mice (5 per group) were given a single dose of 75 mg/kg of
morphine or saline subcutaneously. Animals were sacrificed 24 h
following morphine or saline administration and spleen cells
were prepared as described in Spleen Cell Preparation for the NK
cytotoxicity assay. This time point was selected based on the har-
vesting time of spleen cells from acute morphine- or saline-treat-
ed mice, which were transferred to CY-treated mice. To evaluate
NK cells’ cytotoxic activity, 50 pl of effector cells (spleen cells)
were added to 50 pl of the target cells (K562 cells) at a ratio of 50/1
(target/effector) into 96-well round-bottom plates. The plates
were centrifuged at 150 g for 5 min at 4°C and then incubated at
37°Cand 5% CO,. Effector and target cells were incubated alone
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in the same conditions at a final volume of 100 pl. After 4 h of
incubation, 10 pwl of MTT (5 mg/ml PBS) was added to each well
of the plate and incubated for 3 h [23]. MTT was reduced by living
cells resulting in the formation of forazen crystals. To dissolve the
crystals, a volume of 150 .l DMSO was added to each well, shak-
en for 15 min and then incubated at 37°C for 2 h. The optical den-
sity was measured at 570 nm. Using the following formula, the
cytotoxic activity was calculated: 100 X [1 - (OD effector + target
cells) - OD effector cells]/OD target cells. The cytotoxicity was
determined for each sample as the mean of triplicate samples *
standard error.

IFN-y Assay

Mice were intraperitoneally infected with 1 X 10° PFU of the
HSV-1 KOS strain. The KOS strain was used to prevent HSV mor-
tality during the experiment. After 24 h, the mice received a single
dose of 75 mg/kg of morphine subcutaneously. The control group
was injected with normal saline under the same conditions. All
mice were sacrificed 3 days after infection and spleen cells for
IFN-vy assay were prepared as described in Spleen Cell Preparation.
A total number of 5 X 10° spleen cells were plated on each well of
24-well plates using RPMI 1640 supplemented with 10% FBS, 100
IU/ml penicillin, 100 pg/ml streptomycin and 5 X 107> M 2-mer-
captoethanol. Two wells were considered for each mouse. The cells
were restimulated in vitro with 5 MOI (multiplicity of infection)
of heat-inactivated virus. Plates were incubated at 37°C in 5% CO,
and 48 h after stimulation the cells were subjected to RNA extrac-
tion. Total RNA was isolated from harvested cells and subjected to
RT-PCR. PCR amplification was performed with 2 sets of specific
primers for IFN-y and 32m. The IFN-y mRNA expression was
measured semiquantitatively by the band densitometry ratio of
IFN-vy to B2m as described elsewhere [24].

HSV-1 Minimal Lethal Dose in CY-Treated Mice

Female BALB/c mice were treated with CY (n = 40) or with
normal saline (n = 10) as a negative control. The CY-treated mice
were divided into 4 groups (10 per group) 24 h after injection and
inoculated with different doses of HSV-1. The mortality rate was
followed for 14 days.

Adoptive Transfer

Considering the time of maximum suppression of NK cell ac-
tivity in acute morphine-treated mice (12-48 h) [25], 24 h after
morphine administration was chosen as the best time for adoptive
transfer of spleen cells that had been obtained from acute mor-
phine-treated mice to CY-treated mice and for studying its effect
on innate immunity. Mice were given a single dose of 75 mg/kg of
morphine or saline subcutaneously. Spleens were aseptically re-
moved 24 h later and single-cell suspension was prepared in culture
media (see Spleen Cell Preparation). A total number of 1 x 10%
spleen cells of morphine- or saline-treated mice were intravenous-
ly injected to the mice 24 h after inoculation of 5 X 10° PFU of
HSV-1 (minimal lethal dose of HSV in CY-treated mice). All mice
had been treated with CY 24 h prior to HSV-1 infection. The nega-
tive control groups (9 per group) received HSV-1 or CY only [10].

HSV-1 Infection of Corticosterone-Treated Mice

In a separate experiment, different groups of normal mice were
infected with 5 X 10* PFU of HSV-1. After 24 h, corticosterone
(Sigma) was dissolved in ethanol (1.5-2.0 ml) and added to 450 ml
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Fig. 1. Innate resistance against HSV-1 challenge is reduced in
acute morphine-treated mice. Mice (9 per group) were exposed to
different doses of morphine or saline 24 h after HSV challenge.
Survival rate was recorded daily for 2 weeks. * p = 0.035 compared
to the high-dose acute morphine-treated group (75 mg morphine-
HSV).

of water for a final concentration of 200 pg/ml and used as the
drinking water in corticosterone-treated mice. A group of animals
received water containing vehicle (1.5-2.0 ml of ethanol) only. The
treatment continued for the duration of the experiment [16].

Statistical Analysis

Natural cytotoxicity and IFN-vy production were analyzed by
Student’s t test. Kaplan-Meier analysis and the log-rank test were
used for survival rate. p <0.05 was considered significant.

Results

Acute Morphine Treatment Increases Sensitivity to

HSV-1 Infection

The effect of acute morphine administration on HSV-
1 infection in BALB/c mice was determined (fig. 1). Mice
treated with a single dose of 75 mg/kg of morphine were
significantly more susceptible to HSV-1 lethal challenge
compared to those in the saline-treated group (p = 0.035).
Although administration of lower doses of morphine
could also reduce the survival rate, the data were not sig-
nificant when compared to those of the saline-treated
group. No death was recorded in the group of mice taking
75 mg/kg morphine alone (table 1).
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Fig. 2. Effect of acute morphine administration on NX cell activ-
ity. Mice (5 per group) were treated with morphine (75 mg/kg) or
saline and NK cell activity was evaluated with MTT assay after
24 h. The result suggested that acute morphine-treated mice
showed significant reduction in NK cell activity compared to sa-
line-treated mice. *** p < 0.001.

Table 1. Resistance to acute HSV challenge in acute morphine- or
saline-treated mice

Groups Mice survived/ ~ Average time Survival
mice challenged to death, days %
HSV-saline 719 12.66£0.8 77.8
HSV-10 mg mor 6/9 11.44+1.222 66.7
HSV-50 mg mor 4/9 9.36+£1.32° 44.4
HSV-75 mg mor 3/9 8.78 £ 1.26" 333
PBS-75 mg mor® 9/9 ND 100

These data show the means for survival rate of each group chal-
lenged with acute HSV-1. Mice were exposed to different doses of
morphine or saline 24 h after HSV-1 challenge and survival rate
was recorded for 2 weeks. mor = Morphine; ND = not detected.

2 Although mice treated with lower dose of morphine (10 and
50 mg/kg) showed increase in mortality rate compared to saline-
treated mice, no significantly different values were obtained from
these groups compared to saline-treated mice.

b Mice that were treated with high dose of acute morphine (75
mg/kg) showed significant decrease in innate resistance against
HSV-1 challenge compared to saline-treated mice; p = 0.035.

¢ No mortality was recorded in mice that were treated with
morphine (75 mg/kg) alone.

Acute Morphine Treatment Suppresses NK Cell

Cytotoxic Activity

To determine the effect of acute morphine injection on
NK cell cytotoxic activity, the splenic cells obtained from
morphine- or saline-administered mice were subjected to
MTT assay. The result showed that 24 h after administra-
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Fig. 3. Effect of acute morphine on mRNA IFN-vy production.
Mice (5 per group) 24 h after HSV-1 infection were treated with
morphine (75 mg/kg) or saline. Three days after HSV-1 infection,
splenocytes were cultured at 5 X 10° cells/ml with 5 PFU/cell of
heat-inactivated HSV-1 for 48 h. The result showed that acute
morphine administration significantly reduces mRNA IFN-vy
production compared to saline-treated group. * p = 0.014.

tion of acute morphine, cytotoxic activity significantly
decreased in splenic NK cells compared to the NK cell
activity of the saline-treated group (p < 0.001; fig. 2).

IFN-+y Production Reduced in Acute

Morphine-Treated Mice

Spleen cells from morphine- and saline-treated HSV-
1-infected mice were collected 3 days after infection. The
cultured cells were restimulated with heat-inactivated
HSV-1 and supernatants were harvested after 48 h. IFN-vy
was assayed by multiplex RT-PCR. Administration of a
single dose of morphine 24 h after infection with HSV-1
significantly suppressed the production of IFN-vy (p =
0.014) compared to that of the saline-treated control

group (fig. 3).

The Effect of Different Doses of HSV-1 on Mortality

Rate of CY-Treated Mice

To determine the suitable dose of HSV-1 to be used for
the challenge of CY-treated mice during the adoptive
transfer experiment, different doses of HSV-1 were in-
jected to the CY-treated animals. The results showed that
the mortality rate was markedly increased in CY-treated
mice that were infected with HSV-1, while no death was
observed in groups with HSV-1 or CY alone. The titer of
5 X 10° PFU of HSV-1 which caused 80% mortality in
CY-treated mice was chosen as suitable dose for evalua-
tion of the effect of adoptive transfer of spleen cells to
restore innate resistance against HSV-1 challenge in CY-
treated animals (fig. 4).
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Fig. 4. Effect of CY on innate resistance against HSV-1 challenge.
Mice (10 per group) were exposed to CY (250 mg/kg) or saline
24 h before infection with different doses of HSV-1. Survival rate
was recorded daily for 2 weeks. The titer of 5 X 10° PFU of HSV-
1 which caused 80% mortality in CY treated mice was chosen as
suitable dose for the evaluation of the effect of adoptive transfer
of spleen cells to restore innate resistance against HSV-1 challenge
in CY-treated animals.

Fig. 5. Effect of acute morphine treatment on the resistance to
HSV-1 challenge induced by adoptive transfer of spleen cells to
CY-treated mice. Mice (9 per group) were infected with HSV 24 h
after treatment with CY. Spleen cells that were obtained from
acute morphine- or saline-treated mice, were transferred to CY-
treated mice 24 h after HSV-1 infection. Survival rate was record-
ed daily for 2 weeks. * p = 0.037; ** p = 0.009 compared to the
normal spleen cells adoptive transfer group.

Fig. 6. Effect of corticosterone treatment on innate resistance
against HSV-1 challenge. Mice (5 per group) were exposed to cor-
ticosterone or vehicle 24 h after HSV infection (I X 10%*° PFU).
Survival rate was recorded daily for 2 weeks. The results suggest-
ed that corticosterone-treated mice showed significant reduction
ininnate resistance against HSV-1 challenge compared to vehicle-
treated mice. * p = 0.044.

Passive Transfer of Morphine-Impaired Spleen

Cells Fails to Protect CY-Treated Mice from HSV-1

Mortality

The effect of acute morphine administration on the in
vivo ability of splenic cells to induce protectivity against
HSV-1 in immunosuppressive mice was evaluated by
adoptive transfer of spleen cells obtained from morphine-
or saline-treated mice. Figure 5 shows the mortality rate
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of different groups following HSV-1 infection. Transfer
of normal spleen cells to the CY-treated mice could sig-
nificantly protect them against lethal HSV-1 infection
compared with the control group which received RPMI
1640 medium instead of spleen cells (p = 0.009) and the
other group which received spleen cells that were ob-
tained from acute morphine-treated mice (p = 0.037).
The spleen cells of morphine-treated mice could not pro-
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Table 2. Effect of acute morphine on innate resistance that was
induced by adoptive transfer of spleen cells to CY-treated mice

Groups Mice survived/ ~ Average time Survival
mice challenged  to death, days %

Spleen cells-saline 6/9 12£0.95% 66.7

Spleen cells-mor 2/9 8.66+0.99>* 222

HSV + CY 1/9 8+0.77%* 11.1

HSV alone® 9/9 ND 100

CY alone® 9/9 ND 100

These data show the means for survival rate of each group
challenged with acute HSV-1. Mice were exposed to CY and chal-
lenged with HSV-1 after 24 h. Spleen cells obtained from mor-
phine- or saline-treated mice were transferred to CY-treated mice
24 h after HSV-1 challenge and survival rate was recorded for
2 weeks. mor = Morphine; ND = not detected.

2 Significantly different values were obtained from CY-treated
mice receiving normal spleen cells compared to CY-treated mice
receiving morphine-treated spleen cells or RPMI medium. * p =
0.037; ** p = 0.009 compared to the normal spleen cells adoptive
transfer group.

b No significantly different values were obtained from CY-
treated mice that received morphine-treated spleen cells com-
pared to the RPMI medium transfer group (p > 0.05).

¢ No mortality was recorded in mice that were treated with CY
or HSV-1 alone.

tect mice against HSV infection when compared with the
control group. No death was recorded in groups with vi-
rus or CY alone (table 2).

Corticosterone Treatment Significantly Enhances

HSV-1 Infection

To determine the effect of glucocorticoid increase fol-
lowing acute morphine administration on innate immu-
nity against HSV-1 infection, in separate experiments
mice artificially received corticosterone 24 h after HSV-
1 infection. The result showed that corticosterone treat-
ment significantly reduces the innate resistance against
HSV-1 (p = 0.044) compared to the control group

(fig. 6).

Discussion

Opiates have been found to have many physiological
and immunological effects that influence the pathogen-
esis of infectious diseases [15]. In this paper, we showed
that the administration of a single dose of morphine after
HSV-1 infection modulated the innate resistance against
HSV-1. A recent study has shown that acute morphine
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changes innate immune response to HSV infections in
BALB/c mice [18].

The present study indicates that the administration of
a single high dose of morphine (75 mg/kg) in HSV-1-in-
fected BALB/c mice significantly increases the mortality
rate of HSV-1 infection. The role of the dosage of mor-
phine on the rate of immunosuppression is not clear.
Some reports have suggested that although low doses of
morphine have immunosuppressive effects in mice, high-
er doses of morphine induce higher rates of immunosup-
pressive and physiological adverse effects such as the rise
of increasing permeability of blood-brain barrier [25,
26].

The MTT assay showed decreased natural cytotoxicity
in morphine-treated mice. The reduction of NK cell ac-
tivity can be considered as one of the possible mecha-
nisms of enhanced mortality in our test groups. A recent
study strongly suggests that opioid-induced increase in
nucleus accumbens D1 receptor activation inhibits splen-
ic NK activity via neuropeptide Y released from the sym-
pathetic nervous system [19].

As the other mechanism of mortality induced by mor-
phine, the role of IFN-vy was evaluated. In innate immu-
nity, IFN-y has a critical role in inducing resistance
against HSV-1 infection [4, 5]. The central role of IFN-vy
in controlling HSV-1 infection has been demonstrated
using gene knockout mice. IFN-vy gene knockout mice
succumbed to viral-mediated encephalitis following in-
travitreal inoculation with HSV-1 [27]. Acute morphine
administration has been shown to increase plasma cate-
cholamines by activating central sympathetic outflow
[28]. Catecholamine secretion as a result of sympathetic
nervous system activation has been found to suppress mi-
togen-induced IFN-vy production [29].

In this study, we showed that single-dose administra-
tion of morphine 24 h after infection with HSV signifi-
cantly suppressed the production of IFN-y. This result
confirmed a recent study by Sheridan et al. [18] showing
that administration of a single dose of morphine 4 h pri-
or to infection with HSV-1 reduced IFN-vy production.
CY transiently reduces peripheral WBC counts by 90%
in mice. Previously published data demonstrated that
pretreatment of mice with CY resulted in increasing sus-
ceptibility to HSV-1 infection. The ability of HSV-1 resis-
tance was returned by the transfer of normal spleen cells
into CY-treated mice on the second day after CY treat-
ment. The report suggested that NK cells have the main
role in this induced resistance [10]. Our results suggested
that adoptive transfer of spleen cells obtained from acute
morphine-treated mice failed to protect immunosup-
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pressive mice in vivo (CY-treated mice). So, to our knowl-
edge, these are the first data to clearly declare that acute
morphine can increase mortality by reduction of WBCs’
capability to induce protection against HSV infection.
Although Halford et al. [9] hypothesized that WBCs but
not NK cells may have the capacity to induce innate re-
sistance to HSV-1, it is not clear which WBCs of the in-
nate immune system limit HSV-1 infection by IFN pro-
duction and other antiviral activity.

Corticosteroids are immunosuppressive hormones
that induce apoptosis of NK cells and suppress IFN-vy
production [30, 31]. Acute morphine has been shown to
increase corticosteroid production [18]. To study the pos-
sibility of glucocorticoid-mediated reduced innate resis-
tance against HSV-1 in morphine-treated mice, in a par-
allel experiment we artificially elevated the circulating
level of corticosteron in a group of mice 24 h after HSV
inoculation. This time is exactly the time of morphine
treatment. Our study has shown that in corticosterone-
treated mice mortality significantly increased after HSV-
1 infection, which is similar to the previous study which
showed that corticosterone administration prior to HSV
infection enhances mortality [16].

Pathogenesis and death are end points that occur 5-10
days after HSV-1 inoculation and the cumulative results
of the interaction of the hundreds of variables that dictate
the efficiency of viral replication and viral spread. Innate
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