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Abstract
The development of opioid dependence involves classical neuronal opioid receptor activation and
is due in part to engagement of glia causing a proinflammatory response. Such opioid-induced
glial activation occurs, at least in part, through a non-classical opioid mechanism involving Toll-
like-receptor 4 (TLR4). Among the immune factors released following the opioid-glia-TLR4
interaction, interleukin-1β (IL-1β) plays a prominent role. Previous animal behavioral studies have
demonstrated significant heterogeneity of chronic morphine-induced tolerance and dependence
between different mouse strains. The aim of this study was to investigate whether the
heterogeneity of chronic opioid-induced IL-1β expression contributes to differences in opioid
tolerance and withdrawal behaviors. Chronic morphine-induced tolerance and dependence were
assessed in 3 inbred wild-type mouse strains (Balb/c, CBA, and C57BL/6) and 2 knockout strains
(TLR4 and MyD88). Analysis of brain nuclei (medial prefrontal cortex, cortex, brain stem,
hippocampus, and midbrain and diencephalon regions combined) revealed that, of inbred wild-
type mice, there are significant main effects of morphine treatment on IL-1β expression in the
brain regions analyzed (p < 0.02 for all regions analyzed). A significant increase in hippocampal
IL-1β expression was found in C57BL/6 mice after morphine treatment, whilst, a significant
decrease was found in the mPFC region of wild-type Balb/c mice. Furthermore, the results of
wild-type inbred strains demonstrated that the elevated hippocampal IL-1β expression is
associated with withdrawal jumping behavior. Interestingly, knockout of TLR4, but not MyD88
protected against the development of analgesic tolerance. Gene sequence differences of IL-1B and
TLR4 genes alone did not explain the heterogeneity of dependence behavior between mouse
strains. Together, these data further support the involvement of opioid-induced CNS immune
signaling in dependence development. Moreover, this study demonstrated the advantages of
utilizing multiple mouse strains and indicates that appropriate choice of mouse strains could
enhance future research outcomes.
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1. Introduction
Adding to the well established neuronal opioid actions at classical neuronal opioid receptors,
opioid-induced neuroinflammation provides an important complement to current
understanding. Opioid-induced glial activation is reported to occur via non-classical opioid
mechanisms, engaging the innate immune receptor, Toll-like-receptor 4 (TLR4), expressed
on central nervous system (CNS) immune-like cells, glia (Hutchinson et al., 2007;
Hutchinson et al., 2009; Watkins et al., 2009). Opioid-induced TLR4 signaling involves the
activation of a series of downstream signaling pathways including MyD88-dependent
pathways, culminating in a proinflammatory response (Hutchinson et al., 2007; Hutchinson
et al., 2009). Among the collection of immune factors that are released following such an
opioid-induced TLR4 response, interleukin-1β (IL-1β) plays a prominent role. Chronic
morphine dosing increases IL-1β protein expression in the hippocampus, spinal cord and
cerebrospinal fluid (Hutchinson et al., 2008; Hutchinson et al., 2009; Johnston et al., 2004).
Exogenous administration of a neutral dose of IL-1β abolishes morphine analgesia in mice,
and both pharmacological and genetic blockade of IL-1β signaling significantly prolongs
and potentiates morphine analgesia (Hutchinson et al., 2008; Shavit et al., 2005).
Furthermore, inhibition of opioid-induced glial activation by the glial attenuators
minocycline and AV411 inhibits morphine-induced IL-1β expression, potentiates morphine
analgesia, suppresses morphine reward, and attenuates withdrawal in rats (Hutchinson et al.,
2008b; Hutchinson et al., 2009).

As it is well known, the μ-opioid receptor plays a critical role in the development of opioid
dependence. Adding to this, the actions of opioids through glial reactivity are also involved
in the development of opioid dependence (Hutchinson et al., 2007; Hutchinson et al., 2008a;
Hutchinson et al., 2008b; Hutchinson et al., 2009; Watkins et al., 2007; Watkins et al., 2009)
resulting in part from a proinflammatory response. These animal studies are supported by
our recent human genetic study that revealed an association between polymorphisms that
alter IL-1β expression and risk of opioid dependence (Liu et al., 2009), providing the first
human evidence supporting the proinflammatory opioid dependence hypothesis. These non-
neuronal glial actions also counter beneficial opioid actions, producing responses such as
glial opposition of acute opioid analgesia (Hutchinson et al., 2008) and contributing to the
development of analgesic tolerance and opioid-induced atypical pain states such as
hyperalgesia and allodynia (Hutchinson et al., 2007; Hutchinson et al., 2008). Interestingly,
the glial opposition to the beneficial opioid effects is accompanied by glial-induced
increases in both behavioral and neurochemical indices of reward (Bland et al., 2009;
Hutchinson et al., 2007; Hutchinson et al., 2008b; Hutchinson et al., 2009; Narita et al.,
2006; Narita et al., 2008; Watkins et al., 2005). Critically however, glial reactivity alone will
not create a state of dependence, thus engagement of neuronal opioid receptors are
obligatory in this phenomena (Narita et al., 2006; Narita et al., 2008).

Previous animal behavioral studies examining neuronal mechanisms of opioid action have
demonstrated the heterogeneity of chronic opioid-induced analgesic tolerance and
dependence withdrawal severity among different inbred mouse strains, such as greater
analgesic response in DBA/2 relative to C57/BL6 mice, and greater withdrawal jumping of
C57BL/6 than CBA mice (Belknap et al., 1998; Kest et al., 2002a; Kest et al., 2002b; Liang
et al., 2006b; Metten et al., 2009). A factor that has not been examined in these past studies
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is the differing proinflammatory responses of different mouse strains. Such knowledge is
pivotal, as different mouse strains have different regulation of immune functions and
potentially different levels of proinflammatory mediators and signaling pathways (Gol’dberg
et al., 2005; Masnaya et al., 2002). Furthermore, it is well known that brain regions
contribute differently to opioid response and dependence. For example, the motivational
aspects of morphine withdrawal is mediated, at least in part, by brain structures such as the
nucleus accumbens, nucleus of the amygdala, hippocampus and bed nucleus of the stria
terminalis, and the physical withdrawal signs have been linked to stronger activation of
some of these brain regions plus involvement of mesencephalic and autonomic brain
regions, including the locus coeruleus and central gray (Frenois et al., 2002; Kosten and
George, 2002). However, opioid-induced immune response in different brain nuclei in
different strains of mice, which have differing propensities to opioid dependence, is yet to be
systematically investigated. Finally, the genetic heterogeneity of the opioid-glial-TLR4-
IL-1β pathway could also contribute to strain differences in opioid actions; however, there is
limited sequencing information available for IL-1B and TLR4 genes in the mouse strains to
be used in this study.

Therefore, the present series of experiments aimed to investigate whether the heterogeneity
of chronic opioid-induced IL-1β expression contributes to differences in dependence
withdrawal behavior. By using multiple inbred wild-type and knockout mouse strains, we
have examined the involvement of TLR4 and the MyD88-dependent signaling pathway, and
brain region specific IL-1β expression in chronic opioid-induced tolerance and withdrawal
behaviors. In addition, in order to reveal any genetic heterogeneity, we also sequenced the
IL-1B and TLR4 genes, which encode for the IL-1β and TLR4 proteins, respectively, in all
mouse strains studied.

2. Material and methods
2.1 Animals

Male adult mice, weighing between 25–35 g, of the following strains were used in the
experiments described below: three inbred wild-type strains, Balb/c, CBA, and C57BL/6,
obtained from Laboratory Animal Services of the University of Adelaide (Adelaide, SA,
Australia); and two knockout mouse strains from Balb/c background, TLR4 Knockout
(TLR4 KO) and MyD88 Knockout (MyD88 KO), kindly sourced from Dr Simon Phipps and
Dr Paul Foster from University of Newcastle (Newcastle, NSW, Australia). All mice were
housed in groups of 4 – 8 to a cage with the same strain mates, in the Medical School
Animal Facility of the University of Adelaide. Mice were allowed free access to food and
water in a temperature- controlled environment maintained on a 12:12 h light/dark cycle
(lights on at 7:00 h). All testing was performed following an acclimatization period of at
least one week after arrival. The experiments reported in these studies were approved by the
University of Adelaide Animal Ethics Committee (Ethics approval number M-60-2009).

2.2 Materials
Morphine HCL and naloxone HCL were purchased from GlaxoSmithKline (Melbourne,
VIC, Australia) and Sigma-Aldrich (Castle Hill, NSW, Australia), respectively.
Lipopolysaccharide (LPS) from Escherichia coli, penicillin-streptomycin solution (10,000
units penicillin, 10 mg streptomycin per ml), and fetal calf serum (FCS) were obtained from
Sigma-Aldrich. RPMI 1640 with HEPES modification, L-glutamine medium and Iscove’s
medium were purchased from Invitrogen (Mulgrave, VIC, Australia). Optiprep™ was
obtained from Axis-Shield (Castle Hill, NSW, Australia).

Liu et al. Page 3

Brain Behav Immun. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For in vivo experiments, both morphine HCL and naloxone HCL were dissolved in 0.9%
physiological saline (Sigma-Aldrich). Both drugs were administered via the intraperitoneal
route in an injection volume of 10 ml/kg (base corrected).

For in vitro experiments, LPS and morphine were firstly dissolved into Milli Q water as
stock solutions (LPS 1 mg/ml, morphine 10 mM) and stored at −20 °C until required. A
limulus amoebocyte lysate assay (Nachum and Shanbrom, 1981) was performed on the
morphine stock prior to experiments to confirm there was no endotoxin contamination.

2.3 In vivo study
2.3.1 Morphine treatment—Chronic morphine dependence was induced by repeated
injections for three consecutive days with an escalating dose schedule (Hutchinson et al.,
2009). Mice (n = 8 per strain) received morphine twice daily (morning and afternoon) for 2
days (day 1: 7.5 and 15; day 2: 30 and 30 mg/kg). On the testing day (day 3), a final
morphine dose (30 mg/kg) was administered. To test for analgesic tolerance, the final dose
on day 3 was split into two injections: firstly a 7.5 mg/kg dose followed by the nociceptive
test (see below), and then the rest of the dose (22.5 mg/kg). A group of control mice (n = 8
per strain) received an equal number of saline injections over 3 days.

2.3.2 Nociceptive assay—To assess the baseline thermal hypersensitivity and analgesic
effects, the hotplate test was employed. In this assay of acute thermal nociception, the mouse
was placed on a 50 °C hotplate until jumping, paw shaking, or paw licking behaviors were
observed or until the maximum latency time of 60 sec was reached. On day 1 and day 3,
baseline sensitivity was measured prior to the morphine injection, and the analgesic effect
measured after 20 min of the first morphine dose (7.5 mg/kg). Baseline sensitivity was
measured three times, with each determination separated by a minimum of 15 min. The
three determinations were later averaged. Analgesia was expressed as a percentage of the
maximum possible effect (% MPE) calculated using the following equation:

2.3.3 Naloxone-precipitated withdrawal—A single dose of naloxone (10 mg/kg) was
administered to all mice 1 h after the final morphine/saline dose. Immediately after the
naloxone injection, animals were placed into individual Plexiglas observation cylinders (25
h × 11 w cm) (Nalgene, Scoresby, VIC, Australia). Withdrawal jumping response symptoms
were recorded and the frequency of jumps for each mouse was summed over 30 min. All
testing was conducted blind to group assignment.

2.3.4 Brain tissue collection & dissection—Following withdrawal assessment, the
mice were sacrificed by overdose with sodium pentobarbital (Abbott Laboratories, North
Chicago, IL, USA), and brain tissue collected. To ensure that the IL-1β measured in the
brain tissues would not be affected by any potential changes in circulating concentrations of
intracellular or extracellular IL-1β post-sacrifice, animals were transcardially perfused with
15 ml of chilled 0.9% saline. Following this, brains were quickly isolated, collected into ice-
cold tubes and stored at −70 °C until the time of analysis.

To investigate the possible regions in which morphine could induce glial IL-1β expression
changes, gross dissection of the brain was performed to collect the structures of sufficient
size to allow analysis. These included the medial prefrontal cortex (mPFC), cortex, brain
stem, hippocampus, and midbrain plus diencephalon combined (including midbrain,
thalamus and hypothalamus areas).
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2.3.5 Sample preparation and IL-1β protein quantification—Procedures for tissue
processing were as described previously (Johnston et al., 2004). Briefly, dissected brain
tissue was sonicated using a Labsonic 1510 probe sonicator (B. BRAUN, Melsungen,
Germany) in ice-cold extraction buffer containing Iscove’s medium with 5% FCS and a
cocktail enzyme inhibitor (including: 100 mM amino-n-caproic acid, 10 mM EDTA, 5 mM
benzamidine-HCl, and 0.2 mM phenylmethylsulfonyl fluoride) all obtained from Sigma-
Aldrich (Castle Hill, NSW, Australia). Sonicated samples were centrifuged, and
supernatants were collected and stored at 4 °C until ELISA assays were performed.

IL-1β protein in the sonication supernatant was measured by commercially available mouse-
specific ELISA kits (sensitivity: 4 pg/ml, standard curve range: 4 – 2000 pg/ml, OptiEIA
ELISA Sets, BD Biosciences, San Diego, CA, USA) in accordance with the manufacturer’s
instructions. The ELISA result was corrected for total protein concentration and expressed
as pg/mg protein. The total protein was measured by the Bradford assay (sensitivity: 0.1 mg/
ml protein, standard curve range: 0.1 – 1.4 mg/ml protein) in accordance with the
manufacturer’s instructions (Sigma-Aldrich, Castle Hill, NSW, Australia).

2.4 In vitro study
2.4.1 Leukocyte preparation—A separate group of mice were used to carry out in vitro
experiments. Only the wild-type animals Balb/c, CBA, and C57BL/6, (n = 4 per strain) were
used in these experiments. Mice were sacrificed by overdose of sodium pentobarbital
followed by prompt removal of the spleen. Splenic leukocytes were isolated using
Optiprep™ mixer flotation method modified from the manufacturer’s instructions as detailed
below. Aseptic techniques were used during the isolation process. The spleen was
homogenized using an ice-cold glass homogenizer (Emerald Glass, Adelaide, SA, Australia)
and washed with 12 – 15 ml of RPMI 1640. The cells were centrifuged at 4 °C for 5 min at
200 × g, and the supernatant was discarded. The cells were re-suspended in 3.9 ml of RPMI
1640 and thoroughly mixed with 2.1 ml of 66% Optiprep™. One ml of RPMI 1640 was
layered on top and samples centrifuged at 1500 × g for 20 min at 4 °C. The leukocytes were
harvested from the interface, washed with 12 – 15 ml of RPMI 1640 and centrifuged for 10
min at 400 × g at 4 °C. Supernatant was discarded and the cells were re-suspended in 2 ml of
enriched RPMI 1640 (RPMI 1640 supplemented with 10% FCS and 0.8% penicillin-
streptomycin solution). The number of viable leukocytes was counted using trypan blue
exclusion and a haemocytometer (Crown Scientific, Minto, VIC, Australia).

2.4.2 Cell culture and IL-1β quantification—Seven concentrations of LPS (final
concentrations: 100, 10, 1, 0.1, 0.01, 0.001, 0.0001 μg/ml), 7 concentrations of morphine
(final concentrations: 100, 10, 1, 0.1, 0.01, 0.001, 0.0001 μM), and unstimulated mitogen
negative control (RPMI 1640 only) were separately aliquoted into 96 well plates (Nunc,
Noble Park, VIC, Australia). Cells were diluted in enriched RPMI 1640 to 2.5 × 106 cells/ml
and 100 μl of this suspension was plated into each well, to a final volume of 200 μl. The
plates were incubated at 37 °C, 5% CO2 in a humidified incubator (Thermoline Scientific,
NSW, Australia) for 24 h. Supernatants were collected and IL-1β was measured by ELISA
as detailed above.

2.5 Gene sequencing
One mouse of each strain was randomly selected for IL-1B and TLR4 gene sequencing.
Genomic DNA was isolated from spleen tissue using a QIAamp® DNA Mini kit (Qiagen
Pty Ltd, Doncaster, VIC, Australia). The DNA samples were then sent to the Australian
Genome Research Facility (AGRF, Brisbane, QLD, Australia) for sequencing using Applied
Biosystems 3730×l DNA Analyzer. Each gene with 500 base-pair (bp) flanking sequence
either side was sequenced. Reference sequence accessions used for comparisons were
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NC_000068.6 for IL-1B and NC_000070.5 for TLR4 from the C57BL/6J assembly (sourced
from the National Center for Biotechnology Information US:
http://www.ncbi.nlm.nih.gov/gene/16176, http://www.ncbi.nlm.nih.gov/gene/21898).

2.6 Statistical analysis
Results for each experiment were expressed as mean ± SEM. One-way ANOVA followed
by post-hoc Newman-Keuls testing was used to compare withdrawal jumping frequencies
and saline treatment-induced IL-1β expression between strains. Two-way ANOVA was used
to examine the effects of strain and drug administration and their interaction, followed by
Bonferroni post-hoc analysis where appropriate. To avoid the interference between genetic
modification and strain effects, comparisons of each result were carried out firstly between
all the inbred wild-type strains (Balb/c, CBA, and C57BL/6) and then between the knockout
strains in comparison to their wild-type equivalent Balb/c (TLR4 KO, MyD88 KO, and
Balb/c). Association analysis was performed using the Spearman test; p < 0.05 was
considered to be statistically significant. For in vitro experiments, potencies (EC50,
concentration producing 50% activity) and efficacies (maximal level of activity) were
determined by fitting the dose-response curves to a logistic equation (Giraldo et al., 2002).

In addition, statistical mediation analysis was performed to test the effect of morphine-
induced brain nuclei IL-1β expression values on withdrawal jumping. Statistical mediation
analysis is a powerful method to examine whether the effect of X (independent variable) on
Y (dependent variable) may be mediated by a process or mediating variable M. The
mediator M is an intervening or process variable. For the current study, this analysis
evaluated if morphine treatment (X) affected withdrawal jumping (Y) via changes in brain
nuclei IL-1β expression (M). Multiple mediator mediation analysis with 1000 bootstraps
was conducted using the SPSS syntax script as previously described (Preacher and Hayes,
2004, 2008).

All analyzes and calculations were conducted with Excel 2007 (Microsoft, Redmond, CA,
USA), Prism 5 software (GraphPad, San Diego, CA, USA), and SPSS 17.0 for Windows
(SPSS Inc., Chicago, IL, USA).

3. Results
3.1 In vivo results

3.1.1 Analgesic effect and tolerance—Comparison of the day 1 baseline thermal
hypersensitivity between wild-type inbred strains, revealed no statistically significant
difference between either strains (p = 0.36) or drug treatment groups (p = 0.07). There was
also no significant difference between drug treatment groups when comparing between wild-
type Balb/c and two knockout strains (p = 0.27); however, a significant strain effect on
baseline thermal hypersensitivity was observed (p = 0.03). At day 3, there was no significant
baseline latency change between day 1 and day 3 for both treatment groups of all strains of
mice studied (p > 0.19) (Table 1).

The morphine analgesic effect varied significantly between all strains studied (Figures 1A
and B). For acute morphine analgesia (p < 0.0001) (day 1), Balb/c mice experienced the
highest level of analgesia (88.2 ± 5.1 % MPE) while C57BL/6 experienced the least (13.7 ±
7.7 % MPE), with CBA in-between (46.2 ± 9.1 % MPE). For the knockout mice, the acute
morphine analgesic responses (82.6 ± 7.3 and 91.3 ± 4.1 % MPE for TLR4 KO and MyD88
KO, respectively) were similar to their wild-type equivalents (Balb/c) (p > 0.53) and both
experienced near maximal analgesic responses.
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At day 3, significant loss of morphine analgesic response was observed for wild-type Balb/c
mice (50.0 ± 14.0 % MPE), with a mean difference (95% confidence interval (CI) of
difference) between days 1 and 3 of −38 % [(−75 to −1 %), p = 0.02]; similarly in MyD88
KO mice (52 ± 19 % MPE), with a mean difference (95% CI) of −40 % [(−74 to −5 %), p =
0.05]. No significant loss of morphine analgesia was observed for the remaining strains:
C57BL/6 (24 ± 11 % MPE), mean difference (95% CI) of 10 % (−27 to 47 %), p = 0.47;
TLR4 KO (79 ± 4.7 % MPE), mean difference (95% CI) of −3.9 % (−41 to 33 %), p = 0.66;
and CBA (38 ± 14 % MPE), mean difference (95% CI) of −8.3 % (−45 to 28 %), p = 0.63.

3.1.2 Naloxone-precipitated withdrawal—Figure 2 shows the mean number of jumps
over 30 min following naloxone-precipitated withdrawal from chronic morphine treatment
and saline-control groups of all five strains studied. There was no significant difference
between strains in the saline-control group (p = 0.36), however, significant differences in
withdrawal severity from morphine were observed among strains (p < 0.0001). Between
mice of inbred wild-type strains, the C57BL/6 mice had the highest jumping scores (98 ±
15), while the CBA mice had the lowest jumping scores (5 ± 2), with Balb/c mice in-
between (33 ± 6). There was no significant difference (p = 0.79) between wild-type Balb/c
and the two knockout strains (TLR4 KO: 39 ± 8; MyD88 KO: 33 ± 7).

3.1.3 Chronic morphine-induced IL-1β expression in brain regions
3.1.3.1 Hippocampus
Comparison between mice of inbred wild-type strains: A significant drug effect (F (1, 42) =
16.4, p = 0.0002) on tissue IL-1β expression was found in the inbred wild-type strains
(Figure 3A) but no significant strain effect (p = 0.09). A significant interaction between drug
administration and strains was found (F (2, 42) = 3.4, p = 0.04). Bonferroni post-hoc tests
revealed a significant increase in IL-1β expression values in the chronic morphine treated
C57BL/6 mice compared to their saline-control group (p < 0.001), however, there were no
significant differences between drug treatment groups for CBA and Balb/c strains (p > 0.2).

The rank order of changes of IL-1β expression between the morphine treated and saline-
control groups in the wild-type mice was similar to that observed in the withdrawal severity
study. To examine the possible relationship between morphine-induced IL-1β expression
and dependence severity, a Spearman correlation test was performed between individual
mouse’s jumping score and their hippocampal IL-1β expression. A significant positive
association was found (rs = 0.44, p = 0.03, Figure 4) with higher hippocampal IL-1β
expression associated with greater withdrawal (jumping) score.

Comparison between knockout strains and wild-type Balb/c: A significant strain effect on
IL-1β expression (F (2, 42) = 10.5, p = 0.0003) was found when comparing TLR4 KO,
MyD88 KO and wild-type Balb/c strains, but no significant drug effect (p = 0.34) or drug-
strain interaction (p = 0.16). Bonferroni post-hoc tests revealed no significant difference
between treatment groups of TLR4 KO and MyD88 KO strains (p > 0.5). For saline
treatment-induced IL-1β expression of saline treated mice, significantly higher expression
was observed in MyD88 KO mice compared to Balb/c and TLR4 KO strains (p < 0.05)

3.1.3.2 Brain stem
Comparison between mice of wild-type strains: For the brain stem (Figure 3B), a significant
drug effect (F (1, 42) = 7.2, p = 0.01) on tissue IL-1β expression was found in the wild-type
strains, but no significant strain effect ( p = 0.28) or drug-strain interaction (p = 0.64).
Bonferroni post-hoc tests revealed no significant difference on IL-1β expression between
morphine and saline treated mice of each wild-type strain (p > 0.1). There was no
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association between morphine-induced IL-1β expression and dependence severity (rs = 0.16,
p = 0.46, data not shown).

Comparison between knockout strains and wild-type Balb/c: A significant strain effect on
IL-1β expression F (2, 42) = 11.0, p = 0.0002) was found when comparing TLR4 KO,
MyD88 KO and wild-type Balb/c strains, but no significant drug effect (p = 0.40) or drug-
strain interaction (p = 0.88). Bonferroni post-hoc tests revealed no significant difference
between treatment groups of TLR4 KO and MyD88 KO strains (p > 0.05). For saline
treatment-induced IL-1β expression of saline treated mice, significantly higher expression
was found in MyD88 KO mice compared to wild-type Balb/c and TLR4 KO strains (p <
0.05).

3.1.3.2 Midbrain and diencephalon regions
Comparison between mice of wild-type strains: For midbrain and diencephalon regions
(Figure 3C), a significant drug effect (F (1, 42) = 8.2, p = 0.007) on tissue IL-1β expression
was found in the wild-type strains, but no significant strain effect (p = 0.61) or drug-strain
interaction (p = 0.53). Bonferroni post-hoc tests revealed no significant difference on IL-1β
expression between morphine and saline treated mice of each wild-type strains (p > 0.1).
There was no association between morphine-induced IL-1β expression and dependence
severity (rs = 0.07, p = 0.75, data not shown).

Comparison between knockout strains and wild-type Balb/c: A significant strain effect on
IL-1β expression (F (2, 42) = 17.7, p < 0.0001) was found when comparing TLR4 KO,
MyD88 KO and wild-type Balb/c strains, but no significant drug effect (p = 0.90) or drug-
strain interaction (p = 0.66). Bonferroni post-hoc tests revealed no significant difference
between treatment groups of TLR4 KO and MyD88 KO strains (p > 0.5). For saline
treatment-induced IL-1β expression of saline treated mice, significantly higher expression
was observed in MyD88 KO mice compared to wild-type Balb/c and TLR4 KO strains (p <
0.05).

3.1.3.4 Medial prefrontal cortex
Comparison between mice of wild-type strains: For the mPFC region (Figure 3D), a
significant drug effect (F (1, 42) = 6.4, p = 0.02) on tissue IL-1β expression was found in the
wild-type strain, but no significant strain effect (p = 0.12) or drug-strain interaction (p =
0.28). Bonferroni post-hoc tests revealed a significant decrease of IL-1β expressions in the
chronic morphine treated Balb/c mice compared to their saline-control group (p < 0.05),
however, there were no significant differences between treatment groups of CBA and
C57BL/6 strains (p > 0.5). There was no association between morphine-induced IL-1β
expression change and dependence severity (rs = −0.47, p = 0.32, data not shown).

Comparison between knockout strains and wild-type Balb/c: Significant drug effect (F (2,
42) = 4.3, p = 0.05) and strain effect (F (2, 42) = 24.8, p < 0.0001) on IL-1β expression were
found when comparing TLR4 KO, MyD88 KO and wild- type Balb/c strains, but no
significant drug-strain interaction (p = 0.07). Bonferroni post-hoc tests revealed no
significant difference between treatment groups of TLR4 KO and MyD88 KO strains (p >
0.5). For saline treatment-induced IL-1β expression of saline treated mice, significantly
higher expression was found in MyD88 KO mice compared to Balb/c and TLR4 KO strains
(p < 0.05).

3.1.3.5 Cortex
Comparison between mice of wild-type strains: For the cortex (Figure 3E), a significant
drug effect (F (1, 42) = 6.0, p = 0.02) on tissue IL-1β expression was found in the inbred

Liu et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



wild-type strains, but no significant strain effect (p = 0.88) or drug-strain interaction (p =
0.32). Bonferroni post-hoc tests revealed no significant difference between morphine and
saline treated mice for each inbred wild-type strain (p > 0.05). There was no association
between morphine-induced IL-1β expression changes and dependence severity (rs = −0.1, p
= 0.38, data not shown).

Comparison between knockout strains and wild-type Balb/c: A significant strain effect on
IL-1β expression (F (2, 42) = 47.4, p < 0.0001) was found when comparing TLR4 KO,
MyD88 KO and wild-type Balb/c strains, but no significant drug effect (p = 0.14) or drug-
strain interaction (p = 0.06). Bonferroni post-hoc tests revealed no significant difference
between treatment groups of TLR4 KO and MyD88 KO strains (p > 0.5). For saline
treatment-induced IL-1β expression of saline treated mice, significantly higher expression
was observed in MyD88 KO mice compared to Balb/c and TLR4 KO strains (p < 0.05).

3.1.4 Statistical mediation analysis results—The analysis demonstrated that the total
effect of morphine treatment on withdrawal jumping was statistically significant (coefficient
= 31.5, p = 0.003). However, when controlling for the possible effect of the assigned
mediator, the direct effect of morphine treatment on withdrawal jumping was no longer
statistically significant (coefficient = 19.8, p = 0.09). Upon further examination of the
mediator IL-1β expression in each region examined, hippocampal IL-1β expression was
responsible for the significant mediation on withdrawal jumping (p = 0.03), and
consequently, hippocampal IL-1β expression significantly mediates withdrawal jumping
behavior.

3.2 In vitro results
To determine the difference in immune responses among inbred wild-type strains, a wide
range of concentrations of LPS (10−4 to 102 μg/ml) and morphine (10−4 to 102 μM) were
used to stimulate isolated splenic leukocytes. LPS stimulation yielded clear dose-response
curves for all wild-type strains (Figure 5A), with mean EC50 values of IL-1β production of
11.5 ± 0.8 ng/ml for CBA, 13.2 ± 1.8 ng/ml for Balb/c, and 4.8 ± 0.9 ng/ml for C57BL/6.
There were statistically significantly different efficacies (Emax) for IL-1β production among
the three strains (p < 0.05), where C57BL/6 mice had the highest maximal value (41.6 ± 3.4
pg/ml), followed by Balb/c (16.9 ± 1.4 pg/ml), and CBA had the lowest (9.4 ± 0.6 pg/ml).

Following morphine exposure (Figure 5B) IL-1β expression was below the lower limit of
quantification (< 4 pg/ml) at all concentrations tested except 100 μM, which caused a
significant increase in IL-1β expression compared to control for C57BL/6 (13.7 ± 2.6 pg/ml)
(p = 0.04) and Balb/c mice (8.6 ± 0.2 pg/ml) (p = 0.05), but no significant difference for
CBA mice (4.2 ± 0.8 pg/ml, p = 0.20).

A significant association was found between 1 μg/ml LPS-induced and 100 μM morphine-
induced IL-1β expression (rs = 0.72, p = 0.04, Figure 6), suggesting strains with a greater
IL-1β expression in response to LPS also had a greater response to morphine stimulation.

3.3 IL-1B and TLR4 gene sequence and SNP analysis
Single nucleotide polymorphism (SNP) analysis results (Table 2, 3) revealed no IL-1B and
TLR4 gene sequence differences between the C57BL/6 and CBA wild-type strains.
However, differences in 27 SNPs on the IL-1B gene and 9 SNPs on the TLR4 gene were
identified between the Balb/c and C57BL/6/CBA wild-type strains. There were no IL-1B
gene sequence differences between wild-type Balb/c and its two genetic knockout (TLR4
and MyD88) strains, and no TLR4 gene sequence differences between the wild-type Balb/c
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and MyD88 KO mouse. However, as expected, gene sequence analysis failed to observe the
TLR4 gene in the TLR4 KO strain.

4 Discussion
This is the first study that has investigated chronic morphine-induced proinflammatory
cytokine IL-1β expression changes in brain regions of different mouse strains. The data from
in vivo experiments demonstrated that there are significant main effects of morphine
treatment on IL-1β expression in the brain regions analyzed of inbred wild-type mice. A
significant increase in hippocampal IL-1β expression was found in C57BL/6 mice after
morphine treatment, whilst, a significant decrease was found in the mPFC region of wild-
type Balb/c mice. Consistent with previous behavioral studies (Kest et al., 2002b),
significantly different withdrawal severities (withdrawal jumping) were observed between
the three inbred wild-type strains; however, there was no significant difference between
wild-type Balb/c mice and its two knockout strains. Both association analysis and statistical
mediation analysis revealed that the elevation of IL-1β expression in the hippocampus is
associated with opioid withdrawal jumping in inbred wild-type mice. Furthermore,
comparison of the nociceptive test results between wild-type Balb/c and its two knockout
strains demonstrated that, in contrast to MyD88 KO and Balb/c, TLR4 KO mice did not
develop analgesic tolerance, suggesting an important role for TLR4 in opioid analgesia
following chronic dosing. However, since analgesic tolerance developed in the MyD88 KO,
the data suggest the involvement of non-MyD88-dependent TLR4 pathways. In addition, the
results from in vitro experiments demonstrated that strains with a greater LPS-induced IL-1β
expression (high immune activity) also had a greater response to morphine stimulation.
Finally, genetic analysis revealed no IL-1B and TLR4 genetic differences between CBA and
C57BL/6 strains, but 27 and 9 SNPs on IL-1B and TLR4 genes, respectively, with wild-type
Balb/c strain. Once again, it is critical to emphasize that behaviors reported here are the
summation of both classical neuronal opioid receptor actions and these newly identified
non-classical proinflammatory signals.

4.1 Morphine analgesic responses
Studies of morphine analgesic tolerance utilizing wild-type inbred strains have shown
substantial shifts to the right in the dose-response curve of Balb/c, CBA, and C57BL/6 mice,
however, there is no change in analgesic efficacy at lower morphine doses (< 10 mg/kg) for
C57BL/6 and CBA mice (Bryant et al., 2006; Kest et al., 2002a; Liang et al., 2006a). In the
current study, by using a single morphine challenge dose (7.5 mg/kg), only wild-type Balb/c
mice exhibited analgesic tolerance, but not CBA and C57BL/6 mice, which supports
previous findings.

When comparing between the wild-type Balb/c and knockout mice, no significant analgesic
tolerance was observed for TLR4 KO mice, but, notably, MyD88 KO mice developed a
similar degree of tolerance to wild-type Balb/c mice. The former result is consistent with
findings from a previous study showing that knockout of TLR4 potentiates neuronal opioid
receptor morphine analgesia in mice (Hutchinson et al., 2009). TLR4 has two signaling
pathways, MyD88-dependent and -independent pathways (Bell, 2003). Toll/IL-1 receptor-
domain-containing adapter-inducing interferon-β (TRIF) and interferon regulatory factor 3
(IRF3) are critical in transducing MyD88-independent pathway signaling. Our results from
MyD88 KO mice indicate that MyD88-independent pathways may be involved in tolerance
development and as such, TRIF and IRF3 could play a key role; however, further studies are
required.
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4.2 Naloxone-precipitated withdrawal
Although a different morphine dose regimen was used in the present experiment, similar
withdrawal jumping severity rank order was observed between inbred wild-type strains with
previous reports (Kest et al., 2002b; Metten et al., 2009).

Naloxone-induced withdrawal jumping in TLR4 KO and MyD88 KO mice has not
previously been reported. Based on findings from a previous study that blocking TLR4
receptor by (+)-naloxone attenuated precipitated withdrawal in rats (Hutchinson et al.,
2010), we would expect that knockout TLR4 and MyD88 would protect mice from
withdrawal. However, this was not the case, as both TLR4 KO and MyD88 KO mice
displayed similar degrees of withdrawal behavior as their wild-type equivalent Balb/c mice.
This suggests that: firstly, there is no question that the μ-opioid receptor plays a critical role
in opioid dependence; secondly, in addition to TLR4, other neuroimmune pathways are
likely to contribute to opioid withdrawal. One of the possible candidates is the TLR2
pathway, as (+)-naloxone may block both TLR4 and TLR2 receptors, and recent evidence
suggests that morphine can also mediate neuronal cell function through TLR2 (Li et al.,
2010). Therefore, further study is required to examine the role of other pathways, such as
TLR2, and opioid-TLR signaling interactions in opioid-induced withdrawal.

4.3 Chronic morphine-induced brain IL-1β expression of wild-type strains
The involvement of CNS glia and proinflammatory cytokines in opioid response
(Hutchinson et al., 2008; Hutchinson et al., 2010; Johnston et al., 2004; Raghavendra et al.,
2002; Shavit et al., 2005; Song and Zhao, 2001) is now well established and complements
and extends the classical neuronal opioid receptor actions of opioids. Here we provide
further evidence of opioid-induced proinflammatory response in the CNS by demonstrating
that chronic morphine significantly affects IL-1β expression in brain regions in multiple
strains of mice.

4.3.1 IL-1β expression in hippocampus—A significant main effect of morphine
treatment on IL-1β expression was found for the hippocampus. This is consistent with
previous observations in rats that IL-1β levels are altered in the hippocampus after chronic
morphine (Hutchinson et al., 2009). IL-1β levels of morphine treated mice were significantly
increased for C57BL/6 mice only. The reason why IL-1β expression was not significantly
altered in Balb/c and CBA mice could be due to the lower immune response in these strains
compared to C57BL/6 mice, as in vitro experiments have shown that immune cells from
Balb/c and CBA mice have a lower response to morphine stimuli compared to cells from
C57BL6 mice.

4.3.2 IL-1β expression in other brain regions—Although significant main effects of
morphine treatment on IL-1β expression were found in other brain regions, the difference
between saline and morphine treatment groups did not reach statistical significance when
comparing within the same strain. Interestingly, a decrease in IL-1β expression was
observed in the mPFC of wild-type Balb/c mice after chronic opioid treatment, which
supports a previous study in rats that demonstrated reduced glial activation in the mPFC
after chronic morphine treatment (Hutchinson et al., 2009). There is currently no rational
explanation for these observations, and further studies are required to examine the functional
consequences.

4.4 Chronic morphine-induced brain IL-1β expression of TLR4 KO and MyD88 KO mice
No significant IL-1β expression changes were observed in any of the regions examined in
TLR4 KO mice, which suggests that without TLR4, morphine could not induce the IL-1β
signal and confirms the role of TLR4 in opioid-glia activation pathway. In contrast, for
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MyD88 KO mice, there was also no IL-1β level change in morphine treated animals.
However, significantly higher IL-1β expression than wild-type Balb/c mice within saline
treatment group was observed. This may be caused by a disrupted TLR4/IL-1R pathway and
lack of negative feedback; however, further investigations are required.

4.5 Relationship between brain IL-1β and opioid withdrawal
Both statistical mediation analysis and correlation analysis between individual IL-1β
expression and morphine withdrawal jumping frequency revealed that hippocampal IL-1β
expression is associated with withdrawal severity. Inbred wild-type mice with higher
morphine-induced hippocampal IL-1β expression had more severe withdrawal jumping
behavior. This finding suggests a role of IL-1β in opioid dependence. However, surprisingly,
TLR4 KO or MyD88 KO mice experienced a similar degree of precipitated withdrawal to
that observed with wild-type Balb/c mice. In addition, there was no significant IL-1β
expression change between different treatment groups, indicating that TLR4-MyD88-IL-1β
signaling pathway alone is not obligatory for withdrawal jumping behavior, emphasizing the
critical role neuronal opioid receptors have in this response. Interestingly, although
significantly higher IL-1β expression was found for MyD88 KO mice than wild-type Balb/c
mice within the saline treatment group, no hyperactive behavior was observed for those
mice. This can be explained by the critical role of MyD88 in the IL-1 signaling pathway
(Weber et al., 2010). It has been shown that mice lacking MyD88 show severe defects in
IL-1 signaling (Adachi et al., 1998). Therefore, the signaling efficiency of IL-1β in MyD88
KO mice is far lower, to completely absent, than that in wild-type Balb/c mice. In addition,
this also indicates that IL-1β signaling alone, in the absence of opioid receptor activation, is
not sufficient to induce withdrawal behaviors, since naloxone administration did not induce
withdrawal jumping in the saline-treated MyD88 KO mice where IL-1β levels are already
elevated. It is acknowledged that the development of opioid dependence involves
complicated neuronal opioid receptor dependent and neuroimmune signaling pathways and
their interactions. These data from the knockout mice suggest that even without the TLR4-
MyD88-IL-1β signaling pathway, other factors such as TLR2, the MyD88-independent
pathway, and other proinflammatory cytokines and chemokines alone or in combination
may function to compensate to induce withdrawal behavior.

4.6 Relationship between in vivo and in vitro morphine/LPS induced IL-1β expression of
different mice strains

The in vivo morphine-induced hippocampal IL-1β expression and LPS/morphine-induced in
vitro immune response differences between the inbred wild-type strains confirm previous
findings that immune cells from mice of different strains show significant differences in
response (Gol’dberg et al., 2005; Masnaya et al., 2002). The rank order of in vitro stimuli
(LPS Emax and morphine maximum) on IL-1β response was in accord with the rank order of
in vivo chronic morphine-induced hippocampal IL-1β expression among three wild-type
strains. This suggests an association between peripheral and CNS proinflammatory
response, and that peripheral immune activity may reflect brain immune activity, at least
following a TLR4 trigger. One point that we did not address in this study is the cellular
origin of the brain IL-1β expression. We hypothesize that the major source of IL-1β
expression is from activated glial cells, and that morphine-induced central
neuroinflammation has a similar mechanism to that in the peripheral immune system.
However, further investigations are required to identify specific cellular sources of
inflammatory mediators and the possible similarities and differences in the signaling
pathway activation between CNS and peripheral immunocompetent cells.
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4.7 IL-1B/TLR4 genetic differences between strains
Differences in 27 SNPs on the IL-1B gene and 9 SNPs on the TLR4 gene were found
between wild-type Balb/c and CBA/C57BL/6 strains. Currently, there is no functional
information available for these SNPs. However, these SNPs did not appear to significantly
influence opioid-induced IL-1β expression, since behavior and IL-1β expression values for
wild-type Balb/c mice were between those of the other two wild-type strains. Consequently,
further examination of the IL-1B or TLR4 sequence/structure to determine the functional
consequences of these SNPs is warranted.

4.8 Utilization of multiple mouse strains
The utilization of multiple strains of mice strengthens the conclusions drawn from this
study. As shown, different mouse strains had different proinflammatory responses to
morphine treatment; therefore, the choice of specific strains could be a useful tool for future
research. Specifically, for investigation of neuronal pathways, selection of CBA mice could
minimize immune effects; while, for investigation of immune function-related mechanisms,
the C57BL/6 strain would be appropriate. Furthermore, such an approach could be used as a
graded inflammation model for future studies.

4.9 Limitations of current study
A limitation of the present study is that only withdrawal jumping behavior was
quantitatively recorded in the experiment. During the withdrawal period, it was also
observed qualitatively that TLR4 KO and MyD88 KO opioid-dependent mice appeared
more alert and displayed less other withdrawal signs (such as wet dog shaking, diarrhea)
than their wild-type counterparts. This suggests that differences in opioid-induced
neuroinflammation may affect other withdrawal behaviors not classically recorded in mouse
withdrawal studies. However, this study was not designed to record other behaviors initially,
therefore, further investigation will be required. Furthermore, IL-1β expression changes in
the spinal cord were not analyzed in this study. Since expression of IL-1β in spinal cord is
involved in tolerance development (Shavit et al., 2005), future examination of spinal tissue
IL-1β expression is necessary and may reveal whether IL-1β expression differences between
strains contribute to different magnitudes of tolerance. In addition, an important question
that has not been addressed in this study is, what is the role of the opioid receptor in the
regulation of brain IL-1β expression. As opioid receptors are a key site of opioid action in
the CNS, and previous studies have shown that β-opioid receptor facilitate proinflammatory
response (Rock et al., 2006; Wetzel et al., 2000), a future study using opioid receptor KO
mice is required to address this issue. Finally, only a single dose of naloxone was used to
induce withdrawal signs. To more comprehensively evaluate the withdrawal behaviors,
testing of various doses of naloxone may be necessary in future studies (Bohn et al., 2000).

5. Conclusion
This is the first study to demonstrate that chronic morphine alters brain proinflammatory
cytokine IL-1β production in mice and that the pattern of change is brain region-specific.
Comparison between multiple strains of mice showed that the elevated hippocampal IL-1β
expression is associated with, but is not obligatory for withdrawal jumping behavior. All
these data support the involvement of opioid-induced CNS immune signaling in dependence
development. Moreover, this study demonstrated the advantage of utilization of multiple
mouse strains and suggests that appropriate choice of mouse strains could boost future
research outcomes.
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Research Highlight
Chronic morphine-induced hippocampal IL-1β expression is associated with withdrawal
jumping, and knockout of TLR4 protects against the development of analgesic tolerance.
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Figure 1.
Mouse strains display different morphine analgesic effects. Morphine analgesia (hotplate
latency) before (day 1) and after chronic treatment (day 3) on the 50 °C hotplate test. Error
bars are SEM with n = 8.
Panel A: Wild-type Balb/c mice displayed significantly greater analgesia (p <0.0001) on day
1 than CBA and C57BL/6 strains. Wild-type Balb/c mice developed significant analgesic
tolerance on day 3 (p = 0.02), whilst little/no tolerance developed for CBA and C57BL/6
mice (p > 0.4).
Panel B: TLR4 KO mice were protected against the development of tolerance, whilst
MyD88 KO did not protect against tolerance (p = 0.05).
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Figure 2.
Naloxone-precipitated withdrawal varied substantially between mouse strains. C57BL/6
mice displayed the greatest naloxone-precipitated withdrawal (p < 0.0001). TLR4 KO and
MyD88 KO mice experienced similar withdrawal as wild-type Balb/c mice (p = 0.79).
Data represent average jumps in 30 min period with SEM (n = 8).
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Figure 3.
Chronic morphine treatments alter IL-1β expression in different brain regions of mice.
Values represent mean ± SEM (n = 8 per group)
Panel A: IL-1β expression in hippocampus significantly increased for wild-type C57BL/6 (p
< 0.001) but not for CBA (p > 0.05) and Balb/c (p > 0.05) strains in morphine-treated group,
and did not change for TLR4 KO and MyD88 KO strains between treatments (p > 0.05).
Panels B and C: IL-1β expression in brain stem (B) and midbrain plus diencephalon regions
(C) - no statistically significant change in IL-1β expression between treatments for all strains
(p > 0.05).
Panel D: IL-1β expression in medial prefrontal cortex (mPFC) - significantly decreased for
wild-type Balb/c (p < 0.05), but not for CBA (p > 0.05), C57BL/6 (p > 0.05) and MyD88
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KO (p > 0.05) mice in morphine treated group and no change for TLR4 KO mice (p > 0.05)
between treatments.
Panel E: IL-1β expression in cortex - no statistically significant change of IL-1β expression
between treatments for all strains (p > 0.05).
*: p < 0.05, ***: p < 0.001
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Figure 4.
Significant association between naloxone-precipitated withdrawal jumping behavior and
hippocampal IL-1β expression (rs= 0.44, p < 0.05). These data suggest higher hippocampal
IL-1β expression is associated with worse withdrawal behavior.
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Figure 5.
LPS and morphine in vitro stimulated release of IL-1β from splenic leukocytes differed
between wild-type strains. Lines represent logistic fitted dose-response curve.
Panel A: LPS stimulation yielded clear dose-response curves with similar EC50 values but
different efficacies between strains. C57BL/6 mice displayed the highest maximal response,
whilst CBA the least, and Balb/c mice were in-between.
Panel B: Morphine stimulation did not induce IL-1β expression except at 100 μM. C57BL/6
mice displayed the highest response, whilst CBA the least, and Balb/c mice were in-
between.
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Figure 6.
In vitro morphine- (100 μM) and LPS- (1 μg/ml) induced IL-1β expression were
significantly associated (rs= 0.72, p=0.04).
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Table 1

No significant baseline nociceptive sensitivity change (ie hyperalgesia) occurred after chronic morphine
injection in all strains.

Strain

Baseline nociceptive sensitivity(s) a

Day 1 Day 3 Change(%) b p value

Balb/c 26.3 ± 1.9 26.8 ± 2.6 1.6 0.90

CBA 27.6 ± 1.3 23.3 ± 1.7 −15.6 0.07

C57BL/6 22.2 ± 2.7 24.5 ± 2.1 9.9 0.53

TLR4 KO 30.1 ± 1.8 30.0 ± 1.6 −0.5 0.94

MyD88 KO 31.0 ± 1.8 31.8 ± 2.1 2.4 0.20

a
Mean latency (s) ± SEM to display nociceptive behavior on the 50 °C hotplate.

b
Average percent reductions on day 3 relative to day 1.
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Table 2

Twenty-seven IL-1B gene SNPs were found between the wild-type Balb/c and C57BL/6/CBA strains. No
IL-1B difference between the C57BL/6 and CBA strains.

No. SNPs a CBA C57BL/6 Balb/c

1 573 G G C

2 589 G G C

3 599 A A C

4 573 G G C

5 589 G G C

6 599 A A C

7 1368 C C T

8 1397 A A G

9 1474 A A G

10 1940 T T C

11 2011 C C A

12 3397 T T C

13 3494 T T A

14 3521 G G A

15 4185 A A C

16 4277 A A G

17 4465 T T A

18 5701 A A T

19 6287 T T C

20 6423 A A G

21 6579 C C T

22 6634 T T G

23 6648 T T G

24 6651 G G A

25 6676 C C T

26 6680 G G A

27 6681 G G C

a
Gene region sequenced included the IL-1B gene, and 500 bp regions up- and down-stream. SNPs positions are relevant to the flanked sequences.
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Table 3

Nine TLR4 gene SNPs were found between the wild-type Balb/c and C57BL/6/CBA strains. No TLR4
difference between the C57BL/6 and CBA strains.

No. SNPs a CBA C57BL/6 Balb/c

1 12289 G G A

2 12422 G G A

3 13387 C C T

4 13441 A A C

5 13819 C C T

6 13944 G G A

7 14357 C C A

8 14441 A A G

9 15427 A A G

a
Gene region sequenced included the TLR4 gene, and 500 bp regions up- and down-stream.

SNPs positions are relevant to the flanked sequences.
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