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Methamphetamine sensitization attenuates the febrile and
neuroinflammatory response to a subsequent peripheral immune
stimulus
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Abstract

Methamphetamine (MA) use is associated with activation of microglia and, at high doses, can induce
neurotoxicity. Given the changes in the neuroinflammatory environment associated with MA, we
investigated whether MA sensitization, a model of stimulant psychosis and an indicator of drug
addiction, would interfere with the thermoregulatory and neuroinflammatory response to a
subsequent peripheral immune stimulus. C57BL6/J mice were given either 1mg/kg MA or saline i.p.
once a day for 5 days to produce behavioral sensitization. Seventy-two hours following the last MA
injection, 100ug/kg LPS or saline was co-administered with 1mg/kg MA or saline and blood and
brains were collected. Here we report that while co-administration of LPS and MA did not affect the
LPS-induced increase in central cytokine mRNA, mice sensitized to MA showed an attenuated
central response to LPS. Interestingly, the peripheral response to LPS was not affected by MA
sensitization. Plasma cytokines increased similarly in all groups after LPS. Further, c-Fos expression
in the nucleus of the solitary tract did not differ between groups, suggesting that the periphery-to-
brain immune signal is intact in MA-sensitized mice and that the deficit lies in the central cytokine
compartment. We also show that MA sensitization decreased LPS- or acute MA-induced microglial
Ibal expression compared to non-sensitized mice. Taken together, these data show that MA
sensitization interferes with the normal central immune response, preventing the CNS from
efficiently responding to signals from the peripheral immune system.
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Introduction

Methamphetamine (MA) is one of the most commonly abused drugs in the U.S. Approximately
10.4 million Americans 12 years of age or older have used MA for non-medical reasons at least
once in their lifetimes (NSDUH, 2005). MA is a functional dopamine agonist (Chang et al.,
2004) and its effects may last for hours, adding to its potent addictive qualities. Repeated
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administration of MA in animals produces a phenotype that is characterized by behavioral
sensitization to the locomotor enhancing effects of the drug and has been extensively used as
a model of stimulant psychosis (Ujike, 2002) and as an indicator of drug addiction (Robinson
and Berridge, 1993). This behavioral sensitization is long-lasting and can be reinstated after
chronic administration has ceased. It represents a convergence of complex, long-term
molecular changes and alterations in gene expression in the addicted brain (Nestler and
Malenka, 2004).

There are several reports demonstrating that chronic pre-treatment with low-dose MA, a
schedule that can produce sensitization, attenuates the neurotoxic effects of a subsequent, high-
dose MA challenge (Cadet et al., 2009; Danaceau et al., 2007; Graham et al., 2008; Johnson-
Davis et al., 2003; Stephans and Yamamoto, 1996), however little is known concerning the
neuroinflammatory consequences of MA use and subsequent peripheral immune stimulation.
In addition to its effects on the monoaminergic system, MA use is associated with cognitive
deficits (Dellu et al., 2000) and long-term MA users show prominent microglial activation in
certain brain regions that are sometimes apparent almost 2 years after MA use had ceased
(Sekine et al., 2008). MA-induced microglial activation has also been shown in animals given
neurotoxic doses of MA (Fantegrossi et al., 2008; Hozumi et al., 2008; Thomas and Kuhn,
2005) and there is evidence that both high and low doses of MA can induce inflammatory
cytokines such as tumor necrosis factor o (TNFa) and interleukin-1f (IL-1p) in the brains of
rodents (Flora et al., 2003; Halladay et al., 2003; Nakajima et al., 2004; Numachi et al.,
2007). Acute and chronic MA administration have been shown to reduce the numbers of
leukocytes as well as the NK cell activity of splenic lymphocytes (Saito et al., 2008). Chronic
MA administration reduced Con A-induced T-cell proliferation as well as IL-2 and IFNy
production in mouse splenocytes (Yu et al., 2002). MA has also been shown to decrease IL-1
production by splenocytes in mice (Inetal., 2005) and reduced IFNy and IL-10 while increasing
IL-4, MCP-1 and TNFa in plasma (Hozumi et al., 2008). Taken together, these data suggest
that MA alters the production of both inflammatory and anti-inflammatory cytokines in the
periphery while inducing a heightened inflammatory environment in the brain. This MA-
induced increase in brain inflammation has the potential to influence the body's response to a
subsequent immune stimulus. Indeed, Flora et al. (2003) reported that co-administration of MA
and the HIV-1 protein tat induced a synergistic increase in TNFa and IL-1f in the CNS of
mice.

Infection in the periphery results in the production of inflammatory cytokines which, through
neural and humoral communication pathways, induce glial cells in discrete brain regions to
produce the same inflammatory cytokines (Maier et al., 1998; Rivest, 2003). It is this central
production of inflammatory cytokines that is responsible for inducing sickness behavior
including fever, anorexia, as well as reduced locomotor and social behaviors. Excessive
production of inflammatory cytokines has been shown to produce severe behavioral deficits
and promote neurotoxicity (Block and Hong, 2005). Thus, circumstances that augment
inflammatory cytokine production by microglial cells, such as MA use, are likely to lead to
pronounced and prolonged behavioral deficits that are counterproductive to wellness. Because
MA abuse may activate or sensitize microglial cells, we hypothesized that MA would
exacerbate the neuroinflammatory response to a secondary stimulus, namely
lipopolysaccharide (LPS). Here we report that mice sensitized to MA show a blunted febrile
response that is paralleled by an attenuation of inflammatory cytokine mRNA expression in
the brain when the immune system was peripherally activated by LPS.
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Materials and Methods

Animals and Surgery

Drugs

Adult (3-5 mo) male C57BL/6 mice from The Jackson Laboratories were used. Mice were
housed in polypropylene cages and maintained at 23°C under a diurnal 12h light-dark cycle
(lights on at 0700) with ad libitum access to water and rodent chow. To allow for continuous
monitoring of body temperature (Th) and locomotor activity, mice were anesthetized with an
intraperitoneal (i.p.) injection of ketamine and xylazine (100 and 10mg, respectively) and
implanted with a biotelemetry device (E-mitter, Mini Mitter, Bend, OR). Briefly, a midline
abdominal incision was made 1cm below the diaphragm and the E-mitter was positioned in
the abdominal cavity along the sagittal plane. The muscle wall was sutured with chromic gut
and the skin sutured with silk surgical thread. Following surgery, mice were individually
housed and each cage was placed on a receiver board (model ER-4000 Receiver, Mini Mitter).
Data was collected every 5 min utilizing the Vital View data acquisition system (Mini Mitter
Co., Bend, OR). Th and locomotor activity were monitored from the time of implantation until
the end of the experiment. Mice were allowed at least 7 days to recover from surgery before
any experimental procedures took place. All procedures were in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved
by the University of Illinois Institutional Animal Care and Use Committee.

MA [(+)-Methamphetamine hydrochloride (Sigma, Cat # M-8750)] was dissolved in sterile
saline and injected i.p. at a volume of 0.1ml/g body weight, equivalent to a dose of 1mg
MA:-HCI/kg body weight. Escherichia coli LPS (serotype 0127:B8, Sigma) was dissolved in
sterile saline and injected i.p. at a volume of 0.01 ml/g body weight, or 100ug/kg body weight,
adose that reliably causes fever in mice. Control mice received an equivalent volume of saline.

Experimental Design

Behavioral sensitization—Behavioral sensitization is characterized by an enhanced
locomotor response to a drug after chronic administration has ceased. To induce this, mice
were subjected to a schedule adapted from (Itzhak, 1997; Maeda et al., 2006). Mice received
0 or Img/kg MA i.p. once per day for 5d. Seventy-two hours after the last administration, mice
were challenged with 0 or 1mg/kg MA to test for sensitization.

MA sensitization and LPS—To investigate if MA administration affects the inflammatory
response to peripheral immune activation, 72h after the last MA injection, non-sensitized and
sensitized mice received i.p. injections of either MA (1mg/kg) and LPS (100ug/kg), MA and
saline, saline and LPS, or saline and saline and Th and locomotor activity were monitored for
the next 24h. Mice were then killed by CO, asphyxiation and blood and brains were collected
for cytokine measurement. To measure cytokines at a time point when mice were actively sick,
a separate group of mice not implanted with E-mitters was subjected to the same experimental
protocol and killed at 4h post-LPS.

Cytokine mRNA measurement by quantitative real-time PCR

Total hypothalamic RNA was isolated using the Arcturus PicoPure™ RNA isolation kit as
described by the manufacturer. DNase treatment was performed on a PicoPure column with a
Qiagen RNase-free DNase set (Qiagen, Valenica, CA). RNA from the striatum and
hippocampus was isolated using the Tri Reagent protocol (Sigma, St. Louis, MO). A
QunatiTect Reverse Transcription Kit (Qiagen, Valencia, CA) was used for cDNA synthesis
with integrated removal of genomic DNA contamination according to the manufacturer's
protocol and previously described (Krzyszton et al., 2008). Quantitative real time PCR was
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performed using the Applied Biosystems (Foster, CA) Assay-on Demand Gene Expression
protocol as previously described (Krzyszton et al.). In brief, cDNA was amplified by PCR
where a target cDNA (IL-6, Mm00446190_m1; IL-1B3, Mm00434228 m1; TNFa,
MmO00443258_m1; MHC Il antigen E, Mm00439221 m1; and IL-10, Mm00439616_m1) and
a reference cDNA (glucose-3 phosphate dehydrogenase, Mm99999915_g1) were amplified
simultaneously using an oligonucleotide probe with a 5’ fluorescent reporter dye (6-FAM) and
a 3’ quencher dye (NFQ). PCR reactions were performed in triplicate under the following
conditions: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°
C for 1 min. Fluorescence was determined on an ABI PRISM 7900HT-sequence detection
system (Perkin Elmer, Forest City, CA). Data were analyzed using the comparative threshold
cycle (Ct) method, and results are expressed as fold difference.

Plasma Cytokines

Plasma samples were assayed for IL-18, TNFa, IL-6, and IL-10 using a multiplex bead-based
immunoassay kit combined with a Cytokine Reagent kit as described by the manufacturer (Bio-
Rad, Hercules, CA). The multiplex assay was sensitive to <3 pg/ml for IL-1f, TNFa, IL-10,
and IL-6. The inter-assay and intra-assay coefficients of variation were <8%.

Immunohistochemical staining and quantification

A separate group of mice was subjected to the MA sensitization regimen and then given either
100pg/kg of LPS or saline, or 1mg/kg MA or saline. Four hours after i.p. injection, mice were
killed by CO, asphyxiation and transcardially perfused with heparinized saline followed by
4% paraformaldehyde, and brains were removed. Brains were blocked in 3 parts (rostral, mid
and caudal), postfixed over 2d in 4% paraformaldehyde, and then paraffin embedded. Coronal
sections (4um) were cut on a microtome and every 10t section was stained for Ibal (ionized
calcium binding adapter molecule 1; Wako Chemicals USA, Richmond, VA) at the level of
the striatum (Bregma -0.82 mm) and at the hippocampus (Bregma -2.18 mm), or for c-Fos [c-
Fos (4) sc-52; Santa Cruz Biotechnology, Santa Cruz, CA] at the level of the NTS (Bregma
-7.48 mm). Sections were dewaxed and rehydrated through xylene and alcohols and were
incubated in citrate buffer, pH 6, and microwaved for 10 min. Endogenous peroxidase was
eliminated by incubating sections in 3% H,O,/methanol for 15 min. For microglia Ibal
staining, sections were washed in PBS and blocked with 5% normal goat serum in PBS before
overnight incubation at 4°C with the primary antibody at 1:1600 dilution in 5% blocking serum.
For c-Fos, sections were blocked with 20% normal goat serum before overnight incubation at
4°C with the primary antibody at 1:800 dilution in 5% blocking serum. For both antibodies,
the sections were washed, and then incubated with biotinylated goat anti-rabbit antibody
(Vector Laboratories, Burlingame, CA) for 1h. Staining was visualized using the ABC method
and 3,3'-diaminobenzidine or nickel-enhanced 3,3'-diaminobenzidine as chromagen. Sections
stained for Ibal were counterstained with hemotoxylin. Isotype-matched IgG was used as
negative control. Immunostaining was visualized using an Optronix Microfire camera (model
S99808, Goleta, CA) attached to a Zeiss Axio Imager A.1 microscope (Gottingen, Germany).
The numbers of Ibal-positive and c-Fos-positive cells were counted manually by two blind
observers. The number of positive cells was determined in both hemispheres of a given section
using a total of 4 sections per mouse and expressed as number of cells per 100 um2.

Data Collection and Analysis

Th and locomotor activity data were collected every 5 min and averaged over 30 minutes.
Change in Th and locomotor activity following injection was calculated as the 30-min average
at each time point minus the 30-min average at time 0 (the time of injection). Data from the
sensitization regimen were subjected to repeated-measures ANOVA in which Day was a
within-subjects measure (i.e., repeated measure), and MA (MA or Saline) was a between
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subjects measure. Th and locomotor activity data from LPS experiments were subjected to
repeated-measures ANOVA in which Time was a within-subjects measure and Sensitization
(Sensitized or Non-sensitized), MA (MA or Saline) and LPS (LPS or Saline) were between-
subjects measures. Central cytokine mRNA levels and peripheral cytokines were analyzed
using three-way ANOVA (Sensitization x MA x LPS). When ANOVAs revealed a significant
effect of main factors or main factor interactions, differences in treatment group means were
tested using Fisher's least-significant differences. All data are presented as means + SEM.

Behavioral sensitization

Repeated administration of MA in animals produces a phenotype that is characterized by
behavioral sensitization to the locomotor enhancing effects of the drug and represents a
convergence of complex, long-term molecular changes and alterations in gene expression in
the addicted brain. Figures 1A and 1B show that repeated administration of MA caused a
decrease in both body weight [F(1,37) = 14.24, p<0.001] and food intake [F(1,37) = 8.067,
p<0.05] over the course of 5 days. Figure 1C shows the effect of 5 days of MA administration
on locomotor activity. Here, there was a MA x Day interaction [F (5,125) = 4.655, p<0.0001],
where 1mg/kg MA significantly increased locomotor activity compared to saline, and each
subsequent MA injection resulted in greater activity than the injection the previous day. To
test if sensitization had occurred, 1mg/kg MA was re-administered 72h later (i.e. day 8). This
dose of MA produced enhanced locomotor activity compared to day 1 [F (1,25) = 9.028,
p<0.01], signifying that MA sensitization had occurred.

Methamphetamine sensitization attenuates the febrile but not locomotor response to LPS

We next investigated if MA administration would interfere with the response to a peripheral
immune stimulus (LPS, 100ug/kg). Non-sensitized and sensitized mice received i.p. injections
of either MA (1mg/kg) and LPS (100ug/kg), MA and saline, saline and LPS, or saline and
saline and body weight, Th and locomotor activity were monitored over the next 24h. Figure
2A shows the effects of LPS on body weight in mice sensitized to MA. There was a
Sensitization x LPS interaction whereby mice sensitized to MA lost less body weight than did
non-sensitized mice [F (1,48) = 4.175, p<0.05]. Initially we thought that this interaction might
be due to the loss in BW occurring during MA sensitization however, the starting BW between
the two groups (Non-sensitized vs Sensitized) was not appreciably different (27.6+0.28 and
27.45+0.24, respectively).

Figures 2B-E show changes in Th and locomotor behavior after LPS and/or MA in mice
sensitized to MA. For the sake of clarity, data from non-sensitized and sensitized animals are
shown in separate panels [Fig 2B-C and 2D-E, respectively]. For Th, there were main effects
of Sensitization [F (1,48) = 11.061, p<0.01] and LPS [F (1,48) = 16.688, p<0.001]. MA
administration, regardless of sensitization, induced a decrease in Tb 1h after administration,
followed by arise in Th that peaked 2-3h post-injection. As evidenced by the large error bars,
this hypothermic response was fairly varied, with 5 out of 10 mice given MA showing a drop
in Th ranging from -0.5 to -1.5°C. There was also a MA x LPS interaction [F (1,48) = 5.942,
p<0.02] where mice given MA, regardless of sensitization, had significantly lower fevers than
did mice receiving LPS alone. This difference in the LPS-induced rise in Th was not due to a
disparity in baseline Th between sensitized (36.2 + 0.1°C) and non-sensitized (36.0 £ 0.1°C)
mice.

As expected, for locomotor activity there was a main effect of MA [F (1,48) = 8.804, p<0.01]
where mice given MA showed increased activity compared to those given saline. There was
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also a main effect of LPS [F (1,48) = 9.004, p<0.01] where LPS decreased locomotor activity
regardless of MA administration.

Methamphetamine sensitization attenuates the neuroinflammatory response to LPS

To examine the neuroinflammatory response to LPS in MA sensitized mice, non-sensitized
and sensitized mice were killed and blood and brains were collected at 4h post LPS and/or MA
administration. We were particularly interested in the hypothalamus and hippocampus because
they are intimately involved in the sickness response, and the striatum because it is sensitive
to the effects of MA. As expected, LPS administration increased I1L-1, IL-6 and TNFa in all
3 brain regions. Figure 3 shows the fold change in IL-1f, IL-6, TNFa and IL-10 mRNA in 3
brain regions 4h after LPS. In all 3 brain regions, co-administration of MA and LPS did not
affect the LPS-induced increase in inflammatory cytokines in non-sensitized mice. Indeed,
with the exception of the hypothalamus, MA administration alone did not induce any increase
in cytokine mRNA 4h after injection. However, sensitization significantly influenced the LPS-
induced increase in cytokine mRNA. For IL-18 mRNA (Fig 3A, E, and H), there was a
Sensitization x LPS interaction whereby MA sensitization attenuated the LPS-induced increase
in the hypothalamus [F (1,35) = 12.161, p<0.01], hippocampus [F (1,35) = 10.846, p<0.01]
and striatum [F (1,35) =12.856 p<0.01]. This Sensitization x LPS interaction was also observed
for IL-6 mRNA in the hypothalamus [F (1,35) = 15.710, p<0.0001], hippocampus [F (1,35) =
10.270, p<0.01] and striatum [F (1,35) = 4.121, p=0.05], and for TNFa. mRNA in the
hypothalamus [F (1,35) = 7.560, p<0.01] and striatum [F (1,35) 14.269, p<0.0001].

In the hypothalamus MA increased IL-6 in both non-sensitized and sensitized animals
(p<0.0001). There was also a MA x LPS interaction whereby MA alone increased IL-6 mMRNA
to the same extent as LPS alone or LPS + MA combined [F (1,35) = 9.650, p<0.01]. IL-10
MRNA was either undetectable or detected at very low levels in the hippocampus and striatum
4h after injection in sensitized mice given saline. It was however, detected in all other groups,
suggesting that sensitization decreased IL-10 mRNA levels to below the detection level of the
assay. In the hypothalamus LPS induced an increase in IL-10 mRNA regardless of MA
sensitization (Fig 3A, p<0.04). There was also a MA x LPS interaction [F (1,33) = 7.507,
p<0.01] whereby MA administration, regardless of sensitization, increased IL-10 mRNA to
the same extent as LPS alone or LPS + MA combined.

Methamphetamine sensitization does not influence the plasma cytokine response to LPS

To investigate the peripheral cytokine response to LPS in MA sensitized mice, blood was
collected 4h post LPS and/or MA. Table 1 shows values for cytokine levels 4h after LPS. MA
alone increased plasma levels of IL-1p [F (1,34) = 11.346, p<0.01] in both sensitized and non-
sensitized mice. For this cytokine, there was also a MA x LPS interaction [F (1,34) = 4.925,
p<0.04] whereby MA increased plasma levels of IL-1f to the same extent as LPS + MA or
LPS alone. However, unlike the inflammatory response in the brain, sensitization had no effect
on magnitude of the LPS-induced increase in any of the cytokine levels. At 4h post LPS,
IL-1p [F (1,34) = 5.289, p<0.03], IL-6 [F (1,35) = 27.207, p<0.001] and IL-10 [F (1,35) =
4.829, p<0.03] were all increased compared to saline controls. These data suggest that while
MA alone increases IL-1p 4h after administration, the peripheral cytokine response to LPS is
unaffected by MA sensitization.

Methamphetamine sensitization does not influence LPS-induced c-Fos immunoreactivity in

the NTS

Peripheral inflammatory stimuli like LPS and cytokines activate vagal afferent pathways and
induce neuronal responses that stimulate the production of cytokines within the brain. Neurons
in the NTS are particularly responsive to peripheral LPS. Given that mice sensitized to MA
showed an attenuated central response to peripheral LPS but no difference in peripheral
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cytokine production, we determined whether MA sensitization affected activation of the
immune-responsive NTS by staining c-Fos, a widely used marker for functional activation.
Because MA administration alone had no effect on the LPS-induced increase in cytokine
mRNA, and the overwhelming significant finding for cytokine mRNA was that of sensitization,
MA was not co-administered in this experiment. Figure 4 shows c-Fos staining in the NTS 4h
after LPS in mice sensitized to MA. LPS reliably activated Fos regardless of methamphetamine
sensitization [F (1,16) = 13.525, p<0.01]. These data indicate that MA sensitization does not
interfere with traditional immune-to-brain communication pathways when the peripheral
innate immune system is stimulated and suggest that the attenuated response to LPS in MA
sensitized mice is mediated at a central, not peripheral, level.

Methamphetamine sensitization alters microglial expression of Ibal

MA administration, at doses high enough to be considered toxic, reliably activates microglia.
The dosing schedule used here was not expected to significantly activate microglia. However,
given that the attenuated response to LPS in MA sensitized mice appears to be mediated
centrally, we investigated if MA sensitization altered the microglial response to LPS. lonized
calcium-binding adapter molecule 1 (Ibal) is specifically expressed in microglia and
expression is particularly enhanced under pathological conditions (Ito et al., 1998; Ito et al.,
2001; Qin et al., 2007; Sandhir et al., 2008). Figures 5A and 5B show Ibal staining in the
dentate gyrus of the hippocampus and the striatum 4h after LPS administration. In the dentate
gyrus there were main effects for both Sensitization [F (1,15) = 6.360, p<0.03] and LPS [F
(1,15) = 8.729, p<0.01]. In the striatum there was a Sensitization x LPS interaction [F (1,14)
= 4.718, p<0.05]. In both regions, expression of Ibal 4h after LPS appeared to be diminished
in mice sensitized to MA compared to non-sensitized mice.

While high doses of MA have been shown to activate microglia, it has also been shown that
repeated administration of a lower dose of MA, one that induces only minimal microglial
activation, can induce tolerance whereby a subsequent, high-dose MA challenge will not
activate microglia above control levels (Thomas and Kuhn, 2005). It is not known whether the
MA schedule used here could influence the microglia response to a low-, rather than high-dose
MA challenge. We therefore measured Ibal expression in non-sensitized and sensitized mice
challenged with Img/kg MA 72h after the last MA administration. Fig 6 shows Ibal expression
4h after MA in non-sensitized and sensitized mice. There was a Sensitization x MA interaction
in both the hippocampus [F (1,15) = 14.930, p<0.01] and striatum [F (1,15) = 9.331, p<0.01]
whereby non-sensitized mice showed increased Ibal expression 4h after an acute injection of
MA compared to sensitized mice. A similar interaction was observed in the hippocampus for
MHCII mRNA [F (1,16) = 19.057, p<0.001] (data not shown). Taken together, these data
suggest that sensitization diminished the microglial response to a subsequent, low-dose MA
challenge.

Discussion

MA is a popular drug of abuse that has several central effects and prolonged, or heavy usage
can activate the primary inflammatory cells of the brain; microglia. Because MA has been
shown to heighten the inflammatory environment of the brain and has also been shown to have
a synergistic effect when administered concomitantly with an immune stimulus such as the
HIV-1 Tat protein (Flora et al., 2003), we hypothesized that MA administration would
exacerbate LPS-induced sickness behavior as well as the neuroinflammatory cytokine
response. However, here we demonstrate that, while co-administration of MA and LPS did not
affect the LPS-induce increase in neuroinflammation in mice not sensitized to MA, mice
sensitized to MA lose less weight, generate lower fevers, and show attenuated expression of
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central inflammatory cytokine mRNA in response to LPS than do mice not sensitized to MA.
In short, MA sensitization appears to attenuate the sickness response to LPS.

As noted, sensitized mice given LPS showed a blunted fever that was paralleled by an
attenuated central cytokine response seen 4h post injection. However, non-sensitized mice
given MA also showed a blunted Th response to LPS, despite the increase in cytokine mRNA.
Indeed, the Th response to co-administration of MA and LPS was similar in both non-sensitized
and sensitized mice. It is difficult to interpret the Tb response to co-administration of MA and
LPS since MA administration alone results in such dramatic Th and locomotor responses. It is
likely that the initial response to MA significantly masked the effects of LPS on the fever
response. Here we show that MA administration alone, while typically associated with
hyperthermia, induced hypothermia 1h post-administration before a resultant increase in Th
2-3h after administration. While this was somewhat surprising it is not unprecedented,
especially in rodents pre-exposed to MA (Myles et al., 2008; Myles and Sabol, 2008). Possibly,
this response to MA in both sensitized and non-sensitized mice interfered with the
thermoregulatory processes of generating a fever. Despite this difference in the
thermoregulatory response to MA+LPS, the overwhelming significant finding throughout is
that of MA sensitization. Co-administration of MA and LPS did not affect the LPS-induced
increase in central cytokine mRNA in non-sensitized mice however, sensitized mice showed
a significant attenuation in LPS-induced cytokines, regardless of MA co-administration.

Peripheral immune stimulation activates microglia in the brain. This is accomplished by the
actions of peripheral cytokines at the level of the BBB and/or activation of projections of the
vagus nerve to the NTS. In the current study there was no difference in LPS-induced plasma
cytokines with regard to MA sensitization, indicating that the peripheral cytokine response to
LPS was not influenced by MA. Given that these high levels of circulating inflammatory
cytokines were not sufficient to induce cytokine mRNA expression in the brains of MA
sensitized mice to the same extent as seen in mice not sensitized to MA, it is possible that MA
sensitization is somehow influencing the communication between periphery and brain,
whereby the signal reaching the brain in the MA sensitized mice is diminished, resulting in the
attenuated fever and cytokine response to LPS. We therefore explored the possibility that MA
sensitization interfered with the vagal afferent pathway that is responsive to peripheral LPS.
Neurons in the NTS receive input from vagal afferents and project to brain areas mediating
sickness behavior (Rutecki, 1990) and several studies show that subdiaphragmatic vagotomy
attenuates sickness behavior in response to low doses of LPS as well as peripheral
administration of IL-1p (Gaykema et al., 2000; Hansen and Krueger, 1997; Romanovsky et
al., 1997). Therefore, if MA sensitization blunted the vagal afferent pathway, it might explain
why MA sensitized mice showed attenuated fever as well as diminished central cytokine
mRNA expression after LPS. However, we show here that c-Fos immunoreactivity in the NTS
was increased similarly in both MA sensitized and non-sensitized mice 4h after LPS
administration, suggesting that the periphery-to-brain immune signal is intact and that the
deficit lies in the central cytokine compartment.

There are several reports suggesting that pre-treatment with varying schedules of MA
attenuates the neurotoxic effects of a subsequent, high-dose MA challenge. Most of these
studies focus on the damage to monoaminergic systems in response to a high-dose MA
challenge. For instance, non-toxic chronic MA administration protected against the toxic
effects to the dopaminergic (Cadet et al., 2009; Danaceau et al., 2007; Graham et al., 2008)
and serotonergic (Danaceau et al., 2007; Johnson-Davis et al., 2003; Stephans and Yamamoto,
1996) systems associated with a subsequent, high-dose MA challenge. This phenomenon has
also been reported in microglia (Thomas and Kuhn, 2005). While high doses of MA have been
shown to activate microglia, it has also been shown that repeated administration of a lower
dose of MA, one that induces only minimal microglial activation, can induce tolerance whereby
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a subsequent MA administration will not activate microglia above control levels (Thomas and
Kuhn, 2005). If such was the case in terms of an alternate immune challenge, the microglia of
mice pre-exposed to MA may produce lesser amounts of inflammatory molecules upon
subsequent immune stimulation. We therefore measured expression of Ibal, a molecule
specifically expressed in microglia, to see if MA sensitization altered the microglial response
to LPS and, in a separate experiment, if MA sensitization altered the microglial response to a
subsequent, low-dose MA challenge. The fact that there were no differences in Ibal expression
between non-sensitized and sensitized mice suggests that any effects of the low-dose
sensitization schedule on microglia is gone by 72h. Overall, MA sensitization appeared to
diminish expression of Ibal 4h after LPS compared to non-sensitized mice. Further, MA alone
increased Ibal expression 4h after administration, but only in animals not exposed to the MA
sensitization regimen. Taken together, these data suggest that sensitization diminished the
microglial response to a subsequent, low-dose MA challenge as well as a subsequent LPS
challenge, which may be indicative of lower levels of microglial activation, resulting in
attenuated cytokine gene expression in the brain. This may also help explain why the LPS-
induced cytokine response in non-sensitized and sensitized mice co-administered MA and LPS
is so different.

While it may appear that animals sensitized to MA respond better (i.e. get less sick) to an
immune stimulus than their drug-free counterparts, this is not necessarily beneficial. LPS
reliably induces cytokines in both the brain and the periphery. Itis this central cytokine response
that is essentially responsible for the initiation of sickness behavior, which is an integrated,
adaptive and protective response to illness that is considered to be necessary for recovery and
survival. Indeed, early fever research has shown that preventing the febrile response, which
would also be expected to attenuate the cytokine response, is detrimental to survival (Kluger,
1991). Therefore, the attenuated febrile and neuroinflammatory response to LPS in MA
sensitized mice may present a very serious problem; hampering the immune response of the
CNS. MA use is associated with an increased prevalence of HIV infection, as well as hepatitis
and fungal infection (Gonzales et al., 2006; Halkitis et al., 2001; Miller et al., 2009; Purcell et
al., 2001). Therefore, the potential that MA use can hamper the immune response also presents
a serious problem in the human population since, despite the negative symptoms of sickness,
the inflammatory response to an invading pathogen is necessary for survival and recovery.
Sickness behavior is a highly adaptive and beneficial response to illness and the severity of the
symptoms is what directs individuals to seek medical help. A dampened response to infection
could present a problem in that it could delay medical treatment and consequently prolong
illness and recovery. It is therefore important to determine the underlying cause of the
dampened central response to a subsequent immune stimulus in animals sensitized to MA.
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Fig. 1. Behavioral sensitization to methamphetamine

Effect of 5 days of MA administration on body weight (A), food intake (B) and locomotor
activity (C) over 5 days of MA administration followed by behavioral sensitization test 72h
later. Open bars or symbols represent saline controls and closed symbols represent MA
administration (n=10-12 per group). Activity data is presented as 30 minute averages from
time of injection to 1h post-injection.
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Fig. 2. Locomotor activity and body temperature response to LPS in mice sensitized to
methamphetamine

Change in body weight (A) and Tb and locomotor activity in non-sensitized (B and C) and
sensitized (D and E) mice after LPS and/or MA. Mice were subjected to a 5d regimen of 0 or
1mg/kg MA per day and then injected with LPS and/or MA 72h later (n=5-10 per group). Open
circles represent saline administration, open triangles respresent MA administration, closed
circles represent LPS administration and closed triangles represent mice co-administered MA
and LPS. Arrow = injection, dark bar = lights off. For Tb there were significant main effects
of Sensitization and LPS as well as a significant Sensitization x LPS interaction.
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Fig. 3. Cytokine mRNA expression 4h after LPS and/or MA in mice sensitized to methamphetamine
Cytokine mRNA expression in mice sensitized to MA 4h after LPS administration in the
hypothalamus (A-D), hippocampus (E-H), and striatum (I-L). Non-sensitized and sensitized
mice were given LPS and/or MA and brains were collected 4h post-LPS (n=5-6 per group).
Means with different letters are at least p<0.05 different from each other. ND=not detectable.
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Fig. 4. c-Fos immunoreactivity in the NTS 4h after LPS in mice sensitized to methamphetamine
Immunohistochemical staining of c-Fos in the NTS of mice sensitized to MA prior to LPS
administration at 20x magnification. Mice were subjected to a 5d regimen of 0 or 1mg/kg MA
per day and then injected with either LPS or saline 72h later and brains were collected 4h after
LPS administration. Pictures are representative photomicrocraphs of the NTS of a sensitized
and non-sensitized mouse given LPS or saline. Scale bar = 100um.
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Fig. 5. Ibal expression 4h after LPS in mice sensitized to methamphetamine
Immunohistochemical staining of Ibal in the dentate gyrus of the hippocampus (A) and the
striatum (B) of mice sensitized to MA prior to LPS administration at 40x magnification. Mice
were subjected to a 5d regimen of 0 or 1mg/kg MA per day and then given either LPS or saline
72h later. Brains were collected 4h after LPS administration. Scale bar = 100 um.
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Fig. 6. Ibal expression 4h after methamphetamine administration in mice sensitized to

methamphetamine

Immunohistochemical staining of Ibal in the dentate gyrus of the hippocampus (A) and the
striatum (B) of mice sensitized to MA prior to MA administration at 40x magnification. Mice
were subjected to a 5d regimen of 0 or 1mg/kg MA per day and then given either Img/kg MA
or saline 72h later. Brains were collected 4h after MA administration. Scale bar = 100 pum.
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