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Abstract

Methamphetamine (METH) damages dopamine (DA) nerve endings by a process that has been linked
to microglial activation but the signaling pathways that mediate this response have not yet been
delineated. Cardona et al. [Nat. Neurosci. 9 (2006), 917] recently identified the microglial-specific
fractalkine receptor (CX3CR1) as an important mediator of MPTP-induced neurodegeneration of
DA neurons. Because the CNS damage caused by METH and MPTP is highly selective for the DA
neuronal system in mouse models of neurotoxicity, we hypothesized that the CX3CRL1 plays a role
in METH-induced neurotoxicity and microglial activation. Mice in which the CX3CR1 gene has
been deleted and replaced with a cDNA encoding enhanced green fluorescent protein (eGFP) were
treated with METH and examined for striatal neurotoxicity. METH depleted DA, caused microglial
activation, and increased body temperature in CX3CR1 knockout mice to the same extent and over
the same time course seen in wild-type controls. The effects of METH in CX3CR1 knockout mice
were not gender-dependent and did not extend beyond the striatum. Striatal microglia expressing
eGFP constitutively show morphological changes after METH that are characteristic of activation.
This response was restricted to the striatum and contrasted sharply with unresponsive eGFP-
microglia in surrounding brain areas that are not damaged by METH. We conclude from these studies
that CX3CR1 signaling does not modulate METH neurotoxicity or microglial activation.
Furthermore, it appears that striatal-resident microglia respond to METH with an activation cascade
and then return to a surveying state without undergoing apoptosis or migration.
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Microglial activation has been implicated as a contributing factor in numerous
neurodegenerative disorders to include Alzheimer's disease (Streit 2004) and Parkinson's
disease (Klegeris et al. 2007), to list but a few. In addition, drugs such as methamphetamine
(METH) and MPTP, which cause damage to the dopamine (DA) neuronal system, are also
thought to exert at least part of their neurotoxicity via microglial activation (LaVoie et al.
2004; Thomas et al. 2004b; Kim et al. 2007). One microglial-associated receptor was recently
implicated in MPTP-induced neurotoxicity when it was shown that mice lacking the receptor
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for fractalkine (CX3CR1) were hypersensitive to the damaging effects of MPTP on DA neurons
of the substantia nigra (Cardona et al. 2006). The CX3CR1 is expressed predominantly in
microglial cells in brain (Nishiyori et al. 1998; Maciejewski-Lenoir et al. 1999; Mizuno et
al. 2003) and its activation by fractalkine (CX3CL1) released from neurons serves to limit or
minimize microglial activation (Zujovic et al. 2000; Mizuno et al. 2003). The null mutation in
the CX3CRL1 gene has acute as well as long-term negative consequences on neurons,
highlighting the important role of the CX3CR1 signaling system in maintaining neuronal
homeostasis (Meucci et al. 2000) and in resisting drug- and disease-induced damage.

Methamphetamine intoxication results in a constellation of gene expression changes in brain
areas known to be damaged by this drug of abuse and many of the genes altered by METH can
be traced to microglial cells (Thomas et al. 2004a). It is becoming evident that microglial
activation is a very early response in the neurotoxic cascade associated with METH (LaVoie
et al. 2004; Thomas et al. 2004b; Thomas and Kuhn 2005a) and blockade of this reaction with
drugs like MK-801 and dextromethorphan protect against METH-induced nerve ending
damage (Thomas and Kuhn 2005b).

In light of the important role of CX3CR1 in dampening microglial activation in general
(Zujovicetal. 2000; Mizuno etal. 2003), and in protecting against MPTP-induced DA neuronal
damage (Cardona et al. 2006), we hypothesized that METH would cause heightened DA nerve
ending damage in mice lacking the CX3CRL1. Because CX3CR1 knockout mice express the
gene for enhanced green fluorescent protein (eGFP) in place of the CX3CR1, these mice have
constitutively fluorescent microglial cells, allowing visualization of the morphological
response to METH. We report presently that METH provokes microglial activation and DA
nerve ending damage in the striatum of CX3CR1 knockout mice to the same extent seen in
wild-type mice. In addition, the remarkable specificity of METH-induced microglial activation
in brain is highlighted by the drug-induced changes in microglial status in damaged areas (i.e.,
striatum) and contrasts sharply with adjacent sites not damaged by METH (i.e., cortex). These
results suggest that METH does not provoke microglial activation via the CX3CR1 signaling
pathway and they also highlight some fundamentally different mechanisms of action of METH
and MPTP.

Materials and methods

Materials

Animals

(+) Methamphetamine hydrochloride, pentobarbital, horseradish peroxidase (HRP)-
conjugated Isolectin B4 (from Griffonia simplicifolia), 3,3'-diaminobenzidine,
paraformaldehyde, Triton X-100, dopamine, methanol, EDTA, all buffers and HPLC reagents
were purchased from Sigma-Aldrich (St. Louis, MO). CitriSolv and Permount were products
of Fisher Scientific (Pittsburgh, PA). Alexa Fluor 568 conjugated ILB,4 was obtained from
Invitrogen (Carlsbad, CA).

Mice in which the CX3CR1 gene was deleted and replaced with a cDNA of eGFP (Jung et
al. 2000) were purchased as breeding pairs from The Jackson Laboratory (Bar Harbor, ME;
strain B6.129P-Cx3cr1t™m1Litt/3) Mice homozygous for the deletion of the CX3CR1 gene were
used to establish a colony of male and female offspring for use in these studies. The
recommended wild-type control for these mice is the C57BL/6 strain. Male and female wild-
type C57BL/6 mice were purchased from Harlan (Indianapolis, IN). The expression of the
CX3CL1 gene was confirmed in wild-type controls and CX3CR1 knockout strains and the
absence of expression of the CX3CR1 gene was confirmed in CX3CR1 knockout strain by
RT-PCR (data not shown). Mice expressing eGFP under the control of a chicken beta-actin
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promoter and cytomegalovirus enhancer were also obtained from The Jackson Laboratory
(strain C57BL/6-Tg(ACTbEGFP)10sb/J). These mice express eGFP in all tissues with the
exception of erythrocytes and hair (Okabe et al. 1997), and were used as bone marrow donors
as described below. All mice were housed five per cage in small shoebox cages in a light and
temperature controlled room and weighed 20-25 g at the time of experimentation. Mice had
free access to food and water. The Institutional Care and Use Committee of Wayne State
University approved the animal care and experimental procedures. All procedures were also
in compliance with the NIH Guide for the Care and Use of Laboratory Animals.

Pharmacological and physiological procedures

Mice were treated with a binge neurotoxic regimen of METH comprised of four injections of
5 mg/kg i.p. with a 2 h interval between each injection. This METH regimen is known to cause
extensive microglial activation and DA nerve ending damage (Thomas et al. 2004b). Controls
received i.p. injections of physiological saline on the same schedule used for METH. Mice
were sacrificed at various times after the METH regimen to assess the status of striatal DA and
microglial activation (specified below for each experiment). Body temperature was monitored
by telemetry using IPTT-300 implantable temperature transponders from Bio Medic Data
Systems, Inc. (Seaford, DE). Temperatures were recorded every 20 min non-invasively using
the DAS-5001 console system from Bio Medic.

Lectin histochemical staining of microglia

Microglial activation was assessed by staining fixed brain sections with HRP-conjugated
Isolectin B4 (ILBy,) as developed by Streit (1990) and as previously described in our studies
with METH (Thomas et al. 2004b). At the time of sacrifice, mice were deeply anesthetized
with pentobarbital (120 mg/kg) and perfused transcardially with ice-cold 4%
paraformaldehyde in PBS. Brains were removed and stored overnight in fixative at 4°C.
Sections of 50 um thickness were cut throughout the rostral/caudal axis of the striatum (+ 1.2
through - 0.1 mm with respect to Bregma). Sections were floated into phosphate buffered saline
(PBS) containing 3% H,0, for 30 min, washed once in PBS + 0.1% Triton X-100, then
incubated in fresh PBS + 0.1% Triton X-100 for an additional 30 min. Microglia were labeled
with HRP-conjugated ILB4 (10 pg/mL in PBS + 0.1% Triton X-100) overnight at 4°C. Excess
ILB4 was removed by three washes with PBS + 0.1% Triton X-100 (5 min each) followed by
a single wash in PBS before exposure to 3,3'-diaminobenzidine substrate (0.1 mg/mL) in PBS
for 25 min. Following a single wash in PBS, sections were transferred to glass slides, air dried
and dehydrated through a series of graded ethanol washes. Sections were incubated in Citrisolv
for 5 min then coverslipped under Permount. For all pharmacological studies presented below,
brain sections from drug-treated mice were processed simultaneously with controls to
normalize staining among treatment groups. Microglial reactivity was viewed under the light
microscope and the number of stained cells observed after various treatments was counted
using NIH Image. Cell counts were sampled from a 0.38 mm? area of the striatum by a person
blinded to the treatment conditions. Cells were counted from three independent sections from
all like-treated mice, bilaterally, generating an average count for each treated subject.

Fluorescence imaging of microglia

In some experiments, sections from CX3CR1 knockout mice were incubated with Alexa Fluor
568 conjugated ILB, to assess activation of the eGFP-expressing microglia. Sections were
incubated in PBS + 0.1% Triton X-100 for 30 min at 22°C and then overnight at 4°C with
Alexa Fluor 568 conjugated ILBy4 (10 pg/mL) in PBS + 0.1% Triton X-100. Excess label was
removed by three washes in PBS + 0.1% Triton X-100 and one wash in PBS. Sections were
then wet mounted on microscope slides and coverslipped. Activated microglia labeled with
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Alexa Fluor 568 conjugated ILB,4 and microglia constitutively expressing eGFP were viewed
and photographed using an Olympus BX51 fluorescence microscope.

Striatal DA content

Depletion of striatal DA after METH treatment is widely used as an index of METH-induced
toxicity to DA nerve endings. DA depletion from striatum faithfully reflects other measures
of DA nerve ending damage caused by METH, such as reduced tyrosine hydroxylase
immunoreactivity or reduced ligand binding to the DA transporter, especially at longer times
after treatment as used presently. Striata were dissected from brain and stored frozen at -80°
C. Tissues were weighed and sonicated in 10 vol of 0.16N perchloric acid at 4°C. Insoluble
protein was removed by centrifugation and DA was determined by HPLC with electrochemical
detection.

Migration of hematopoietic cells into striatum after METH treatment

To investigate if hematopoietic cells in the peripheral circulation can serve as the source of
striatal microglia after migration into brain, we analyzed donor cell engraftment into the CNS
as previously described (Priller et al. 2001; Vallieres and Sawchenko 2003). Briefly, female
C57BL/6 mice (n =10) were exposed to a lethal dose of gamma radiation from a cesium source
(10 gray total body irradiation in two equal doses 3 h apart). Approximately 24 h later, irradiated
mice were injected via the tail vein with ~ 5 x 106 bone marrow cells harvested from the femurs
of C57BL/6 female mice expressing eGFP in all tissues (Oka et al. 2003). After rescue by bone
marrow transplant, mice were housed in sterilized caging. After a 10-day recovery period, mice
(n = 5) were treated with the neurotoxic regimen of METH and controls (n = 5) received
injections of saline on the same schedule. Brains were fixed by perfusion 2 days after METH
as described above and examined for microglial activation and engraftment of eGFP expressing
cells in striatum.

Data analysis

Results

Individual treatment groups were compared to appropriate controls for DA and microglial
counts with a one-way anova followed by Tukey's Multiple Comparison Test in GraphPad Prism
5. The effects of drug treatments on core body temperature were analyzed by two-way anova
followed by Bonferroni's post-test. Differences were considered significant if p < 0.05.

Wild-type and CX3CR1 knockout female mice were treated with a neurotoxic regimen of
METH and the effects on striatal DA are presented in Fig. 1(a). METH reduced striatal DA
content to approximately 25-30% of control at 2 days after treatment. This effect persisted for
7 days and 14 days, remaining at about 60-70% depletion. Wild-type and CX3CR1 knockout
mice did not differ in their response to METH at any time point. Cardona et al. (2006) used
male CX3CR1 knockout mice to show enhancement of MPTP neurotoxicity. In order to rule
out a gender effect, we tested male CX3CR1 knockout mice for their response to METH. These
data are presented in Fig. 1(b) and show that males from wild-type and CX3CR1 knockout
strains were significantly depleted of striatal DA to the same extent 2 days, 7 days, and 14 days
after METH treatment (i.e., depletion to about 20-30% of control) but did not differ from each
other. METH-induced DA depletion at all time points and in both strains was significantly
different from control (p < 0.001). It can also be seen that male mice (Fig. 1b) of both strains
were slightly more responsive to METH toxicity than females (Fig. 1a). However, the only
significant difference between males and females was the comparison between males at the 2-
day time point of both strains to wild-type females at the 14 d time point (p < 0.05).
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The effect of METH on striatal microglia was assessed 2 days after treatment, the time point
at which METH-induced microglial activation is greatest (Thomas et al. 2004b), using lectin
histochemical staining with ILB4. The results in Fig. 2 show that METH leads to extensive
microglial activation in striatum in males and females of both strains. Counts of activated
microglia indicated that the effect of METH was significant in female mice from both WT
(p <0.001) and CX3CR1 knockout strains (p < 0.001) as well as in male wild-type (p < 0.001)
and CX3CR1 knockout mice (p <0.001). A strain effect was not evident with regard to METH-
induced microglial activation (p > 0.05). The extent of microglial activation seen in males
trended toward a greater increase by comparison to females, but the overall effect of gender
was not significant (p > 0.05).

We hypothesized that CX3CR1 knockout mice would be more responsive to METH
neurotoxicity, as they are to MPTP (Cardona et al. 2006), but this was not the case (Figs 1 and
2). Therefore, we measured the core temperature response to METH in both strains to rule out
the possibility that the CX3CR1 knockout mice differed from wild-type controls with regard
to the development of hyperthermia. METH caused a significant increase in core body
temperature in females (Fig. 3a) and males (Fig. 3b) of both strains (p < 0.0001), but the effect
of strain was not significant in either gender (p > 0.05). It is also apparent from Fig. 3 that
males show a different pattern of body temperature response by comparison to females. Males
of both strains treated with METH show pronounced spikes in body temperature that begin
just after each of the four METH injections and reach maximum over the next 60 min. Body
temperatures fall over the ensuing 60 min. These sharp increases and decreases in body
temperature become larger with each successive METH injection in males. This effect reached
statistical significance in males of both strains at the 400 min (p < 0.001), 420 min (p < 0.001)
and 440 min (p < 0.05) time points (Bonferroni's post-test). While females of both strains
develop significant hyperthermia (Fig. 3a), the increases and decreases between METH
injections are not quite as pronounced. The body temperature response of METH-treated males
was significantly greater than that of females (p < 0.0001).

Although these studies do not establish a clear role for the microglial CX3CR1 in METH-
induced neurotoxicity and microglial activation, it was possible to take advantage of the fact
that the CX3CR1 knockout strain expresses eGFP constitutively in CNS microglia to visualize
their morphological response to METH. Figure 4 shows the effects of METH on striatal
microglia 2 days after treatment as assessed by endogenous fluorescence of eGFP-expressing
microglia. Because there was no qualitative difference between male and female mice in these
studies, results from female mice are shown. It can be seen that METH provokes a profound
change in microglia morphology. Microglia in METH-treated mice (Fig. 4b), by comparison
to controls (Fig. 4a), showed a substantial retraction of their processes and the cell bodies
assumed a larger, more amoeboid shape, both of which are characteristic of activation. METH
did not increase the number of eGFP-expressing microglia in striatum (data not shown; see
also legend to Fig. 2). Figure 4 also shows the remarkable anatomical specificity of METH-
induced microglial activation. Microglia in brain areas bordering the striatum (e.g.,
somatosensory cortex and corpus callosum) known not to be damaged by METH did not show
these morphological changes. By 7 days, the appearance of the activated microglia in striatum
had returned to that shown by controls for both wild-type and CX3CR1 knockout strains and
there was no evidence of microglial cell loss at any time (data not shown). Figure 5(c) and (d)
show representative images of striatal microglia from CX3CR1 knockout mice treated with
saline or METH, respectively. These higher magnification micrographs offer a fuller
appreciation of the effect of METH on microglial status as revealed by the enlarged cell bodies
and retracted processes shown in Fig. 5(d) as compared to Fig. 5(c).

Alexa Fluor 568 conjugated ILB4 was used to determine if microglia expressing eGFP
constitutively and showing METH-induced morphological changes were also stained by the
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lectin, and the results are shown in Fig. 5. Because there was no qualitative difference between
male and female mice in these studies, results from only female CX3CR1 knockout mice are
presented. Figure 5(a) shows that eGFP-expressing microglia in untreated CX3CR1 knockout
mice are characteristic of resting microglia, in agreement with the results in Fig. 4. These cells
are not labeled by Alexa Fluor 568 conjugated ILB, (Fig. 5b) in agreement with results shown
in Fig. 2 using HRP-labeled ILB4 (see Fig. 23, c, e, and g). The METH-induced shift in
microglial morphology is shown in Fig. 5(d) and it can be seen that this cell is also extensively
labeled with Alexa Fluor 568 conjugated ILB, (panel e). The merged image (panel f) shows
that the eGFP-expressing microglia in this field is positive for labeling with lectin, confirming
its status as activated. Finally, to rule out the possibility that expression of the eGFP transgene
in microglia altered their response to METH, striatal sections from wild-type females were
labeled with Alexa Fluor 568 conjugated ILB4 and the results are shown in Fig. 5 as well. It
can be seen in these panels that METH caused a significant increase in microglial activation
and the effect was not different from what is seen when HRP-conjugated ILB, is used to assess
microglial activation (see Fig. 2).

To investigate the possibility that peripheral hematopoietic cells migrate into brain after METH
treatment and serve as the source of striatal microglia, irradiated C57BL/6 mice were rescued
with a bone marrow transplant from mice expressing eGFP in all tissues (i.e., “green mice’;
Okabe et al. 1997). Two days after treatment with the standard neurotoxic METH regimen
used above, when microglial activation is maximal (Thomas et al. 2004b), we did not find any
evidence of eGFP-expressing cells in striatum. These mice responded to METH in the same
manner as normal mice (e.g., developed hyperactivity) and ILB, staining of fixed sections from
striatum confirmed extensive microglial activation. Control mice (i.e., irradiated, bone marrow
transplant, saline treated) were also devoid of eGFP cells in striatum 12 days after transplant.
These negative data (i.e., blank fluorescence images) are not shown in the interest of conserving
space.

Discussion

The chemokine CX3CL1 is a neuronal transmembrane glycoprotein that can be released
proteolytically in soluble form (Cook et al. 2001). Receptors for CX3CL1 are found
predominantly on CNS resident microglial cells and it is becoming evident that neuronal-
microglial signaling is mediated by CX3CL1-CX3CR1 interactions (Harrison et al. 1998).
Release of CX3CL1 from neurons has been identified as an early response to neurotoxic insult
(Chapman et al. 2000; Zujovic et al. 2000) and activation of the CX3CR1 is associated with
neuroprotection, probably as a result of reduced microglial activation (Mizuno et al. 2003).
The consequences of reduced CX3CR1 function could be profound under conditions where
microglial activation is thought to contribute to neuronal damage. This situation was illustrated
dramatically by Cardona et al. (Cardona et al. 2006) who showed that DA neurons of the
substantia nigra in CX3CR1 knockout mice were hyper-responsive to the damaging effects of
MPTP. In light of the fact that MPTP and METH exert highly specific neurotoxic effects within
the DA neuronal system, and considering that each drug causes extensive microglial activation,
we hypothesized that CX3CR1 knockout mice would also be hyper-responsive to METH
neurotoxicity.

Because previous work showing hypersensitivity of DA neurons to MPTP in CX3CR1
knockout mice focused on the substantia nigra and was carried out using male mice exclusively
(Cardona et al. 2006), we included an assessment of several variables that could influence the
extent of METH neurotoxicity in these mice to include post-treatment time of survival, gender,
body temperature response, and brain-regional effects. Initially, we tested female mice and we
were unable to uncover a difference in response to METH between wild-type and CX3CR1
knockout strains with respect to striatal DA depletion, microglial activation, or the development
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of hyperthermia. These analyses extended up to 14 days after treatment with a binge neurotoxic
regimen of METH. Similarly, male CX3CR1 knockout mice could not be distinguished from
wild-type controls with regard to the extent to which they developed striatal DA neurotoxicity,
microglial activation, or hyperthermia after METH. While strain differences were not apparent,
we did observe mild gender effects in that the body temperature responses of male mice were
greater in magnitude than females, and the extent of neurotoxicity was slightly greater in males
at selected times after METH treatment. The gender effects observed in this study were not as
substantial as previously reported for METH (Miller et al. 1998) but our present studies used
lower doses of drug (4 x 5 mg/kg vs. 4 x 10 mg/kg). It was also interesting to observe that
while male mice showed larger swings in body temperature between METH injections and a
slightly greater overall hyperthermic response, they did not uniformly show greater
neurotoxicity and microglial activation than females. This result could reflect a ceiling effect,
making it difficult for male mice of either strain to develop more severe neurotoxicity or
hyperthermia under the present treatment conditions. Finally, we also assessed tyrosine
hydroxylase protein content in the substantia nigra by immunoblotting and observed that
METH did not alter its levels in either strain at any time point (data not shown). Those few
studies that have demonstrated loss of tyrosine hydroxylase content or DA cell bodies in the
substantia nigra after METH also used much higher drug doses than used presently (Sonsalla
et al. 1996; Brown et al. 2006). A neurotoxic regimen of METH does not change striatal
expression of either the CX3CRL1 or the CX3CL1 gene, as assessed by microarray analysis
(Thomas et al. 2004a), and we observed presently that the expression of neither gene was
altered by METH in wild-type controls nor was expression of CX3CL1 altered in the CX3CR1
knockout strain (data not shown). A number of important variables were included for analysis
presently to determine if gender, survival time after drug treatment, or brain-regional specificity
would reveal a strain effect in CX3CR1 knockout mice. The results indicated that METH exerts
DA nerve ending neurotoxicity, microglial activation, and hyperthermia in CX3CR1 knockout
mice to exactly the same extent as seen in wild-type controls. Therefore, considering all data
presented above, the most parsimonious conclusion asserts that METH-induced microglial
activation and DA nerve terminal toxicity are not mediated by CX3CR1 signaling. It is known
that METH toxicity can extend to striatal serotonin terminals as well (Boger et al. 2007) and
arole for CX3CR1 signaling in METH-induced toxicity within the serotonin neuronal system
is under investigation.

The present data stand in contrast to the findings of Cardona and colleagues (Cardona et al.
2006) who showed that CX3CR1 knockout mice were much more sensitive to the destructive
effects of MPTP on DA cell bodies of the substantia nigra. Cardona et al. (2006) also
established that this interesting mouse strain was hyper-responsive to other models of
neurotoxicity because of dysregulation in their microglial response. However, it is evident that
METH leads to activation of striatal microglia in a manner that is independent of the CX3CR1.
Certain similarities between METH and MPTP may point to a differential involvement of the
microglial CX3CR1 in drug-induced neurotoxicity. For example, blockade of microglial
activation with minocycline protects against MPTP-induced damage to DA cell bodies (Du et
al. 2001; Wu et al. 2002). Minocycline also prevents some elements of microglial activation
caused by single doses of METH and MPTP but it does not protect against drug-induced
damage to DA nerve terminals (Sriram et al. 2006). Taken together, these results suggest that
CX3CR1 signaling may influence toxicity to a greater extent in DA cell bodies than in nerve
terminals. Despite the fact that it was not possible to assign to the microglial CX3CR1 a role
in METH-induced DA nerve ending neurotoxicity, it was possible to take advantage of the fact
that the CX3CR1 gene was replaced in the knockout strain with the cDNA of eGFP, producing
a mouse with constitutive expression of eGFP in all CNS microglia.

Various lectins, including ILB, as applied presently, are used to label activated microglia in
brain, but these probes do not normally label resting microglia (e.g., see Fig. 2). Striatal sections
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from CX3CR1 knockout mice with eGFP reporter expression in microglia are visually striking
in that the microscopic field is abundantly populated with ramified (i.e., resting) microglia. At
2-day post-METH, the time at which microglial activation is maximal (Thomas et al. 2004b),
microglia show a profound change in morphology. These microglia have assumed a more
amoeboid shape with retracted processes and enlarged cell bodies, phenotypic changes that are
characteristic of activation (Davalos et al. 2005;Nimmerjahn et al. 2005). The endogenously
fluores-cent striatal microglia in untreated mice are not labeled by ILB, but they are labeled
at 2 days after METH treatment, further affirming that the lectin primarily recognizes activated
microglia (Streit 1990). It does not appear that METH changes the number of microglia in
striatum over the time-course studied presently (i.e., 2-14 days). Instead, the microglia cycle
from resting to activated and then back to resting (or a status of “surveying' as proposed by
Hanisch and Kettenmann (Hanisch and Kettenmann 2007)) as judged from the observed
morphological changes after METH. In light of results showing that eGFP-expressing
microglia are also labeled by LB, in the identical manner as wild-type mice treated with
METH, it is safe to conclude that expression of the eGFP transgene in microglia, per se, has
not hampered microglial reactivity.

Another advantage accruing from the use of mice constitutively expressing eGFP in CNS
microglia is the opportunity to document the highly delimited anatomical locus of microglial
activation resulting from METH intoxication. Activation of striatal microglia after METH was
completely restricted to the caudate-putamen. Brain areas immediately bordering the striatum
in all directions, including the somatosensory cortex and the nucleus accumbens, did not show
morphological evidence of microglial activation. These results agree well with previous studies
showing that microglial activation and DA nerve ending damage are highly correlated along
the neuroanatomical axis (LaVoie et al. 2004; Thomas et al. 2004b) and add support to the
notion that microglial activation is an integral component of the METH neurotoxic cascade in
striatum.

The effects of METH on core body temperature did not differ between strains, buta mild gender
effect was apparent. Males and females developed a significant hyperthermia after METH
administration, but the pattern of response was different between genders, with males showing
significantly greater effects. By measuring core body temperature via telemetry at 20 min
intervals, the complexity of the effect of METH on body temperature becomes evident. The
most common approach to body temperature determinations after METH injections in rodents
involves the use of a rectal probe with measures taken hourly, probably to minimize the stress
of repeated handling and insertion of the probe into the rectal cavity. Male and female mice
alike show an interesting cyclic body temperature response to METH when assessed
noninvasively by telemetry as shown in Fig. 3. In general, body temperatures begin to rise in
the 60 min following the first injection of METH and then they fall over the next 60 min. Each
subsequent METH injection prompts another rise and fall cycle during the 2 h period between
injections. The fourth injection of the METH binge administration protocol leads to the greatest
changes in body temperature. This pattern occurs in both genders but it is amplified in males.
This difference between males and females in their body temperature response to METH was
not reflected in the effects of drug on striatal DA neurochemistry and microglial activation
where gender effects were not observed. Other investigators have shown that METH exerts
greater DA nerve ending toxicity in males versus females, but most of these studies used higher
doses of drug (Miller and O'Callaghan 1995;Hirata et al. 1996;Miller et al. 1998;Dluzen et
al. 2003;Dluzen 2004;Dluzen and Mickley 2005). Thus, while it may be the case that the current
METH treatment protocol created a ceiling effect in males, the present results emphasize the
marked difference in body temperature response to METH when measured non-invasively via
telemetry versus the use of a rectal probe.
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It has been reported that hematopoietic cells can populate the brain and differentiate into
neurons (Brazelton et al. 2000) or microglia (Eglitis and Mezey 1997; Priller et al. 2001; Hess
et al. 2004; Simard and Rivest 2004), or they can retain their hematopoietic identity as
macrophage (Vallieres and Sawchenko 2003). Microglial engraftment is enhanced by
neuropathology as evidenced by the attraction of bone marrow-derived cells (i.e., eGFP-
expressing) to the sites of neuronal damage (Priller et al. 2001). In light of these findings, we
investigated the possibility that METH increases trafficking of hematopoietic cells into brain.
METH treatment of irradiated mice rescued with bone marrow transplants from “green' mice
did not reveal any evidence whatsoever of migration of eGFP-expressing cells into striatum.
These mice did develop microglial activation 2 days after treatment that was identical to that
seen in wild-type mice (see Fig. 2 above). Recruitment of monocyte/macrophage cells into the
CNS is not impaired in mice lacking the gene for CX3CR1 (Huang et al. 2006). Therefore, it
seems clear that the CX3CR1 knockout mouse model, in which METH-induced microglial
activation is revealed through morphological and histochemical (i.e., ILB, staining) analyses,
augments the engraftment studies very well. Taken together, these results suggest that the
eGFP-expressing microglia observed in the striatum of CX3CR1 mice are striatal-resident and
METH does not appear to increase trafficking of macrophage- or monocyte-like cells from the
periphery into the central compartment. This conclusion is entirely consistent with recent
findings that microglia progenitor recruitment from the circulation in CNS degenerative
diseases does not occur (Ajami et al. 2007; Mildner et al. 2007; Ransohoff 2007).

In summary, the present work reveals several new and interesting facets of striatal toxicity and
microglial activation induced by neurotoxic doses of METH. First, neither the neurotoxicity
nor the microglial activation caused by METH is mediated by CX3CR1 signaling as evidenced
by the use of CX3CR1 knockout mice. Second, striatal microglia constitutively expressing
eGFP show pronounced morphological changes over a time course that is the same as seen in
wild-type controls treated with METH, and only those eGFP-microglia showing morphological
evidence of activation are labeled by ILB4 histochemical staining. Third, striatal-resident
microglia are activated soon after METH administration and it does not appear that
macrophage- or monocyte-like cells traffic into the striatum from the circulation after drug
treatment. Fourth, non-invasive measurement of the body temperature response to METH by
telemetry reveals a highly complex and cyclic response to drug challenge that is amplified in
males by comparison to females. The CX3CR1 knockout mouse model represents a valuable
resource that will facilitate new lines of work aimed at the analysis of microglial responses to
drug-, disease-, or injury-induced damage to the brain.
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Fig. 1.

Effects of a neurotoxic METH regimen on striatal DA levels in wild-type and CX3CR1
knockout (KO) mice. Female (a) and male (b) mice (n = 5-8 per group) were treated with
METH (4 x 5 mg/kg). Striatal DA levels were determined 2-day, 7-day, and 14-day post-
METH. Results are presented as mean % of saline-treated controls + SEM. DA levels in
striatum of untreated mice were 17.5 ng/mg tissue (wet weight). Significant differences were
determined via oneway anova followed by Tukey's multiple comparison test, and are indicated
as follows: *p < 0.001 relative to control (Con).
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Fig. 2.

Effects of a neurotoxic METH regimen on microglial activation in wild-type and CX3CR1 KO
mice. Mice (n = 3-5 per group) were treated with saline (a, c, e and g) or METH (b, d, f and
h) and analyzed for microglial activation in the striatum after 48 h. Microglia counts were
obtained as described in the Materials and Methods and are presented as means + SEM: wild-
type female control (a; 8 £ 1) and METH (b; 149 £ 13); wild-type male control (c; 11 £ 3) and
METH (d; 151 + 9); CX3CR1 KO female control (e; 7 + 4) and METH (f; 143 + 11); CX3CR1
KO male control (g; 12 + 2) and METH (h; 157 £ 8). Significant differences were determined
via one-way anova followed by Tukey's multiple comparison test. All METH-treated conditions
were statistically different relative to their respective controls (gender and strain; p < 001).
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Differences among controls (panels a, ¢, e. and g) or METH-treated conditions (panels b, d, f,
h) were not significant (p > 0.05). Scale bar represents 150 um.
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Fig. 3.

Effects of a neurotoxic METH regimen on the core body temperatures of wild-type and
CX3CR1 KO mice. Female (a) and male (b) mice (n =5 per group) were treated with saline
or METH, and core body temperatures monitored by telemetry every 20 min for 10 h. Results
are presented as mean body temperature (°C) for each group at the indicated time points. Saline
and METH were administered at t = 0, 120, 240 and 360 min (indicated by arrows). SEM bars
were omitted for the sake of clarity and were less than 10% of the mean in all groups.
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Fig. 4.

Effects of a neurotoxic METH regimen on microglial morphology in CX3CR1 KO mice. 48
h post-METH, CX3CR1 KO mice were perfused and their microglia examined via fluorescence
microscopy. Coronal sections through striatum from control (a, ¢) and METH (b, d) treated
mice were viewed at 200x (a, b) and 600x (c, d) magnification.
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Fig. 5.

ILB,4 labels activated microglia in wild-type and CX3CR1 KO mice. Wild-type and CX3CR1
KO mice were perfused 48 h after METH treatment and microglia were examined via
fluorescence microscopy. Alexa 568-conjugated LB, was used to probe for activated
microglia. Coronal sections through the striatum of control and METH treated mice were
viewed at 600x magnification.
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