1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Eur J Pharmacol. Author manuscript; available in PMC 2016 April 05.

-, HHS Public Access
«

Published in final edited form as:
Eur J Pharmacol. 2015 April 5; 752: 26-33. d0i:10.1016/j.ejphar.2015.02.002.

Methamphetamine decreases CD4 T cell frequency and alters
pro-inflammatory cytokine production in a model of drug abuse

Mariana M. Matal, T. Celeste Napierl2, Steven M. Graves!:2, Fareeha Mahmood?!, Shohreh
Raeisil, and Linda L. Baum?
1Department of Immunology/Microbiology, Rush University Medical Center, Chicago, IL 60612

?Department of Pharmacology and Center for Compulsive Behavior and Addiction, Rush
University Medical Center, Chicago, IL 60612

Abstract

The reason co-morbid methamphetamine use and HIV infection lead to more rapid progression to
AIDS is unclear. We used a model of methamphetamine self-administration to measure the effect
of methamphetamine on the systemic immune system to better understand the comorbidity of
methamphetamine and HIV. Catheters were implanted into the jugular veins of male, Sprague
Dawley rats so they could self-administer methamphetamine (n = 18) or be given saline (control; n
= 16) for 14 days. One day after the last self-administration session, blood and spleens were
collected. We measured serum levels of pro-inflammatory cytokines, intracellular IFN-yand TNF-
a, and frequencies of CD4*, CD8", CD200* and CD11b/c* lymphocytes in the spleen. Rats that
self-administer methamphetamine had a lower frequency of CD4* T cells, but more of these cells
produced IFN-y. Methamphetamine did not alter the frequency of TNF-a-producing CD4* T cells.
Methamphetamine using rats had a higher frequency of CD8* T cells, but fewer of them produced
TNF-a. CD11b/c and CD200 expression were unchanged. Serum cytokine levels of IFN-y, TNF-a
and IL-6 in methamphetamine rats were unchanged. Methamphetamine lifetime dose inversely
correlated with serum TNF-a levels. Or data suggest that methamphetamine abuse may exacerbate
HIV disease progression by activating CD4 T cells, making them more susceptible to HIV
infection, and contributing to their premature demise. Methamphetamine may also increase
susceptibility to HIV infection, explaining why African American men who have sex with men
(MSM) and frequently use methamphetamine are at the highest risk of HIV infection.
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1. Introduction

Abuse of methamphetamine correlates with increased transmission and altered pathogenesis
of HIV infection (Boddiger, 2005; Drumright et al., 2006; Gorbach et al., 2006) and other
sexually transmitted diseases (Gonzales et al., 2006; Semple et al., 2004). These findings are
responsible for our interest the effects of methamphetamine on the systemic immune
response, which may have an impact on individuals who are at high-risk of HIV infection or
are already infected. A recent report from the multicenter AIDS cohort study (the MACS)
correlates cocaine and methamphetamine abuse with an inversion of the CD4*/CD8* T cell
ratio and increased HIV replication in infected individuals (Shoptaw et al., 2012). In
addition, in vitro studies using human cells show that macrophages (Liang et al., 2008;
Wang et al., 2012) and monocytederived dendritic cells (DC) from peripheral blood (Nair et
al., 2006; Nair and Saiyed, 2011; Nair et al., 2009) are more susceptible to HIV infection
after acute treatment with methamphetamine (1-250 uM). These studies also show that the
expression of co-receptors necessary for HIV entry to cells, such as CXCR4 and CCR5,
increases after acute methamphetamine treatment. These in vitro reports demonstrate the
direct effects of methamphetamine on cells in culture. Other studies show that rats that are
given investigator selected doses of methamphetamine have lower numbers of CD4 and
CD8 T cells, natural killer cells (NK) and DC cells (Harms et al., 2012). Our studies bring a
new dimension to this question because of the rats in our studies self-administer
methamphetamine which enables us to evaluate the effect of methamphetamine in the
context of addiction.

Animal models have been used to evaluate the immunosuppressive properties of
methamphetamine at the cellular and molecular levels; the inconsistent findings of these
studies are potentially due to the wide range of methamphetamine doses evaluated, from 1 to
40 mg/kg, whether the investigators used an acute or chronic model, and finally, whether the
investigator used an active or passive protocol for drug administration. Most studies involve
acute, passive (experimenter administered) treatments with high doses of methamphetamine
and these protocols show increased production of serum IFN-y and TNF-a impaired
proliferation and function in splenocytes, and enhanced cytokine levels in the striatum and
other brain regions of mice (Flora et al., 2002; Goncalves et al., 2008; Saito et al., 2008;
Valencia et al., 2012; Yu et al., 2002). However, these immunosuppressive effects of
methamphetamine have not been investigated using contingent, self-administration
protocols. This represents a significant knowledge gap as self-administered and passively
administered psychostimulants can result in significantly different outcomes in laboratory
rodents (Galici et al., 2000; Jacobs et al., 2003; Reichel et al., 2012). Thus, to better emulate
the scenario of human drug taking, we used rats that self-administered methamphetamine for
14 days, and used this model to determine the consequence on T and non-T cell populations
in the spleen and levels of circulating pro-inflammatory cytokines, TNF-a, IL-6, and IFN-y.
We used the self-administration model and immunological tools to determine the effects of
chronic methamphetamine abuse on the systemic immune cells that are the primary cells
infected by HIV. Depletion of this same cell subpopulation is also responsible for
progression to AIDS in HIV infected individuals. Results from these studies help understand
the immunological mechanisms responsible for increase risk of infection in
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methamphetamine abusers and also provide light on the reason HIV disease progression is
more rapid in the co-morbid condition.

2. Materials and methods

2.1 Animals model for methamphetamine self-administration

Sprague-Dawley rats (Harlan, Indianapolis, IN; n = 34) were implanted with a jugular vein
catheter using the protocol previously described by Graves and Napier (Graves and Napier,
2011, 2012); they were allowed to recover for 5 days. They were then randomly assigned to
either a methamphetamine self-administration group (n = 18) or to a control group (n = 16).
The operant protocol was used to train Rats in the methamphetamine group were trained to
self-administer drug. In brief, rats were placed in operant chambers enclosed in ventilated,
sound attenuating cabinets (Med-Associates, St. Albans, VT) and trained for 14 consecutive
days to self-administer methamphetamine (as the hydrochloride salt, Sigma, St. Louis, MO)
for 3 h/day by the use of active and inactive lever presses. On days 1 thru 7, rats self-
administered methamphetamine at a fixed ratio of 1 (FR1), during which, one active lever
press resulted in delivery of 0.1 mg/kg of methamphetamine in a 0.1 ml infusion. The FR1
protocol assured rapid task acquisition, but to increase the effort (work load) required to
receive the drug, on days 8 thru 14, we switched the task to an FR5 so that five active lever
presses were required for one methamphetamine infusion. A 20 second timeout period
followed each infusion during which lever presses had no programmed consequence. This
task profile allowed the rats to self-titrate their preferred intake of methamphetamine (as is
done by human methamphetamine abusers) and avoids overdosing. Pressing the inactive
lever had no consequence at any time. Comparing responses on active vs. inactive levers is
used to illustrate that lever pressing was not random, but that the rats actually have learned
to associate drug infusion with the active lever. Saline control rats were administered saline
infusions (0.1 ml/kg) according to the behavioral pattern of methamphetamine self-
administering rats. One day after the last operant session, all rats were euthanized using
rapid, conscious decapitation and blood and organs were collected for this study and for
other studies. Personnel were blinded to the treatment history of animals until all data
collection was completed.

When methamphetamine is injected, it is widely distributed throughout the body and organs.
Peak concentrations in plasma and spleen are similar (Riviere et al., 2000; Volkow et al.,
2010). Molar concentrations of methamphetamine in the blood of 105 human subjects who
were using methamphetamine ranged from 0.13-11.12uM with a mean of 1.98uM and
median of 1.25uM (Melega et al., 2007). Taking the route of injection (Gentry et al., 2004)
and the dose of methamphetamine self-administered into consideration, we estimate the
peak blood concentration in our rats to be approximately 1uM, which is within the range
reported for human who use this drug.

Rats were maintained in specific pathogen-free conditions at Rush University Medical
Center and the Institutional Animal Care and Use Committee (IACUC) approved protocols
for animal use.
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2.2 Collection of tissues

Spleens were harvested from rats one day after the last operant session. Single cell
suspensions of splenocytes were obtained from each spleen by gently pushing them through
a metal screen until the cells were completely dispersed. They were then resuspended in 50
ml of RPMI-1640 (Mediatech Inc., Manassas, VA) with 10% FBS (complete media; Atlanta
Biologicals, Lawrenceville, GA). Splenocytes were incubated for 5 min in TAC lysis buffer
(2.4 mg/L Tris, 8.3 g/L ammonium chloride, pH 7.2) to remove the red blood cells. After
incubation, cells were washed again and resuspended in complete media. An automatic cell
counter (Beckman Coulter, Inc., Indianapolis, IN) was used to count the number of
mononuclear cells per spleen. Cells were used immediately in experiments.

Trunk blood was collected in 50 ml centrifuge tubes following decapitation, refrigerated to
allow clotting and then serum was collected. Each serum sample was centrifuged twice to
remove remaining cells. Aliquots of serum were stored at —80 °C, prior to use in the assay.

2.3 PMA/lonomycin stimulation

In order to assess surface marker expression and cytokine production, 1 x 10° fresh
splenocytes were added to duplicate wells of a 24-well plate with complete media containing
1 uL/ml of monensin in the presence or absence of 25 ng/ml of PMA and 500 ng/ml of
lonomycin (Sigma). The plate was incubated for 5 h in a 37 °C/5%CO, humidified
atmosphere. Following incubation, cells were harvested from each well and transferred into
flow cytometry tubes for staining.

2.4 Staining for phenotype and intracellular cytokine expression

To exclude dead cells from analysis, all splenocytes were washed twice in PBS and
incubated with 1 pL of the fixable viability dye eFlour-450 (eBioscience, San Diego, CA)
for 30 min at room temperature (RT) in the dark prior to incubation with antibodies. For
phenotyping T cells, cells were washed twice in FACS buffer (PBS + 0.5% BSA and 0.1%
NaN3) and incubated with anti-CD3 FITC, anti-CD8 PerCP, and anti-CD4 PE Cy7 (all from
Biolegend, San Diego, CA) for 30 min at 4 °C in the dark. A duplicate set of cells was used
for phenotyping non-T cells; in this case, cells were incubated with anti-CD3 FITC, anti-
CD200 PE (Biolegend) and anti-CD11b/c PerCP-Flour 710 (eBioscience, San Diego, CA).
Cells were fixed by incubating them in 2% paraformaldehyde for 30 min at RT in the dark;
they were then permeabilized with perm/wash buffer (Biolegend) for 30 min at RT in the
dark. Cells were washed, resuspended in perm/wash buffer and incubated with anti-TNF-a
PE and anti-IFN-y Alexa Flour 647 (eBioscience) for 30 min at RT in the dark. All
intracellular staining was compared against a staining panel with corresponding isotype
matched controls: PE Armenian hamster 1gG isotype control used for TNF-a and Alexa
Fluor 647 mouse 1gG, « for IFN-y (Biolegend). Cells were washed once more in FACS
buffer and evaluated using an LSRII flow cytometer with FACS diva software (BD
Biosciences, San Jose, California). LSRII flow cytometer settings were corrected using anti-
rat |g CompBeads set (BD Biosciences) according to manufacture’s instructions; samples
were further analyzed using Flojo 8.8.7 (Treestar, La Jolla, CA).
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2.5 Serum cytokine analysis

Pre-coated ELISA Kits (Biolegend) were used to assess the relative amounts of TNF-a, IL-6
and IFN-vy in the serum from rats that self-administered methamphetamine (n = 18) and
saline controls (n = 16). Samples were thawed on assay days and run twice in duplicate
following manufacturer instructions. Concentrations of each cytokine were plotted against a
standard curve fitting of the corresponding cytokine using Excel (Microsoft).

2.6 Statistical analysis

Splenocyte phenotype and intracellular cytokine production were analyzed using Flowjo
software version 8.8.7 (Treestar). Data were graphed using Prism software (Graphpad, La
Jolla, CA) and reported as mean + S.E.M. unless otherwise noted. Statistical differences
between methamphetamine self-administration and saline groups were determined using a
two-tailed Student’s t- test. A Pearson’s correlation was used to determine relationship
between methamphetamine intake and serum cytokine concentrations. Differences were
considered significant when the P values were < 0.05.

3. Results

3.1 Methamphetamine self-administration

Fig. 1 illustrates the methamphetamine self-administration pattern of 18 rats during 14
consecutive days. Active lever pressing and the corresponding quantity of methamphetamine
self-administered by the rats increased on days 1-7. Day 8 responses decreased due to
switching to the higher schedule demand, i.e., FR5, but animals rapidly reacquired the
operant procedure over days 8-14. Inactive lever pressing was negligible throughout
behavioral assessments, which indicates a clear differentiation between the reinforced
(active) and non-reinforced (inactive) levers. Lever pressing behavior for saline subjects
emulated that seen on the inactive lever in rats trained to self-administer methamphetamine
(data not shown).

3.2 Methamphetamine self-administration lowered the percentage of splenic CD4* T cells

We evaluated the effects of chronic methamphetamine self-administration on the phenotype
distribution of resting and activated (PMA/lonomycin; PMA/I) splenic subpopulations.
Splenocytes from methamphetamine self-administering rats and saline controls were
analyzed for changes the distribution of subpopulations identified by the following rat cell
surface markers: total T cells (CD3), helper T cells (CD4), cytotoxic T cells (CD8),
monocytes and dendritic cells (DC; CD11b/c) and B cells (CD200) antibodies. Fig. 2
illustrates, in detail, the gating strategy used for flow cytometric analysis. Briefly, to focus
the assessment on T cells, helper T cells were defined as CD3*/CD4" cells, and cytotoxic T
cells as CD3*/CD8" cells. When evaluating non-T cell subpopulations, a negative gate on
CD3™ cells was used. CD3~ CD11b/c* cells were recognized as monocytes and DCs, and
live CD3~CD200* populations were recognized as B cells.

Within the CD3* subpopulation, we observed a lower percentage of CD4* cells in rats that
self-administered methamphetamine (52.3 £ 1.6) when compared to saline controls (58.6
+1.6, p=0.01) (Fig. 3A, left). Similarly, a decrease in CD4 expression was observed even in
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PMA/lIonomycin stimulated splenocytes (p = 0.02) (Fig. 3A, right). PMA/I stimulation did
not exacerbate the decrease in CD4* T splenocytes, suggesting that this effect is associated
with methamphetamine self-administration independently of PMA/I stimulation. The
expected corresponding increase in expression of CD8* T cells is shown in Fig. 3B (left),
the increase in unstimulated CD3* CD8* T cells was significant when compared to saline
controls (p = 0.04); this effect was similar but not statistically significant in PMA/I
stimulated cells (Fig. 3B, right).

Contrary to what we observed in T cell subpopulations, our results show that
methamphetamine self-administration had no impact on the percentage of CD3~ cells (Figs.
3C and D), regardless of PMA/I stimulation (P = 0.62 and 0.19, CD11b/c* and CD200*,
respectively). Interestingly, a decrease in the percentage of CD11b/c* cells was observed in
both methamphetamine and control rats after stimulation with PMA/I (Fig. 3C, right); this
observation seems to be an effect of PMA/I stimulation on these cells that cannot be
attributed to methamphetamine self-administration. In this study, we also determined the
total number of cells per spleen for all splenocyte cell subpopulations; however, there were
no significant differences between methamphetamine self-administered rats and saline
controls, regardless of PMA/I treatment (data not shown).

3.3 Methamphetamine self-administration altered intracellular cytokine production

In order to assess the effects of chronic methamphetamine self-administration on immune
cell function, splenocytes from methamphetamine self-administering rats and saline controls
were incubated in the presence or absence of PMA/I to non-specifically activate the
production of cytokines. We compared changes in the intracellular production of pro-
inflammatory cytokines IFN-y and TNF-a, in CD4* and CD8™" T cells within the CD3"* cell
population, and in CD11b/c* cells within the CD3™ cell population. In Fig. 4A, we show that
a significantly higher proportion of CD4* T cells from rats that self-administered
methamphetamine produced IFN-y when compared to saline controls (P = 0.03).
Conversely, a significantly lower proportion of CD4" T cells from the rats that self-
administered methamphetamine produced TNF-a when compared to saline controls (P =
0.04). A mild increase in IFN-y production by CD8* T cells was observed from rats that
self-administered methamphetamine; however, this change did not reach statistical
significance when compared to saline controls (Fig. 4B, left). On the other hand, TNF-a
production was decreased in CD8" T cells in methamphetamine self-administered rats when
compared to saline controls (P = 0.02) (Fig. 4B, right).

Within the CD3~ cell subpopulation, we observed an increase in the proportion of CD11b/c*
cells that produced IFN-v in methamphetamine self-administering rats when compared to
saline controls, but this trend did not reach statistical significance (P = 0.07). No statistical
differences were observed in intracellular production of IFN-y by CD200* cells between
methamphetamine self-administered rats and saline controls (Fig. 4C).

Taken together, the splenocyte analysis indicated that even though CD4* T cells were in
lower proportions in methamphetamine self-administering rats (Fig. 3A), they were

producing more IFN-y than CD4* T cells from saline animals (Fig. 4A). Moreover, even
though the results did not reach statistical significance, trends suggest that this may also
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have been true for CD8* T cells, monocytes and DCs, but not for B cells. Interestingly,
TNF-a production was significantly lower in both CD4* and CD8* T cell subpopulations
from spleens of methamphetamine-self administering rats, which diverges from observations
on TNF-a in methamphetamine studies of brain cells (Galici et al., 2000; Graves and

Napier, 2011; Jacobs et al., 2003; Reichel et al., 2012).

3.4 The concentration of pro-inflammatory cytokines in serum was altered by
methamphetamine self-administration

We determined the serum levels of TNF-a, IL-6 and IFN-y in rats that self-administered
methamphetamine and in saline controls, and observed no significant difference between
groups. When considering these results, it is important to recognize that even though all self-
administering rats had the same opportunity to take methamphetamine, there was a wide
range in the lifetime methamphetamine intake among the animals. Accordingly, we
addressed two questions: (A) do serum concentrations of pro-inflammatory cytokines TNF-
a, IL-6 and IFN-v correlate with the lifetime dose of methamphetamine taken by self-
administering rats, and (B) does the fluid volume of saline used to administer influence the
serum concentrations of these cytokines? As shown in Fig. 5A (left), we observed that
lifetime intake of methamphetamine in self-administering rats negatively correlated with
serum concentrations of TNF-a (R = -0.48, P = 0.04). This observation is particularly
interesting when taking into account the impact of comparable volumes of saline intake,
which did not correlate significantly with TNF-a production (R = 0.19, P = 0.49). We also
observed a negative trend between lifetime methamphetamine dose and serum IL-6
concentration, but this did not reach statistical significance (R = —-0.44, P = 0.07) (Fig. 5B).
We observed an almost statistically significant correlation between IFN-y levels and
methamphetamine lifetime intake (r = 0.45, p = 0.06); however, this observation is less
interesting because IFN-y levels also positively correlated with lifetime saline intake (R =
0.63, P = 0.01), this control shows that instrumentation of the rats with indwelling catheters
and/or fluid/saline intake was possibly sufficient to influence IFN-y levels (Fig. 5C). Fig. 5A
confirms the decrease in TNF-a concentration seen in Fig. 4 in rats that self-administer
methamphetamine and demonstrates that not only are T cells producing less TNF-a on an
individual basis, but that this is reflected in the concentration of TNF-a in the serum.

4. Discussion

Methamphetamine is a highly abused illicit drug and its abuse increases the morbidity and
mortality of HIV infection; therefore, it is important to understand the impact of
methamphetamine on the consequences of HIV infection. Typically, preclinical studies on
the effects of methamphetamine, are either in vitro, or if in vivo, evaluate acute, high doses
of passively administered methamphetamine. However, acute administration does not mimic
the chronic exposure experienced by methamphetamine addicts, and these models do not
capture the impact of the biology underlying highly motivated behaviors, like the drive,
desire or stress that is associated with self-administration. A recent report by Harms et al.
(Harms et al., 2012) shows that chronic administration of methamphetamine leads to lower
numbers of activated CD4 and CD8 T cells. In our study, we found that methamphetamine
self-administration reduced the frequency of CD4 T cells even in absence of PMA/I
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stimulation while it increased the frequency of CD8 T cells. One possible explanation for the
different outcomes could be attributed to the model of drug administration used. For
example, plasma levels of the stress steroid hormone, corticosterone, are elevated in rats that
self-administer the stimulant, cocaine, but not in those that passively receive identical
cocaine treatments passively (Galici et al., 2000). Since corticosterone also influences the
inflammatory response, including parameters measured here, it is possible that could have
influenced the response to methamphetamine that we observed in this study. To our
knowledge, this is the first study of spleen and plasma indicators of inflammation in rats that
self-administer methamphetamine.

One of the most critical determinants of HIV disease progression is the loss of CD4 T cells
in infected individuals. When an individual is infected with HIV, CD4* T cells are rapidly
depleted, undergo a rebound and then gradually decrease as disease progresses. Even though
this scenario is elucidated for non drug-taking individuals, the immunological characteristics
of chronic methamphetamine abusers are not well understood. In this study, the effect of
chronic methamphetamine abuse on immune cells that are important determinants of HIV
disease in humans is described in methamphetamine self-administering rats, a model that
emulates human drug-taking. Using this model, we were able to show that
methamphetamine use decreased the percentage of CD4* T cells (Fig. 3A) in the spleens of
rats. This observation suggests that the loss of CD4* T cells is potentially exacerbated in
individuals who abuse methamphetamine, which in turn shortens the time of progression to
AIDS.

Previous studies have demonstrated additional immunosuppressive effects of
methamphetamine, including decreased proliferation, decreased NK activity by splenic
lymphocytes of mice (Saito et al., 2008; Yu et al., 2002) and increased T cell dysfunction in
human cells after passive methamphetamine treatment (Potula et al., 2010). However,
methamphetamine effects on circulating levels of cytokines have been more difficult to
demonstrate (Buchanan et al., 2010; Loftis et al., 2011; Valencia et al., 2012). In our study,
perhaps due to the variability in levels of individual methamphetamine intake, we did not
see differences in circulating cytokine levels until we looked at lifetime methamphetamine
dose in methamphetamine self-administering rats, which revealed a negative correlation of
serum TNF-a with lifetime methamphetamine intake, (a non-significant trend was also
noted with IL-6).

The impact of methamphetamine self-administration on the systemic immune response was
more evident when we evaluated specific splenic cell subpopulations, i.e., CD4* and CD8*
T cells, monocytes/DCs and B cells. In this regard, we observed several subpopulations with
altered expression of inflammation markers, IFN-y and TNF-a. Significantly increased
levels of intracellular IFN-y were observed in CD4* T cells, and a similar (albeit non-
significant) trend was observed in CD8* T cells and macrophages/DCs. Because previous
studies attribute increased IFN-y to CD4* T cell activation and depletion (Long and
Stoddart, 2012) as well as increased HIV susceptibility, it is interesting that we observed
IFN-v increase in CD4* T cells. This finding is meaningful in understanding HIV
pathogenesis in methamphetamine abusing humans.
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Intracellular TNF-a production was lower in both CD4* helper T cells and CD8™ cytotoxic
T cells and serum TNF-a concentrations were lower over time with continued
methamphetamine use. It is hard to predict the effect that this change in TNF-a
concentration would have on HIV resistance or disease progression. TNF-a, is an
inflammatory cytokine and inflammation activates immune cells making them more
susceptible to HIV infection; inflammation is thought to exacerbate HIV disease
progression. For these reasons, you might expect that a decrease in TNF-a concentration
would be beneficial to the high risk or infected individual. On the other hand, TNF-a itself
has antiviral activity; so one part of the innate immune defense against HI\VV would be
missing. It is difficult to predict which of these effects of TNF-a would impact infection and
progression of HIV more. In the future, we plan to study a wider range of cytokines and
markers of activation to evaluate the interplay of these cytokines and design studies to
enable us to better understand the impact of the modified cytokine environment created by
methamphetamine use.

The clinical implications of the observations described in this study are an important start in
deducing the biological link between methamphetamine abuse and HIV pathogenesis. Our
results suggest a physiological role for methamphetamine addiction in susceptibility to HIV
infection and progression to AIDS. Finally, we hope that by using a model of self-
administration, our studies and future investigations will be able to describe effects
consistent with what we would expect to see in methamphetamine-addicted humans.
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A. Methamphetamine Self-Administration
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Figure 1. Methamphetamine Self-Administration
Male Sprague-Dawley rats (n = 18) were trained to self-administer methamphetamine

(methamphetamine) inside operant chambers, with an inactive (no consequence) and an
active lever (methamphetamine infusion). At a fixed ratio of 1 (FR1), rats received one
methamphetamine infusion at 0.1mg/kg/0.1mL for each active lever press on days 1 through
7 and at a FR5 (days 8 through 14) they received 1 methamphetamine infusion for every 5
active lever presses. A) The number of active lever presses (circles, black), inactive lever
presses (squares, black), and active lever presses associated with methamphetamine intake
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(triangles, gray) for the 14 consecutive days of methamphetamine self-administration. Rats
did not learn to press the inactive lever. B) The number of active (circles, black) and inactive
(squares, black) lever presses in saline-yoked control rats (n =16). Data is presented as Mean
+S.D.
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Gating Strategy for Identification of Splenocyte Subpopulations
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Figure 2. Gating Strategy for Identification of Splenocyte Subpopulations
Two different antibody panels were used for analysis of T and non-T cells in Figs. 3 and 4.

Representative histograms show the analysis of unstimulated splenocytes from a rat that
self-administered meth in presence of PMA/lonomycin. Positive gates for intracellular
cytokine production were established according to the unstimulated response from the same
animal. A) Lymphocytes were identified using FSC-A/SSC-A. B) Singlets were defined
using SSC-W/FSC-A. C) Dead cells were discriminated using a fixable viability dye. D) T
cells were defined as CD3*, and non-T cells as CD3™. E) CD4 and CD8 subpopulations
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within the CD3* cells were identified. IFN-y and TNF-a production were determined for F)
CD4" cells and G) CD8* cells. H) CD11b/c and CD200 antibodies were used to identify
subpopulations within the CD3™ cell subpopulation. IFN-y production was determined for 1)
CD11b/c* cells and J) CD200* cells.
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Methamphetamine Associated Changes in the Phenotypes of Splenic Cell Sub-populations
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Figure 3. Methamphetamine Associated Changes in the Phenotypes of Splenic Cell Sub-

populations

Page 16

Methamphetamine self-administering rats (n = 11) and saline-yoked controls (n = 9) were

killed and splenocytes were isolated one day after their last methamphetamine (meth)

infusion. Splenocytes were gated on forward and side scatter for singlet analysis; dead cells
were excluded with a fixable viability dye. Data represent the percentage of CD3* or CD3~

cell subpopulations. The percentages of (A) CD3*CD4*, (B) CD3*CD8", (C)
CD3~CD11b/c*, and (D) CD37/CD200* cells are shown for meth and saline groups in

unstimulated (left panel, closed symbols) and PMA/lonomycin stimulated splenocytes (right
panel, open symbols). *, P < 0.05, Student’s t-test. (NS) indicates that differences were not

significant.
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Methamphetamine Associated Effects on Intracellular Cytokine Production
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Figure 4. Methamphetamine Associated Effects on Intracellular Cytokine Production
Splenocytes from methamphetamine (meth) self-administering rats and saline-yoked

controls were isolated and stimulated with PMA and lonomycin. We compared intracellular
cytokine production by live CD3* and CD3~ subpopulations in rats that self administered
methamphetamine and saline controls. The percentage of cells that produce IFN-vy (left) and
TNF-a (right) for (A) CD3*CD4" and (B) CD3*CD8* T cells are shown for saline (circles)
and methamphetamine (squares) groups. (C) The percentage of IFN-y* producing CD3~
CD11b/c* (monocytes) and CD3~CD200* B cells is shown for saline (circles) and
methamphetamine (squares) groups. *, P <0.05, Student’s t-test. (NS) indicates that
differences were not significant.
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Correlation of Lifetime Methamphetamine Intake with Serum Cytokine Concentrations
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Figure 5. Correlation of Lifetime Methamphetamine Intake with Serum Cytokine
Concentrations

Serum from methamphetamine (meth) self-administering (n = 18; left panel) and saline-
yoked (n = 16; right panel) rats were assayed by ELISA to determine relative levels of TNF-
a, IL-6 and IFN-y. Saline and methamphetamine lifetime intake values were correlated to
the relative levels of (A) TNF-a, (B) IL-6 and (C) IFN-y. Results from methamphetamine
rats are in the left hand column and from saline controls are on the right. *, P <0.05;
Pearson’s correlation.
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