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Abstract

Background: Methamphetamine abuse and human immunodeficiency virus (HIV) are common 

comorbidities. HIV-associated proteins, such as the regulatory protein TAT, may contribute to 

brain reward dysfunction, inducing an altered sensitivity to methamphetamine reward and/or 

withdrawal in this population.
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Objective: These studies examined the combined effects of TAT protein expression and, chronic 

and binge methamphetamine regimens on brain reward function.

Methods: Transgenic mice with inducible brain expression of the TAT protein were exposed to 

either saline, a chronic, or a binge methamphetamine regimen. TAT expression was induced via 

doxycycline treatment during the last week of methamphetamine exposure. Brain reward function 

was assessed daily throughout the regimens, using the intracranial self-stimulation procedure, and 

after a subsequent acute methamphetamine challenge.

Results: Both methamphetamine regimens induced withdrawal-related decreases in reward 

function. TAT expression substantially, but not significantly increased the withdrawal associated 

with exposure to the binge regimen compared to the chronic regimen, but did not alter the 

response to acute methamphetamine challenge. TAT expression also led to persistent changes in 

adenosine 2B receptor expression in the caudate putamen, regardless of methamphetamine 

exposure. These results suggest that TAT expression may differentially affect brain reward 

function, dependent on the pattern of methamphetamine exposure.

Conclusion: However, the subtle effects observed in these studies highlight that longer-term 

TAT expression, or its induction at earlier stages of methamphetamine exposure, may be more 

consequential at inducing behavioral and neurochemical effects.
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1. INTRODUCTION

The disproportionately higher levels of methamphetamine dependence among HIV+ 

individuals compared to the general population [1] are suggestive of altered sensitivity to 

methamphetamine reward and/or withdrawal in this population. However, human studies 

offer limitations at separating cause and effect of methamphetamine exposure and HIV 

neurological disease on brain reward function. Animal models that replicate important 

aspects of the HIV infection, particularly in the brain, allow us to investigate the 

neurobiological mechanisms underlying methamphetamine dependence in the context of 

HIV, and estimate mechanisms occurring in HIV+ humans under controlled laboratory 

conditions.

Mesocorticolimbic reward circuits are crucial for the initiation and maintenance of drug use 

[2] mediated by the dopaminergic system [3] and appear particularly vulnerable to both 

methamphetamine and HIV disease. HIV and methamphetamine target the dopamine system 

in the basal ganglia in a synergistic manner [4], suggesting this may be one common neural 

substrate for altered reward function after combined methamphetamine dependence and HIV 

disease [3]. Consistent with other neuropsychiatric disorders that feature dysregulated 

dopamine systems [5], HIV+ patients have a heightened sensitivity to dopamine selective 

drugs and to psychostimulants [6]. The neurotoxic mechanisms of the HIV disease involve 

the participation of viral products (e.g., gp120 or TAT) [7]. The TaT protein, for instance, is 

the first critically produced protein, with a role in regulating viral replication. It is produced 

by infected cells following the formation of the proviral DNA, even in the presence of 
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antiretroviral drugs. In addition, it has unique ability to travel along neuronal pathways [8]. 

The TAT protein has been found in post-mortem brain tissue of patients with HIV-1 [9, 10]. 

TAT plays a key role in the dysfunction of the dopamine system associated with HIV 

disease, and when combined with methamphetamine, has both synergistic or additive effects 

in dopaminergic function [7, 11]. The synergistic effects of TAT and methamphetamine on 

dopamine transmission suggest that subjects with dual insults may have more severe 

dependence.

Animal models have provided strong evidence that HIV-associated proteins lead to 

alterations in response to methamphetamine. In mice that express gp120, preference toward, 

and incentive motivation of, methamphetamine is significantly increased [12]. The 

combination of gp120 and methamphetamine exposure also increases cognitive 

impairments, similar to those seen in HIV+ and HIV+ methamphetamine-dependent 

individuals [13]. On the other hand, in rats that express TAT, the combined exposure to a 

neurotoxic methamphetamine regimen produced a greater reduction in dopamine levels in 

the striatum during withdrawal [14, 15]. In inducible TAT transgenic mice, brain-restricted 

TAT expression becomes transcriptionally active after exposure to doxycycline, a 

tetracycline derivative [16]. Conditional TAT exposure in mice has been shown to induce 

cognitive deficits in a range of behavioural tasks [17, 18] and reversal learning appears 

particularly susceptible to TAT-induced impairments [19, 20]. In this model, TAT expression 

alters dopamine levels [19, 21] as well as the expression of the dopamine transporter in the 

brain [20]. Together, these changes may contribute to the observed reward deficits and 

increased sensitivity to methamphetamine-induced reward enhancement in the context of 

TAT expression [21]. Furthermore, exposure to TAT enhances methamphetamine 

sensitization, likely by direct alterations in dopamine receptor expression and increased 

recruitment of dopamine neurons in the mesolimbic reward system [22]. However, the 

effects of TAT expression on brain reward function during chronic and binge 

methamphetamine regimens have not been thoroughly investigated. These regimens more 

accurately reflect human use patterns. Based on previously demonstrated findings that TAT 

expression increases sensitivity to methamphetamine reward [21], we hypothesised here that 

mice expressing TAT conditionally in the brain also show increased sensitivity to acute and 

protracted methamphetamine withdrawal, following chronic and binge exposure regimens.

In the present study, we tested the effects of TAT expression on brain reward function during 

withdrawal from chronic and binge methamphetamine regimens. In addition, we investigated 

whether or not exposure to chronic and binge methamphetamine regimens subsequently 

altered the acute rewarding effect of methamphetamine challenge. TAT expression was 

induced with doxycycline administration during exposure to chronic and binge 

methamphetamine regimens designed to mimic methamphetamine use patterns in humans 

[23]. Brain reward function was assessed using the intracranial self-stimulation (ICSS) 

discrete trials procedure. In addition, because dopamine receptors and adenosine receptors 

(Adora) are co-expressed in the basal ganglia [24] and contribute to methamphetamine 

reward [25–28], levels of these receptors were quantified in the caudate putamen.
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2. MATERIALS AND METHODS

2.1. Animals

A total of 48 male mice, with 22 mice containing the GFAP promoter-controlled Tet-binding 

protein (TAT−) and 26 mice containing both the GFAP promoter-controlled Tet-binding 

protein and the TRE promotor-TAT protein transgene (TAT+) were tested. Inducible TAT 

transgenic mouse colonies on a C57BL/6J background were obtained by the generation of 

two separate transgenic lines Teton-GFAP mice and TRE-Tat86 mice, and then cross-

breeding of these two lines of transgenic mice as previously described [16]. The mice were 

housed in a humidity- and temperature-controlled animal facility on a 12 h/12 h reverse 

light/dark cycle (lights off at 7:00 AM), in groups of 2–4, and had ad libitum access to food 

and water. Behavioral testing was conducted during the dark phase of the light/dark cycle. 

All of the experiments were conducted in accordance with the guidelines of the American 

Association for the Accreditation of Laboratory Animal Care and National Research 

Council’s Guide for the Care and Use of Laboratory Animals and approved by the 

University of California San Diego Institutional Animal Care and Use Committee.

2.2. Methamphetamine Regimens and Doxycycline Exposure

The methamphetamine regimens have been described in detail in our prior publication [23]. 

Briefly, mice underwent subcutaneous injections of saline or methamphetamine (5 ml/kg, 

methamphetamine hydrochloride; Sigma, St. Louis, MO, USA; reported as base 

concentration) for four ‘cycles’ of 6 days (four injections/day; 12:00, 14:00, 16:00 and 18:00 

h). The first cycle featured one week of dose-escalation followed by three repeated cycles of 

methamphetamine exposure. The chronic regimen cycles consisted of 6 days of moderate 

dosing (2 mg/kg/injection). The binge regimen cycles consisted of a two-day dose-escalation 

(3–5 mg/kg/injection) followed by two days of high dosing (6 mg/kg/injection). The doses 

for both the chronic and binge regimens were selected to fit models of total use per day/

month in humans. All mice were treated with a doxycycline regimen (doxycycline hyclate; 

Sigma) of 100 mg/kg, intraperitoneally, once a day for 7 days. Doxycycline administration 

began the day before the last cycle of methamphetamine (day 22 of the regimens) and was 

paired with the first injection of the regimen (i.e., at 12:00).

2.3. Intracranial Self-stimulation

The discrete-trial, current-intensity threshold ICSS procedure was conducted as previously 

described [21, 23] (see Supplementary Methods). Each trial was initiated with a non-

contingent stimulation and a response resulted in a second, identical contingent stimulation. 

By varying the current intensity level, we determined the minimal electrical current that 

elicits responding for the contingent stimulation, i.e., the reward threshold. Elevations in 

reward thresholds reflect decreased brain reward function (i.e., reward deficits or 

anhedonia). Lowering of thresholds reflect reward enhancement. The ICSS procedure also 

provides measures of response speed (latency), disinhibition/impulsivity (timeout 

responses), and vigor of responses (extra responses).
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2.4. Real Time-PCR

RNA was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen, 

Waltham, MA). Transcripts were evaluated with customized Qiagen RT2 Primers Assays 

(Valencia, CA), details can be found in Supplementary Methods. PCRs were performed 

using RT2 SYBR Green ROX FAST Mastermix (Qiagen), in a 7900HT Fast Real-Time PCR 

System with Fast 96-Well Block Module (Applied Biosystems, Foster City, CA) with a SDS 

Plate utility v2.2 software (Applied Biosystems). The results were normalized to the 

geometric mean of GAPDH and 18S housekeeping genes.

2.5. Experimental Design

Mice with bipolar stainless steel electrodes were trained in the ICSS procedure until stable 

reward thresholds were achieved (<10% standard deviation over three days; minimum 14 

days of baseline testing). Mice were tested daily in the ICSS procedure (07:30–11:30h) prior 

to saline/methamphetamine administration (i.e., 12 h acute withdrawal). Then, mice were 

exposed to chronic or binge methamphetamine regiments. There were six experimental 

groups: TAT− saline (n=8), TAT− chronic (n=7) and TAT− binge (n=7), and TaT+ saline 

(n=9), TAT+ chronic (n=8) and TAT+ binge (n=9). After completion of methamphetamine 

regimens, mice underwent a six-day protracted withdrawal. Then, a dose-response function 

for acute methamphetamine (0, 0.2, 0.4 and 0.8 mg/kg, intraperitoneally, 10 ml/kg, 20 min 

before testing, three days apart) was assessed using a within-subject Latin square design (12 

days). Six days after the final acute methamphetamine challenge (22 days after the final 

doxycycline treatment), brain samples were collected for real time-PCR (TAT− saline [n=6], 

TAT− chronic [n=7] and TAT− binge [n=7], and TAT+ saline [n=9], TAT+ chronic [n=7] and 

TAT+ binge [n=9]).

2.6. Statistical Analyses

All analyses were performed with IBM SPSS Statistics 20 (Armonk, NY, USA). Data were 

analyzed using the analysis of variance (ANOVA), with TAT and Regimen as the between-

subject factors. Repeated-measures ANOVAs were used when within-subject factors were 

present. Data not meeting the assumption of homogeneity of variance were analyzed using 

Greenhouse-Geiser adjusted degrees of freedom. When appropriate, post hoc comparisons 

were performed using Least Significant Difference (LSD) analyses. Results are expressed as 

mean±SEM. Differences were considered statistically significant at p<0.05.

3. RESULTS

3.1. Daily Withdrawal Assessments

Reward thresholds data during the baseline, throughout the methamphetamine regimens and 

during protracted withdrawal (41 days in total) are presented in Fig. (1). Analyses revealed 

significant main effects of Day (F40,1160=8.9, p<0.001), Regimen (F2,29=9.7, p<0.001) and a 

significant interaction of Day × Regimen (F80,1160=3.6, p<0.001).

To account for a different number of days of methamphetamine administration in each 

regimen, we compared the average reward thresholds at the 12 h withdrawal time points 

during each methamphetamine cycle (4-day average for binge and 6-day average for chronic 
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regimen; Fig. 2). There were significant main effects of Week (F5,210=17.5, p<0.001), 

Regimen (F2,42=21. 1, p<0.001) and a significant interaction of Week × Regimen 
(F10,210=10.6, p<0.001).

Post hoc comparisons after both analyses revealed that chronic (p<0.001) and binge 

(p<0.001) regimens led to significantly higher reward thresholds than saline exposure with a 

greater magnitude of threshold elevations during periods of acute withdrawal and protracted 

withdrawal (Fig. 2A, B). There was also a trend for the interaction of Week × Regimen × 

TAT (F10,210=1.9, p=0.051). Post hoc analyses indicated that this was likely due to a 

significant difference in threshold elevation between the chronic and binge regimen in TAT+ 

mice (Fig. 2B; p<0.05). During doxycycline treatment, TAT+ mice on the binge regimen had 

higher reward thresholds than those on the chronic regimen. There were no significant 

effects of TAT expression on response latency (Fig. S1), timeout responses (Fig. S2) or extra 

responses (Fig. S3).

3.2. Acute Methamphetamine Challenge

For reward thresholds after acute methamphetamine challenge (Fig. 3), there was a 

significant main effect of Dose (F3,126=20.6, p<0.001) with acute methamphetamine 

challenge lowering reward thresholds, as expected. Post hoc analyses revealed that reward 

thresholds after 0.2 mg/kg methamphetamine dose were significantly lower than 0 mg/kg 

methamphetamine (p<0.05). Moreover, both 0.4 and 0.8 mg/kg methamphetamine doses 

were significantly lower than both 0 and 0.2 mg/kg methamphetamine (p<0.001). There was 

a trend toward a main effect of Regimen (F2,42=3.2, p=0.051), with larger reward thresholds 

lowering after the chronic (p<0.05) and binge (p=0.054) regimens compared with saline 

exposure. For reward thresholds, response latency, extra responses and timeout responses, 

there were no significant main effects or interactions with TAT.

3.3. Caudate Putamen Dopamine and Adenosine Receptor Expression

There were no significant effects of methamphetamine regimen on dopamine receptors and 

Adora 1 or 2A receptors (Table 1). TAT expression significantly decreased Adora 2B 

receptors regardless of methamphetamine exposure (F1,39=5.6, p<0.05).

4. DISCUSSION

The current study assessed the effects of chronic and binge methamphetamine regimens and 

their interaction with the HIV TAT protein on brain reward function in transgenic mice. 

Chronic and binge exposure to methamphetamine significantly elevated reward thresholds 

during acute (12h) and protracted withdrawal, regardless of TAT expression. Acute 

methamphetamine challenge lowered reward threshold in all mice, however, a trend toward a 

larger threshold lowering was observed in mice exposed to chronic or binge 

methamphetamine regimens. TAT expression during the final cycle of methamphetamine 

exposure did not impact brain reward function during withdrawal. Nevertheless, there was a 

trend that TAT expression may contribute to an increased severity of withdrawal associated 

with exposure to the binge regimen compared with the chronic regimen. TAT expression also 

led to persistent changes in ADORA 2B receptor expression in the caudate putamen. Taken 
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together, these data suggest a subtle effect of TAT expression on the response to 

methamphetamine.

We designed chronic and binge regimens to reflect methamphetamine use patterns 

commonly observed in methamphetamine-dependent individuals from reports in clinical 

studies [23, 29–34]. We previously demonstrated that both regimens increased reward 

thresholds in mice, but that the binge regimen led to a larger increase in reward thresholds 

when compared to the chronic regimen, particularly during the first cycle of administration 

[23]. These previously reported results were replicated in TAT− mice, with a slightly larger 

increase in reward threshold elevation during the first cycle of the binge regimen, compared 

with the chronic regimen. The data replicability indicate that both the chronic and binge 

methamphetamine regimens produce stable and consistent effects on brain reward function 

in mice.

In the present experimental protocol, the effects of TAT expression were subtle. We have 

previously shown that TAT alone elevated brain reward thresholds during induction by 

doxycycline administration, and for at least one week afterwards [21]. In the present study, 

we did not observe this effect. However, the regimen of administration in that study differed, 

due to extensive handling of mice and the administration of 72 injections over three weeks, 

prior to doxycycline induction. Considering that behavioral phenotypes are very susceptible 

to handling conditions [35], one possible explanation for the difference is that injection-

associated stress exacerbated TAT-induced elevations in reward thresholds in our prior study. 

There is evidence supporting an interaction between stress and HIV on brain function. For 

example, in people with HIV, greater impairments in cognitive function have been associated 

with increased stress, and increased stress was associated with greater declines in activities 

of daily living in HIV+ individuals but not in those without HIV [36]. Interestingly, we did 

observe a differential effect of chronic and binge methamphetamine regimens on reward 

thresholds in TAT+ mice during doxycycline administration. Specifically, TAT+ mice 

exposed to the binge regimen had greater reward threshold elevations compared to TAT+ 

mice exposed to the chronic regimen, whereas there was no effect of methamphetamine in 

TAT− mice. This differential effect may be attributed to a combined decrease in mesolimbic 

dopamine levels induced by the binge regimen [23] and TAT expression [21]. During the 

protracted withdrawal, reward thresholds were similar in TAT+ mice exposed to either 

methamphetamine regimen. The absence of persisting effects is most likely attributed to 

TAT-induced deficits in mesolimbic dopamine levels returning to baseline after cessation of 

doxycycline administration [21]. These temporally restricted effects of TAT expression may 

also explain the absence of effects on reward thresholds after acute methamphetamine 

challenge, observed in the present study.

Overall, adenosine receptor expression in the caudate putamen was largely unaffected by the 

methamphetamine regimens and/or TAT expression. However, there was a significant 

decrease in Adora 2B receptors associated with TAT expression. The role of the Adora 2B 

receptor in the brain is not well understood [37] but it has been shown that it plays an 

important role in innate immunity [38]. Thus, TAT-induced decreases in Adora 2B receptors 

may reflect altered immunomodulatory responses to TAT expression. Our previous work in 

the caudate putamen found no consistent change in Adora 2B gene expression attributed to 
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TAT expression, although this was assessed using a sensitization paradigm, and one week 

after doxycycline administration [22]. The differences between these studies may reflect a 

delayed effect on Adora receptor expression after cessation of TAT expression.

We have also previously found decreases in dopamine receptor protein levels in the caudate 

putamen one week after doxycycline administration [22]. It is important to note that TAT 

expression in this mouse model persists for up to 2 weeks after the last doxycycline injection 

[39]. The present study assessed the transcription of dopamine receptor subtypes after three 

weeks following the completion of doxycycline administration. Therefore, changes in 

dopamine receptor expression may result from the TAT protein expression and direct effects 

induced by TAT on molecules of the dopamine system, including alterations in the dopamine 

transporter and vesicular monoamine transporter-2 [20, 40, 41].

CONCLUSION

TAT exposure, induced after methamphetamine exposure, had little effect on reward function 

or on the subsequent response to acute methamphetamine challenge. Initiating TAT protein 

expression at different stages of the regimens (i.e., during the first or second cycle) may 

induce greater behavioural and neurochemical outcomes. Future studies should also consider 

prolonged doxycycline administration during methamphetamine regimens, perhaps via 

dietary administration.
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Fig. (1). 
Reward thresholds in the intracranial self-stimulation procedure in TAT− and TAT+ mice 

administered saline (A), or chronic (B) and binge methamphetamine regimens (C). Reward 

thresholds are presented as a percentage of baseline threshold average (dotted lines) over the 

5-days prior to beginning the methamphetamine regimens. Time points assessed 12 h after a 

day of methamphetamine administration are represented by the shaded regions with lighter 

gray for the chronic regimen and darker gray for the binge regimen. The days of doxycycline 

administration are shown by the black bar (top). Data are expressed as mean ± SEM. 

*p<0.05 compared with saline, #p<0.05 between chronic and binge regimens, @p<0.05 

between TAT− and TAT+ mice.
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Fig. (2). 
Reward thresholds during each cycle of methamphetamine exposure (average of 12 h 

withdrawal time points) in TAT− (A) and TAT+ (B) mice administered saline, or chronic and 

binge methamphetamine regimens. Both regimens increased reward thresholds compared 

with saline. During doxycycline treatment, TAT+ mice exposed to the binge regimen had 

higher reward thresholds than those exposed to the chronic regimen. Reward thresholds are 

presented as a percentage of baseline threshold average over the 5-days prior to beginning 

the methamphetamine regimens. The period of doxycycline (Dox) administration is shown 

by the black bar (top). Data are expressed as mean ± SEM. Bl, baseline; w, protracted 

withdrawal. *p<0.05, **p<0.01, ***p<0.001 compared with saline, #p<0.05 between 

chronic and binge regimens.
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Fig. (3). 
Reward thresholds in response to acute methamphetamine challenge in TAT− and TAT+ 

mice exposed to saline (A), or chronic (B) and binge (C) methamphetamine regimens. 

Reward thresholds are presented as a percentage of baseline threshold average over the 2-

days prior to each day of methamphetamine treatment. Data are expressed as mean ± SEM. 

**p<0.01, ***p<0.001 compared with 0 mg/kg methamphetamine.

Kesby et al. Page 14

Curr HIV Res. Author manuscript; available in PMC 2020 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kesby et al. Page 15

Ta
b

le
 1

.

D
op

am
in

e 
an

d 
ad

en
os

in
e 

re
ce

pt
or

 e
xp

re
ss

io
n 

(d
dC

T
).

Sa
lin

e
C

hr
on

ic
B

in
ge

G
en

ot
yp

e
M

ea
n

SE
M

M
ea

n
SE

M
M

ea
n

SE
M

D
op

am
in

e

D
R

D
1

TA
T

−
11

21
5

43
53

82
18

39
47

12
61

6
34

59

TA
T

+
91

55
24

10
85

98
30

95
77

60
17

34

D
R

D
2

TA
T

−
13

84
1

42
39

84
53

30
85

13
77

2
39

19

TA
T

+
91

99
18

81
89

59
33

19
10

14
0

21
57

D
R

D
4

TA
T

−
12

33
7

51
12

61
45

33
67

11
40

0
42

75

TA
T

+
62

38
28

00
10

94
1

70
99

95
43

26
63

D
R

D
5

TA
T

−
52

09
23

57
34

71
16

74
59

82
21

39

TA
T

+
32

62
12

95
30

81
14

64
36

59
99

4

A
do

ra

A
do

ra
1

TA
T

−
38

72
98

58
19

3
43

83
05

69
25

1
36

45
86

84
14

8

TA
T

+
41

27
89

56
18

6
32

85
08

68
61

9
31

82
85

56
47

7

A
do

ra
2A

TA
T

−
29

83
84

92
07

2
20

83
70

57
55

6
33

72
94

11
76

57

TA
T

+
21

70
97

35
78

6
17

50
77

58
38

7
18

27
60

27
71

2

A
do

ra
2B

*
TA

T
−

13
91

62
51

39
7

77
60

9
39

19
1

14
47

85
51

22
7

TA
T

+
73

31
9

21
38

0
41

30
9

19
10

2
56

02
5

99
90

D
R

D
, d

op
am

in
e 

re
ce

pt
or

; A
do

ra
, a

de
no

si
ne

 r
ec

ep
to

r.

* si
gn

if
ic

an
t m

ai
n 

ef
fe

ct
 o

f 
TA

T
 e

xp
re

ss
io

n 
in

 th
e 

A
N

O
V

A
.

Curr HIV Res. Author manuscript; available in PMC 2020 February 02.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Methamphetamine Regimens and Doxycycline Exposure
	Intracranial Self-stimulation
	Real Time-PCR
	Experimental Design
	Statistical Analyses

	RESULTS
	Daily Withdrawal Assessments
	Acute Methamphetamine Challenge
	Caudate Putamen Dopamine and Adenosine Receptor Expression

	DISCUSSION
	CONCLUSION
	References
	Fig. (1).
	Fig. (2).
	Fig. (3).
	Table 1.

