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Abstract

Adult neurogenesis in the dentate gyrus (DG) is strongly influenced by drug taking behavior and 

may have a role in the etiology of drug seeking behavior. However, mechanistic studies on the 

relationship of neurogenesis on drug seeking are limited. Outbred Wistar rats experienced 

extended access methamphetamine self-administration and individual differences in drug taking 

defined animals with higher preferred and lower preferred levels of drug intake. Forced abstinence 

from higher preferred levels of drug taking enhanced neurogenesis and neuronal activation of 

granule cell neurons (GCNs) in the DG and produced compulsive-like drug reinstatement. 

Systemic treatment with the drug Isoxazole-9 (a synthetic small molecule known to modulate 

neurogenesis in adult rodent brain) during abstinence blocked compulsive-like context-driven 

methamphetamine reinstatement. Isoxazole-9 modulated neurogenesis, neuronal activation and 

structural plasticity of GCNs, and expression of synaptic proteins associated with learning and 

memory in the DG. These findings identify a subset of newly born GCNs within the DG that could 

directly contribute to drug-seeking behavior. Taken together, these results support a direct role for 

the importance of adult neurogenesis during abstinence in compulsive-like drug reinstatement.
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Introduction

Methamphetamine addiction is a serious public health problem and the rate of recovery from 

methamphetamine addiction is extremely low. One aspect of addiction, compulsive drug 

seeking, can be modeled in rodents with extended access to methamphetamine 1. One 

distinct advantage of these models is that the neuroplasticity in neurobiological function can 

be delineated in rodents based on individual differences in drug seeking animals 2–4. These 

findings demonstrate that animals with preferentially higher levels of drug intake are 

powerful models for identifying neurobiological factors involved in the acquisition, 

maintenance and risk of relapse and provide a means to increase our understanding of 

addiction-like behaviors using rodent models.

Functional granule cell neurons (GCNs) are generated in the granule cell layer (GCL) of the 

dentate gyrus (DG) of the hippocampus throughout life by a multistep process called 

neurogenesis 5, 6. The process of neurogenesis involves stem-like precursor cells that 

proliferate into preneuronal progenitors, which in turn differentiate into immature neurons 

and eventually mature into GCNs 7. GCNs generated during adulthood assist with neuronal 

turnover 8. Computational and behavioral models combined with electrophysiological 

findings indicate that the DG participates in an array of behaviors to assist with hippocampal 

dependent spatial memory 9. For example, GCNs in the DG communicate with CA3 

neurons, mossy cells and hilar interneurons to modulate interference between similar spatial 

inputs via cognitive discrimination. Furthermore, newly born GCNs modulate sparseness of 

activity of pre-existing GCNs through recruitment of feedback inhibition, and via adaptive 

changes to DG network excitability affect and strengthen cognitive discrimination 10, 11. 

Neurogenesis may also enable animals to distinguish related stimuli and events rapidly and 

support contextual discrimination. In addition to their role in discrimination, new evidence 

supports the functional significance of neurogenesis in hippocampal memory clearance 
12, 13, suggesting that endogenous alterations in neurogenesis and DG excitability could 

contribute to memory-related disorders 14.

Neuroanatomical studies in the hippocampus support segregation of neuronal outputs along 

the dorso-ventral axis whose connectivity may influence the expression of neurogenesis in 

the DG and behavior dependent on the hippocampus 15, 16. For example, the dorsal 

hippocampus has higher levels of neurogenesis and is vital for spatial learning, and is 

particularly critical in mediating contextual discrimination 17. In contrast, the ventral 

hippocampus has lower levels of neurogenesis and is strongly associated with negative 

affective symptoms that promote propensity for reinstatement of drug seeking 18, 19. Similar 

functional differences have been noted along the septo-temporal axis of the hippocampus in 

humans, with ventral hippocampus demonstrating greater activity in response to negative 

affective symptoms 20. Given the functional distinction between the dorsal and ventral 
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hippocampal regions, the role of neurogenesis and hippocampal synaptic events along the 

dorsal-ventral gradient in regulating contextual discrimination should be investigated.

In the context of substance and alcohol use disorders, it is predicted that hippocampal 

neurogenesis protects the neural and behavioral plasticity suppressed by drugs of abuse and 

alcohol. For example, reinforcing doses of stimulants, opiates and alcohol during drug 

taking suppress proliferation, differentiation and survival of neural progenitors. Forced 

abstinence from stimulants and alcohol stimulate proliferation and enhance survival of 

neural progenitors, suggesting a rebound effect 21. These findings demonstrate that 

suppression of, and stimulation of neurogenesis are being observed at various stages of 

substance abuse disorders. Therefore, it has been hypothesized that spontaneous 

neurogenesis during forced abstinence may block memories associated with the contextual 

reinstatement of drug seeking or promote extinction learning 22. However, the reduction in 

spontaneous neurogenesis during self-administration and robust rebound in neural 

progenitors and neurogenesis during abstinence are associated with enhanced propensity for 

reinstatement in methamphetamine experienced animals 23, suggesting reinforcement of 

drug memories by enhanced neurogenesis during abstinence. This led us to hypothesize that 

spontaneous neurogenesis during abstinence may produce productive effects on 

reinstatement of drug seeking by strengthening drug associated memories (enhance 

contextual discrimination between drug-paired context and drug-unpaired context and 

prevent memory clearance). Conversely, we hypothesized that inhibiting or preventing 

neurogenesis during abstinence would clear drug associated memories and reduce the 

efficacy of context-driven reinstatement. To test this hypothesis, a synthetic small molecule 

isoxazole-9 (Isx-9; [N-cyclopropyl-5-(thiophen-2-yl)isoxazole-3-carboxamide]; 24–26) was 

administered during forced abstinence to evaluate the efficacy of the molecule in modulating 

the neurogenesis response during abstinence, and in reducing context-driven reinstatement 

of drug seeking.

Materials and Methods

Detailed methods are provided for all behaviors and procedures conducted in the 

supplementary methods section. One hundred-fifty two, adult male Wistar rats (Charles 

River), weighing 200–250 g (8 weeks old) at the start of the experiment were used for the 

study. All procedures were approved by the IACUC at The Scripps Research Institute. One 

hundred and nine rats underwent surgery for catheter implantation for intravenous self-

administration (Supplementary methods). Following 4 days of recovery after surgery, ninety-

nine animals were trained to lever press for i.v. infusions of methamphetamine (0.05 mg/kg 

per infusion) and ten animals were trained to lever press for i.v. infusions of saline (0.9%) in 

an operant chamber (context A) on an FR1 schedule for 6 hours per session for 17 sessions. 

Some animals were trained to self-administer sucrose (context A, oral, 10%w/v). After 17 

sessions of methamphetamine or sucrose self-administration animals experienced forced 

abstinence for 24 days. During abstinence animals received one i.p. injection of Isx-9 or 

vehicle (25% HBC; Supplementary methods) each day, starting on day 1 of abstinence and 

continued injections for 12 days into abstinence 26–28 (treatment was based on an in vivo 
study 27). The day after last isoxazole-9 injection, a subset of animals received one i.p. 

injection of BrdU (150 mg/kg) or i.c. injection of mCherry retrovirus (Supplementary 
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methods). Animals then experienced extinction (context B) and reinstatement (context A) 

sessions (Supplementary methods). One hour after reinstatement session animals were 

euthanized and brain tissue was processed for histology, Western blotting analysis, and 

cellular quantification (Supplementary methods). Statistical analysis were conducted using 

one-way, two-way ANOVAs followed by Student-Newman-Keuls post hoc test 

(Supplementary methods).

Results

Extended access methamphetamine self-administration in 99 outbred adult Wistar rats 
demonstrates high and low preferred intake in methamphetamine

Animals were separated into compulsive-like responders (high responders, HR) and 

noncompulsive-like responders (low responders, LR) based on escalation criteria (defined as 

greater than 150 % change in active lever (reinforced) responses during sessions 13–17 

compared with sessions 1–5 after a median split analysis on their reinforced lever responses 

during sessions 13–17. HR have higher responding on reinforced (active) levers indicated by 

a significant methamphetamine group × active lever responses interaction F(16,1581)=8.2, 

main effect of methamphetamine group F(1,1581)=608.4 and number of active lever presses 

F(16,1581)=10.2 by two-way ANOVA, P<0.01 (Figure 1A–B). HR have higher responding 

on the non-reinforced (inactive) levers compare to LR (no interaction, no effect of days, 

significant effect of methamphetamine group F(1,1585)=88.3, P<0.01; Figure 1C; 

Supplementary Figure 1A–B). HR have higher responding on the active levers during the 1st 

hour of the 6 hour session, indicated by a significant methamphetamine group × active lever 

responses interaction F(16,1456)=3.3, main effect of methamphetamine group 

F(1,1456)=289.9 and number of active lever presses F(16,1456)=4.296 P<0.01 by two-way 

ANOVA (Figure 1D). HR exhibit an upward shift in peak self-administration rates, and a 

rightward shift in the descending limb of the self-administration dose–response curve 

compared to LR indicated by a significant methamphetamine group × dose interaction 

F(3,42)=4.018, main effect of methamphetamine group F(1,14)=11.62 and number of active 

lever presses F(3,42)=12.96 P<0.01 by two-way ANOVA (Figure 1E). Methamphetamine 

self-administration data converted to dose-intake curves shows that HR take greater daily 

amounts of methamphetamine at doses on the descending limb of the dose–response curve 

compared to LR, P<0.01 (Figure 1F). HR demonstrate higher escalation in drug self-

administration (t=5.46, df=61.08, P<0.0001 by unpaired t test; Figure 1G). HR demonstrate 

uncontrolled responding during time-out indicated by main effect of methamphetamine 

group F(1,1536)=250.4, P<0.0001 by two-way ANOVA, indicating inability to suppress 

unrewarded behavior, while maintaining the ability to discriminate reinforced active lever 

responses from non-reinforced inactive lever responses (Supplementary Figure 1C–D). HR 

demonstrate higher motivation to seek methamphetamine as measured by infusions earned 

during self-administration on a progressive ratio schedule (t=2.4, df=13, P<0.05 by unpaired 

t test; Figure 1H). Amount of meth measured by mass spectroscopy in the hippocampus 

following meth challenge (0.4 mg/kg, i.v.) showed no significant differences between HR 

and LR (Figure 1I). Plasma corticosterone levels collected at two time points during 

animals’ dark cycle before initiation of self-administration and after completion of the 

session on the same day shows no difference between HR and LR, however, demonstrate a 

Galinato et al. Page 4

Mol Psychiatry. Author manuscript; available in PMC 2017 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant increase in basal corticosterone levels in HR and LR compared to saline self-

administering animals (F=13.1, P<0.01; Figure 1J).

Synthetic small molecule Isoxazole-9 reduces drug seeking during context- and cue-
induced reinstatement in abstinent HR

Isx-9 was synthesized according to 26, and pharmacokinetic studies indicate that systemic 

injections of the compound crosses the blood-brain barrier and into the hippocampus with a 

half-life of 29.2 minutes (Supplementary Figure 2A–C). To determine whether Isx-9 itself 

produced any confounding behavioral responses we treated a separate set of drug and 

behavior naïve rats with Isx-9 (Supplementary Figure 3A) and investigated the potential 

effects of Isx-9 in functional observational battery tests. Isx-9 treatment did not alter body 

weight, locomotor activity and sensory/motor reflex responses (Supplementary Figure 3B–

D; all Ps>0.05).

Prior to initiation of Isx-9 administration (vehicle [HBC; (2-hydroxypropyl)-β-cyclodextrin] 

and Isx-9 rats were matched for self-administration behavior (Figure 2B). HBC-HR 

responded higher than HBC-LR during days 1–3 of extinction (significant 

methamphetamine group × extinction days interaction F(5,210)=3.027, main effect of 

extinction days F(5,210)=29.61 and methamphetamine group F(1,42)=7.339, P<0.001 by 

two-way ANOVA; Figure 2E,F). Isx-9-HR responded higher than Isx-9-LR during days 1–3 

of extinction (no significant interaction, main effect of extinction days F(5,175)=24.05 and 

methamphetamine group F(1,35)=7.165, P<0.001 by two-way ANOVA). Lever responses on 

the previously paired active levers were higher than inactive levers in HBC-HR, HBC-LR 

and Isx-9-LR animals (P<0.05). HBC-HR responded higher than HBC-LR and Isx-9-HR 

during context-driven reinstatement (significant methamphetamine group × lever responses 

interaction F(6,154)=6.215, P<0.001; main effect of reinstatement F(2,154)=30.24, P<0.01; 

and methamphetamine group F(3,77)=4.710, P<0.001 by repeated measures two-way 

ANOVA; Figure 2G). Lever responses on the previously paired active levers were higher 

than inactive levers in HBC-HR (P<0.05). HBC-HR responded higher than HBC-LR and 

Isx-9-HR during contextual cued reinstatement (significant meth group × lever responses 

interaction F(6,154)=4.911, P<0.001; main effect of reinstatement F(2,154)=20.88, P<0.01; 

and meth group F(3,77)=7.798, P<0.001 by repeated measures two-way ANOVA; Figure 

2H).

Isoxazole-9 produced distinct alterations in neurogenesis and neuronal activation of GCNs 
in the dorsal and ventral DG in abstinent HR

17-day-old 5-bromo-2’-deoxyuridine (BrdU) cells in HBC and Isx-9 HR and LR were 

examined in the GCL immediately after the reinstatement session to quantify the number of 

newly born GCNs (BrdU colabeled with neuronal marker neuronal nuclease, NeuN), and 

activation of newly born GCNs (BrdU colabeled with NeuN and Fos). Brain tissue was also 

processed for Ki-67 to quantify proliferation of newly born progenitors and Fos to quantify 

activation of GCNs that were preexisting relative to newly born (BrdU) GCNs. Isx-9 

controls had higher number of BrdU and Ki-67 cells compared to HBC controls; Isx-9-HR 

had reduced number of BrdU and Ki-67 cells compared with HBC-HR and similar number 

of cells compared to HBC controls. Two-way ANOVA demonstrated a significant 
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methamphetamine group × Isx-9 interaction F(3,35)=4.111, main effect of 

methamphetamine F(3,35)=3.437 and main effect of Isx-9 F(1,35)=5.694 on BrdU (Figure 

3C; Ps<0.01), and a significant methamphetamine group × Isx-9 interaction F(2,31)=6.092 

on Ki-67 cells (Figure 3D; P<0.01). Isx-9-HR and -LR had similar number of activated 

caspase-3 cells compared with HBC-HR and -LR and controls (Supplementary Figure 4A). 

Isx-9 controls had similar ratio of the phenotype of BrdU cells compared to HBC controls. 

Isx-9-HR and -LR had similar ratio of the phenotype of BrdU cells compared to HBC-HR 

and -LR and controls. Two-way ANOVA demonstrated a main effect of methamphetamine 

group F(5,72)=5.69 and main effect of phenotype F(2,72)=62.9 in dorsal BrdU cells (Figure 

3G; P<0.001), and a significant methamphetamine group × Isx-9 interaction F(10,69)=2.1, 

main effect of methamphetamine group F(5,69)=5.4 and main effect of phenotype 

F(2,69)=52.04 in ventral BrdU cells (Figure 3H; P<0.001). Quantitative analysis showed 

higher number of nonneuronal BrdU cells in dorsal GCL and higher number of neuronal 

BrdU cells in dorsal and ventral GCL in Isx-9 controls compared to HBC controls (Figure 

3G, H). HBC-HR had higher number of neuronal BrdU cells compared to HBC controls in 

dorsal and ventral GCL (Ps<0.05). Isx-9 controls did not have higher number of activated 

BrdU cells in dorsal and ventral GCL compared to HBC controls. Isx-9-HR had reduced 

number of activated BrdU cells in dorsal GCL compared to HBC-HR (P<0.05; Figure 3G).

Quantitative analysis of Fos expressing GCNs demonstrated an increase in the number of 

activated cells in the dorsal and ventral GCL in HBC-HR and -LR compared to controls and 

a reduction in the number of activated cells in Isx-9-HR in the ventral GCL compared to 

HBC-HR (main effect of methamphetamine in the dorsal hippocampus F(2,24)=10.96, 

P<0.01; a significant interaction F(2,22)=3.863 and main effect of methamphetamine in the 

ventral hippocampus F(2,22)=7.759, P<0.01 by two-way ANOVA; Figure 3K).

The number of BrdU cells were quantified in the prefrontal cortex, a brain region where 

newly born progenitors mostly differentiate into oligodendrocyte progenitors 29. We 

demonstrate that Isx-9’s effects were attributable to specific effects in the GCNs as no 

alterations were found in gliogenic progenitors in the medial prefrontal cortex 

(Supplementary Figure 7).

Isoxazole-9 produced alterations in structural plasticity of pre-existing and newly born 
GCNs in the dorsal DG

17-day-old retrovirus expressing mCherry (mCherry) cells in HBC and Isx-9 HR and LR 

were examined in the GCL immediately after the reinstatement session to quantify the 

dendritic structure of newly born GCNs. Brain tissue was also processed for Golgi-Cox 

analysis to examine structural alterations in GCNs that were preexisting relative to newly 

born (mCherry) GCNs. Isx-9-HR showed enhanced structural plasticity of mCherry and 

Golgi-Cox GCNs compared to HBC-HR, indicated by enhanced spine density and dendritic 

extent (main effect of Isx-9 by two-way ANOVA F(1,103)=7.543, P<0.01, Figure 4G), 

dendritic extent of Golgi-Cox GCNs (main effect of Isx-9 by two-way ANOVA 

F(1,127)=7.249; P<0.01, Figure 1H) and mCherry GCNs (main effect of methamphetamine 

by two-way ANOVA F(2,125)=7.138, P<0.01, Figure 1I). 3D Sholl analyses of Golgi-Cox 

and mCherry GCNs demonstrated a significant neuron type × distance from soma 
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interaction (F(15,690)=7.166, P<0.01, Figure 4J). 3D Sholl analyses of Golgi-Cox GCNs 

demonstrated main effect of methamphetamine (F(5,386)=6.506, P<0.05) and distance from 

soma (F(15,386)=43.40, P<0.01, Figure 4K). 3D sholl analyses of mCherry GCNs 

demonstrated main effect of methamphetamine (F(5,559)=10.97, P<0.01) and distance from 

soma (F(15,559)=34.83, P<0.01, Figure 4L).

Isoxazole-9 alters the expression of synaptic plasticity proteins in the dorsal and ventral 
DG

Brain tissue was snap frozen one hour after the reinstatement session and micropunches 

enriched in the dorsal and ventral DG GCNs were separated and homogenized and 

cytoplasm enriched fractions were processed for immunoblotting. Isx-9-HR showed reduced 

density of total N-methyl-D-aspartate (NMDA) glutamate receptor 2B (GluN2B 30), and 

enhanced expression of phosphorylated GluN2B in dorsal DG without producing any 

changes in the ventral DG (Dorsal dentate gyrus: tGluN2B-main effect of Isx-9: 

F(1,41)=4.741, P<0.05; pGluN2B- main effect of methamphetamine F(2,41)=4.218, P<0.05; 

main effect of Isx-9 F(1,41)=9.845, P<0.01, Figure 5E). Isx-9 controls showed higher levels 

of phosphorylated Ca2+/calmodulin (CaM)-dependent protein kinase (CaMK), pCaMKII, in 

the dorsal and ventral DG compared to HBC controls. Isx-9-HR and -LR showed higher 

levels of pCaMKII in dorsal DG compared to HBC-HR and -LR. Isx-9-HR showed lower 

levels of pCaMKII in ventral DG compared to HBC-HR (Dorsal DG: pCaMKII- main effect 

of Isx-9 F(1,43)=13.10, P<0.001, Figure 5G; Ventral DG: pCaMKII- methamphetamine 

group × Isx-9 treatment interaction F(2,38)=6.561, P<0.01; main effect of methamphetamine 

F(2,38)=6.273, P<0.01, Figure 5H). Isx-9-HR showed higher levels of phosphorylated class 

IIa histone deacetylase (HDAC5) in dorsal DG compared to HBC-HR (pHDAC5- 

methamphetamine group × Isx-9 treatment interaction F(2,40)=3.820, P<0.05, Figure 5I).

Discussion

Compulsive-like Methamphetamine Intake Predicts Higher Reinstatement of 
Methamphetamine Seeking

We demonstrate compulsive-like behavior in HR self-administering intravenous infusions of 

methamphetamine in an extended access schedule of reinforcement. This was evident as 

increased responding during self-administration sessions and during time-out periods, 

increased peak self-administration rates and responding during progressive-ratio schedules 

reflecting enhanced motivation for methamphetamine 2. These behavioral differences 

between HR and LR cannot be explained by differential metabolism or bioavailability of 

methamphetamine, or differences in circadian dependent corticosterone release by 

methamphetamine. These findings demonstrate that HR are powerful models for identifying 

neurobiological factors involved in determining risk for relapse and will improve our 

understanding of addiction-like behavior with regard to its translational value to human 

addiction.

To determine differences in propensity for relapse, HR and LR were withdrawn from 

methamphetamine and after a period of protracted abstinence (22 days; a timeframe required 

for preneuronal progenitor cells to become GCNs), all animals were tested for reinstatement 
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of drug seeking in an A-B-A self-administration-extinction-reinstatement paradigm 31. HR 

demonstrated significantly greater drug seeking behavior (as defined by lever pressing) 

during extinction compared to LR. However, responding was significantly reduced in both 

HR and LR rats, reaching equivalent levels of performance after 6 days of extinction 

training. Following extinction, reinstatement of drug-seeking behavior was tested by re-

exposing the animal to the training drug context (context A) without cues (context only) or 

with cues (context A + cues). HR exhibited greater methamphetamine-seeking behavior on 

the previously associated drug-paired lever compared to LR despite the continued absence of 

the drug reinforcer. These findings provide further validity to the enhanced compulsive-like 

drug seeking observed in HR, as they demonstrated enhanced propensity for reinstatement 

after protracted abstinence via enhanced contextual discrimination.

Isoxazole-9 Reduces Reinstatement of Methamphetamine Seeking in HR

Robust modulation of neurogenesis is achieved by pharmacological agents (e.g., 

antidepressants, anticonvulsants, synthetic small molecules 32). In vitro studies demonstrate 

that the synthetic small molecule Isx-9 triggers release of intracellular calcium (Ca2+), 

specifically in neuronal progenitor cells via high-voltage Ca2+ channels and GluN2B, 

suggesting neurotransmitter-like properties selective to this cellular population 24, 26, 28. 

Increases in intracellular Ca2+ by Isx-9 produce cellular excitation in progenitor cells that 

drives expression of genes and epigenetic factors such as HDAC5 via CaMK activity to 

direct the phenotype of progenitors into neurons 26, 33. Isx-9 also increases neurogenesis in 
vivo 25, 27. These findings suggest that Isx-9 can modulate excitatory neurotransmission and 

synaptic plasticity, particularly in the hippocampus via GluN2B 26, and mediate synaptic 

events in the hippocampus and long-term memory storage dependent on the hippocampus 

via CaMKII 34. Notably, Isx-9 produces growth arrest by inhibiting cell differentiation in 

cells selectively sensitive to disturbances in Ca2+ homeostasis (e.g., cells born during 

hyperglutamatergic state or cells expressing altered GluN2B), providing a potential target 

mechanism for reducing cells of an immature progenitor status with compromised function 
28. Therefore, Isx-9 could be used to modulate neurogenesis and thereby influence 

contextual discrimination by either increasing or reducing the available pool of adult 

generated neurons to alter their capacity for information processing.

To investigate the role of Isx-9 in context-driven reinstatement, we injected HR and LR with 

Isx-9. Following extinction, Isx-9 treated HR failed to reinstate drug-seeking responding 

compared to vehicle treated HR. These findings demonstrate that Isx-9 reduces propensity 

for reinstatement, possibly by promoting methamphetamine context-specific extinction 

learning mechanisms.

Isx-9 reduces the neuronal activation of newly born GCNs in HR

We studied Isx-9-induced alterations in the number of newly born GCNs and activation of 

GCNs that could be associated with reduced methamphetamine seeking. Quantification of 

BrdU cells revealed that Isx-9 increased the number of cells in methamphetamine naïve and 

sucrose self-administering animals. In methamphetamine treated animals, forced abstinence 

increased the number of BrdU cells by 70% and 52% in vehicle treated HR, relative to both 

methamphetamine naïve controls and LR. Isx-9 treatment in methamphetamine treated 
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animals did not increase the number of BrdU cells during forced abstinence compared to 

vehicle treated controls, and this effect could be due to a hostile cellular environment in the 

progenitor pool created during methamphetamine experience 35. For example, 

methamphetamine experience reduces net proliferation of progenitors and immature neurons 

by reducing the number of proliferating preneuronal neuroblasts and increasing the number 

of proliferating preneuronal progenitor cells 35, suggesting that a decrease in the number of 

progenitors and immature neurons, to a large degree, is attributable to the decrease in the 

ability of neuroblasts to divide and produce stable progenitor cells that survive as immature 

neurons 35, 36. However, abstinence from methamphetamine experience increases net 

proliferation of progenitors and survival of newly born GCNs, suggesting that cell intrinsic 

signals that maintain cell proliferation are differentially regulated during abstinence from the 

drug 23. The increases in net proliferation and survival during abstinence observed in vehicle 

treated HR were not evident in Isx-9 treated HR when compared to drug naïve controls. 

Taken together, while the effects of Isx-9 on proliferation and survival in methamphetamine 

naïve and methamphetamine treated animals are quantitatively different, further 

investigation is required to determine the cellular mechanism underlying the difference. 

Labeling for activated caspase-3 and analyses of pro- and anti-cell death factors indicated 

that the higher number of BrdU cells in vehicle treated HR and similar number of BrdU cells 

in Isx-9 treated HR compared to drug naïve controls was not correlated with alterations in 

apoptosis.

Isx-9 increased neurogenesis in the dorsal and ventral GCL, and enhanced generation of 

nonneuronal cells in the dorsal GCL compared to vehicle treated controls. Colabeling 

analysis of BrdU with Fos demonstrated neuronal activation of BrdU GCNs, however, 

context-driven reinstatement did not alter the activity of BrdU GCNs in vehicle treated HR 

and LR compared to controls. Notably, Isx-9 treatment reduced the activity of dorsal BrdU 

GCNs in HR compared to vehicle treated HR. These findings demonstrate that the 

behavioral effects of reduced context-driven reinstatement produced by Isx-9 in HR is 

associated with reduced activation of newly born GCNs in the dorsal GCL. Examination of 

Fos activation of preexisting GCNs demonstrated that significant number of GCNs were 

activated during context-driven reinstatement in dorsal and ventral GCL in HR (450%) and 

LR (300%) relative to methamphetamine naïve controls. Isx-9 treatment did not alter 

reinstatement-induced Fos activation in the dorsal GCL. In contrast, Isx-9 abolished Fos 

activation in the ventral GCL in HR compared to vehicle treated HR. Therefore, the findings 

with Fos demonstrate that dorsal and ventral GCNs respond similarly to context-driven 

reinstatement-elicited brain activity, and reduced reinstatement is associated with reduced 

activation of newly born GCNs in the dorsal GCL and preexisting GCNs in the ventral GCL 

in Isx-9 treated HR. Taken together, Isx-9 treatment may have reduced the incentive 

motivational effects of the drug context to some degree, resulting in the reduced Fos 

expression in GCNs.

To examine the specificity of these findings, separate groups of animals were trained to self-

administer sucrose or saline and tested using an identical extinction-reinstatement procedure 

(Supplementary Figure 5–6). The results of these studies show that neurogenesis and Fos 

responses were not altered in sucrose-trained or saline-trained animals suggesting that 

Isx-9’s effects on alterations in neurogenesis, neuronal activation and the behavioral 
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responses are attributable to drug specific effects and not to general nondrug reward seeking 

or other procedural influences. Therefore, while these experimental groups served to 

demonstrate specificity of Isx-9 on drug reward, additional studies are needed to determine 

the mechanisms underlying Isx-9’s effects on neurogenesis and neuronal activation of GCNs 

and reduced methamphetamine seeking in HR.

The neuronal phenotype of newly born GCNs was further confirmed by retroviral labeling 

studies, where 17-day-old mCherry-labeled cells exhibited neuron-like morphology with 

apical dendrites arborizing in the molecular layer of the DG. Because Isx-9 reduced 

activation of BrdU GCNs in the dorsal GCL, we examined alterations in structural plasticity 

in newly born and preexsisting Golgi-Cox labeled dorsal GCNs. Three dimensional Sholl 

analysis demonstrated that newly born GCNs have distinct arborization profiles relative to 

older preexisting GCNs. Further analysis revealed that HR exhibited reduced arborization of 

newly born and preexisting GCNs, and reduced dendritic extent in distal dendrites and 

reduced spine density relative to methamphetamine naïve controls, and this effect was 

inhibited by Isx-9 treatment. The effects in structural changes were not evident in LR. These 

findings demonstrate that forced abstinence from methamphetamine increases neurogenesis 

with compromised structural arborization of newly born GCNs in the dorsal GCL and the 

effect was specifically seen in animals that demonstrated compulsive-like behavior and 

higher propensity for reinstatement. Isx-9 treatment reduced context-driven reinstatement of 

drug seeking in HR and reduced activation of, and modified the structure of newly born 

GCNs. Taken together, these results demonstrate a novel relationship between abstinence-

induced alterations in newly born GCNs and enhanced propensity for reinstatement.

We also studied possible synaptic and epigenetic mechanisms underlying the changes in 

neuronal activation and structural plasticity, using standard immunoblotting techniques. 

Density of total and phosphorylated proteins was evaluated for GluN2B, CaMKII, and 

HDAC5 (Figure 5; Supplementary Table 1). Density of total GluN2B were reduced and 

phosphorylated GluN2B at Tyr1472 and phosphorylated CaMKII at Thr286 were enhanced 

by Isx-9 treatment in the dorsal DG, indicating enhanced activity of synaptic plasticity 

proteins 34, 37, 38; whereas an opposite effect of Isx-9 treatment on these phosphorylated 

subunits were observed in ventral DG (GluN2B no change; CaMKII reduced 

phosphorylation). Enhanced CaMKII activity in the dorsal DG correlated with enhanced 

phosphorylation of HDAC5 at Ser259, supporting epigenetic alterations and derepression of 

target gene expression 26. The opposing effects of Isx-9 on the activity of GluN2B, CaMKII 

and HDAC5 in the dorsal and ventral DG support the functional dissociation that exists 

along the dorsal-ventral gradient in the rat hippocampus 15, 16. In summary, the most 

parsimonious interpretation of our results is that Isx-9 treatment during abstinence protects 

against context-driven reinstatement and these behavioral benefits were associated with 

reduced activation and enhanced structural plasticity of newly born GCNs in the dorsal GCL 

and reduced activation of preexisting GCNs in the ventral GCL. Mechanisms underlying this 

protection include enhanced expression of synaptic proteins that are known to promote long-

term memory storage of extinguished memory in the dorsal DG. Further studies are now 

needed to explore the circuit-level consequences of the small yet significant number of 

newly born GCNs during abstinence and how they influence other cognitive behaviors that 

are context-driven, and pathologies associated with other types of drugs of abuse.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Extended access methamphetamine self-administration in 99 outbred adult Wistar rats 
demonstrates high and low preferred intake in methamphetamine
(A) Methamphetamine intake during six hour sessions, (B) active lever responses during six 

hour sessions (C) inactive lever responses during six hour sessions and (D) active lever 

responses during the first hour of the six hour session in High Responders (HR, n=52) and 

Low Responders (LR, n=47). HR and LR phenotype during methamphetamine self-

administration were determined by the median of average daily methamphetamine self-

administration (0.05 mg/kg/injection, FR1 schedule of reinforcement) during the 14 of 17 

six hour self-administration sessions. (E) HR animals (n=10) exhibit an upward shift in peak 

self-administration rates, and a rightward shift in the descending limb of the self-

administration dose–response curve compared to LR animals (n=6). (F) Methamphetamine 

self-administration lever responses shown in (E) converted to dose-intake curves shows that 

HR animals take greater daily amounts of methamphetamine compared to LR animals at 

doses on the descending limb of the dose–response curve shown in panel (E). (G) Percent 

changes in active lever responses in HR (n=52) and LR (n=47) animals when lever responses 

during sessions 13 to 17 were compared with sessions 1 to 5. (H) Methamphetamine-

maintained breakpoints in HR (n=10) and LR (n=6) rats when tested in on a progressive 

ratio schedule of reinforcement. Left axis in (H) depicts the number of infusions obtained; 
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right axis in (H) depicts the final ratio value completed. (I) Brain methamphetamine levels 

are similar in HR (n=10) and LR (n=6) animals. Brain tissue was collected 45 min after a 0.4 

mg/kg intravenous methamphetamine injection and methamphetamine levels were analyzed 

by gas chromatography/mass spectrophotometry methods. (J) Plasma corticosterone (CORT) 

levels evaluated by ELISA demonstrates that HR (n=10) and LR (n=6) have similar peak 

CORT levels compared to animals that self-administered saline (n=8). However, nadir 

CORT was higher in HR and LR rats compared to saline rats. Saline, n=8; HR, n=10–52; 

LR, n=6–47 each group). Data shown are represented as mean +/− SEM. * P <0.05, 

compared to session 1 (A); * P <0.05, ** P <0.01, *** P <0.001 vs.LR (C–E), or saline (G) 

by repeated measures or standard two way analysis of variance (ANOVA) and Student-

Newman-Keuls posttests.
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Figure 2. Neurogenic small molecule Isoxazole-9 reduces drug seeking during context- and cue-
induced reinstatement in methamphetamine addicted animals
(A) Cartoon representation of operant box ‘context A’ for methamphetamine (meth) self-

administration modified from Watterson and Olive 2014. (B) Average meth intake during 

last three sessions of self-administration in HR and LR animals injected with HBC control 

or Isx-9 during abstinence. (C) Schematic of experimental design indicating self-

administration, Isx-9 injections (20 mg/kg, i.p.), BrdU injection (150 mg/kb, i.p.), abstinent 

days, extinction days and reinstatement days. (D–F) Cartoon representation of operant box 

‘context B’ for extinction sessions (D), and active and inactive lever responses during 

extinction sessions in HR (E, control and Isx-9) and LR (F, control and Isx-9) animals. (G–

H) Cartoon representation of operant box for contexual and cued reinstatement (insets in G-

H), and active and inactive lever responses during contextual (G) and contextual-cued (H) 

reinstatement sessions in HR and LR, control and Isx-9 animals. HBC-LR, n=20; HBC-HR, 

n=24; Isx9 LR, n=19; Isx9-HR, n=18. Data shown are represented as mean +/− SEM. # 

P<0.05, vs. active lever presses and * P <0.05 vs. day 1 active lever presses in E-F by 

repeated measures two way ANOVA and Bonferroni posttests. ** P <0.01, *** P <0.001 vs. 

extinction session 6, # P<0.05, vs. inactive lever presses, $ P<0.01 vs. HBC-HR active lever 

presses in G-H by repeated measures two way ANOVA and Student-Newman-Keuls 

posttests.
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Figure 3. Isoxazole-9 prevented methamphetamine abstinence-induced alterations in 
neurogenesis and neuronal activation of GCNs in the dentate gyrus
(A–B) Photomicrographs of 17-day-old BrdU (A) and Ki-67 (B) labelled cells in the dorsal 

dentate gyrus granule cell layer. (C–D) Quantitative analysis of BrdU (C) and Ki-67 (D) 

labelled cells. (E–F) Orthogonal z stack confocal images of BrdU (red, CY3) cells 

expressing NeuN (blue, CY5), and/or cFos (green, FITC) in dorsal (E) and ventral (F) 

GCNs. Open arrowhead, BrdU alone; filled arrowhead, BrdU/NeuN; thin arrow, BrdU/

NeuN/cFos; thick arrows, cFos/NeuN. (G–H) Phenotypic analysis of BrdU labelled cells in 

dorsal (G) and ventral (H) GCNs. (I–J) Schematic representation of expression of cFos in 

dorsal (I) and ventral (J) GCNs as depicted in StereoInvestigator that was used for cell 

quantification. (K) Quantitative analysis of cFos expressing GCNs. HBC control, n=4; HBC-

LR, n=5; HBC-HR, n=7; Isx-9 control, n=6; Isx-9 LR, n=5; Isx-9 HR, n=7. Scale bar in A, 

main panel is 100 um (applies A-B), is 15 um (applies E-F). Data shown are represented as 

mean +/− SEM. *P<0.05 vs. vehicle control, #P<0.05 vs. Isx-HR in C-D, *P<0.05 vs. 

vehicle control in (K) by two way ANOVA and Student-Newman-Keuls posttests.
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Figure 4. Isoxazole-9 prevented methamphetamine abstinence-induced altered structural 
plasticity of pre-existing and newly born granule cell neurons (GCNs)
(A–F) 3D tracings of preexisting (A) and newly born (B) GCNs with Sholl ring distance 

indicated in (C), and images of Golgi-Cox (D, inverted image of black cells over white 

background) and 17-day-old mCherry (E, red cells over black background) labeled GCNs 

used for Sholl analysis. (F) Illustration of dendritic spines on Golgi-Cox labeled cells. (G–I) 

Structural plasticity of Golgi-Cox-labeled and mCherry labeled neurons shown as alterations 

in the number of dendritic spines on apical dendrites of Golgi-Cox-labeled cells (G), soma-

to-tip distance of Golgi-Cox-labeled cells (H) and mCherry-labelled cells (I). (J–L) 3D Sholl 
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analyses of preexisting and newly born GCNs (J), and newly born GCNs (L). HBC controls 

(n=6–9), Isx-9 controls (n=6–9), HBC-LR (n=8–9), HBC-HR (n=9–12), Isx-9 LR (n=5–8), 

Isx-9 HR (n=9–12). Data shown are represented as mean +/− SEM. *P<0.05 in G-I; * 

P<0.05 vs mCherry GCNs in J; **P<0.01 and *P<0.05 vs. HBC control in K-L compared to 

groups indicated by lines or to vehicle control by two way repeated measures ANOVA and 

Student-Newman-Keuls posttests.
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Figure 5. Isoxazole-9 alters the expression of synaptic plasticity proteins in the dorsal and ventral 
dentate gyrus
(A–B) Schematic showing location of tissue punches taken in the dorsal (A) and ventral (B) 

dentate gyrus of the hippocampus. (C–D) Representative Western blots for protein 

expression in dorsal (C) and ventral (D) dentate gyrus enriched tissue of total and 

phosphorylated GluN2B, CaMKII and HDAC5. (E–F) Density of protein expression for 

total and phosphorylated GluN2B in dorsal (E) and ventral (F) dentate gyrus (Dorsal dentate 

gyrus: tGluN2B- main effect of Isx-9: F(1,41) = 4.741, P<0.05; pGluN2B- main effect of 

meth F(2,41) = 4.218, P<0.05; main effect of Isx-9 F(1,41) = 9.845, P<0.01). (G–H) Density 
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of protein expression for total and phosphorylated CaMKII in dorsal (G) and ventral (H) 

dentate gyrus (Dorsal dentate gyrus: pCaMKII- main effect of Isx-9 F(1,43) = 13.10, 

P<0.001; Ventral dentate gyrus: pCaMKII- meth group × Isx-9 treatment interaction F(2,38) 

= 6.561, P<0.01; main effect of meth F(2,38) = 6.273, P<0.01). (I–J) Density of protein 

expression for total and phosphorylated HDAC5 in dorsal (I) and ventral (J) dentate gyrus 

(Dorsal dentate gyrus: pHDAC5- meth group × Isx-9 treatment interaction F(2,40) = 3.820, 

P<0.05). HBC control, n=8; HBC-LR, n=8; HBC-HR, n=8; Isx-9 control, n=8; Isx-9 LR, 

n=9; Isx-9 HR, n=8. *P<0.05, **P<0.01 by two way ANOVA and Student-Newman-Keuls 

posttests.
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