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Abstract

Abstinence from unregulated methamphetamine self-administration increases hippocampal 

dependent, context-driven reinstatement of methamphetamine seeking. The current study tested 

the hypothesis that alterations in the functional properties of granule cell neurons (GCNs) in the 

dentate gyrus (DG) of the hippocampus in concert with altered expression of synaptic plasticity-

related proteins and ultrastructural changes in the DG are associated with enhanced context-driven 

methamphetamine-seeking behavior. Whole-cell patch-clamp recordings were performed in acute 

brain slices from methamphetamine naïve (controls) and methamphetamine experienced animals 

(during acute withdrawal, during abstinence, after extinction and after reinstatement).

Spontaneous excitatory postsynaptic currents (sEPSCs) and intrinsic excitability were recorded 

from GCNs. Reinstatement of methamphetamine seeking increased sEPSC frequency and 

produced larger amplitude responses in GCNs compared to controls and all other groups. 

Reinstatement of methamphetamine seeking reduced spiking capability in GCNs compared to 

controls, and all other groups, as indicated by reduced intrinsic spiking elicited by increasing 

current injections, membrane resistance and fast afterhyperpolarization. In rats that reinstated 

methamphetamine seeking, these altered electrophysiological properties of GCNs were associated 

with enhanced expression of Fos, GluN2A subunits and PSD95 and reduced expression of 

GABAA subunits in the DG and enhanced expression of synaptic PSD in the molecular layer. The 

alterations in functional properties of GCNs and plasticity related proteins in the DG paralleled 

with no changes in structure of microglial cells in the DG. Taken together, our results demonstrate 

that enhanced reinstatement of methamphetamine seeking results in alterations in intrinsic spiking 

and spontaneous glutamatergic synaptic transmission in the GCNs and concomitant increases in 

neuronal activation of GCNs, and expression of GluNs and decreases in GABAA subunits that may 

contribute to the altered synaptic connectivity – neuronal circuitry – and activity in the 

hippocampus, and enhance propensity for relapse.
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Introduction

Methamphetamine abuse and eventual addiction takes severe emotional and financial tolls 

on society, cutting across ages, races, ethnicities, and genders, and causes significant damage 

to self, due to the high propensity for relapse (Thompson et al., 2004; SAMHSA, 2008; 

Price et al., 2011; Weber et al., 2012). Increased risk for relapse in methamphetamine-

addicted subjects may be attributed to methamphetamine-induced alterations in structural 

and functional plasticity of hippocampal neurons, as preclinical studies show that the 

hippocampus assists with forming context-specific memories associated with reinstatement 

of drug seeking (Fuchs et al., 2005; Wells et al., 2016). Supporting these preclinical findings, 

human imaging studies show reduced hippocampal volume, particularly gray matter volume, 

and decreased hippocampal responsiveness in chronic methamphetamine users (Thompson 

et al., 2004; Kim et al., 2010; Schwartz et al., 2010; Daumann et al., 2011; Nakama et al., 
2011; Orikabe et al., 2011; Morales et al., 2012), indicating maladaptive hippocampal 

network in methamphetamine-using individuals.

Neuronal network in the hippocampus is influenced by serial propagation and feedforward 

excitation through the ‘hippocampal trisynaptic pathway’ which is regarded as the 

fundamental characteristic of intrinsic hippocampal physiology (Andersen et al., 1971; 

Yeckel & Berger, 1990). The three major subdivisions of the hippocampal formation- 

dentate gyrus (DG), cornu ammonis (CA)1, CA3 have unidirectional connections between 

themselves (Swanson et al., 1978; Amaral & Witter, 1989), with granule cell neurons of the 

DG projecting to the CA3 pyramidal neurons (mossy fibers) which in turn project to the 

CA1 pyramidal neurons (Schaffer collaterals). Excitatory perforant path fibers arising from 

the entorhinal cortex are the major afferents to the DG (Andersen et al., 1966a), and 

electrophysiological studies have demonstrated that activation of the perforant path can 

initiate a sequential excitation or feedforward excitation of DG, CA3 and CA1 neurons 

(Andersen et al., 1966b; Yeckel & Berger, 1990). The multisynaptic transmissions through 

the hippocampal formation most importantly function to store, consolidate and retrieve 

declarative, spatial and associative long-term memory (Burgess et al., 2002; Squire et al., 
2004). In this context, mechanistic studies from preclinical models show that 

methamphetamine exposure alters the functional plasticity of hippocampal neurons. For 

example, acute and systemic methamphetamine treatment reduces long-term potentiation 

(LTP) of CA1 pyramidal neurons through activation of D1 receptors and increases baseline 

excitatory synaptic transmission (Swant et al., 2010). Acute methamphetamine exposure 

reduces excitability of DG granule cell neurons (GCNs), whereas repeated exposure to 

methamphetamine increases excitability of these neurons (Criado et al., 2000). These studies 

demonstrate enhanced neuronal activity in the hippocampus in the CA and DG subregions 

during methamphetamine experience, however, it is yet to be determined whether these 
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alterations in electrophysiological properties of hippocampal neurons persist into protracted 

abstinence from methamphetamine experience.

Emerging studies in adult rats self-administering methamphetamine under extended access 

conditions (6h of drug access per day) demonstrate that methamphetamine self-

administration alters other forms of plasticity in the hippocampus. For example, 

methamphetamine self-administration reduces DG neurogenesis, and these effects were 

relative to the amount of methamphetamine consumed (Mandyam et al., 2008; Yuan et al., 
2011). Reduction in neurogenesis during methamphetamine self-administration is associated 

with enhanced expression of brain-derived neurotrophic factor and hypo activity of the 

glutamatergic receptors in the DG, suggesting distinct allostatic changes in the hippocampus 

that may contribute to the altered synaptic activity in the DG (Galinato et al., 2015). 

Abstinence from methamphetamine self-administration (>15d days; a timeframe required for 

neurogenesis of preneuronal progenitor cells to become GCNs; (Zhao et al., 2006)) produces 

compensatory changes in DG neurogenesis (i.e., enhanced survival of progenitors born 

during acute withdrawal from methamphetamine self-administration), and the hypothesis is 

that these changes in the DG during abstinence may regulate relapse to methamphetamine 

seeking (Recinto et al., 2012; Galinato et al., 2017). Furthermore, abstinence from 

methamphetamine self-administration also produces robust and long-lasting morphological 

changes in CA1 neurons and GCNs (Crombag et al., 2005; Galinato et al., 2017), suggesting 

that these structural alterations may correlate with functional changes in CA1 neurons and 

GCNs. These studies suggest that abstinence from methamphetamine self-administration 

produces synaptic maladaptation in the hippocampus that may mediate reinstatement of 

methamphetamine seeking dependent on the hippocampus. Therefore, the current study 

tested the hypothesis that reinstatement of methamphetamine seeking after a period of 

protracted abstinence (a timeframe required for alterations in hippocampal neurogenesis to 

occur (Recinto et al., 2012; Galinato et al., 2017)) in an animal model of methamphetamine 

addiction is associated with altered functional plasticity of GCNs and altered expression of 

synaptic proteins linked to context-driven drug seeking behaviors.

Materials and Methods

Animals

Surgical and experimental procedures were carried out in strict adherence to the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication 

number 85–23, revised 1996) and approved by the Institutional Animal Care and Use 

Committee of VA San Diego Healthcare System. Forty-three adult, male Long Evans rats 

(bread at the VA Vivarium), weighing 200–250 g at the start of the experiment, were housed 

two per cage in a temperature-controlled vivarium under a reverse light/dark cycle (lights off 

8:00 AM–8:00 PM) and completed the study.

Surgery for implanting jugular vein catheters

Twenty-one rats underwent surgery for catheter implantation for intravenous self-

administration. Rats were anesthetized with 2–3% of isofluorane mixed in oxygen and 

implanted with a sterilized silastic catheter into the right jugular vein under aseptic 
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conditions. The distal end of the catheter was threaded under the skin to the back of the rat 

and exited the skin via a metal guide cannula (Galinato et al., 2014). Post surgery care was 

provided with analgesics (Flunixin) and antibiotics (Cefazolin (Sobieraj et al., 2014)). 

Catheters were flushed daily with heparinized saline and tested for patency using 

methohexital sodium (Brevital; (Galinato et al., 2014)).

Training and maintenance on an extended access schedule of intravenous 
methamphetamine self-administration

Four to five days after surgery rats (n = 30) were trained to press a lever according to an 

fixed-ratio 1 (FR1) schedule of methamphetamine reinforcement (0.05 mg/kg/injection of 

methamphetamine (generously provided by NIDA) for every correct response) in operant 

boxes (context A; Med Associates) under extended access conditions (6h access per day for 

14 days). During daily sessions, a response on the active lever resulted in a 4 second infusion 

(90-100 μl of methamphetamine), followed by a 20 second time-out period to prevent 

overdose. Each infusion was paired for 4 seconds with white stimulus light over the active 

lever (conditioned stimulus [CS]). Response during the time-out or on the inactive lever was 

recorded but resulted in no programmed consequences. All animals were housed on a 

reverse cycle (lights off at 8 am) and were transferred from their home cages to their operant 

chambers between 9 and 10 am. Training on the first and second day was initiated with two-

three priming (noncontingent) infusions of methamphetamine during the first ten minutes. 

Rats were allowed to respond for the remaining 3h without any additional priming. 

Acquiring methamphetamine self-administration was defined as maintenance of similar 

number of infusions over 2 days during priming sessions. All animals acquired 

methamphetamine self-administration and experienced 14 sessions of extended access 

schedule after the priming sessions (Figure 1).

Extinction

Extinction sessions were performed in a new context (operant box context B, distinct from 

context A) for 1h for six sessions. In this context, animals were not attached to the drug 

infusion apparatus, white noise was added during the entire session, a house light was turned 

on for the entire session, and black colored tape was pasted on the operant door. Responses 

on either the active or inactive lever were recorded and did not result in programmed 

consequences (i.e., no infusions and no conditioned stimulus presentations). Extinction was 

defined as reduced (<30%) active lever pressing on days 4-6 vs. day 1 of extinction.

Reinstatement

Twenty-four hours after the final extinction session, animals underwent context-driven 

reinstatement in which they were placed into the methamphetamine- paired context (context 

A) for 1 h, during which they were connected to the infusion apparatus to allow for a similar 

interaction with the spatial elements of the context as during methamphetamine self-

administration training. Lever presses were used as a measure of drug seeking, and 

responses on either the active or inactive lever were recorded and did not result in an 

infusion of fluids through the catheter or other programmed consequences (i.e., conditioned 

stimulus presentations). The next day, animals underwent context-plus-cue-induced 

reinstatement in which conditions were the same as context-induced reinstatement, and 
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responses on the active lever resulted in the conditioned stimulus light presentation. One 

hour after the end of the session, animals were either anesthetized and brain tissue was 

processed for electrophysiology or euthanized by rapid decapitation for Western blotting.

Slice preparation

Slices for electrophysiology were prepared from methamphetamine naïve animals (controls; 

n=3 rats; n=7-8 cells) and methamphetamine experienced rats. Methamphetamine rats were 

either euthanized 16-18h after the self-administration session (Meth; n=3 rats; n=8-9 cells), 

during protracted abstinence (Meth Ab; n=3 rats; n=13-15 cells), 1h after extinction session 

(Meth Ext; n=3 rats; n=14-18 cells) or 1h after reinstatement session (Meth Rst; n=3 rats; 

n=6-8 cells (Figure 1a)). Rats from each group were subjected to brief anesthesia (Ketamine/

Xylazine/Acepromazine (62.5/2.6/0.5 mg/kg i.p.; 0.8ml/150g) and perfused for 3 minutes 

with ice-cold, oxygenated (95% O2/5% CO2), modified sucrose artificial cerebrospinal fluid 

(ACSF) containing (in mM) 71 NaCl, 2.5 KCl, 3.3 MgSO4, 0.5 CaCl2, 1.2 NaH2PO4, 26.2 

NaHCO3, 22 glucose, 2.0 thiourea, 72.0 sucrose, 10 choline chloride, 0.5 pyruvate, 0.4 L-

ascorbic acid (~300 mOsml, pH 7.4). The brain was rapidly dissected and 330 μm-thick 

slices containing regions of interest were cut on a vibratome (Leica VT1200). Slices were 

transferred to an interface chamber containing the same modified sucrose ACSF solution 

and incubated at 34° C for 30 min. Slices were then held at room temperature (23° C) on the 

interface chamber for at least 45 min before initiating recordings. Recordings were made in 

a submersion-type recording chamber and superfused with oxygenated (95% O2/5% CO2) 

ACSF containing (in mM) 119 NaCl, 2.5 KCl, 4.0 MgCl2, 2.5 CaCl2, 1.0 NaH2PO4, 26 

NaHCO3, 20 glucose (~300 mOsml) at 23° C at a rate of 2-3 ml/minute.

Electrophysiology

Whole-cell patch clamp recordings were obtained using Multiclamp 700B amplifiers 

(Molecular Devices) and data was collected using pClamp 10 software (Molecular Devices). 

Data was low-pass filtered at 2kHz, and digitized at 10kHz (Digidata 1440A; Molecular 

Devices). Voltage and current clamp recordings were made at room temperature using glass-

pulled patch pipettes (Warner Instruments, OD = 1.50 mm, ID = 1.16 mm, length = 10 cm; 

4-7 MΩ) filled with internal solution containing (in mM) 150 K-Gluconate, 1.5 MgCl2, 5.0 

HEPES, 1.0 EGTA, 10 phosphocreatine, 2.0 ATP, and 0.3 GTP. GCNs in the dorsal DG were 

visualized and then targeted for whole- cell recording under infrared differential interference 

contrast videomicroscopy (Olympus BX-51 scope and Rolera XR digital camera). 

Recordings were made from GCNs located in the middle or the outer third of the granule 

cell layer (Figure 4 a-c). Cells that were impaled were first screened to ensure that they were 

healthy (stable resting potential; n=8 controls, n=9 reinstated rats). In voltage-clamp 

experiments the holding membrane potential was set to −68 mV. Series and input resistances 

were monitored before and after recordings; data were discarded if it increased by >10MΩ. 

In current-clamp experiments, currents were injected stepwise, in 20 pA increments. Step 

duration was 500 ms.

Analysis of electrophysiological properties was made with Clampfit 10.4 software 

(Molecular Devices) as previously described (Yassin et al., 2010; Benedetti et al., 2013). In 

brief, resting potential is defined as the recorded membrane potential when cell membrane 
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was initially broken into with a recording pipette for the whole-cell patch clamp 

configuration. Action potential (AP) characteristics are based on a single AP evoked by 

intracellular current injection (ranging between 60 to 180 pA, 500 msec pulse). Peak 

amplitude is actual measured peak AP amplitude in mV. Spike threshold is defined as the 

voltage at which the second derivative of the membrane potential trajectory approaching a 

spike crossed a user-selected threshold of 20 mV/ms2. Half-width is the period measured in 

latency (ms) from the start of the AP to the time when the AP reached half of the peak 

amplitude. The amplitude of fast afterhyperpolarization (fAHP) was measured from the 

threshold voltage to the most negative overshoot after repolarization. The slope of the rise to 

threshold was obtained by a linear fit from completion of the fAHP to the threshold of the 

subsequent AP.

Brain tissue collection for immunohistochemistry and Western blotting

Rats were killed by rapid decapitation and the brains were isolated, and dissected along the 

midsagittal plane. The left hemisphere was snap frozen for Western blotting analysis and the 

right hemisphere was postfixed in 4% paraformaldehyde for immunohistochemistry 

(Somkuwar et al., 2016). For immunohistochemistry, the tissue was sliced in 40μm sections 

along the coronal plane on a freezing microtome. Sections were slide mounted and 

processed for cFos and ionized calcium-binding adapter molecule 1 (Iba-1) staining.

Quantitative analysis of Fos labeled cells

The following primary antibody was used for cFos immunohistochemistry (IHC): (1:1000, 

catalog # sc-52, Santa Cruz Biotechnology (Recinto et al., 2012)). Sections representing 

−3.1 and −4.3 mm from bregma were slide mounted and processed for 

immunohistochemistry (Mandyam et al., 2004). Fos immunoreactive cells were examined 

and quantified with a Zeiss AxioImager Microscope as described previously (Somkuwar et 
al., 2016). Immunoreactive cells were quantified in the area of the granule cell layer 

contoured for analysis. Data are represented as number of cells per mm2 of the granule cell 

layer.

Western blotting

Procedures optimized for measuring both phosphoproteins and total proteins were employed 

(Kim et al., 2015). Animals were euthanized via rapid decapitation under light isoflurane 

anesthesia (3-5%) 1 hour after end of reinstatement session. Brains were quickly removed 

and flash-frozen. Brain tissue was cut at the mid-sagittal axis and the right hemisphere was 

processed for Western blotting. Tissue punches from dorsal hippocampus enriched in the DG 

(did not include CA3 or CA1 areas) from 500 μm thick sections were homogenized on ice 

by sonication in buffer (320 mM sucrose, 5 mM HEPES, 1 mM EGTA, 1mMEDTA, 1% 

SDS, with Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktails II and III diluted 

1:100; Sigma), heated at 100 °C for five minutes, and stored at −80 °C until determination of 

protein concentration by a detergent-compatible Lowry method (Bio-Rad, Hercules, CA). 

Samples were mixed (1:1) with a Laemmli sample buffer containing β-mercaptoethanol. 

Each sample containing protein from one animal was run (20 μg per lane) on 8% SDS-

PAGE gels (Bio-Rad) and transferred to polyvinylidene fluoride membranes (PVDF pore 

size 0.2 μm). Blots were blocked with 2.5% bovine serum albumin (for phosphoproteins) or 
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5% milk (w/v) in TBST (25 mM Tris–HCl (pH 7.4), 150 mM NaCl and 0.1% Tween 20 

(v/v)) for 16–20 h at 4 °C and were incubated with the primary antibody for 16–20 h at 4 °C: 

GluA1 (1:2000, Cell Signaling cat. no. D4N9V, predicted molecular weight 100 kDa, 

observed band ~100 kDa), pGluA1 Ser-845 (1:200, Cell Signaling cat. no. D10G5, predicted 

molecular weight 100 kDa, observed band ~100 kDa), GluN2A (1:200, Santa Cruz 

Biotechnology cat. no. sc-9056, predicted molecular weight 177 kDa, observed band ~170 

kDa), pGluN2A Tyr-1325 (1:200, PhosphoSolutions cat. no. p1514-1325, predicted 

molecular weight 180 kDa, observed band ~180 kDa), GluN2B (1:200, Santa Cruz cat. no. 

sc-9057, predicted molecular weight 178 kDa, observed band ~180 kDa), pGluN2B 

Tyr-1472 (1:200, Cell Signaling cat. no. 4208S, predicted molecular weight 190 kDa, 

observed band ~180 kDa), GABAA (1:100, PhosphoSolutions cat. no. 850-GA6, predicted 

molecular weight 57 kDa, observed band ~57 kDa) and antibody to PSD-95 (1:500, 

Millipore, cat. no. 04-1066, predicted band size 95 kDa, observed band ~95 kDa). Blots 

were then washed three times for 15min in TBST, and then incubated for 1 h at room 

temperature (24 °C), appropriately with horseradish peroxide-conjugated goat antibody to 

rabbit or horseradish peroxide–conjugated goat antibody to mouse (1:10,000, BioRad) in 

TBST. After another three washes for 15 min with TBST, immunoreactivity was detected 

using SuperSignal West Dura chemiluminescence detection reagent (Thermo Scientific) and 

collected using HyBlot CL Autoradiography film (Denville Scientific) and a Kodak film 

processor. Following chemiluminescence detection, blots were stripped for 20 minutes at 

room temperature (Restore, Thermo Scientific) and reprobed for total protein levels of β-

Tubulin (1:4000, Santa Cruz cat. no.sc-53140, predicted molecular weight 50 kDa, observed 

band ~50 kDa), for normalization purposes. Densitometry was performed using ImageStudio 

software (Li-Cor Biosciences). X-ray films were digitally scanned at 600 dpi resolution, then 

bands of interest were selected in identically sized selection boxes within the imaging 

program which included a 3 pixel extended rectangle for assessment of the background 

signal. The average signal of the pixels in the ‘background’ region (between the exterior 

border of the region of interest selection box and the additional 3 pixel border) was then 

subtracted from the signal value calculated for the band of interest. This was repeated for β-

Tubulin, and the signal value of the band of interest following subtraction of the background 

calculation was then expressed as a ratio of the corresponding β-Tubulin signal (following 

background subtraction). This ratio of expression for each band was then expressed as a 

percent of the drug naïve control animals included on the same blot.

Electron Microscopy

For electron microscopy analysis, reinstated rats (n = 2) and control rats (n = 2) were 

perfused with 2% paraformaldehyde and 2.5% of glutaraldehyde in 0.15 M sodium 

cacodylate buffer (pH 7.4). Brains were removed from the skull and were post fixed with1% 

of osmium followed with 2% of uranyl acetate on ice for 4 h and were dehydrated in serial 

ethanol solutions followed by dry acetone. DG enriched tissue blocks were infiltrated and 

embedded in durcupan. For flat embedding of the sections, thin flexible molds were 

employed to lay the sections as level as possible in LX112 embedding media and then 

overlaid with plastic coverslips. The flat embedded blocks were visually trimmed to 

molecular regions of the hippocampus and thin sectioned to 60 nm. Grids were viewed 

unstained using FEI Tecnai EM scope at the electron microscopy core at UCSD and 

Takashima et al. Page 7

Brain Struct Funct. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



micrographs were taken at 9300× magnification. Synaptic post synaptic density (PSD) was 

visually and qualitatively examined.

Analysis of microglial cells

Sections of the hippocampus, −2.56 to −3.8 mm to bregma were stained with rabbit anti-

Iba-1 (019-19741, 1:1000; Wako) to determine changes in structure of microglial cells. To 

evaluate Iba1 morphology, a Zeiss Axiophot microscope and a computer-based system 

(Neurolucida; Micro-BrightField) was used to generate three-dimensional cell tracings that 

were subsequently visualized and analyzed using NeuroExplorer (MicroBrightField). In 

order for a cell to be selected the following four criteria were met: (1) the cell was in the 

region of interest (in the hilus touching the outer granule cell layer of the superior or inferior 

blade), (2) the cell was distinct from other surrounding cells to allow for identification of 

processes, (3) the cell was not truncated or broken, and (4) the cell exhibited dark, well filled 

staining (Figure 8a-b).

For each animal, 6 cells were traced at 40× magnification with an oil immersion lens 

(equipped with a 10× eye piece), and morphological measurements were analyzed 

separately. A 3D Sholl analysis was performed in which concentric spheres of increasing 

radius (starting sphere 5 μm and increasing in 1 μm increments) were layered around the cell 

body until processes were completely encompassed. For each reconstructed cell, an estimate 

of area of the cell body and length of processes was obtained using the Sholl ring method.

Statistical Analyses

The methamphetamine self-administration data is expressed as the total number of lever 

responses during the sessions and the mean mg/kg intake per session of methamphetamine 

self-administration. The effect of session duration on methamphetamine self-administration 

during the 6h session was examined over the 14 escalation sessions using a repeated-

measures analysis of variance (ANOVA) followed by the Student-Newman-Keuls post hoc 
test. The pattern of responding for methamphetamine is expressed as the mean mg/kg per 

hour over 6 h sessions and active and inactive lever responses were compared between the 

first and > 5th escalation sessions. Differences in the rate of responding between the first and 

other escalation sessions were evaluated using the paired t-test. The effect of 

methamphetamine withdrawal on extinction and reinstatement was examined using a 

repeated-measures (ANOVA) followed by the Student-Newman-Keuls post hoc test. For the 

Fos, Western blotting analyses and Iba1 analysis, unpaired t test was used to compare raw 

data between controls and methamphetamine groups. For electrophysiological studies, 

frequency and amplitude sEPSCs were analyzed and visually confirmed using Clampfit 10.4 

software (Molecular Devices). Averages of EPSC characteristics were based on a time 

interval of 90s and a minimum of three sweeps. All detected events were used for event 

frequency and amplitude analysis. Statistical comparisons were made using one-way 

ANOVA followed by the Student-Newman-Keuls post hoc test. The data are expressed as 

mean ± SEM in all graphs.
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Results

Extended access to Meth self-administration resulted in escalation of Meth intake

Rats experienced Meth self-administration for 14 days (Figure 1b-c). Repeated measures 

two-way ANOVA detected a significant session × lever interaction (Figure 1b, F13,442= 6.7, 

p< 0.0001), a significant effect of lever (Figure 1b, F1,34 =22.8, p< 0.0001) and a significant 

effect of session (Figure 1b, F13,442 =6.7, p< 0.0001). Post hoc analysis revealed a 

significant increase in active lever presses for Meth during the 6h session in extended access 

animals during session 7-14 compared with session 1. No significant changes were observed 

in inactive lever responses. Furthermore, Meth intake also increased between session 7-14 

compared to session 1 (Figure 1c, F19,247 = 41.2, p<0.001).

Methamphetamine addicted animals extinguish operant behavior and demonstrate 
reinstatement of methamphetamine seeking triggered by methamphetamine context and 
cues

After 12 days of forced abstinence from methamphetamine, rats experienced extinction 

sessions. During extinction sessions, methamphetamine was not available and lever 

responding readily declined across daily 1-hour extinction sessions, as seen in Figure 2 

(repeated measures two-way ANOVA; effect of day, F5,170 = 4.6, p = 0.001; a significant 

effect of lever (Figure 2, F1,34 =20.6, p< 0.0001) and a significant lever × session interaction, 

F5,170 = 6.5, p = 0.001). Post-hoc analysis demonstrated higher responding on the first day 

of extinction compared with days 3–6 (Figure 2; p < 0.05). Following extinction, rats were 

tested on context-driven reinstatement and contextual-cued reinstatement (Figure 3a, b). All 

rats showed higher responding on the previously drug-paired lever during context-induced 

and cued reinstatement when compared with the last extinction session (paired t test; ps = 

0.01).

Baseline spontaneous DG glutamatergic transmission is elevated in methamphetamine 
rats that reinstated methamphetamine seeking

We assessed baseline spontaneous glutamatergic synaptic transmission using whole-cell 

voltage clamp recordings of spontaneous excitatory postsynaptic currents (sEPSCs) in the 

GCNs in the dorsal DG from naïve control and methamphetamine experienced rats (Figure 

4a-c). Methamphetamine rats were either euthanized 16-18h after the self-administration 

session (Meth), during protracted abstinence (Meth Ab), 1h after extinction session (Meth 

Ext) or 1h after reinstatement session (Meth Rst). GCNs from rats that demonstrated robust 

reinstatement of methamphetamine seeking had a significantly higher sEPSC frequency 

compared to GCNs from naïve control and other methamphetamine groups (F4,46=11.24, p < 

0.0001 by one-way ANOVA; Figure 4d). Post hoc analysis by Newman-Keuls multiple 

comparisons test demonstrated higher sEPSC frequency in reinstated rats compared to all 

other groups (ps <0.01). Cumulative distribution of sEPSCs > 10pA demonstrated greater 

percentage of higher amplitude in reinstated rats compared with naïve control group by 

Kolmogorov-Smimov test (p=0.046; Kolmogorov-Smimov D = 0.22; Figure 4f).
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Analysis of Fos demonstrates enhanced neuronal activation in reinstated rats

To confirm the activation of GCNs after reinstatement of methamphetamine seeking, Fos 

positive cells were counted in control and reinstated rats. The number of Fos cells from 

control rats were lower than reinstated rats (p=0.0002 by unpaired t test), indicating 

enhanced neuronal activation in reinstated rats (Figure 4g).

Intrinsic firing properties of GCNs are altered in rats that reinstated methamphetamine 
seeking

We next studied the active and passive membrane properties of the GCNs from the dorsal 

DG in rats from control and all other methamphetamine groups (Figure 5a-i). GCNs from 

reinstated rats and acute withdrawn rats showed depolarized resting potentials compared 

with controls, and rats that experienced abstinence or abstinence followed by extinction 

(Figure 5e; F4,43=20.49, p<0.0001 by one-way ANOVA). Post hoc analysis revealed 

significant differences between controls, abstinence and extinction rats and acute withdrawal 

and reinstated rats (ps<0.01). GCNs from reinstated rats and acute withdrawn rats showed 

lower input resistance compared with other groups (Figure 5f; F4,49=5.04, p=0.001 by one-

way ANOVA). Post hoc analysis revealed significant decreases in reinstated rats compared 

with controls, abstinence and extinction rats and decreases in acute withdrawal rats 

compared with rats that experienced abstinence or abstinence followed by extinction 

(ps<0.05). Repeated measures two-way ANOVA demonstrated a significant difference in 

inter-spike interval (ISI), measured as spike latency between first and second spike peak (no 

interaction, no effect of treatment and significant effect of ISI; F 1, 28 = 15.09, p=0.006). 

Post hoc analysis showed higher latency to spike between the first and second spike in 

GCNs from acute withdrawn and reinstated rats (ps<0.05, Figure 5g). GCNs from reinstated 

rats showed lower fAHP compared with other groups (Figure 5h; F4,34=2.58, p=0.05 by one-

way ANOVA). Post hoc analysis revealed significant decreases in reinstated rats compared 

with controls, acute withdrawal, abstinence and extinction rats (ps<0.05). GCNs from all 

groups were able to generate fast action potentials with large amplitudes that were elicited 

by depolarizing current injections (Figure 5i). The number of spikes elicited by GCNs from 

each group with increasing current injections in current-clamp recording were determined, 

and two-way ANOVA demonstrated a significant number of spikes × treatment interaction 

(F52, 714 = 2.8, p<0.001), significant increases in the number of spikes over current 

injections (F13, 714 = 157.3, p<0.001) and significant effect of treatment (F4, 714 = 56.6, 

p<0.001). Post hoc analysis demonstrates that reinstated rats have reduced number of spikes 

with increasing current injections compared to all other groups from current injections 

ranging from 100pA to 260pA (Figure 5i; ps<0.05). The reduced number of spikes were not 

due to alterations in time to peak, rise slope to threshold, peak amplitude, half-width, decay 

slope, slow AHP, rheobase current or spike threshold (Figure 5j; n.s.). At higher current 

injections (>300 pA), there were no significant differences in the number of spikes between 

drug naïve rats and other groups, indicating that GCNs from all groups elicited property of 

regular spiking by depolarizing current injections (data not shown).
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Expression of and activation of glutamatergic receptors and expression of GABAA 

receptors in the dorsal DG is altered by reinstatement of methamphetamine seeking

To determine whether reinstatement of methamphetamine seeking altered expression of 

GluA and GluN subunits, GluA, GluN2A and GluN2B in the dorsal DG, phosphorylated and 

total receptor protein levels were analyzed in drug naïve control and methamphetamine rats 

(Figure 6a). We also determined alterations in PSD protein as measured by changes in 

expression of PSD-95 and GABA receptors by measuring changes in GABAA subunits. Data 

was subjected to unpaired t-test to examine the effects of treatment (control vs. 

methamphetamine reinstatement group) and analysis showed no changes in GluA levels, 

however showed significant increases in total GluN2A subunits, decreases in phosphorylated 

GluN2B subunits, decreases in GABAA levels and increases in PSD-95 compared to drug 

naïve controls (Figure 6b-c; ps < 0.05). There was no change in the GluN2A/GluN2B ratio 

in rats that reinstated methamphetamine seeking compared with drug naïve controls (Figure 

6d; n.s.).

Electron microscopy analysis demonstrates enhanced expression of synaptic PSD in 
reinstated rats

To confirm immunoblotting revealed enhances in PSD-95 expression in reinstated rats, 

electron microscopy was performed on brain tissue collected one hour after reinstatement 

sessions. Compared to control rats, reinstated rats demonstrate greater number of synaptic 

PSD in the molecular layer of the DG (Figure 7a). Qualitative analysis demonstrated greater 

intensity of synaptic PSD in reinstated rats (Figure 7b-c).

Analysis of Iba-1 demonstrates a lack of neuroimmune response in reinstated rats

To confirm the absence of microglial activation, 3D Sholl analysis of Iba-1 positive cells was 

performed in control and reinstated rats. Iba-1 cells from control and reinstated rats did not 

differ in cell soma area and total dendritic length (n.s.), indicating an absence of microglial 

activation in reinstated rats (Figure 8a-d).

Discussion

The reinstatement of drug-seeking behavior is a valid animal model of relapse and context-

driven methamphetamine seeking is linked to maladaptive plasticity in the hippocampus 

(Shaham et al., 2003; Hiranita et al., 2006; Galinato et al., 2017). For example, the dorsal 

hippocampus is particularly critical for acquisition of drug memories and reconsolidation of 

reactivated drug-related associative memories (Meyers et al., 2006; Wells et al., 2011), 

suggesting that the act of drug taking and seeking produces neuroadaptive changes in the 

dorsal hippocampus that allow for long-term memory storage of drug-context memories, and 

allow the recall of associative memories during relapse. Our findings demonstrate that 

methamphetamine addicted animals show profound context-driven reinstatement of 

methamphetamine seeking weeks after abstinence, and these behavioral effects were 

associated with dysregulated spontaneous glutamatergic synaptic transmission in the dorsal 

DG GCNs in the basal state, in concert with neuronal activation, altered expression of 

GluNs, reduced GABAA and enhanced PSD-95 in the dorsal DG and ultrastructural changes 

in the molecular layer of the dorsal DG. This is an important finding because the alterations 
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in functional plasticity of GCNs were significant in reinstated rats compared with rats that 

experienced acute withdrawal, protracted abstinence or extinction without any reinstatement 

sessions, indicating that reinstatement of methamphetamine seeking predicts enhanced 

spontaneous activity and reduced intrinsic excitability of GCNs in the hippocampus. Given 

the significance of the dorsal hippocampus in the behavioral aspects of context-driven 

methamphetamine seeking, it is likely that the heightened glutamatergic state in the dorsal 

DG contributes to the increased propensity for relapse in methamphetamine-addicted rats.

The electrophysiological results indicate that DG GCNs from reinstated rats have 

dysregulated neuronal functioning in the basal state. For example, within the DG, GCNs 

from reinstated rats have an increased level of spontaneous glutamatergic activity as 

compared to drug naïve controls and other methamphetamine groups, with enhanced 

frequency and amplitude of sEPSCs. Generally, changes in the frequency of EPSCs reflect 

changes in the probability of glutamate release, while changes in EPSC amplitude and 

kinetics reflect change in postsynaptic glutamatergic receptor function (De Koninck & 

Mody, 1994). Notably, reinstated rats also demonstrated altered active and passive 

membrane properties of GCNs, where GCNs had reduced number of action potential 

generation with increased depolarizing current injections compared to drug naïve controls 

and other methamphetamine groups. One contributing factor is that, GCNs in reinstated rats 

have lower membrane properties that favor decreased number of action potential generation 

with similar current stimuli compared with naïve controls, and these effects could be 

facilitated by loss of or less functional glutamate receptors (Spruston et al., 1995). Another 

contributing factor is that GCNs in reinstated rats have lower fAHP. In the DG GCNs, 

amplified or reduced fAHP amplitude can influence action potential generation via 

alterations in inter-spike interval, and this exclusively occurs via large-conductance calcium- 

and voltage-activated potassium (BK) channel activation through ryanodine receptors 

(Brenner et al., 2005; Mehranfard et al., 2015; Wang et al., 2016). Therefore, it is possible 

that reduced firing properties of GCNs from reinstated rats could be associated with altered 

activation of BK channels via ryanodine receptors (Lin et al., 2016). Because our 

experiments did not incorporate pharmacological isolation of action potential generation, 

this hypothesis needs to be tested.

We speculate two reasons for altered spontaneous glutamatergic synaptic transmission in 

GCNs from reinstated rats compared with naïve controls. First, the enhanced sEPSCs of 

GCNs in reinstated rats could be due to methamphetamine-induced alterations in tonic 

GABAergic inhibition that is maintained in the DG. For example, tonic GABAergic 

inhibition has been proposed to maintain the integrity of the DG-mediated regulation of the 

hippocampal trisynaptic pathway (Coulter & Carlson, 2007). Control animals exhibit a 

hyperpolarized resting membrane potential compared to the reinstated rats, and this was 

associated with higher membrane resistance in control rats compared to reinstated rats. 

Given that DG GCNs exhibit low firing rates and their resting membrane potential is 

hyperpolarized compared to other principal neurons (Scharfman & Schwartzkroin, 1989; 

Jung & McNaughton, 1993), and that these effects are mediated by tonic GABAergic 

conductance in the GCNs (Stell et al., 2003; Glykys & Mody, 2006; Herd et al., 2008), it can 

be considered that methamphetamine induced alterations in GABA and glutamate levels 

could be facilitating the altered functional properties of GCNs in reinstated rats (Han et al., 
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2012; Bu et al., 2013). For example, ambient GABA acting on extrasynaptic GABAA 

receptors emanates from synaptic release (Glykys & Mody, 2007) and dendrites (Zilberter et 
al., 1999), and the number of available GABAA receptors rather than receptor kinetics and 

affinity dictate tonic GABAergic conductance (De Koninck & Mody, 1994). We have 

recently demonstrated that reinstatement of methamphetamine seeking reduces structural 

plasticity of apical dendrites of GCNs (Galinato et al., 2017), and current findings show 

reduced expression of GABAA receptors in the DG. These results indicate that dendritic 

alterations in concert with reduced GABAA receptors during abstinence may contribute to 

reduced tonic GABAergic inhibition in the DG. Furthermore, binge methamphetamine 

experience causes activation of microglia in the DG (Buchanan et al., 2010), which may lead 

to the inhibition of glutamine uptake and glutamine synthesis and hence reduction in GABA 

(Morris & Bachelard, 2003; Zou & Crews, 2005) in the DG. However, our findings do not 

support the contribution of microglial activation in the DG to reduced GABAergic 

conductance in the DG, and therefore suggest that a mechanism at the network level could 

be contributing for altered functional activity of GCNs.

Second, context-driven methamphetamine seeking-induced altered sEPSCs of GCNs could 

be associated with alterations in the expression of plasticity-related proteins regulating 

neuronal function. For example, modulation of long-lasting synaptic strength requires 

activity induced synthesis of plasticity-related proteins to sustain morphological and 

functional changes of synapses that are crucial for the establishment and consolidation of 

long-term memory in the hippocampus; in our studies, drug-context memory. In this context, 

the spatiotemporal organization of neurotransmitter receptors in postsynaptic membranes is 

a fundamental determinant of synaptic transmission, and the molecular composition and 

organization of GluNs in the postsynaptic membrane is a fundamental determinant of the 

quality of the synapse (Wheal et al., 1998; Nikonenko et al., 2002; Shinohara & Hirase, 

2009). Notably, at mature synapses, GluN2A-rich receptors are associated with enhanced 

PSD95 expression and located principally at the postsynaptic density (Licznerski & Duman, 

2013; Shipton & Paulsen, 2014). Our findings of increased GluN2A expression in addition 

with increased PSD95 expression and synaptic PSD could be associated with increased 

number of mature synapses in the DG in reinstated rats. These biochemical and 

ultrastructural findings add to the electrophysiological findings of more depolarized resting 

membrane potential and reduced membrane resistance of GCNs which are indicative of 

increases in cell maturation (Liu et al., 1996; Liu et al., 2000). In concert with biochemical 

and electrophysiological findings of enhanced maturity of GCNs, our findings also indicate 

reduced phosphorylation of GluN2B subunits. Dephosphorylation of GluN2B subunits 

support alterations in receptor function, (Ali & Salter, 2001; Nakazawa et al., 2001; 

Nakazawa et al., 2006), with phosphorylation of GluN2B at Tyr-1472 regulating 

internalization of GluNs via clathrin-mediated endocytosis, such that phosphorylation 

suppresses GluN endocytosis and dephosphorylation enhances GluN endocytosis (Lavezzari 

et al., 2003; Prybylowski et al., 2005). Dephosphorylation of GluN2B by methamphetamine 

may thus alter active firing properties of GCNs (Nikonenko et al., 2002). One limitation of 

the present study is the lack of direct comparison of biochemical and immunohistochemical 

findings between methamphetamine animals that experienced abstinence only without 

extinction and reinstatement, extinction only without reinstatement and animals that 
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demonstrated context-driven reinstatement. Inevitably, the fact that animals that experienced 

abstinence and extinction did not significantly differ from methamphetamine naïve group in 

basal neuronal transmission and neuronal excitability suggests that some caution is 

warranted when interpreting the observed functional changes, and biochemical and 

immunohistochemical changes. Nevertheless, these observations from behavioral, 

electrophysiological, biochemical, immunohistochemical and ultrastructural studies indicate 

that context-driven reinstatement of methamphetamine seeking modifies DG plasticity, 

producing specific alterations in intrinsic spiking and elevated spontaneous glutamate 

synaptic transmission in the GCNs that may contribute to the altered synaptic connectivity – 

neuronal circuitry – and activity.
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Figure 1. 
(a) Schematic of experimental design indicating time frame for each type of session. Total of 

5 experimental groups were used. Group 1, methamphetamine naïve controls; Group 2, 

methamphetamine self-administration; Group 3, methamphetamine abstinence; Group 4, 

methamphetamine extinction; Group 5, methamphetamine reinstatement. (b-c) Escalation of 

methamphetamine self-administration. (b) Lever responses during six hour 

methamphetamine sessions, (c) and amount of methamphetamine consumed. n = 30. Data 

shown are represented as mean +/− SEM. * P <0.05, compared to session 1 (b-c) by 

repeated measures two way analysis of variance (ANOVA) and Student-Newman-Keuls 

posttests.
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Figure 2. 
Active and inactive lever responses during extinction sessions. Data shown are represented 

as mean +/− SEM. *P<0.05 vs. day 1 of extinction by repeated measures two way analysis 

of variance (ANOVA) and Student-Newman-Keuls posttests. Data shown are represented as 

mean +/− SEM.
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Figure 3. 
Methamphetamine seeking triggered by context (a) and cues (b); reinstatement expressed as 

active lever presses. n = 19; **p<0.01, compared with extinction responding. Data shown are 

represented as mean +/− SEM.
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Figure 4. 
(a) Schematic representation of coronal sections used for slice recordings. Box indicates 

regions chosen for whole cell patch-clamp recordings. (b-c) Representative images of the 

granule cell layer with GCNs and indication of the patch pipette on a selected GCN. Scale 

bar is 25μm applies b-c. (d) Frequency of sEPSCs in Hz from GCNs from control and all 

other methamphetamine groups. P<0.05 vs. reinstated group by one-way ANOVA. (e) 

Representative spontaneous excitatory postsynaptic currents (sEPSCs) traces in voltage-

clamp recording. Traces were recorded from GCNs in drug naïve (control) and reinstated 

(Meth Rst, methamphetamine reinstatement) rat slices. (f) Cumulative distribution of all 

sEPSCs above -10pA from GCNs from control and all other methamphetamine groups. 

*P<0.05 vs. naïve control group by Kolmogorov-Smimov test. Data shown are represented 

as mean +/− SEM. Number of GCNs, n=8 controls, n=8 meth (acute withdrawal), n=14 

meth ab (methamphetamine abstinence), n=15 meth ext (methamphetamine extinction) and 

n=8 meth rst (methamphetamine reinstated). (g) Number of Fos immunoreactive cells in the 

GCN in control and reinstated rats. N=6 controls, n=13 reinstated rats. **p<0.05 vs. controls 

by Unpaired t test.
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Figure 5. 
(a-b). Representative traces of action potentials elicited by depolarizing current injections. 

Traces were recorded from GCNs from control (a) and methamphetamine reinstated (b) rats. 

(c-d) Representative traces of fAHP from controls (c) and reinstated (d) rats. (e-h) 

Comparison of intrinsic and active membrane properties. Analysis across all cells indicated 

that under baseline conditions resting potential (e), membrane resistance (f), inter-spike 

interval (ISI, g), fAHP (h) of GCNs showed significant difference between control and 

reinstated rats. (i) Graphical relationship between the number of spikes elicited by increasing 

current injections in current-clamp recording. (j) Electrophysiological properties of GCNs 

from control and all other treatment groups. *P<0.05 vs. controls, #p<0.05 vs. Meth Ab, 

$p<0.05 vs. Meth Ext by ANOVA in e, f, h; *P<0.05 vs. 1st ISI by repeated measures 

ANOVA in g; *P<0.05 vs. controls by repeated measures two-way ANOVA and #P<0.05 

significant interaction in i. Data shown are represented as mean +/− SEM. Number of GCNs, 

n=7-8 controls, n=8 meth (acute withdrawal), n=14-16 meth ab (methamphetamine 

abstinence), n=13-15 meth ext (methamphetamine extinction) and n=6-8 meth rst 

(methamphetamine reinstated).
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Figure 6. 
(a) Schematic representation of coronal sections used for DG enriched tissue punches for 

Western blotting analysis. (b) Representative immunoblots of each protein measured with 

observed molecular weight in kDa. Rst, reinstated rats. (c) Quantitative analysis of density 

of proteins shown in (b). (d) Ratio of GluN2A to GluN2B. Data shown are represented as 

mean +/− SEM. n=11 controls, n=16 reinstated rats. *P<0.05 vs. controls by unpaired t-test.

Takashima et al. Page 24

Brain Struct Funct. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
(a) Schematic of a coronal section through the dorsal DG showing area chosen for electron 

microscopy analysis; selection area is indicated by a black square. M, molecular layer; Hil, 

hilus. (b-c) Ultrastructural images of presynaptic and post synaptic terminals in the 

molecular layer of the dorsal DG in control (b) and reinstated (c) rats. Arrow points to 

synaptic PSD in each panel. Scale bar in (b) is 500 nm, applies b-c.
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Figure 8. 
(a-b) Photomicrograph of Iba-1 staining in the DG at low (a) and high (b) magnification. 

Hil, hilus. Scale bar in a is 100um, in b is 20um. Arrow in b points to an immunoreactive 

cell. (c-d) 3D Sholl analysis of Iba-1 cells from control (c) and reinstated (d) rats. Scale bar 

is 10 um for tracings. (e) Quantitative analysis of cell soma area and length of processes of 

Iba-1 cells from control and reinstated rats. n=8 controls, n=15 reinstated rats.
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