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Abstract

The serotonin (5-hydroxytryptamine, 5-HT) system plays an important role in stress-related 

psychiatric disorders and substance abuse. Stressors and stress hormones can inhibit the dorsal 

raphe nucleus (DRN)-5-HT system, which composes the majority of forebrain-projecting 5-HT. 

This inhibition is mediated via stimulation of GABA synaptic activity at DRN-5-HT neurons. 

Using swim stress-induced reinstatement of morphine conditioned place-preference, recent data 

from our laboratory indicate that morphine history sensitizes DRN-5-HT neurons to GABAergic 

inhibitory effects of stress. Moreover, GABAA receptor-mediated inhibition of the serotonergic 

DRN is required for this reinstatement. In our current experiment, we tested the hypothesis that 

GABAergic sensitization of DRN-5-HT neurons is a neuroadaptation elicited by multiple classes 

of abused drugs across multiple models of stress-induced relapse by applying a chemical stressor 

(yohimbine) to induce reinstatement of previously extinguished cocaine self-administration in 

Sprague-Dawley rats. Whole-cell patch-clamp recordings of GABA synaptic activity in DRN-5-

HT neurons were conducted after the reinstatement. Behavioral data indicate that yohimbine 

triggered reinstatement of cocaine self-administration. Electrophysiology data indicate that 5-HT 

neurons in the cocaine group exposed to yohimbine had increased amplitude of inhibitory 

postsynaptic currents compared to yoked-saline controls exposed to yohimbine or unstressed 

animals in both drug groups. These data, together with previous findings, indicate that interaction 

between psychostimulant or opioid history and chemical or physical stressors may increase 

postsynaptic GABA receptor density and/or sensitivity in DRN-5-HT neurons. Such mechanisms 

may result in serotonergic hypofunction and consequent dysphoric mood states which confer 

vulnerability to stress-induced drug reinstatement.
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1. Introduction

Drug addiction is characterized by repeated relapse to drug use even after a prolonged 

period of abstinence. Stress, in addition to re-exposure to drug and exposure to drug-

associated environmental cues, is a particularly potent trigger of relapse (Sinha, 2008). 

Stress can also reinstate drug-seeking behavior in animal models of drug abuse (Shaham et 

al., 2003), which are applied to understand the neurobiological mechanisms underlying 

stress-induced drug relapse.

The dorsal raphe nucleus (DRN) serotonin (5-hydroxytryptamine, 5-HT) system has been 

long known to play a critical role in stress and stress-related disorders (Charney et al., 1990), 

and recently its role in reward-seeking behavior and drug abuse captured a great deal of 

attention (Kirby et al., 2011). For example, optogenetic activation of DRN neurons produces 

reward-related behaviors (Liu et al., 2014; McDevitt et al., 2014) and modifies motivation to 

acquire rewards (Miyazaki et al., 2014). Moreover, major classes of drugs of abuse all 

modulate the 5-HT system (Kirby et al., 2011), and dysfunction of the 5-HT system is 

believed to mediate some of the psychological symptoms of withdrawal, e.g. anxiety and 

depression (Parsons et al., 1995; Tao et al., 1998; Weiss et al., 1996), as well as high levels 

of impulsivity (Cunningham and Anastasio, 2014), which may increase the vulnerability to 

relapse.

Exposure to stress can elicit the release of the stress neurohormone, corticotropin-releasing 

factor (CRF) into the DRN (Price et al., 2002). CRF regulates DRN-5-HT neurons in a 

bidirectional and CRF receptor subtype-specific manner (Kirby et al., 2000; Valentino et al., 

2010). Although there is evidence that 24 h after exposure to swim stress, DRN-5-HT 

neurons exhibited increased excitability (Lamy and Beck, 2010), acute stress as well as 

intra-DRN injection of low doses of CRF primarily inhibit DRN-5-HT activity (Kirby et al., 

2000; Price et al., 2002). Additional support for these findings come from the observation 

that the neuronal excitability of DRN-5-HT neurons is decreased in Wistar-Kyoto rats, a 

stress hyperresponsive strain (Lemos et al., 2011). Moreover, anatomical and 

electrophysiological studies show that this inhibitory effect is indirectly mediated by 

GABAergic interneurons in the DRN (Kirby et al., 2008; Roche et al., 2003).

Recent emerging evidence shows that GABA transmission in DRN mediates drug-related 

stress and stress-induced reinstatement. For example, infusion of GABA agonists into the 

DRN reduces cocaine-induced anxiety (Ettenberg et al., 2011) and escalates alcohol-

heightened aggression (Takahashi et al., 2010). Using a swim stress-induced reinstatement 

of conditioned place preference (CPP) model, data from our laboratory indicate that 

morphine history sensitizes DRN-5-HT neurons to the GABAergic inhibitory effects of 

swim stress (Staub et al., 2012). Moreover, we provided direct evidence that stimulation of 

GABA signaling in the DRN is both necessary and sufficient for swim stress-induced 

reinstatement of morphine CPP (Li et al., 2013). Collectively, our data suggest that subjects 

with morphine history may be more vulnerable to the effects of stress on DRN circuits. 

However, it is not known whether GABAergic sensitization of DRN-5-HT neurons is a 

neuroadaptation elicited only by an interaction between morphine exposure and swim stress 
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or whether it is more broadly related to stress-induced drug reinstatement. Moreover, 

although CPP model is widely used for inferring the hedonic value of addictive drugs, 

questions remain whether a non-contingent paradigm is an adequate procedure to represent 

active drug-seeking behaviors that characterize drug addiction in humans (Sanchis-Segura 

and Spanagel, 2006). Therefore, in our current study we tested GABA synaptic activity in 

DRN-5-HT neurons by whole-cell patchclamp electrophysiology in brain slices from rats 

exposed to the chemical stressor yohimbine to induce reinstatement of previously 

extinguished cocaine self-administration (Feltenstein and See, 2006). Self-administration 

provides contingent drug exposure and can measure voluntary drug intake in animals, thus 

better representing addiction-like behavior and resolving the limitation of CPP (Sanchis-

Segura and Spanagel, 2006).

2. Experimental procedures

2.1. Subjects

Male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing 180–200 g upon 

arrival in the laboratory were housed 2 per cage under standard temperature (20 °C) and 

humidity (40%) on a 12/12 h light/dark reverse cycle (lights off at 9:00 AM). After 7–8 days 

of acclimation, rats received i.v. catheter surgeries, and were singly housed throughout the 

rest of experiment. Food and water were provided ad libitum. All subjects were observed 

and/or weighed daily to assess general health and responsiveness to drug exposure. Animal 

protocols were approved by the Temple University Institutional Animal Care and Use 

Committee and were conducted in accordance with the National Research Council’s Guide 

for the Care and Use of Laboratory Animals.

2.2. Behavior

2.2.1. Surgery—Under isoflurane anesthesia (2–3% in O2; Piramal Healthcare limited, 

Andhra Pradesh, India), rats were implanted with a silastic i.v. catheter (CamCaths, 

Cambridgeshire, UK; tubing length 3 cm) into the right jugular vein as previously described 

(Li and Frantz, 2009). During recovery, catheters were flushed with 0.1 ml saline containing 

Baytril (Bayer, Shawnee Mission, KS, 0.2 mg/ml) and heparin (Sagent Pharmaceuticals, 

Schaumburg, IL; 100 USP units/1 ml) twice daily for the first two days post-surgery, then 

once daily throughout the rest of the experiment (after daily self-administration sessions). 

Catheter patency was confirmed in all subjects by full loss of muscle tone within 5 s of i.v. 

infusion of the short acting anesthetic agent, 1% Methohexital sodium Pharmaceuticals, 

Parsippany, NJ) one day before the first and after the last self-administration session. 

Subjects that failed either patency test were eliminated from the study.

2.2.2. Drugs—Cocaine HCl (generously supplied by the National Institute of Drug Abuse 

drug supply program) was dissolved in saline (2 mg/ml) and infused in a volume of 0.25 

ml/kg/infusion (i.v.). Yohimbine (Sigma-Aldrich, St. Louis, MO) was dissolved in distilled 

water (2.5 mg/ml) and injected in a volume of 1 ml/kg (i.p.). Doses were chosen based on 

their efficacy in this model as described previously (Feltenstein and See, 2006).
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2.2.3. Equipment—Behavioral tests were conducted in operant conditioning chambers 

enclosed in sound-attenuating, ventilated environmental cubicles (Med Associates, Inc., St. 

Albans, VT). To start each session, a house light turned on and two levers extended into the 

chamber. Lever presses on the inactive lever were recorded but had no scheduled 

consequences. Presses on the active lever triggered a syringe pump (Med Associates, Inc., 

St. Albans, VT) to deliver drug solution via a stainless steel swivel (Instech Laboratories, 

Inc., Plymouth Meeting, PA) and polyethylene tubing attached to a catheter portal on each 

animal’s back. Each reinforced response lit a cue light above the lever for 2 s. Drug delivery, 

the cue light and house light were not present during a 20 s time-out (TO20) after each 

infusion. Drug delivery and data collection were controlled by Med Associates software 

(Med PC IV).

2.2.4. Cocaine self-administration, extinction and stress-induced 
reinstatement—Timeline of the experimental design is shown in Figure 1. Following a 6–

7-day post-surgical recovery, rats were trained to self-administer cocaine in daily 2 h 

sessions over 12 days conducted during the dark phase of the light–dark cycle. Lever-

pressing on the active lever was reinforced by i.v. infusion of cocaine (0.5 mg/kg/ infusion) 

under a Fixed-Ratio 1 (FR1) TO20 schedule of reinforcement. The volume of cocaine 

solution for each rat was titrated according to body weight (0.044 ml/kg/s)

Following cocaine self-administration rats underwent daily 2 h extinction. During 

extinction, rats were connected to the metal coil tether but not the infusion tubing. Only the 

house light remained on throughout the session. No consequences were presented after 

presses on either lever.

Once extinction criterion was reached (a minimum of seven extinction sessions and 

maintained ≤ 15 active lever responses over two consecutive days), chemical stress-induced 

reinstatement of cocaine seeking was conducted on the following day. Rats received an 

injection (i.p.) of either yohimbine (2.5 mg/kg), widely used as an α2-adrenergic receptor 

antagonist that increases noradrenaline release but also has moderate affinity for other types 

of receptors (see details in discussion) (Millan et al., 2000) and produces anxiety in both 

humans (Lader and Bruce, 1986) and animals (Johnston and File, 1989), or saline 30 min 

prior to a 2 h reinstatement session. Parameters for stress-induced reinstatement sessions 

were identical to extinction sessions, i.e. no drug-paired cues were presented.

2.2.5. Yoked saline controls—A subset of controls received yoked saline infusions in 

this experiment. Lever presses by these subjects did not produce any scheduled 

consequences in any session. However, during self-administration, they received an infusion 

of saline accompanied by cues and time-out sequences whenever their self-administering 

counterparts received a cocaine infusion. They also received an injection (i.p.) of either 

yohimbine or saline 30 min prior to the reinstatement session.

2.2.6. Electrophysiology—Immediately following the reinstatement test, animals were 

euthanized and brain slices prepared for electrophysiology as described previously (Kirby et 

al., 2008). Subjects were euthanized by rapid decapitation and brains were placed into ice-

cold artificial cerebrospinal fluid (ACSF) in which sucrose (248 mM) was substituted for 
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NaCl. Slices (250 µm thick) were cut through the DRN using a Vibratome 3000 Plus 

(Vibratome, Bannockburn, IL) and placed in ACSF ((in mM): 124 NaCl, 2.5 KCl, 2 

NaH2PO4, 2.5 CaCl2, 2 MgSO4, 10 dextrose, and 26 NaHCO3) with L-tryptophan (50 mM) 

at 35 °C bubbled with 95% O2/5% CO2 for 1 h. Slices were then maintained in room 

temperature ACSF bubbled with 95% O2/5% CO2.

Slices were transferred to a recording chamber (Warner Instruments, Hamden, CT) and 

continuously perfused with ACSF at 1.5–2.0 ml/min. Only one cell was recorded per brain 

slice. DRN neurons were visualized using a Nikon E600 upright microscope (Optical 

Apparatus, Ardmore, PA). The resistance of the electrode was 4–6 MΩ when filled with an 

intracellular solution ((in mM): 70 Kgluconate, 70 KCl, 2 NaCl, 4 EGTA, 10 HEPES, 4 

MgATP, 0.3 Na2GTP, 0.1% biocytin, pH 7.3).

Spontaneous inhibitory postsynaptic current (IPSC) recordings were made in cells located in 

the ventromedial subdivision of the DRN at mid-caudal levels that correspond to 7.32–8.16 

mm caudal to bregma in Paxinos and Watson (2007) where 5-HT neurons are most densely 

populated. Whole-cell recordings were conducted in voltage-clamp mode (Vm= −70 mV) 

with a HEKA patch-clamp EPC-10 amplifier (HEKA Elecktronik Lambrecht, Pfalz, 

Germany). Series resistance was monitored throughout the experiment. If the series 

resistance was unstable or exceeded four times the electrode resistance, the cell was 

discarded. Series resistance ranges were also noted for each experimental group to ensure 

consistent overlap across groups. Signals were filtered at 1 kHz and digitized at 10 kHz. The 

liquid junction potential was −9 mV between the pipette solution and the ACSF and was not 

subtracted from the data obtained.

The non-NMDA receptor antagonist 6,7-dinitroquinoxaline-2,3 (1H,4H)-dione (DNQX; 20 

µM; Sigma-Aldrich, St. Louis, MO) was bath applied to isolate GABAergic IPSCs. Total 

spontaneous IPSCs (sIPSCs) were recorded for 200 s in the absence and miniature 

spontaneous IPSCs (mIPSCs) were recorded for 200 s in the presence of tetrodotoxin (TTX; 

1 µM; Enzo Life Science, Farmingdale, NY) to block action potential-dependent events. At 

the end of some experiments the GABAA receptor antagonist bicuculline (20 µM) was used 

to confirm the GABAergic nature of IPSC events.

2.2.7. Immunohistochemistry—Following electrophysiology experiments, brain slices 

were post fixed in 4.0% paraformaldehyde for 20–24 h and kept in 20% sucrose solution 

until standard fluorescent immunohistochemical methods were performed to visualize the 

recorded biocytin-filled cell and tryptophan hydroxylase 2 (TPH2) as a marker of 5-HT 

neurons. A rabbit-anti mouse TPH2 antibody (1:1000; Millipore, Billerica, MA) was 

visualized using an Alexa 594-conjugated donkey anti-rabbit secondary antiserum (1:200; 

Life Technologies, Carlsbad, CA). Biocytin was visualized using Alexa 488-conjugated 

streptavidin (1:500; Life Technologies, Carlsbad, CA). Sections were viewed and images 

captured by Leica Sp5 Confocal Microscope (Leica Microsystems, Exton, PA). 

Electrophysiological data were excluded from the study if recorded cells could not be 

conclusively identified as either TPH2-positive or -negative by immunohistochemistry.
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2.2.8. Data analysis—For behavioral tests, the primary dependent measures were total 

active lever presses and total inactive lever press. For self-administration and extinction 

phases, measures were analyzed with a three-way repeated measures analysis of variance 

(ANOVA) with self-administration drug (saline vs. cocaine) and reinstatement drug (saline 

vs. yohimbine) as between-subject factors and session as a within-subject factor. For the 

reinstatement test, measures in last extinction session vs. reinstatement were analyzed with a 

three-way repeated measures ANOVA with self-administration drug (saline vs. cocaine) and 

reinstatement drug (saline vs. yohimbine) as between-subject factors and session (last 

extinction session vs. reinstatement) as a within-subject factor.

For electrophysiological results, MiniAnalysis software (Synapto-soft, Decatur, GA) was 

used to analyze IPSC events from last 60 s of either sIPSC or mIPSC recording on the basis 

of amplitude, rate of rise, duration, and area. Initially, noise analysis was conducted for each 

cell and amplitude detection thresholds set to exceed noise values. Events were 

automatically selected, analyzed for double peaks, and then visually inspected and 

confirmed. Event amplitude histograms were generated and compared to noise histograms to 

ensure that they did not overlap. Holding current was recorded and GABA synaptic activity 

analyzed for frequency, amplitude, rise time (calculated from 10% to 90% of peak 

amplitude) and decay time (calculated by averaging all events and fitting a double-

exponential function from 10% to 90% of the decay phase to generate an initial fast 

component and a subsequent slow component of the decay phase). All data are represented 

as mean±SEM. Results were then analyzed using two-way ANOVAs with self-

administration drug and reinstatement drug as independent variables. Paired t-test was used 

to compare frequency of sIPSC and mIPSC within each experimental group.

The correlation of behavioral and electrophysiological data was analyzed via Pearson's 

Product–Moment Correlation. Post hoc Tukey test or paired t-test was used where 

applicable. A probability of p < 0.05 was considered significant.

3. Results

3.1. Behavior: yohimbine reinstated cocaine-seeking behavior in rats with a history of 
cocaine self-administration (Figure 2)

During self-administration, both cocaine/saline and cocaine/yohimbine groups established a 

stable active lever pressing behavior after 12 sessions of training. However, both saline 

groups did not acquire self-administration, only pressing the active lever for a few times 

within each session (p < 0.001) (Figure 2a). None of the groups pressed the inactive lever at 

high numbers (data not shown). During extinction training, the lever pressing behavior in 

cocaine groups gradually extinguished (p < 0.001) and reached the numbers similar to saline 

controls by days 6–7.

During the reinstatement test, only the cocaine/yohimbine group reinstated lever pressing 

behavior (Figure 2b). A three-way repeated measures ANOVA with self-administration drug 

(saline vs. cocaine) and reinstatement drug (saline vs. yohimbine) as between-subject factors 

and session (last extinction session vs. reinstatement) as a within-subject factor revealed a 

self-administration drug × reinstatement drug × session interaction [F(1, 46)=12.711, 
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p=0.001] and main effects of self-administration drug [F(1,46)=20.75, p < 0.001], 

reinstatement drug [F(1,46)=10.90, p < 0.01] and session [F(1,46)=7.58, p < 0.01]. Post hoc 

paired t-test showed that the cocaine/yohimbine group exhibited a higher level of active 

lever presses in the reinstatement test than the last extinction session (t15=−9.185, p < 

0.001), and post hoc Tukey tests showed that in the reinstatement test the cocaine/yohimbine 

group exhibited a higher level of active lever presses than other three groups (p < 0.001 for 

all three comparisons).

3.2. Electrophysiology: GABA synaptic activity is selectively sensitized in DRN-5-HT 
neurons following yohimbine stress-induced reinstatement of cocaine seeking (Figure 3)

A total of 72 DRN cells were recorded from 50 animals after behavior tests, and their cell 

types (5-HT vs. non-5-HT) were identified via immunohistochemistry (Figures 3a and 4a). 

Eleven cells were excluded from the study due to inconclusive immunohistochemical 

identification of their cell types, leaving a total of 61 cells in the electrophysiology data set. 

IPSC characteristics and holding current from 5-HT vs. non-5-HT cells in each treatment 

group are shown in Table 1.

Serotonin neurons from the cocaine/yohimbine group had a greater amplitude of sIPSCs and 

mIPSCs than all other three groups (Figure 3b: averaged representative mIPSC event; Figure 

3c: representative raw trace of mIPSCs; Figure 3d: mean sIPSCs; Figure 3e: mean mIPSCs). 

Two-way ANOVAs for sIPSC or mIPSC amplitude both revealed an interaction between 

self-administration drug and reinstatement drug [sIPSCs: F(1,28)=5.008, p < 0.05; mIPSCs: 

F(1,28)=6.139, p < 0.05], and a main effect of self-administration drug [sIPSCs: F(1,28)=9.80, 

p < 0.01; mIPSCs: F(1,28)=8.92, p < 0.01]. Post hoc Tukey tests showed that the amplitude 

of sIPSCs and mIPSCs in the cocaine/yohimbine group was greater than the other three 

groups (sIPSCs: p < 0.01 vs. saline/saline; p < 0.01 vs. saline/yohimbine; p < 0.05 vs. 

cocaine/saline; mIPSCs: p < 0.01 vs. saline/saline; p < 0.01 vs. saline/yohimbine; p < 0.05 

vs. cocaine/saline). No correlation between the level of active lever presses in stress-induced 

reinstatement and sIPSC [r(7)=0.043, p=0.912] or mIPSC [r(7)= −0.18, p=0.642] amplitude 

was observed. Frequency of sIPSCs was higher than that of mIPSCs in DRN-5-HT cells in 

saline/yohimbine group [t(7)=2.465, p < 0.05], and cocaine/yohimbine group showed a trend 

of higher sIPSC frequency than mIPSC frequency [t(8)=2.137, p=0.065], suggesting that 

yohimbine may increase the action potential-dependent release of GABA onto DRN-5-HT 

cells (Figure 3f).

For non-5-HT neurons the IPSC amplitude did not differ across the four groups (Figure 4b: 

averaged representative mIPSC event; Figure 4c: representative raw trace of mIPSCs; Figure 

4d: mean sIPSCs; Figure 4e: mean mIPSCs), and sIPSC frequency also did not differ from 

mIPSC frequency in the four groups (Figure 4f). Moreover, for both DRN-5-HT and -non-5-

HT cells, sIPSC or mIPSC frequency, mIPSC kinetics (rise time, fast or slow decay) or 

holding current did not differ across the four groups (Table 1).

4. Discussion

In our current study, behavioral data indicate that the chemical stressor yohimbine triggered 

reinstatement of cocaine self-administration. Electrophysiology data indicate that 5-HT 
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neurons in the cocaine group exposed to stress had increased amplitude of postsynaptic 

GABAergic currents compared to yoked-saline controls exposed to stress or unstressed 

animals in both drug groups.

Technical considerations

One thing to note is that the frequencies of IPSCs for both DRN-5-HT and -non-5-HT 

neurons in our current study were low compared with our previous studies (Kirby et al., 

2008; Staub et al., 2012). This is possibly the result of using older animals (~11–14 week 

old) in the current study, necessitated by the lengthy behavioral training, compared to our 

previous studies with CPP-trained (11–12 weeks; Staub et al., 2012) and naïve rats (~4–5 

week old; Kirby et al., 2008). For example, using vehicle treated or naïve Sprague-Dawley 

rats in our laboratory under the same electrophysiological conditions, we have recorded the 

following mIPSC frequencies in 5-HT DRN neurons: 4–5-week-old: mean=6.21 ± 0.59, 

range=0.80–14.82 (N=39); 11–12-week-old: mean=3.98 ± 0.54, range=1.09–6.55 (N=12); 

11–14-week-old: mean=1.16 ± 0.15, range=0.67–1.71 (N=7). Synaptic overproduction and 

pruning in the brain is a known general consequence of maturation of young animals into 

adults (Brenhouse and Andersen, 2011). GABA synapses in particular are known to be 

affected by development and aging (Brenhouse and Andersen, 2011) including age-related 

alterations in GABAA receptor subunit expression (Yu et al., 2006) and decline in synaptic 

density during maturation (Cruz et al., 2003). Moreover, electrophysiology studies 

demonstrate age-related reductions in presynaptic GABA release, as indicated by reduced 

mIPSC frequency (Wong et al., 2006). It is also well-established that older animals yield 

brain slices with reduced viability as compared to juveniles (Moyer and Brown, 1998), 

potentially resulting in fewer functional presynaptic terminals releasing GABA in the slice. 

Another possible explanation for the low frequency are the behavioral paradigms in the 

current study. For example, some procedures, i.e. catheter surgery, daily catheter flush and 

attached drug delivery line, can cause extra stress, which is well known to change the 

electrophysiological characteristics of DRN neurons (Lemos et al., 2011; Valentino et al., 

2010). For example in Lemos et al. 2011, the authors showed a trend for a reduction in basal 

mIPSC frequency in stress hyperresponsive WKY rats compared to age-matched Sprague-

Dawley rats. However, consistent with our previous findings, the sIPSC frequency for 

DRN-5-HT neurons in Saline/Saline and Cocaine/Saline groups and DRN-non-5-HT 

neurons was not statistically different from mIPSC frequency indicating that the majority of 

spontaneous IPSCs in the DRN are non-action potential-dependent, representing 

spontaneous fusion of GABA vesicles with the presynaptic membrane. In contrast, the 

sIPSC:mIPSC frequency ratio was generally higher in yohimbine-treated subjects, indicating 

that yohimbine may increase action potential-dependent release of GABA onto DRN-5-HT 

neurons.

Yohimbine is generally used as high-affinity α2-adrenergic receptor antagonist in stress-

induced reinstatement studies (Shalev et al., 2010; Shepard et al., 2004); however, it also has 

moderate affinity at other receptors such as α1-adrenergic receptors, 5-HT(1A), 5-HT(1B), 

5-HT(1D) and dopamine D(2) and D(3) receptors (Doxey et al., 1984; Millan et al., 2000). 

There is also evidence that yohimbine causes the release of neuropeptides, which may also 

contribute to its anxiogenic effects (Rasmusson et al., 1998). Moreover, yohimbine 
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decreases firing of serotonergic neurons in the DRN (Millan et al., 2000). This is consistent 

with our current finding that yohimbine increased the frequency of sIPSCs in DRN-5-HT 

neurons, which would inhibit excitability of DRN-5-HT neurons.

These data expand upon our previous findings showing a similar GABAergic sensitization 

selectively in DRN-5-HT neurons in a model of swim stress-induced reinstatement of 

morphine CPP (Staub et al., 2012), and suggest that the effect of interaction between 

addictive drugs and stress on DRN-5-HT neurons may be a general neuroadaptation linked 

to reinstatement that is not specific to drug classes, drug exposure methods (contingent vs. 

non-contingent), relapse models or stressor types. Moreover, together with the direct 

behavioral evidence that GABA signaling in the DRN is necessary for stress-induced 

reinstatement of morphine CPP (Li et al., 2013), we hypothesize that this GABAergic 

neuroadaptation in DRN-5-HT neurons may serve as a common neurochemical mechanism 

enhancing vulnerability to stress-induced reinstatement of drug-seeking. However, it is 

worth noting that the level of reinstatement does not correlate with the degree of 

GABAergic sensitization DRN-5-HT neurons in both CPP and self-administration models, 

suggesting that the DRN 5-HT system may have a general role in reinstatement rather than 

determining the precise level of motivation for drug-seeking in stress-induced reinstatement.

Many addictive drugs, though distinct in their primary mechanism of action, regulate the 5-

HT system in a similar manner. Psychostimulants, opioids and ethanol all acutely increase 

extracellular 5-HT levels in many brain regions but reduce 5-HT basal levels and suppress 

5-HT output after chronic exposure and during withdrawal (for review Kirby et al., 2011). 

These changes in the 5-HT system may contribute to both the acute euphoric effects of 

addictive drugs and the long-term transition to addiction. For example, genetic deletion 

studies have indicated a role of 5-HT as well as dopamine in psychostimulant reward (Sora 

et al., 2001, 1998). Recently, optogenetic activation of DRN neurons provides direct 

evidence that 5-HT neurons mediate reward and reward-related behavior (Liu et al., 2014; 

Miyazaki et al., 2014). During withdrawal, hypofunction of 5-HT system may contribute to 

mood disorders such as dysphoria, depression and anxiety (Koob, 2000; Parsons et al., 1995; 

Tao et al., 1998; Weiss et al., 1996), which then lead to vulnerability to relapse as a means 

of ‘self-medication’ and restoration of homeostasis within the 5-HT system (Markou et al., 

1998).

Indeed, a growing literature implicates the 5-HT system in the neurobiological mechanisms 

underlying reinstatement of drug-seeking behavior. For example, systemic stimulation of the 

5-HT system with 5-HT-selective reuptake inhibitors or 5-HT-releasing agents suppresses 

both cue-elicited cocaine reinstatement (Burmeister et al., 2003) and also stress-induced 

reinstatement of alcohol-seeking behavior in rats (Le et al., 1999). Studies focusing on 

serotonin receptor types suggest that different types of serotonin receptors may play 

opposite roles in reinstatement (Filip et al., 2010). For example, blockade of 5-HT2A 

receptors attenuates both drug- and cue-induced reinstatement (Fletcher et al., 2002; Nic 

Dhonnchadha et al., 2009), whereas stimulation of 5-HT2C receptors attenuates cocaine-

induced, cue-induced (Fletcher et al., 2002, 2008; Neisewander and Acosta, 2007), and 

stress-induced cocaine reinstatement (Fletcher et al., 2008). Although only a few studies 

have investigated the role of the sources of the serotonergic projections in drug 
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reinstatement, ours and other results all suggest that inhibition of 5-HT cell bodies reinstates 

drug-seeking behavior, whereas stimulation of 5-HT cell bodies blocks stress-induced 

reinstatement (Land et al., 2009; Le et al., 2008; Li et al., 2013). This moreover implies that 

hypofunction of DRN-5-HT neurons induced by stress may be a critical neuronal 

mechanism creating vulnerability to drug relapse.

Furthermore, our current study showed that the GABAergic sensitization induced by the 

interaction between cocaine history and stress was specific for 5-HT vs. non DRN-5-HT 

neurons. This cell-type specificity was consistent with our previous findings that only 

DRN-5-HT neurons showed the postsynaptic GABAergic sensitization following stress-

induced reinstatement of morphine CPP (Staub et al., 2012). The DRN contains a 

neurochemically heterogeneous cell population which includes 5-HT, dopaminergic, 

GABAergic, and glutamatergic neurons (Vasudeva et al., 2011). Recent optogenetic studies 

demonstrated that precisely activating DRN-5-HT neurons in mice can reinforce a variety of 

instrumental tasks (Liu et al., 2014) and enhances patience for delayed reward (though no 

reinforcing effects of 5-HT neuronal activation were observed in this study) (Miyazaki et al., 

2014). However, another recent study reported that non-5-HT glutamatergic DRN neurons 

mediate drug reward (McDevitt et al., 2014). These studies indicate that different types of 

DRN neurons may have different functions in drug addiction. To more precisely understand 

the functional significance of the GABAergic sensitization in DRN-5-HT neurons in stress-

induced reinstatement of drug-seeking, we plan to use a conditional gene deletion approach 

in future studies to silence GABAA receptors selectively in DRN-5-HT neurons to test our 

hypothesis that GABAergic sensitization of DRN-5-HT neurons is necessary for stress-

induced drug reinstatement. This approach will give us more insight to the 5-HT circuits that 

contribute to stress-induced vulnerability to reinstatement.

Another possible mechanism for the specificity of GABAergic sensitization in DRN-5-HT 

neurons is that the interaction of drug history and stress may be able to change selective 

GABAA receptor subtypes in the DRN. GABAA receptors are composed of five subunit 

proteins forming an associated chloride channel, and 19 subunits have been cloned. 

Different subunit combinations determine biophysical and pharmacological properties of the 

receptor subtypes and also subunit composition can be impacted by a variety of 

pharmacological agents including cocaine (Backes and Hemby, 2003; Uusi-Oukari and 

Korpi, 2010). There is evidence that the DRN-5-HT and –non-5-HT neurons express distinct 

subunits of GABAA receptors (Corteen et al., 2014; Gao et al., 1993), and behavioral history 

can change a selective subunit expression but leave others unaffected (Corteen et al., 2014). 

Moreover, a stress-hyperresponsive rat strain show altered expression of certain GABAA 

receptor subunits in the DRN-5-HT neurons (Lemos et al., 2011), suggesting that either 

stress exposure may alter expression of GABAA receptor subunits or that the composition of 

GABAA receptor subtypes in the DRN-5-HT neurons may affect the response to stress. 

Therefore, if drug history changes the expression of GABAA receptor subunits in the 

DRN-5-HT neurons it could in turn impact stress vulnerability.

In summary, our current data, together with previous findings in stress-induced 

reinstatement of morphine CPP, indicate that interaction between drug history and stress 

may increase postsynaptic GABA receptor density and/or sensitize DRN-5-HT neurons to 
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GABAergic inhibition. Such mechanisms may result in serotonergic hypofunction and 

consequent dysphoric mood states which confer vulnerability to stress-induced drug 

reinstatement. Serotonin hypofunction has been observed in other stress models such as the 

Wistar-Kyoto rat which is thought to model chronic stress/depression-like behaviors as well 

as vulnerability to drugs of abuse (Lemos et al., 2011).
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Figure 1. 
Experimental design time-line for cocaine self-administration, extinction and yohimbine 

stress-induced reinstatement. Electrophysiology recordings were conducted immediately 

following stress-induced reinstatement test.
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Figure 2. 
Cocaine self-administration, extinction of cocaine-seeking behavior and reinstatement test. 

(a) Points represent mean±SEM of total active lever presses/2 h session of self-

administration and extinction in cocaine groups and yoked saline controls. (b) Last 

extinction session and reinstatement test. Bars represent mean±SEM of total active lever 

presses/2 h session. Yohimbine reinstated cocaine-seeking behavior in animals with a 

history of cocaine self-administration (***p < 0.001 vs. saline/saline, saline/yohimbine and 

Li and Kirby Page 16

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cocaine/yohimbine groups; p < 0.001 vs. last extinction session in cocaine/yohimbine 

group).
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Figure 3. 
GABA synaptic activity is selectively sensitized in DRN-5-HT neurons following 

yohimbine stress-induced reinstatement of cocaine-seeking. (a) Immunohistochemical 

identification of the biocytin-filled recorded neuron (green) with TPH2-IR (red) is shown in 

a 5-HT cell that is double-labeled (yellow) in the merged panel. (b) Representative traces of 

averaged mIPSCs from saline/saline, saline/yohimbine, cocaine/yohimbine, and cocaine/

yohimbine groups. (c) Representative raw traces of mIPSCs. (d) and (e) Mean amplitudes of 

sIPSC and mIPSC respectively in cocaine/yohimbine group were greater than three control 

groups (*p < 0.05 cocaine/yohimbine vs. three control groups). (f) Mean frequency of sIPSC 

was higher than that of mIPSC in saline/yohimbine group (p < 0.05). (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Figure 4. 
GABA synaptic activity is unchanged in DRN- non-5-HT neurons following yohimbine 

stress-induced reinstatement of cocaine-seeking. (a) Immunohistochemical identification of 

the biocytin-filled recorded neuron (green) in a non-5-HT neuron without TPH-IR (red) is 

shown. (b) Representative traces of averaged mIPSCs from saline/saline, saline/yohimbine, 

cocaine/yohimbine, and cocaine/yohimbine groups. (c) Representative raw traces of 

mIPSCs. (d) Mean sIPSC and (e) mIPSC amplitudes (±SEM) of non-5-HT neurons from the 

four groups. IPSC amplitudes are not different across treatment groups. (f) Mean frequency 

of sIPSC did not differ from that of mIPSC in the four groups. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Table 1

Electrophysiological characteristics in DRN-5-HT and non-5-HT neurons.

5-HT
Saline/saline
n=7 (7 animals)

Saline/yohimbine
n=8 (6)

Cocaine/saline
n=8 (6)

Cocaine/yohimbine
n=9 (7)

Amplitude (pA)

  sIPSC 14.51±1.00 14.16±1.17 16.05±2.11 23.43±2.12 *

  mIPSC 13.80±1.15 12.76±0.92 14.89±2.21 24.48±3.04 *

Frequency (Hz)

  sIPSC 1.16±0.15 2.20±0.51 2.22±0.94 1.86±0.51

  mIPSC 0.96±0.12 1.12±0.27 1.24±0.17 0.97±0.20

mIPSC kinetics

  Rise time (ms) 2.87±0.39 2.84±0.41 2.41±1.56 2.17±0.18

  Fast decay (tau) 9.42±0.84 10.33±3.41 6.91±0.89 9.37±0.91

  Slow decay (tau) 43.38±11.87 49.26±23.48 23.74±2.60 21.72±1.76

Holding current (pA) −20.86±8.63 −23.59±8.95 −47.56±19.24 −36.36±10.57

Non-5-HT n=9 (7 animals) n=6 (5) n=8 (6) n=6 (6)

Amplitude (pA)

  sIPSC 22.02±3.04 31.20±6.71 22.27±3.96 23.96±2.67

  mIPSC 24.56±4.30 25.36±5.48 18.04±2.21 23.30±2.42

Frequency (Hz)

  sIPSC 1.03±0.14 1.30±0.28 1.68±0.42 1.67±0.46

  mIPSC 0.94±0.13 1.12±0.22 1.83±0.82 1.45±0.36

mIPSC kinetics

  Rise time (ms) 2.24±0.33 2.49±0.36 2.49±0.34 2.11±0.42

  Fast decay (tau) 8.82±1.07 7.83±0.85 10.75±2.50 5.94±1.10

  Slow decay (tau) 32.08±6.96 26.02±6.91 48.77±16.96 19.41±4.54

Holding current (pA) 0.21±12.20 −18.54±13.02 −12.38±7.94 −9.13±17.69

Note: Amplitude of sIPSCs and mIPSCs was significantly elevated selectively in DRN-5-HT neurons following stress-induced reinstatement 
(*p<0.05, unpaired Student’s t-test). All other electrophysiological characteristics in DRN neurons were not different between treatment groups. 
Frequency of sIPSCs was significantly higher than that of mIPSC in DRN-5-HT neurons from saline/yohimbine group (p<0.05 paired Student’s t-
test), and there was a trend of higher frequency of sIPSCs than that of mIPSC in cocaine/yohimbine group (p=0.065).
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