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Abstract 

 

Background and purpose: The lateral habenula (LHb), a key area in the regulation of the reward system, 

exerts a major influence on midbrain neurons. It has been shown that the gamma-aminobutyric acid (GABA)-

ergic system plays the main role in morphine dependency. The role of GABA type B receptors (GABABRs) in 

the regulation of LHb neural activity in response to morphine, remains unknown. In this study, the effect of 

GABABRs blockade in response to morphine was assessed on the neuronal activity in the LHb.  

Experimental approach: The baseline firing rate was recorded for 15 min, then morphine (5 mg/kg; s.c) and 

phaclofen (0, 0.5, 1, and 2 µg/rat), a GABABRs’ antagonist, were microinjected into the LHb. Their effects on 

firing LHb neurons were investigated using an extracellular single-unit recording in male rats. 

Findings/Results: The results revealed that morphine decreased neuronal activity, and GABABRs blockade 

alone did not have any effect on the neuronal activity of the LHb. A low dose of the antagonist had no 

significant effect on neuronal firing rate, while blockade with doses of 1 and 2 µg/rat of the antagonist could 

significantly prevent the inhibitory effects of morphine on the LHb neuronal activity.  

Conclusion and implications: This result indicated that GABABRs have a potential modulator effect, in 

response to morphine in the LHb. 
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INTRODUCTION 

 

Long-term use of morphine as a chronic pain 

reliever causes dependence and tolerance (1). 

Opioids can affect the feeling of reward and 

pleasure through the mesolimbic dopamine 

system, which includes the ventral tegmental 

area (VTA), substantia nigra, ventral striatum, 

prefrontal cortex, and the nucleus accumbens 

(2). The cellular mechanism of morphine is 

through the mu-opioid receptor, and several 

pieces of evidence have shown an association 

between mu-opioid receptor activation in the 

lateral habenula (LHb) and the potentiation of 

morphine effects (3,4).  

The LHb includes glutamatergic neurons (5) 

and several gamma-aminobutyric acid (GABA) 

inhibitory interneurons (6), having an important 

function in aversive states, reward processing, 

and addiction (7). The GABAergic system has 

an essential role in the central nervous system, 

and it has been involved also in morphine 

dependence (8,9) and the rewarding effects of 

opioids in the VTA (10-12). GABAergic 

neurons mediate their inhibitory effects through 

three chief GABA receptors (GABARs) 

subtypes: termed metabotropic GABA type B 

receptors (GABABRs) and GABAA/GABAC 

receptors that belong to the ionotropic receptor 

family of receptors. The GABAA/C receptors 

are ligand-gated Cl-channel, and the GABABRs 

are associated with the K+ channel through the 

G protein (13,14), responsible for the fast and 

slow inhibitory response when activated by 

GABA, respectively (15).  
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Electrophysiological studies have 
demonstrated that drugs of abuse such as 
morphine and cocaine inhibit LHb neurons 
(4,16). It has already been identified that 
GABAergic receptors induce tonic inhibition in 
the firing of single neurons (17). Also, 
GABARs’ antagonists affected both the firing 
pattern and spontaneous activity firing rate of 
neurons in several brain nuclei (18). The other 
studies also showed the application of ethanol 
and GABARs’ antagonist accelerated the firing 
rate of LHb neurons (19) 

It has already been shown that there is a 
probable role for GABARs within the LHb 
(20), but the function and mechanisms in the 
reward circuit, in particular in response to 
morphine, in terms of electrophysiology 
remains unclear. We decided to elucidate the 
effect of GABABR blockade on the neuronal 
activity in LHb, following the systemic 
application of morphine, using an extracellular 
recording, because the number of GABABR in 
this nucleus is high and their physiological role 
is unknown, also the effect of blockade of these 
receptors on LHb neuronal firing rate has not 
been investigated. On the other hand, there are 
few reports about the effects of morphine on the 
neuronal firing rate of this nucleus (4). 
 

MATERIALS AND METHODS 

 
Subjects 

Our subjects were male Wistar rats (250-300 
g, prepared from Isfahan University of Medical 
Sciences, Isfahan, Iran). The animals were kept 
under controlled temperature and 12/12-h light-
dark cycle conditions, with free access to water 
and food.  

We designed our protocols according to the 
Animal Ethics Committee of Isfahan University 
of Medical Sciences under Ethic  No.                                                                                                         

of Medical Sciences under Ethic No. 
IR.mui.MED.REC.1397.244 and the care and 
use of animals for experimental procedures and 
use of laboratory animals (National Institutes of 
Health Publication No. 85-23), revised 2010. 

 

Drugs 

Morphine (21,22), urethane, and phaclofen, 

as a selective GABABR antagonist (23), were 

daily and freshly dissolved in 0.9% saline for 

injection (Table 1).  

 

Surgery and electrophysiology 

Rats were deeply anesthetized with urethane 

(1.6 g/kg, i.p) (24) and after exposing the skull, 

through stereotactic surgery a hole was drilled 

for positioning of a double-barrel micropipette 
(one for drug microinjection and another for 

recording), into the LHb (AP = -3.7 mm; L= ±0.8 

mm; DV = -5.3 mm) (25). The body temperature 

of the animals was maintained at 37 C. The 

recording electrodes were sharp glass 

micropipettes (1-3 μm) filled with 2 M sodium 

chloride solution (26). Using an analog to the 

digital data acquisition and the related software, 

(eLab; Science Beam Institute, Iran), signals were 

filtered (300 Hz to 3 kHz bandpass), digitized, 

analyzed, and presented as a rate histogram. 

Neurons with a firing rate of < 20 spikes/s and a 

spike duration > 3 ms were selected. According to 

electrophysiological characteristics (27-29), we 

presumed that our target neurons were 

glutamatergic (Fig. 1A and B). 

 
Table 1. Drugs, drug doses, and animal groups used in 

the present study (n = 6-7). 

Drugs Doses 

Morphine (Darou Pakhsh, Iran) 5 mg /kg 

Phaclofen (Sigma-Aldrich, Germany) 0.5, 1, 2 µg/rat 

Urethane (Sigma-Aldrich, Germany) 1.6 g/kg 

 

 
Fig. 1. (A) A representative pattern of neuronal electrical activity recorded from the LHb; (B) an expanded waveform of 

a spike recorded from an LHb neuron; and (C) coronal photomicrograph of the recording and microinjection site in the 

LHb. 3V, 3rd ventricle; D3V, dorsal 3rd ventricle; LHb, lateral habenula. 
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After ensuring a steady state, recording 

started and after 15 min, morphine was injected 

(5 mg/kg; s.c.). Then, 45 min later different 

doses of phaclofen (0.5, 1, and 2 µg/0.3 µL) 

were microinjected, and the recording 

continued for another 60 min (Fig. 2A). In the 

control groups, saline was microinjected as a 

vehicle. In each group, 12 to 18 neurons were 

evaluated in 6 to 7 rats. 

 

Intra-LHb infusions  

To inject the drug into the LHb, the 

micropipette for drug microinjection was 

connected to a 1.0-µL glass Hamilton syringe 

with a short polyethylene tube.  

 

Histological verification 

At the end of the study for histological 

verification of the place of electrodes, rats were 

perfused transcardially with formalin (10%), 

and the brains were kept in formalin for 2 days 

and then sectioned coronally (50 µm thickness; 

Fig. 1C) (25).  

 

Data analysis 

The results were analyzed using SPSS 

software (version 23). The alterations of mean 

firing rates were analyzed by repeated measure 

analysis of variance (ANOVA), the percentage 

of changes by the one-way ANOVA, and a 

Tukey test and unpaired Student's t-test.                             

All data were expressed as mean ± SEM                            

(n = 6-7 rats). Differences with P < 0.05 were 

considered significant. 

 

RESULTS 

  

LHb neuronal response to morphine 

After ensuring the stability of neuronal 

activity and baseline recording (15 min), 

morphine was injected subcutaneously                        

and 45 min later, saline or antagonist                             

was microinjected into the LHb. Morphine                    

(5 mg/kg) had inhibitory effects on the majority 

of LHb neurons concerning the baseline 

activity, compared to the saline group (unpaired 

t-test, -65.34 ± 4.7; 3.26 ± 1.77 respectively; 

Fig. 2B). 

 

LHb neuronal response to intra-LHb injection 

of saline or phaclofen  

Subcutaneous injection of saline did not 

induce significant changes in the neuronal 

activity in LHb, also saline or phaclofen                            

(1 and 2 µg/0.3 µL) microinjection into the            

LHb did not change the firing rate (spike/s)                      

of the neurons, compared to pre-injection                       

(Fig. 3A-C).

  

 
 

Fig. 2. Effect of morphine systemic administration, on the lateral habenula neuronal activity and study protocol. (A) 

Experimental timeline; (B) morphine (5 mg/kg; s.c.) or saline was injected 15 min after a steady state and the recording 

continued for another 105 min to evaluate the effect of morphine on the lateral habenula neuronal activity with respect to 

the baseline (unpaired t-test, n = 114 neurons). ***P < 0.001 Indicate the significant difference.  
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In all morphine-treated groups, there was a 
significant decrease in neuronal firing (spike/s) 
after morphine injection (P < 0.001, Fig. 3D),                   
and intra-LHb injection of saline did not                     
affect this decreasing trend and a significant 
difference was observed, compared to the 
baseline (P < 0.001, Fig. 3B). Microinjection                    

of phaclofen with doses of 0.5 and                                            
1 µg/0.3 µL into the LHb did not prevent this 
decreased firing rate (spike/s) (Fig. 3E and F), 
but 2 µg/0.3 µL of phaclofen increased the 
neuronal activity of LHb and brought it back to 
the baseline (Fig. 3G; repeated-measure 
ANOVA).

 
 

 

 

 

 

 

 
Fig. 3. Histograms represent the spike frequency of the entire recording (120 min) of all neurons. Effects of GABABR 
antagonist, on the lateral habenula neuronal activity after morphine (5 mg/kg) systemic administration. (A) Saline-saline;                     
(B and C) saline-GABABR antagonist (phaclofen: 1 and 2 µg/0.3 µL, respectively); (D) morphine-saline; (E-G) morphine-
GABABR antagonist (phaclofen: 0.5, 1, and 2 µg/0.3µL, respectively). GABABR, gamma-aminobutyric acid receptors receptor. 
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Mean neuronal responses of LHb to block 

GABABR following administration of 

morphine 

Intra-LHb injection of saline (10.31 ± 3.19) 

or phaclofen (1 and 2 µg/0.3 µL and 5.45 ± 

4.48, 9.06 ± 4.07; respectively), following 

subcutaneous injection of saline, did not affect 

the firing rate (spike/s) of neurons. Morphine 

administration alone significantly reduced the 

neuron firing rate (spike/s), compared to the 

saline group, and after saline microinjection 

into the LHb, the decrement continued                                 

(-85.6 ± 3.49). Also, phaclofen in the                    

morphine-treated rats with a dose of 0.5 µg/0.3 

µL, had no significant effect on the reduced 

firing rate (spike/s) of neurons, induced by 

morphine injection (-87.78 ± 2.78), but 

phaclofen in the morphine-treated rats with a 

dose of 1 µg/0.3 µL, enhanced the neuronal 

activity concerning the morphine-saline group 

(-53.71 ± 4.365); however, the firing rate 

(spike/s) did not return to the level of neuronal 

activity in the saline group and there was a 

significant decrease compared to the saline 

group; while 2 µg/0.3 µL of phaclofen in the 

morphine-treated rats increased the neuronal 

activity compared to the morphine and saline 

groups (40.54 ± 13.63; Fig. 4). 

 

 

 

 
 

Fig. 4. Effects of GABABR blockade on the lateral habenula neuronal activity. Morphine was injected 15 min after a 

steady state. Then, 45 min later different doses of phaclofen (0.5, 1, and 2 µg/0.3 µL) were microinjected and the recording 

continued for another 60 min. Effects of microinjection of GABABR on the lateral habenula neuronal activity with respect 

to the baseline morphine-treated rats. Data are expressed as mean ± SEM; n = 6-7 .*P < 0.05 and ***P < 0.001 indicate 

significant differences compared to the control group; +P < 0.05, +++P < 0.001 versus the morphine group. GABABR, 

gamma-aminobutyric acid receptors receptor. 
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DISCUSSION 

 

LHb obtains GABAergic afferents from the 
VTA (20) and basal ganglia (30), but there is 
little evidence for the presence of GABA-ergic 
neurons in the LHb (31-33). The large majority 
of LHb neurons are glutamatergic (32,34) and 
they receive strong glutamatergic afferents 
from numerous brain areas, including the 
anterior cingulate, entopeduncular nucleus (4), 
and medial prefrontal cortex (20). Therefore, in 
the present study, according to the spike 
duration and firing rate, the selected neurons 
were assumed to be glutamatergic 
(27,29,32,35). It has been suggested that 
glutamatergic neurons in LHb and GABAergic 
neurons in VTA play a major role in VTA 
functional activity and thus local inhibition of 
mesolimbic dopamine neurons, respectively 
(34). The rewarding effects of morphine 
significantly depend on GABAergic neurons 
and their excitatory and inhibitory afferents (5).    

Our results showed that morphine decreases 
the LHb-neuronal activity (Figs. 2 and 3B), 
which plays an important role in mediating the 
reward effects of addictive compounds, 
including morphine (3,4). It has been already 
shown that LHb neurons respond to systematic 
injections of morphine with a decreased firing 
rate (4). Morphine has been postulated to 
decrease the firing frequency by 
hyperpolarizing neurons through two distinct 
synaptic mechanisms (1) postsynaptic 
hyperpolarization or (2) inhibition of presynaptic 
glutamate release (4). The results of the present 
study showed that blocking GABABRs prevents 
morphine-induced decrement of neuronal activity 

in LHb, especially at the high dose of the 
antagonist (Fig. 3Fand G and Fig. 4). Probably 
due to the number of GABABRs and their 
distribution in this area despite high doses, the 
low dose of the antagonist had no significant 
effect on neuronal firing rate (Fig. 3E). It is 
interesting that the blockade of GABABRs 
alone in the saline group, did not have any 
effect on the activity of neurons (Fig. 3A, C, D 
and, Fig. 4), so they may not be involved in the 
basal activity on their own, but may mediate 
morphine action. Also, it has already been 
identified that GABARs’ antagonists affected 
both the firing pattern and spontaneous activity 
firing rate of neurons in several brain nuclei and 
induced an increase in the firing rate (18).  

It has been reported that the LHb displays a 
high expression of GABABRs, possibly on 
glutamatergic neurons (36), but the functions of 
GABABRs in this nucleus in both physiological 
and pathological conditions remain poorly 
characterized. It has been demonstrated that 
these receptors in the LHb can control baseline 
neuronal activity (37), as well as a vast number 
of neuronal properties, involving excitability 
and synaptic strength (38). Previous evidence 
has shown that GABABRs may inhibit LHb 
neurons by inhibiting adenylyl cyclase and 
mediating post-synaptic hyperpolarization 
(36,39,40). Dysregulation of the function of 
these receptors has been implicated in several 
disorders including anxiety, depression, and 
addiction, where the role of LHb is crucial 
(36,38). Also, the potential role of GABABRs in 
the control of functions of LHb neurons, 
especially in the context of aversion and 
reward, remains to be investigated.  

Studies have demonstrated the effectiveness 
of the intra-LHb blockade of GABARs on place 
preference behavior (41,42); these effects are 
probably due in part to the imbalance between 
glutamatergic and GABAergic LHb neurons, 
which can lead to damage to reward circuits and 
pathological complications following morphine 
use (31). It has been reported that a shift 
towards the reduction in GABA 
neurotransmission in the LHb leads to enhance 
the excitability of GABAergic neurons in the 
tail of the ventral tegmental area, and finally 
results in the loss of the rewarding effects of 
morphine (4,5,42).  
 

CONCLUSIONS 

 

Our data showed that the firing rate of 

neurons of LHb was significantly suppressed 

following systemic injection of morphine. 

Although blockade of GABABRs in the saline 

group did not induce any change in the firing 

rate, microinjection of phaclofen in morphine-

receiving groups was able to prevent morphine-

induced firing rate reduction. Our findings 

suggest that GABABRs probably play a 

mediating role in rewarding responses to 

morphine. However, further studies are needed 

to identify the signaling pathways and 

intracellular mechanisms involved in this 

process.  
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