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Abstract. It was previously reported that the delta opioid receptor (DOR) agonist SNC80 and antago-
nist naltrindole modulate the excitability of hippocampal glutamate neurons in primary cultures. The 
present study aimed to investigate the acute effects of these ligands on the firing activity of hippocampal 
cornu ammonis 1/3 (CA1/3) glutamate, dorsal raphe nucleus (DRN) serotonin (5-HT), locus coeruleus 
(LC) noradrenaline, and ventral tegmental area (VTA) dopamine neurons in in vivo conditions. Adult 
Wistar male rats were used. SNC80 and naltrindole were administered intravenously. Neuronal firing 
activity was assessed using extracellular single-unit electrophysiology. SNC80, administered first at 
1–3 mg/kg, dose-dependently inhibited CA1/3 glutamate, DRN 5-HT, and VTA dopamine neurons. 
Naltrindole, administered at 1–3 mg/kg after SNC80, did not have any additional effect. Naltrindole, 
administered first at 1–3 mg/kg, stimulated DRN 5-HT neurons in a dose-dependent manner; this 
stimulation was dose-dependently reversed by 1–3 mg/kg of SNC80. SNC80 and naltrindole inhibited 
LC noradrenaline neurons when only they were co-administered at 3 mg/kg, and only when SNC80 
was administered first. In conclusion, DOR ligands alter the firing activity of hippocampal glutamate 
and brainstem monoamine neurons in in vivo conditions. The psychoactive effects of DOR ligands, 
reported in previous studies, might be explained, at least in part, by their ability to modulate the 
firing activity of hippocampal glutamate and brainstem monoamine neurons. 
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Introduction

Contemporary antidepressant drugs primarily act on cen-
tral monoamine pathways, namely, on serotonin (5-HT), 
noradrenaline, and dopamine systems. Despite the cer-
tain progress with their safety and selectivity, the clinical 
efficiency of the currently existing remains limited. It is 
possible that other than monoaminergic targets should be 
elaborated for a proper therapeutic outcome (Dremencov 
et al. 2021). Opioid system is one of these possible targets 

(Varastehmoradi et al. 2020; Bodnar 2022). Several lines of 
evidence support this hypothesis. Thus, chronic treatment 
with opioids increased the risk of depression (Scherrer et al. 
2015). On the other hand, an opioid buprenorphine showed 
effectiveness in the treatment of depression (Falcon et al. 
2016) and post-traumatic stress disorder (PTSD) (Seal et al. 
2016; Madison and Eitan 2020). Consistently, the antagonist 
of opioid receptors (OR) naltrexone was reported to have 
a depressogenic effect (Price et al. 2016).

Out of ORs, delta ORs (DORs) are of special interest, since 
they are responsible for the anxiolytic and antidepressant-like 
effects of opioids, but their involvement in the opioid addiction 
might be minor (Chu Sin Chung and Kieffer 2013). Anxiolytic 
(Saitoh et al. 2004, 2005) and antidepressant-like (Jutkiewicz 
et al. 2003, 2005a; Saitoh et al. 2004) effects were reported 
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for (+)-4-(alpha-R)-alpha-((2S,5R)-4-allyl-2,5-dimethyl-
1-piperazinyl)-3-methoxybenzyl-N,N-diethyl-benzamide 
(SNC80), an agonist of the DORs (Calderon et al. 1994).

We had recently reported that SNC80 increased the spon-
taneous firing activity of hippocampal neurons in primary 
culture. Since the selective DOR antagonist naltrindole had 
an opposite effect, and since pre-administration blocked 
the stimulatory effect of SNC80 on the spontaneous activity 
of hippocampal neurons, we suggested that the observed 
effect of SNC80 is indeed DOR-mediated (Moravcikova 
et al. 2021). The hippocampal neurons investigated by 
Moravcikova and colleagues were presumably pyramidal 
glutamatergic ones, as it was assumed from their morphol-
ogy and characteristic ion currents across the membrane. 
Since hippocampal glutamate transmission is involved in 
antidepressant drugs response (Hlavacova et al. 2018; Lee et 
al. 2022), it is possible that anxiolytic and antidepressant-like 
effects of SNC80, observed in previous studies, are explained, 
at least in part, via the ability of this ligand to modulate the 
firing activity of hippocampal neurons. To test this hypoth-
esis, the effect of SNC80, as well as of the selective DOR 
antagonist naltrindole, on the excitability of hippocampal 
glutamate neurons, should be tested in in vivo conditions. 

Hippocampal functions, related to depression and anti-
depressant drug response, are linked with the interactions 
between hippocampal glutamate and brainstem monoam-
ines (serotonin or 5-HT, noradrenaline, and dopamine). The 
axons of monoamine-secreting neurons densely innervate 
hippocampus and monoamines modulate the activity of 
hippocampal neurons. Certain antidepressant drugs alter 
monoaminergic modulation of the activity of hippocampal 
pyramidal neurons (Mongeau et al. 1997; Pavlovicova et al. 
2015). It is thus possible that the modulation of hippocam-
pal neurons by DOR ligands is mediated by monoamines.

DOR ligands may modulate the excitability of 5-HT 
neurons of the dorsal raphe nucleus (DRN), noradrenaline 
neurons of the locus coeruleus (LC), and dopamine neu-
rons of the ventral tegmental area (VTA). Three lines of 
evidence support this hypothesis. Firstly, DRN and VTA 
neurons express enkephalins (Henry et al. 2017), and DRN, 
LC, and VTA are densely innervated by the axons of the 
β-endorphin-secreting neurons of the arcuate nucleus of 
the hypothalamus (Veening et al. 2012), suggesting that 
endogenous opioid and monoamine systems of the brain 
are interacting on the functional level. Since DORs are ex-
pressed in the DRN and VTA (Erbs et al. 2015) this type of 
ORs might play a role in opioid-monoamine interactions. 

Secondly, it was shown that at least some behavioral effects 
of DOR ligands involve monoamines. Thus, SNC80-induced 
hypothermia in rats was abolished by pre-treatment with 
naltrindole, attenuated by pre-treatment with the selective 
5-HT1A receptor antagonist WAY100635 and enhanced by 
pre-treatment with the selective 5-HT reuptake inhibitor 

(SSRI) fluoxetine (Rawls and Cowan 2006). Spina and col-
leagues (Spina et al. 1998) reported that SNC80 and another 
non-peptide DOR agonist BW373U86, induced locomotion, 
rearing, stereotyped sniffing, licking and gnawing in rats. 
These behavioural effects were abolished by pre-treatment 
with naltrindole and reduced by pre-administration of do-
pamine D2/D3 receptor antagonist raclopride.

Thirdly, the modulatory effect of the DORs on brain 
monoamine concentrations was observed. In olfactory 
bulbectomized rats, an animal model of depression, SNC80 
increased extracellular 5-HT concentrations in the prefrontal 
cortex, hippocampus, and amygdala, to the levels observed 
in control animals (Saitoh et al. 2008). Bosse and co-authors 
reported that SNC80 enhances amphetamine-mediated ef-
flux of dopamine from rat striatum (Bosse et al. 2008). 

Bases on the abovementioned lines of evidence, we hy-
pothesize that SNC80 and naltrindole alter the excitability 
of hippocampal neurons in in vivo conditions. The effects 
of these DOR ligands on in vivo excitability of hippocampal 
neurons might be direct, as well as mediated via monoamin-
ergic circuits. Our present study aims to test this hypothesis.

Materials and Methods

Animals

Adult male Wistar rats (250–300 g) were ordered from the 
Animal Breeding facility of the Institute of Experimental 
Pharmacology and Toxicology, Centre of Experimental Medi-
cine, Slovak Academy of Sciences (Dobra Voda, Slovakia). 
Animals were housed under standard laboratory conditions 
(temperature: 22 ± 2°C, humidity: 55 ± 10%) with a 12 h 
light/12 h dark cycle (lights on at 7 a.m.). Pelleted food and tap 
water were available ad libitum. All experimental procedures 
were approved by the Animal Health and Animal Welfare 
Division of the State Veterinary and Food Administration of 
the Slovak Republic (Permit number Ro 3592/15-221) and 
conformed to the Directive 2010/63/EU of the European 
Parliament and of the Council on the Protection of Animals 
Used for Scientific Purposes. In this type of investigation, the 
use of animals could not be avoided (Homberg et al. 2021).

Chemicals

SNC80 and naltrindole were ordered from Bio-Techne 
Ltd., Abingdon, UK. Other chemicals were purchased from 
Merck Life Science s.r.o, Bratislava, Slovakia. Chloral hydrate, 
urethane, and naltrindole were dissolved in saline (0.9% 
sodium chloride: NaCl in water). SNC80 was dissolved in 
1 M hydrochloric acid (HCl). The SNC80 solution in HCl 
was subsequently diluted with saline (1:100) and titrated 
with sodium hydroxide (NaOH) to pH ≈ 7. 
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In vivo electrophysiological experiments

In vivo electrophysiological experiments were performed as 
previously described (Csatlosova et al. 2021; Dremencov et 
al. 2022; Paliokha et al. 2022). Animals were anesthetized by 
urethane (1.25 g/kg, intraperitoneally (i.p.), for the assess-
ment of excitability of hippocampal glutamate neurons) or 
chloral hydrate (0.4 g/kg, i.p., for the assessment of excit-
ability of brainstem monoamine neurons) and mounted in 
the stereotaxic frame (David Kopf Instruments, Tujunga, 
CA). Body temperature was maintained between 36 and 
37°C with a  heating pad (Gaymor Instruments, Orchard 
Park, NY, USA). 

The scalp was opened, and a 3 mm hole was drilled in the 
skull for insertion of electrodes. Glass-pipettes were pulled 
with a DMZ-Universal Puller (Zeitz-Instruments GmbH, 
Martinsried, Germany) to a fine tip approximately 1 μm in 
diameter and filled with 2 M NaCl solution. Electrode im-
pedance ranged from 4 to 6 MΩ. The pipettes were inserted 
into the cornu ammonis 1/3 (CA1/3) area of the hippocam-
pus (3.9–4.2 mm posterior to bregma, 2.2–2.8 mm lateral to 
the midline, and 1.9–3.5 mm ventral to brain surface), DRN 
(7.8–8.3 mm posterior to bregma and 4.5–7.0 mm ventral 
to brain surface), LC (8.0–8.3 mm posterior to bregma, 
1.2–1.4 mm lateral to the midline, and 5.5–7.5 mm ventral to 
the brain surface), or VTA (4.5–5.5 mm posterior to bregma, 
0.6–0.8 mm lateral to the midline, and 7.0–8.5 mm ventral to 
the brain surface) (Paxinos and Watson 2014) by hydraulic 
micro-positioner (David Kopf Instruments, Tujunga, CA). 

The action potentials generated by monoamine-secreting 
neurons were recorded using the AD Instruments Ex-
tracellular Recording System (Dunedin, New Zealand). 

Pyramidal CA1/3 neurons were identified based on the fol-
lowing criteria: large amplitude (0.5–1.2 mV), long-duration 
(0.8–1.2 ms) simple action potentials alternating with 
complex spike discharges (Fig. 1A) (Kandel and Spencer 
1961; El Mansari et al. 2020). The 5-HT DRN neurons were 
identified by bi- or tri-phasic action potentials with a rising 
phase of long duration (0.8–1.2 ms) and regular firing rate 
of 0.5–5.0 Hz (Fig. 1B). Noradrenergic LC neurons were 
recognized by action potentials with a long-duration rising 
phase (0.8–1.2 ms), regular firing rate of 0.5–5.0 Hz, and 
a characteristic burst discharge in response to nociceptive 
pinch of the contralateral hind paw (Fig. 1C) (Vandermaelen 
and Aghajanian 1983). Dopaminergic VTA neurons were 
recognized by tri-phasic action potentials lasting between 3 
and 5 ms with a rising phase lasting over 1.1 ms, inflection 
or “notch” during the rising phase, marked negative deflec-
tion, irregular firing-rate of 0.5–10 Hz, mixed single-spike 
and burst firing with characteristic decrease of the action 
potentials amplitude within the bursts (Fig. 1D) (Grace and 
Bunney 1983). 

SNC80 and naltrindole administration

SNC80 and naltrindole were administered, via a  catheter 
placed in a femoral vein, after a CA1/3 glutamate (n = 15 neu-
rons from 15 rats), DRN 5-HT (n = 13 neurons from 13 rats), 
LC noradrenaline (n = 10 neurons from 10 rats), or VTA dopa-
mine (n = 12 neurons from 12 rats) neuron was identified and 
its basal firing activity was recorded for 2 min, at cumulative 
doses of 1–3 mg/kg each. The number of animals was limited 
to the needed to obtain statistically meaningful data. Differ-
ent number of animals was required to obtain statistically 

Figure 1. Identification of 
glutamate neurons of the 
cornu ammonis 1/3 (CA1/3) 
of hippocampus (A), seroto-
nin (5-HT) neurons of the 
dorsal raphe nucleus (DRN; 
B), norepinephrine neurons 
of the locus coeruleus (LC; 
C), and dopamine neurons 
of the ventral tegmental area 
(VTA; D). NS, contralat-
eral nociceptive stimuli; n, 
notch; b, burst.

A

C

B

D
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meaningful data from glutamate, 5-HT, noradrenaline, and 
dopamine neurons, because of the different variability in the 
excitability of these neurons. The doses were chosen accord-
ing to the previous behavioral studies (Jutkiewicz et al. 2003, 
2005a; Saitoh et al. 2004). In the first series of experiments, 
SNC80 was administered first (three consecutive injections 
of 1 mg/kg each), and naltrindole was injected (three times, 
1 mg/kg each) afterward. In the second series of experiments, 
naltrindole was administered first (three consecutive injec-
tions of 1 mg/kg each), and SNC80 was injected subsequently 
(three times, 1 mg/kg each). The minimal interval of 2 min 
was preserved between two different injections.

Statistical analysis

The effects of acute SNC80 and naltrindole on the excitability 
of hippocampal glutamate and brainstem monoamine neu-
rons, the spikes frequency after the administration of each 
dose of SNC80 or naltrindole was expressed as percentage 
of the basal firing activity of the same neurons. The effects 
of SNC80 or naltrindole were examined using the analysis 
of variance for repeated measures (RM ANOVA), followed 
by Bonferroni post-hoc test.

Result

Acute SNC80 administration inhibited hippocampal CA1/3 
glutamate neurons; naltrindole prevented SNC80-induced 
inhibition of hippocampal CA1/3 glutamate neuronal activ-
ity

Acute SNC80, administered first, significantly (comparing to 
the baseline) and dose-dependently inhibited CA1/3 gluta-
mate neurons, from 80% of baseline after the administration 
of 1 mg/kg of SNC80 to the maximum of 50% of baseline after 
the administration of 3 mg/kg of SNC80; the doses chosen 
according to the previous behavioral studies (Jutkiewicz et 
al. 2003, 2005a; Saitoh et al. 2004); subsequent injection of 
naltrindole did not have any additional effect (F6,41 = 2.77, p < 
0.05, RM ANOVA, data from 6 neurons from 6 animals; Fig. 
2A). Acute naltrindole did not alter the firing rate of CA1/3 
glutamate neurons; neither did SNC80 which was injected 
consecutively (data from 9 neurons from 9, animals; Fig. 2B).

Acute SNC80 administration inhibited, and acute naltrin-
dole administration stimulated 5-HT neurons of the DRN; 
naltrindole-induced stimulation of 5-HT neurons was 
reversed by SNC80

Acute SNC80, administered first, significantly (comparing 
to the baseline) and dose-dependently inhibited DRN 5-HT 
neurons, from 80% of baseline after the administration of 

1 mg/kg of SNC80 to the maximum of 30% of baseline after 
the administration of 3 mg/kg of SNC80 (F6,34 = 3.63, p < 0.05, 
RM ANOVA, data from 5 neurons from 5 animals; Fig. 3A). 
Subsequent injection of naltrindole did not have any additional 
effect on DRN 5-HT neuronal firing activity. When it was 
injected first, acute naltrindole significantly (comparing to the 
baseline) and dose-dependently stimulated DRN 5-HT neu-
rons, from 125% of baseline after the administration of 1 mg/
kg of naltrindole to the maximum of 250% of baseline after the 
administration of 3 mg/kg of naltrindole; subsequent SNC80 
reversed naltrindole-induced stimulation in a dose-dependent 
manner, to 150% of baseline after the administration of 1 mg/
kg of SNC80 and to the minimum of 30% of baseline after the 
administration of 3 mg/kg of SNC80 (F6,55 = 2.53, p < 0.05, 
RM ANOVA, data from 8 neurons from 8 animals; Fig. 3B).

Co-administration of SNC80 and naltrindole, but neither of 
them alone, attenuated the firing activity of noradrenaline 
neurons of the LC

Acute SNC80, administered first, did not alter the firing 
activity of LC noradrenaline neurons in a statistically sig-
nificant way. The subsequent administration of 3 mg/kg of 
naltrindole inhibited the firing of norepinephrine neurons 
to the 5% of baseline (F1,9 = 707.56, p < 0.001, RM ANOVA, 
data from 5 neurons from 5 animals, comparison between 
3 mg/kg SNC80 + 3 mg naltrindole and baseline only; Fig. 
4A). Naltrindole, administered first, tended to stimulate LC 
noradrenaline neurons, and subsequent administration of 
SNC80 tended to reverse this stimulation, but these effects 
were not statistically significant (comparing to the baseline; 
data from 5 neurons from 5 animals; Fig. 4B).

Effect of acute SNC80 and naltrindole administration on the 
excitability of VTA dopamine neurons

Acute SNC80, administered first, significantly (comparing to 
the baseline) and dose-dependently inhibited VTA dopamine 
neurons, from 50% of baseline after the administration of 1 
mg/kg of SNC80 to the maximum of 30% of baseline after the 
administration of 3 mg/kg of SNC80; subsequent injection of 
naltrindole did not have any additional effect (F6,48 = 5.13, p < 
0.001, data from 7 neurons from 7 animals; Fig. 5A). Acute 
naltrindole tended to stimulate VTA dopamine neurons, and 
subsequent administration of SNC80 tended to reverse this 
stimulation, but these effects were not statistically significant 
(data from 5 neurons from 5 animals; Fig. 5B). 

Discussion

In the present study we tested, for the first time, the effect of the 
selective DOR agonist SNC80 and selective DOR antagonist 
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naltrindole on the excitability of the individual hippocampal 
glutamate and brainstem monoamine neurons in in vivo 
conditions. The results of the present study suggest that acute 
administration of SNC80 had an inhibitory effect on the excit-
ability on hippocampal glutamate and brainstem 5-HT and 
dopamine neurons. The acute inhibitory effects of SNC80 on the 
hippocampal CA1/3 glutamate and brainstem DRN 5-HT and 
VTA dopamine neurons were prevented by pre-treatment with 
naltrindole, suggesting that these effects are DOR-mediated. 

The inhibitory effect of SNC80 on the CA1/3 glutamate, 
DRN 5-HT, and VTA dopamine neurons was dose-dependent. 

Partial inhibition of the neuronal firing activity (80% of base-
line in glutamate and 5-HT and 50% of baseline in dopamine 
neurons) was observed after the administration of 1 mg/
kg of SNC80, and the maximal inhibition (30% of baseline) 
was recorded after the administration of 3 mg/kg of SNC80. 
Maximal neurophysiological effect, observed after 3 mg/kg of 
SNC80, is consistent with the maximal neurotheological effects 
observed after the administration of the same DOR ligand at 
the same dose (Jutkiewicz et al. 2003, 2005a; Saitoh et al. 2004). 
It is thus possible that the maximal occupation of the DOR 
receptors by SNC80 in the rat brain is achieved at this dosage.

Figure 2. Effect of acute SNC80 (A) and naltrindole (NTI; B) administration on the excitability of hippocampal cornu ammonis 1/3 (CA1/3) 
glutamate neurons. SNC80 administration was followed by NTI administration (A). NTI administration was followed by SNC80 administration 
(B). Left: representative recordings from the individual CA1/3 glutamate neurons. Right: summary effect from 6 neurons of 6 animals (A) and 
9 neurons from 9 animals (B). * p < 0.05, RM ANOVA; # p < 0.05 in comparison with baseline, Bonferroni post-hoc test. Data are mean ± SEM.

B

A
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Since SNC80 and naltrindole were administered systemi-
cally, their effects on the firing activity of hippocampal glu-
tamate and midbrain 5-HT, noradrenaline, and dopamine 
neurons do not necessary result from the activation of the 
DORs in the CA1/3, DRN, LC, and VTA, respectively. DORs 
expressed in other brain areas (e.g., prefrontal cortex : PFC) 
projecting to the hippocampus and/or monoaminergic 
nuclei (Hajós et al. 1999) can be involved as well. Although 
SNC80 and naltrindole have relatively high selectivity to the 
DORs, the ability of these ligands to target other molecules, 
such as voltage-dependent sodium channels (VDCCs) 
(Remy et al. 2004), can contribute their effect on hip-

pocampal glutamate and midbrain neurons as well. Finally, 
heterodimerization between DORs and µ-ORs (MORs) and 
the ability of SNC80 to activate MOR-DOT heteromeric 
receptors can be involved as well (Metcalf et al. 2012). 

We found that acute SNC80 inhibited hippocampal glu-
tamate neurons in in vivo conditions. Interestingly, in the 
isolated hippocampal neurons in primary cultures SNC80 
had an opposite, stimulatory effect (Moravcikova et al. 2021). 
Our finding also allegedly contradicts to the opioid-induced, 
γ-aminobutyric (GABA)-interneuron-mediated stimulation 
of hippocampal pyramidal cells, suggested by Zieglgänsberger 
and colleagues (Zieglgänsberger et al. 1979). It is thus possible 

Figure 3. Effect of acute SNC80 (A) and naltrindole (NTI; B) administration on the excitability of dorsal raphe nucleus (DRN) serotonin 
(5-HT) neurons. SNC80 administration was followed by NTI administration (A). NTI administration was followed by SNC80 administra-
tion (B). Left: representative recordings from the individual DRN 5-HT neurons. Right: summary effect from 5 neurons from 5 animals 
(A) and 8 neurons from 8 animals (B). * p < 0.05, RM ANOVA; # p < 0.05 in comparison with baseline, Bonferroni post-hoc test. 

A

B
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that another neurotransmitter, such as 5-HT, is involved in 
SNC80-inuced inhibition of hippocampal glutamate neurons 
in in vivo conditions. It was indeed found that SNC80 raised ex-
tracellular 5-HT levels in the hippocampus (Saitoh et al. 2008). 
Hippocampal 5-HT is known to inhibit glutamate neurons, via 
a mechanism involving 5-HT1A receptors (Dong et al. 1997; 
Herman et al. 2018). It is likely that this 5-HT1A-mediated 
inhibitory effect of acute SNC80 on hippocampal CA1/3 
glutamate neurons overpowers the direct DOR-mediated 
excitatory effect of this ligand, which was observed in vitro. 

We found that acute naltrindole dose-dependently stimu-
lated 5-HT neurons of the DRN. This naltrindole-induced 

stimulation of DRN 5-HT neurons was completely reversed 
by SNC80, in a dose-dependent manner. It is thus possible 
that DORs expressed in the DRN are tonically activated by 
endogenous opioids, such as β-endorphin. Expression of 
postsynaptic DORs in the DRN (Wang et al. 1997) and in-
nervation of the DRN by β-endorphin secreting neurons of 
the arcuate nucleus (Veening et al. 2012) partially support 
this hypothesis. 

When acute naltrindole was administered after acute 
SNC80, it failed to reverse SNC80-induced inhibition of 
hippocampal glutamate and brainstem 5-HT and dopamine 
neurons. Acute SNC80 administered after naltrindole, 

Figure 4. Effect of acute SNC80 (A) and naltrindole (NTI; B) administration on the excitability of locus coeruleus (LC) noradrenaline 
neurons. SNC80 administration was followed by NTI administration (A). NTI administration was followed by SNC80 administration 
(B). Left: representative recordings from the individual LC noradrenaline neurons. Right: summary effect from 5 neurons from 5 animals 
(A) and 5 neurons from 5 animals (B). *** p < 0.001, RM ANOVA.

A

B
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however, reversed naltrindole-induced inhibition of DRN 
5-HT neurons. It is this likely that the functional affinity of 
SNC80 to the DORs expressed on the hippocampal gluta-
mate and brainstem 5-HT and dopamine neurons is higher 
than this of naltrindole. Remarkably, the binding affinity 
of naltrindole to the recombinant rat DORs expressed on 
isolated membranes is higher than this of SNC80 (Maguire 
and Loew 1996). The functional efficacies of SNC80 and 
naltrindole to the DORs, evaluated as the ability of these 
compounds to alter cAMP synthesis in brain slices, are 
however similar (Jutkiewicz et al. 2005b; Tanguturi et al. 
2021). It is possible that in in vivo conditions, and/or on in 

sub-population of the DORs expressed in the DRN, SNC80 
has higher functional efficacy than naltrindole. Alterna-
tively, the washout time of SNC80 in in vivo conditions is 
higher than that of naltrindole.

Interestingly, statistically significant inhibitory effect of 
SNC80 and naltrindole on the excitability of LC noradrena-
line neurons was detected only when both ligands were 
co-administered, and only when SNC80 was administered 
prior to naltrindole. This result is in some way consistent 
with the outputs of our previous study (Moravcikova et al. 
2021), which showed that the effects of SNC80 and naltrin-
dole on neuronal excitability might not be always opposite. 

Figure 5. Effect of acute SNC80 (A) and naltrindole (NTI; B) administration on the excitability of ventral tegmental area (VTA) dopamine 
neurons. SNC80 administration was followed by NTI administration (A). NTI administration was followed by SNC80 administration 
(B). Left: representative recordings from individual VTA dopamine neurons. Right: summary effect from 7 neurons from 7 animals (A) 
and 5 neurons from 5 animals (B). * p < 0.05, RM ANOVA; # p < 0.05 in comparison with baseline, Bonferroni post-hoc test. 

A

B
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Thus, SNC80 and naltrindole exert opposite effects on 
the DOR-GI/O protein-adenylyl cyclase (AC)-cyclic AMP 
(cAMP)-voltage-dependent sodium channels (VDSCs) 
pathway, resulting in the reverse (stimulatory and inhibitory, 
respectively) effects on the spontaneous activity of cultivated 
neurons. However, SNC80 also exerts a DOR-independent 
inhibitory effect on the VDSCs (Remy et al. 2004), and 
naltrindole-on the voltage-dependent calcium channels 
(VDCCs), resulting in a similar excitatory effects of these 
ligands on the depolarization pulse-triggered activity of 
cultivated neurons (Moravcikova et al. 2021). Since VDSCs 
and VDCCs both contribute to the generation of the action 
potentials in noradrenaline neurons (von Kügelgen et al. 
1999), it is thus possible that the inhibition of noradrenaline 
neurons of the LC can be achieved after the simultaneous 
inhibition of VDSCs and VDCCs by SNC80 and naltrindole, 
respectively. The fact that DORs are poorly expressed in the 
LC, comparing to the solid expression of these ORs in the 
DRN and VTA (Erbs et al. 2015); partially support our sug-
gestion that SNC80 and naltrindole effects on noradrenaline 
neurons of the LC are not DOR-mediated. Further studies 
are needed to examine this hypothesis.

In conclusion, the results of the present study suggest that 
acute administration of DOR agonist leads to the inhibition 
of hippocampal glutamate and brainstem 5-HT and dopa-
mine neurons. The inhibitory effect of DOR agonists on hip-
pocampal glutamate neurons putatively involves increase in 
brain 5-HT concentrations and activation of 5-HT1A recep-
tors. The ability to modulate the excitability of hippocampal 
glutamate and brainstem 5-HT and dopamine neurons may 
be involved in anxiolytic and antidepressant-like effects of 
the DOR agonists. Further studies, e.g., testing of the effect 
of chronic treatment with DOR ligands on the hippocampal 
glutamate and brainstem 5-HT and dopamine neurons, are 
required to test this hypothesis. 

Acknowledgments. This work was supported by the Slovak Research 
and Development Agency (grant APVV-19-0435 and APVV-20-
0202) and Scientific Grant Agency of Ministry of Education of Slovak 
Republic and Slovak Academy of Sciences (grant VEGA-2/0057/22). 
The authors thank Professor Daniela Jezova, PharmD, DSc, for the 
valuable help with the planning and implementation of this study.

Conflicts of interest. The authors declare no conflict of interest.

References

Bodnar RJ (2022): Endogenous opiates and behavior: 2020. Peptides 
151, 170752

 https://doi.org/10.1016/j.peptides.2022.170752
Bosse KE, Jutkiewicz EM, Gnegy ME, Traynor JR (2008): The 

selective delta opioid agonist SNC80 enhances amphetamine-
mediated efflux of dopamine from rat striatum. Neurophar-
macology 55, 755-762

 https://doi.org/10.1016/j.neuropharm.2008.06.017
Calderon SN, Rothman RB, Porreca F, Flippen-Anderson JL, Mc-

Nutt RW, Xu H, Smith LE, Bilsky EJ, Davis P, Rice KC (1994): 
Probes for narcotic receptor mediated phenomena. 19. Syn-
thesis of (+)-4-[(alpha R)-alpha-((2S,5R)-4-allyl-2,5-dimethyl-
1-piperazinyl)-3- methoxybenzyl]-N,N-diethylbenzamide 
(SNC 80): a highly selective, nonpeptide delta opioid receptor 
agonist. J. Med. Chem. 37, 2125-2128

 https://doi.org/10.1021/jm00040a002
Chu Sin Chung P, Kieffer BL (2013): Delta opioid receptors in brain 

function and diseases. Pharmacol. Ther. 140, 112-120
 https://doi.org/10.1016/j.pharmthera.2013.06.003
Csatlosova K, Bogi E, Durisova B, Grinchii D, Paliokha R, 

Moravcikova L, Lacinova L, Jezova D, Dremencov E (2021): 
Maternal immune activation in rats attenuates the excitability 
of monoamine-secreting neurons in adult offspring in a sex-
specific way. Eur. Neuropsychopharmacol. 43, 82-91

 https://doi.org/10.1016/j.euroneuro.2020.12.002
Dong J, de Montigny C, Blier P (1997): Effect of acute and repeated 

versus sustained administration of the 5-HT1A receptor agonist 
ipsapirone: electrophysiological studies in the rat hippocampus 
and dorsal raphe. Naunyn Schmiedebergs Arch. Pharmacol. 
356, 303-311

 https://doi.org/10.1007/PL00005055
Dremencov E, Jezova D, Barak S, Gaburjakova J, Gaburjakova M, 

Kutna V, Ovsepian SV (2021): Trophic factors as potential 
therapies for treatment of major mental disorders. Neurosci. 
Lett. 764, 136194

 https://doi.org/10.1016/j.neulet.2021.136194
Dremencov E, Grinchii D, Hrivikova K, Lapshin M, Komelkova 

M, Graban J, Puhova A, Tseilikman O, Tseilikman V, Jezova D 
(2022): Exposure to chronic stressor upsurges the excitability 
of serotoninergic neurons and diminishes concentrations of 
circulating corticosteroids in rats two weeks thereafter. Phar-
macol. Rep. 74, 451-460

 https://doi.org/10.1007/s43440-022-00366-z
El Mansari M, Ebrahimzadeh M, Hamati R, Iro CM, Farkas B, 

Kiss B, Adham N, Blier P (2020): Long-term administration of 
cariprazine increases locus coeruleus noradrenergic neurons 
activity and serotonin(1A) receptor neurotransmission in the 
hippocampus. J. Psychopharmacol. 34, 1143-1154

 https://doi.org/10.1177/0269881120936891
Erbs E, Faget L, Scherrer G, Matifas A, Filliol D, Vonesch JL, Koch 

M, Kessler P, Hentsch D, Birling MC, et al. (2015): A mu-delta 
opioid receptor brain atlas reveals neuronal co-occurrence in 
subcortical networks. Brain Struct. Funct. 220, 677-702

 https://doi.org/10.1007/s00429-014-0717-9
Falcon E, Browne CA, Leon RM, Fleites VC, Sweeney R, Kirby LG, 

Lucki I (2016): Antidepressant-like effects of buprenorphine are 
mediated by kappa opioid receptors. Neuropsychopharmacol-
ogy 41, 2344-2351

 https://doi.org/10.1038/npp.2016.38
Grace AA, Bunney BS (1983): Intracellular and extracellular elec-

trophysiology of nigral dopaminergic neurons--1. Identification 
and characterization. Neuroscience 10, 301-315

 https://doi.org/10.1016/0306-4522(83)90135-5
Hajós M, Hajós-Korcsok E, Sharp T (1999): Role of the medial 

prefrontal cortex in 5-HT1A receptor-induced inhibition 



282 Grinchii et al.

of 5-HT neuronal activity in the rat. Br. J. Pharmacol. 126, 
1741-1750

 https://doi.org/10.1038/sj.bjp.0702510
Henry MS, Gendron L, Tremblay M-E, Drolet G (2017): Enkepha-

lins: Endogenous analgesics with an emerging role in stress 
resilience. Neural Plasticity 2017, 1546125

 https://doi.org/10.1155/2017/1546125
Herman A, El Mansari M, Adham N, Kiss B, Farkas B, Blier P (2018): 

Involvement of 5-HT(1A) and 5-HT(2A) receptors but not α 
(2)-adrenoceptors in the acute electrophysiological effects of 
cariprazine in the rat brain in vivo. Mol. Pharmacol. 94, 1363-1370

 https://doi.org/10.1124/mol.118.113290
Hlavacova N, Li Y, Pehrson A, Sanchez C, Bermudez I, Csanova 

A, Jezova D, Franklin M (2018): Effects of vortioxetine on 
biomarkers associated with glutamatergic activity in an SSRI 
insensitive model of depression in female rats. Prog. Neuropsy-
chopharmacol. Biol. Psychiatry 82, 332-338

 https://doi.org/10.1016/j.pnpbp.2017.07.008
Homberg JR, Adan RAH, Alenina N, Asiminas A, Bader M, Beckers 

T, Begg DP, Blokland A, Burger ME, van Dijk G, et al. (2021): 
The continued need for animals to advance brain research. 
Neuron 109, 2374-2379

 https://doi.org/10.1016/j.neuron.2021.07.015
Jutkiewicz EM, Rice KC, Woods JH, Winsauer PJ (2003): Effects 

of the delta-opioid receptor agonist SNC80 on learning rela-
tive to its antidepressant-like effects in rats. Behav. Pharmacol. 
14, 509-516

 https://doi.org/10.1097/00008877-200311000-00003
Jutkiewicz EM, Rice KC, Traynor JR, Woods JH (2005a): Separation 

of the convulsions and antidepressant-like effects produced by 
the delta-opioid agonist SNC80 in rats. Psychopharmacology 
(Berl.) 182, 588-596

 https://doi.org/10.1007/s00213-005-0138-9
Jutkiewicz EM, Walker NP, Folk JE, Rice KC, Portoghese PS, 

Woods JH, Traynor JR (2005b): Comparison of peptidic and 
nonpeptidic delta-opioid agonists on guanosine 5‘-O-(3-
[35S]thio)triphosphate ([35S]GTPgammaS) binding in brain 
slices from Sprague-Dawley rats. J. Pharmacol. Exp. Ther. 
312, 1314-1320

 https://doi.org/10.1124/jpet.104.078741
Kandel ER, Spencer WA (1961): Electrophysiology of hippocampal 

neurons. II. After-potentials and repetitive firing. J. Neuro-
physiol. 24, 243-259

 https://doi.org/10.1152/jn.1961.24.3.243
Lee MT, Peng WH, Kan HW, Wu CC, Wang DW, Ho YC (2022): 

Neurobiology of depression: Chronic stress alters the gluta-
matergic system in the brain-focusing on AMPA receptor. 
Biomedicines 10, 1005

 https://doi.org/10.3390/biomedicines10051005
Madison CA, Eitan S (2020): Buprenorphine: prospective novel 

therapy for depression and PTSD. Psychol. Med. 50, 881-893
 https://doi.org/10.1017/S0033291720000525
Maguire PA, Loew GH (1996): Thermodynamics of ligand bind-

ing to the cloned δ-opioid receptor. Eur. J. Pharmacol. 318, 
505-509

 https://doi.org/10.1016/S0014-2999(96)00894-1
Metcalf MD, Yekkirala AS, Powers MD, Kitto KF, Fairbanks CA, 

Wilcox GL, Portoghese PS (2012): The delta opioid receptor 

agonist SNC80 selectively activates heteromeric mu-delta 
opioid receptors. ACS Chem. Neurosci. 3, 505-509

 https://doi.org/10.1021/cn3000394
Mongeau R, Blier P, de Montigny C (1997): The serotonergic and 

noradrenergic systems of the hippocampus: their interactions 
and the effects of antidepressant treatments. Brain Res. Brain 
Res. Rev. 23, 145-195

 https://doi.org/10.1016/S0165-0173(96)00017-3
Moravcikova L, Moravcik R, Jezova D, Lacinova L, Dremencov 

E (2021): Delta-opioid receptor-mediated modulation of 
excitability of individual hippocampal neurons: mechanisms 
involved. Pharmacol. Rep. 73, 85-101

 https://doi.org/10.1007/s43440-020-00183-2
Paliokha R, Grinchii D, Khoury T, Nejati Bervanlou R, Dremencov 

E (2022): Inhibition of cytochrome P450 with proadifen alters 
the excitability of brain catecholamine-secreting neurons. Gen. 
Physiol. Biophys. 41, 255-262

 https://doi.org/10.4149/gpb_2022017
Pavlovicova M, Lacinova L, Dremencov E (2015): Cellular and mo-

lecular mechanisms underlying the treatment of depression: fo-
cusing on hippocampal G-protein-coupled receptors and voltage-
dependent calcium channels. Gen. Physiol. Biophys. 34, 353-366

Paxinos G, Watson C (2014): The Rat Brain in Stereotaxic Coordi-
nates. (7. Ed.), Academic Press

Price RC, Christou NV, Backman SB, Stone L, Schweinhardt 
P (2016): Opioid-receptor antagonism increases pain and 
decreases pleasure in obese and non-obese individuals. Psy-
chopharmacology (Berl.) 233, 3869-3879

 https://doi.org/10.1007/s00213-016-4417-4
Rawls SM, Cowan A (2006): Modulation of delta opioid-evoked 

hypothermia in rats by WAY 100635 and fluoxetine. Neurosci. 
Lett. 398, 319-324

 https://doi.org/10.1016/j.neulet.2006.01.017
Remy C, Remy S, Beck H, Swandulla D, Hans M (2004): Modula-

tion of voltage-dependent sodium channels by the delta-agonist 
SNC80 in acutely isolated rat hippocampal neurons. Neurop-
harmacology 47, 1102-1112

 https://doi.org/10.1016/j.neuropharm.2004.06.034
Saitoh A, Kimura Y, Suzuki T, Kawai K, Nagase H, Kamei J (2004): 

Potential anxiolytic and antidepressant-like activities of SNC80, 
a selective delta-opioid agonist, in behavioral models in rodents. 
J. Pharmacol. Sci. 95, 374-380

 https://doi.org/10.1254/jphs.FPJ04014X
Saitoh A, Yoshikawa Y, Onodera K, Kamei J (2005): Role of delta-opi-

oid receptor subtypes in anxiety-related behaviors in the elevated 
plus-maze in rats. Psychopharmacology (Berl.) 182, 327-334

 https://doi.org/10.1007/s00213-005-0112-6
Saitoh A, Yamada M, Yamada M, Takahashi K, Yamaguchi K, Mu-

rasawa H, Nakatani A, Tatsumi Y, Hirose N, Kamei J (2008): 
Antidepressant-like effects of the delta-opioid receptor agonist 
SNC80 ([(+)-4-[(alphaR)-alpha-[(2S,5R)-2,5-dimethyl-4-(2-
propenyl)-1-piperazinyl]-(3-me thoxyphenyl)methyl]-N,N-
diethylbenzamide) in an olfactory bulbectomized rat model. 
Brain Res. 1208, 160-169

 https://doi.org/10.1016/j.brainres.2007.07.095
Scherrer JF, Salas J, Lustman PJ, Burge S, Schneider FD (2015): 

Change in opioid dose and change in depression in a longitu-
dinal primary care patient cohort. Pain 156, 348-355



283DOR modulates glutamate and monoamine neurons

 https://doi.org/10.1097/01.j.pain.0000460316.58110.a0
Seal KH, Maguen S, Bertenthal D, Batki SL, Striebel J, Stein MB, 

Madden E, Neylan TC (2016): Observational evidence for 
buprenorphine‘s impact on posttraumatic stress symptoms 
in veterans with chronic pain and opioid use disorder. J. Clin. 
Psychiatry 77, 1182-1188

 https://doi.org/10.4088/JCP.15m09893
Spina L, Longoni R, Mulas A, Chang KJ, Di Chiara G (1998): 

Dopamine-dependent behavioural stimulation by non-peptide 
delta opioids BW373U86 and SNC 80: 1. Locomotion, rearing 
and stereotypies in intact rats. Behav. Pharmacol. 9, 1-8

Tanguturi P, Pathak V, Zhang S, Moukha-Chafiq O, Augelli-Szafran 
CE, Streicher JM (2021): Discovery of novel delta opioid recep-
tor (DOR) inverse agonist and irreversible (non-competitive) 
antagonists. Molecules 26, 6693

 https://doi.org/10.3390/molecules26216693
Vandermaelen CP, Aghajanian GK (1983): Electrophysiological 

and pharmacological characterization of serotonergic dorsal 
raphe neurons recorded extracellularly and intracellularly in 
rat brain slices. Brain Res. 289, 109-119

 https://doi.org/10.1016/0006-8993(83)90011-2
Varastehmoradi B, Wegener G, Sanchez C, Smith KL (2020): Opioid 

system modulation of cognitive affective bias: implications for 
the treatment of mood disorders. Behav. Pharmacol. 31, 122-135

 https://doi.org/10.1097/FBP.0000000000000559
Veening JG, Gerrits PO, Barendregt HP (2012): Volume transmis-

sion of beta-endorphin via the cerebrospinal fluid; a review. 
Fluids Barriers CNS 9, 16

 https://doi.org/10.1186/2045-8118-9-16
von Kügelgen I, Nörenberg W, Meyer A, Illes P, Starke K (1999): 

Role of action potentials and calcium influx in ATP- and 
UDP-induced noradrenaline release from rat cultured sym-
pathetic neurones. Naunyn Schmiedebergs Arch. Pharmacol. 
359, 360-369

 https://doi.org/10.1007/PL00005362
Wang QP, Ochiai H, Guan JL, Nakai Y (1997): Ultrastructural lo-

calization of delta-1 opioid receptor in the dorsal raphe nucleus 
of the rat. Synapse 26, 243-253

 https://doi.org/10.1002/(SICI)1098-2396(199707)26:3<243::A-
ID-SYN6>3.0.CO;2-7

Zieglgänsberger W, French ED, Siggins GR, Bloom FE (1979): 
Opioid peptides may excite hippocampal pyramidal neurons 
by inhibiting adjacent inhibitory interneurons. Science 205, 
415-417

 https://doi.org/10.1126/science.451610 

Received: January 4, 2023
Final version accepted: March 21, 2023


