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 Abstract 

Introduction: Kappa-opioid receptor (KOR) signaling in the basolateral amygdala (BLA) underlies KOR 
agonist-induced aversion. In this study, we aimed to understand the individual and combined effects of KOR 
agonist U-50488 and p38 MAPK inhibitor SB203580 on the spiking activity of pyramidal neurons in the 
BLA to shed light on the complex interplay between KORs, the p38 MAPK, and neuronal excitability. . 

Materials and methods: Electrophysiological experiments were performed using the patch-clamp 
technique in the whole-cell configuration. Rat brain slices containing the amygdala were prepared, and 
pyramidal neurons within the BLA were visually patched and recorded in the current clamp mode. The 
neurons were identified by their accommodation properties and neural activity signals were amplified and 
analyzed. Using local perfusion, we obtained three dose-response curves for: (a) U-50488 (0.001–10 µM); 
(b) U-50488 (0.001–10 µM) in the presence of SB203580 (1 µM); and (c) U-50488 (0.01–10 µM) in the 
presence of SB203580 (5 µM). 

Results: After the application of U-50488, pyramidal neurons had a higher action potential firing rate in 
response to a current injection than control neurons (p<0.001). The dose-dependent curves we obtained 
indicate that the combination of U-50488 and SB203580 results in non-competitive antagonism. This 
conclusion is supported by the observed change in the curve’s slope with reduction in the maximum effect 
of U-50488. Thus, it can be assumed that the increase in spike activity of pyramidal neurons of the 
amygdala is mediated through the beta-arrestin pathway. When this pathway is blocked, the spike activity 
reverts to its baseline level.  

Conclusion: Our study found that the KOR agonist-induced spiking activity of the BLA pyramidal neurons 
is mediated by the beta-arrestin pathway and can be suppressed by the application of the p38 MAPK 
inhibitor SB203580. 

Copyright: © Konstantin Y. Kalitin et al. This is an open access article distributed under terms of the Creative Commons Attribution License (Attribution 4.0 International – 
CC BY 4.0). 
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Introduction 
The amygdala is instrumental in processing emotions 
associated with aversion (Michely et al. 2020). It plays a 
role in fear conditioning, interpretation of affective 
stimuli, regulation of stress responses, and modulation of 
pain perception. Moreover, its extensive interconnections 
with other brain regions allow the amygdala to integrate 
sensory inputs into emotional contexts. The basolateral 
amygdala (BLA), a cluster of nuclei within the amygdala, 
is pivotal in the formation and retrieval of emotionally 
charged memories and has a significant influence on 
emotional behavior. The BLA is a central component of 
the anxiety circuit, processing executive and sensory 
information, and relaying it to brain areas that evoke 
physical and psychological anxiety responses. Notably, 
the activity of the BLA’s excitatory glutamatergic 
pyramidal neurons is closely associated with anxiety 
behavior and other aversive effects (Wang et al. 2011; 
Janak and Tye 2015).  

Kappa-opioid receptors (KORs) represent a class of 
G-protein-coupled receptors that are widely distributed 
throughout the central nervous system and extensively 
expressed in limbic brain areas including the basolateral 
amygdala, central nucleus of amygdala, extended 
amygdala, hypothalamus, and hippocampus. The 
activation of KORs by agonists like U-50488 leads to a 
series of physiological and psychological effects. These 
effects encompass analgesia, increased diuresis, and 
antipruritic activity (Khan et al. 2022). KORs are involved 
in various behavioral aversive effects such as depression, 
anhedonia, dysphoria, and anxiety (Knoll et al. 2011). 

It was shown that KOR signaling in the BLA 
regulates conditioned fear and anxiety in rats (Knoll et 
al. 2011). Anxiolytic effects have been observed 
following the systemic administration of KOR 
antagonists, as evidenced in the elevated plus maze test. 
The pretreatment with a specific KOR antagonist, nor-
binaltorphimine (nor-BNI), has been found to prevent 
the conditioned place preference to intravenous 
gabapentin in the spinal nerve ligation model of 
neuropathic pain. This outcome suggests that nor-BNI 
effectively mitigates the aversiveness of ongoing pain. 
Recent studies suggest that KORs play a significant role 
in modulating neuronal excitability. Nor-BNI reduced 
the synaptically evoked spiking of amygdala neurons in 
brain slices from rats with spinal nerve ligation 
(Navratilova et al. 2019).  

The mitogen-activated protein kinase (MAPK) 
pathway, specifically the p38 MAPK, is involved in 
several cellular processes, from inflammation to cell 
differentiation and death. In the context of aversion, p38 
MAPK in the amygdala has been associated with 
dysphoria. Kappa-opioid receptor agonist U-50488 
induced significant place aversion in mice, as measured 
by the place conditioning paradigm, accompanied by 
significant activation of p38 MAPK in the amygdala, but 
not in the hippocampus and nucleus accumbens. Intra-
amygdalar microinjection of the specific p38 MAPK 
inhibitor SB203580 completely blocked U-50488-
induced conditioned place aversion in mice (Zan et al. 
2016). The findings indicate that the activation of p38 
MAPK in the amygdala is essential for mediating the 
aversive behavior induced by KOR agonists. 

Whole-cell patch-clamp recordings from basolateral amygdala pyramidal cells showing spiking patterns in response to 200 pA, 
500 ms-long current injections following the treatment with the kappa-opioid agonist U-50488 and the p38 MAPK inhibitor 
SB203580. U-50488 increased the excitability of pyramidal neurons, an effect that was blocked by SB203580, suggesting the 
involvement of the beta-arrestin pathway in basolateral amygdala neural activity.  
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In this study, we aimed to understand the individual 
and combined effects of U-50488 and SB203580 on the 
spiking activity of pyramidal neurons in the BLA (region 
critical for aversion-related behavior) to shed light on the 
complex interplay between KORs, the p38 MAPK, and 
neuronal excitability. 

Materials and methods 
Experimental animals 

Adult male Sprague Dawley rats, weighing 230–250 g, 
were used in these studies. Animals were individually 
housed, maintained in a 12 h light/12 h dark cycle 
environment with controlled temperature (22±2 °C), and 
provided food and water ad libitum. All procedures 
complied with the Principles of Good Laboratory Practice 
(Interstate Standard of the Russian Federation GOST 
33647-2015) and the Order of the Ministry of Health and 
Social Development of the Russian Federation dated 
01.04.2016 No. 199n “On Approval of the Rules of 
Laboratory Practice”. Experiment protocols were 
approved by the Regional Research Ethics Committee of 
Volgograd Region (registration   number   IRB00005839 
IORG0004900, Minutes No. 2022/096 of 21.01.2022). 

Drugs 
The following drugs were used: U-50488 (Sigma-
Aldrich) and SB203580 (Sigma-Aldrich).  

Slice preparation  
Brain slices were harvested from Sprague Dawley rats 
weighing 240–270 g. Coronal brain slices, 500 µm thick 
and containing the BLA, were cut 2.5–3.5 mm caudal to 
the bregma using a vibratome (Campden 7000smz-2, 
UK). Each slice was transferred to a recording chamber, 
submerged in artificial cerebrospinal fluid (aCSF) 
maintained at 31±1°C with a superfusion rate of 2 mL/
min. The aCSF was composed of 117 mM NaCl, 4.7 mM 
KCl, 1.2 mM NaH2PO4, 2.5 mM CaCl2, 1.2 mM MgCl2, 
25 mM NaHCO3, and 11 mM glucose, continuously 
aerated with a mixture of 95% O2 and 5% CO2 at pH 7.4. 
We used only one or two slices per animal and recorded 
one neuron per slice. 

Patch-clamp recording 
The neurons were visually patched under an X40 water 
immersion objective of the microscope (Olympus BX51, 
Japan) in the whole-cell configuration and were recorded 
in the current clamp mode. Pyramidal cells in the BLA 
were identified based on their accommodation properties 
in response to a sustained depolarizing intracellular 
current injection. The recording pipettes made from 
borosilicate glass were filled with a solution containing: 
122 mM K-gluconate, 5 mM NaCl, 0.3 mM CaCl2, 2 mM 
MgCl2, 1 mM EGTA, 10 mM HEPES, 5 mM Na2-ATP, 
and 0.4 mM Na2-GTP, pH adjusted to 7.2–7.3 with KOH 
(osmolarity adjusted to 280 mOsm/kg with sucrose). The 
recordings were amplified by a HEKA Patch Clamp 
EPC10 USB (HEKA Elektronik, USA) and analyzed by 
PatchMaster (HEKA Elektronik, USA) software.  

We obtained three dose-response curves to evaluate 
the effects of U-50488, a kappa opioid receptor agonist,  
on the spike activity of pyramidal neurons both in the 
absence and presence of SB203580, a specific inhibitor  

of p38 MAP kinase. The three experimental conditions 
included: (a) treatment with U-50488, applied by local 
perfusion at concentrations ranging from 0.001 to 10 
µM; (b) treatment with a combination of U-50488 
(0.001–10 µM) and SB203580 (1 µM); and (c) treatment 
with a combination of U-50488 (0.01–10 µM) and 
SB203580 (5 µM). aCSF served as vehicle control in all 
experiments. 
Statistical analysis 
Statistical analysis was conducted with two-way ANOVA 
followed by Dunnet post hoc test using GraphPad Prism 
9.5. Statistical significance was accepted at the level 
p<0.05. 

Results 
BLA neurons come in two types: pyramidal neurons and 
interneurons. The neurons were distinguished based on 
their firing properties (Sah et al. 2003). A 500-ms 
intracellular current injection through the recording 
microelectrode into pyramidal neurons (the main cell 
type found in the BLA) evoked action potentials 
exhibiting spike frequency adaptation due to activation 
of a slow afterhyperpolarization. In contrast, similar 
current injections into interneurons resulted in a high-
frequency series of action potentials without frequency 
adaptation. 

To evaluate SB203580's impact on U-50488-induced 
spike activity in amygdala pyramidal neurons, we co-
treated brain slices with p38 MAPK inhibitor SB203580 
and various concentrations of U-50488 and measured 
neuronal spike activity over 500 ms (Fig. 2). The 
application of SB203580 in the absence of U-50488 did 
not lead to a statistically significant change in spiking 
frequency, suggesting that KOR activation may be a 
prerequisite for the observed SB203580 action.  

Pyramidal neurons after U-50488 application had a 
higher action potential firing rate in response to a current 
injection than control neurons (p<0.001), which was 
consistent with the hypothesis that U-50488 enhances 
neuronal excitability (Figs 1 and 2). At concentrations 
exceeding 1 µM, U-50488 induced a plateau in spike 
frequency. The dose-response curve closely fit the 
experimental data, with a coefficient of determination 
(R2) of 0.96, indicating a strong correlation between 
U-50488 concentration and neuronal spike activity.  

When U-50488 was combined with 1 µM of 
SB203580, the maximal effect (Emax) decreased to 
70.44%, indicating that SB203580 had an inhibitory 
effect on the U-50488 induced spike activity of pyramidal 
neurons (p<0.05). The R2 value of 0.93 still indicated a 
good fit of the data. The decreased slope, compared to the 
top curve, implied that the increase in spike activity was 
less steep in the presence of SB203580. 

With an increased concentration of SB203580 at 5 
µM, there was a more pronounced decrease in the Emax to 
25.73%. The R2 value decreased to 0.79. The slope also 
decreased, reflecting a diminished responsiveness of the 
neurons to increasing concentrations of U-50488 in the 
presence of 5 µM SB203580.  

Thus, the p38 MAP kinase pathway, which was 
inhibited by SB203580, appears to play a significant role 
in the mechanism through which U-50488 increases the 
spike activity of pyramidal neurons. 
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Discussion 
The amygdala, particularly the basolateral amygdala, 
plays a crucial role in processing negative emotions like 
fear and anxiety, making it relevant to the experience of 
aversion. On the other hand, the activation of kappa 
opioid receptors correlates with aversive outcomes, such 
as prodepressant and anxiogenic responses, and 
facilitates stress-induced reinstatement. It is consistent 
with the observation that acute stress-induced anxiety is 
mediated by the release of dynorphin, an endogenous 
ligand for KOR, in the BLA (Bruchas et al. 2009; 
Varlinskaya et al. 2020). The administration of norBNI, 
a KOR antagonist, into the BLA blocks this effect. This 
implies a direct role of KOR activation in stress and 
anxiety, and suggests that antagonizing KOR can 
mitigate anxiety-like behaviors. Knoll and colleagues 
found that the injection of kappa- opioid receptor 
antagonist into the BLA produced an anxiolytic-like 
response in the elevated plus-maze test (Knoll et al. 
2011). 

The BLA’s efferent projections extend to 
various brain regions, enabling it to modulate 
diverse aspects of cognitive and emotional 
functions. One of the principal projection 
targets of the BLA is the prefrontal cortex 
(PFC). This connection facilitates the 
integration of emotional and cognitive processes 
(Ji et al. 2010). In addition, it was found that 
pain can lead to BLA-dependent impairment of 
mPFC function, resulting in a deficit in 
cognitive decision-making (difficulties in 
making decisions that involve complex 
cognitive processing) (Ji et al. 2010).  The 
communication between the BLA and mPFC is 
complex and is still a topic of ongoing research 

Figure 1. Representative traces of action potentials generated by intracellular depolarizing current injection (200 pA, 500 ms) in BLA pyramidal 
neurons after (А) aCSF and (B) U-50488 (1 µM) application. 

Figure 2. Dose-dependent effects of U-50488 (0.001–10 µM) alone and in combination with SB203580 (1 and 5 µM) on the spike activity of the BLA 
pyramidal neurons in response to current injection, presented as mean±SEM of the number of spikes recorded in 500 ms intervals. The maximal effect 
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Moreover, the BLA indirectly interacts with the 
brainstem and hypothalamus, regions that are involved in 
the autonomic and physiological responses to stress and 
aversive stimuli (Lamotte et al. 2021). These connections 
allow the BLA to modulate physiological reactions, such as 
changes in heart rate, respiration, and hormonal responses, 
which are typically associated with aversion (Dampney 
2019). The BLA, through these pathways, can influence 
the body’s stress response mechanisms to prepare the 
individual to confront or avoid the aversive stimuli.  

Wang et al. (2011) found that in freely moving mice, a 
group of neurons in the BLA fires tonically under anxiety 
conditions during both open-field and elevated plus-maze 
tests (Wang et al. 2011). The firing patterns of these 
neurons exhibited a slow onset and progressively 
increased firing rates, characteristics more typically 
associated with pyramidal neurons. Notably, a strong 
correlation was observed between the excitability of these 
BLA neurons and the anxiety levels of the mice. 
Subsequent research established that the dynorphin and 
kappa-opioid system in the basolateral amygdala 
mediates anxiety-like behavior (Bruchas et al. 2009). 
Pyramidal neurons are the main output cells of the BLA, 
and it is believed that kappa opioid agonists primarily 
affect these neurons.  

It has also been established that beta-arrestin/p38 MAPK 
post-receptor signaling plays a crucial role in mediating the 
aversive effects of KOR agonists. The aversive effect of 
U-50488 was demonstrated to be completely eliminated 
when the p38 MAPK inhibitor SB203580 was administered 
directly into the amygdala (Zan et al. 2016).  

Our findings demonstrate that the beta-arrestin/p38 
pathway mediates an increase in spike activity of BLA 
pyramidal neurons. Blocking this pathway causes the 
spike activity to revert to its baseline level. The dose-
dependent curves we obtained indicate that the 
combination of U-50488 and SB203580 results in non-
competitive antagonism. This conclusion is supported by 
the observed change in the curve’s slope with reduction in 
the maximum effect of U-50488.  

The question remains whether an increase in spike 
firing frequency of BLA pyramidal neurons results 
directly from the activation of kappa-opioid receptors 
located on these neurons. Alternatively, kappa-opioid 
agonists may target other neurons that secondarily 
influence the excitability of BLA pyramidal neurons. 
Selective KOR inhibitor Nor-BNI has been observed to 
reduce the frequency of spontaneous inhibitory synaptic 
currents in the central amygdala pyramidal neurons, 
without affecting their amplitude, suggesting a 
presynaptic mode of action (Yakhnitsa et al. 2022).    

The findings suggest that the activation of pyramidal 
neurons in the BLA following the administration of kappa 
opioid agonists is potentially associated with the 
inhibition of GABA interneuron activity. Glutamatergic 
transmission in the BLA may also play a significant role. 
However, studies have shown that the KOR agonist 
U69593 does not induce changes in either GABAergic or 
glutamatergic transmission in the adult BLA (Przybysz et 
al. 2017).  

Our study found that the KOR agonist-induced 
spiking activity of pyramidal neurons is mediated by the 
beta-arrestin pathway and can be suppressed by the 
application of the p38 MAPK inhibitor SB203580. The 
obtained results improve our understanding of the role 
that kappa opioid receptors play in regulating the 
amygdala and associated brain areas. This knowledge is 
crucial for elucidating the aversive effects and cognitive 
dysfunction induced by kappa opioid agonists. The 
effects of various kappa opioid ligands, including biased 
agonists, on the spiking activity of BLA pyramidal 
neurons have yet to be thoroughly assessed. 

Conclusion 
The paper provides insights into the complex 
interactions between pyramidal neurons of the BLA, 
kappa opioid receptors, MAPK p38, and associated 
pharmacological agents. It was shown that the kappa 
opioid agonist U-50488 enhances the excitability of 
pyramidal neurons, an effect that can be modulated by 
the MAPK p38 inhibitor SB203580, suggesting the 
involvement of the beta-arrestin pathway in BLA neural 
activity. A comprehensive evaluation of the impact of 
kappa opioid ligands on the spiking activity of BLA 
pyramidal neurons is crucial for understanding the 
cognitive and aversive effects induced by kappa opioid 
agonists. 
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