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ABSTRACT

BACKGROUND: The regulation of extracellular dopamine levels in the nucleus accumbens is a critical component of the
brain reward system. The development of fast-scan cyclic voltammetry facilitated the measurement of variations in do-
pamine release over time, correlating with behavioral responses. However, the available data on extracellular dopamine
levels in response to self-stimulation are somewhat conflicting.

AIM: To analyze the patterns of dopamine release in the nucleus accumbens that occur in response to the ventral teg-
mental self-stimulation, as measured by fast-scan cyclic voltammetry.

METHODS: Electrodes were implanted into male Wistar rats to induce self-stimulation and monitor extracellular dopa-
mine levels. The release of dopamine was measured telemetrically, while rats were allowed to move freely. Dopamine
levels were measured by monitoring its extracellular concentrations in the nucleus accumbens in vivo using fast-scan
cyclic voltammetry. The ventral tegmental irritation was maintained on a fixed-ratio one schedule using a rectangular
pulse train with a 38° head elevation.

RESULTS: The first head elevation, and consequently the activation of reward stimulation, induced an increase in the
signal of fast-scan cyclic voltammetry, which decreased over time. The release of dopamine in response to self-stimu-
lation demonstrated a consistent increase compared to the baseline levels prior to the initiation of the reaction training.
A definitive correlation between the amplitude/time of dopamine release and the intensity of the self-stimulation re-
sponse was not observed. The maximum dopamine concentration in response to the electrical stimulus increased and
remained at a higher level for at least 20 subsequent head elevations. However, the hallmarks of exploratory behavior
persisted, despite variations in dopamine levels. The release of dopamine in the initial five minutes of the experiment
gradually decreased every two minutes. Following a period of prolonged self-stimulation, the release of dopamine
decreased at an interval of 0.5 min.

CONCLUSION: The study findings are consistent with the hypothesis of fluctuations in the emotional continuum that
activates the brain reward mechanisms. Dopamine levels have been demonstrated to reflect the regulatory mechanisms
underlying approach and avoidance behaviors in response to self-stimulation and may result from the synthesis of
an antedating reward (motivational excitement) followed satisfaction after motor activity.
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AHHOTALUA

06ocHoBaHMe. Perynaums BHEKIETOYHOTO YPOBHSA A0(aMUHa B MPUIEXKaLLEM Ape — BaXHOe 3BEHO MeXaHW3Ma BHYTPeH-
Hero nopKpennenus. Pa3sute MeToAa ObICTPOCKAHWPYIOLLEN LIMKIMYECKON BOMBTAMMEPOMETPUM NO3BOUIO PErUCTpUpo-
BaTb AMHAMUKy (u3nuyeckoro Bblbpoca AodamMuHa BO BPEMEHHO! LUKane, COOTBETCTBYIOLLEH NOBEAEHYECKUM PEaKLMAM.
B T0 ke BpeMs AaHHbIe 0 BHEKJIETOYHOM YpoBHE fodaMiHa BO BPEMs peann3aLmm peakumm CaMoCTUMYIALMMW B HacTosLLee
BpeMsl MPOTUBOPEYMBbI.

Lleno — npoaHanu3upoBaTb 0cobeHHOCTW BbICBOOOXAEHUS Ao(DaMWHA B MpuiexalleM sape BO BpeMs CaMOCTUMYNALMK
BEHTpasbHOI 06/1aCTU MOKPBILLIKM METOL,0M BbICTPOCKaHUPYHOLLEH LIMKIIMYECKOM BOSIbTaMMepOMETPUM.

Matepuanbl u Metogbl. KpbicaM caMuaM Buctap BXVBNANM 3NeKTPoAbl AN CAMOCTUMYAALMA U PETUCTPaLMM BHEKIETOY-
HOro ypoBHs aodamuHa. Peructpauunio BeicBoboXaeHNS AodaMMHaA OCYLLECTBAANN TENIEMETPUYECKM Y KpbIC B CBOBOLHOM
noBefeHnn. Bbibpoc godammuHa oLeHMBaNM No M3MEHEHWIO €ro BHEKNETOYHOMO YPOBHA B MPUIEKALLEM SLPE in Vivo METOL,0M
BbICTPOCKaHMpYIOLLEN LMKIMYECKOW BONbTaMnepoMeTpum. PasapaxeHne BeHTpanbHOW 061acTU MOKPBILLKK OCYLLECTBASANOCH
B pexxume FR1 naykoi npsAMoyrosibHbIX 3NEKTPUYECKUX MMMNYNIBCOB MPY NOLbEME rof0Bbl Ha 38°.

Pe3ynbTartsl. [lepBbiid N0gbEM roMI0BbI U, COOTBETCTBEHHO, BKIIOUEHME MOAKPENSILLENA CTUMYNALMA BbI3bIBANIO YBENUYEHWE
CUrHana bbICTPOCKaHMPYIOLLEN LIMKIIMYECKON BOSITaMNEPOMETPUM, KOTOPLI YMEeHbLUANCA B TeYeHWe BpeMeHu. BbicBobo-
AeHve fodaMuHa npu CaMOCTUMYNALMM 0CTaBaiiocb HEU3MEHHO Bbille, YeM ero QOHOBbIA YPOBEHb [0 Hadyana obyyeHus
peakumn. Mbl He Habntoganu CTPOroi KOppenaLMM BEMUUHBI aMIIUTYAbl U BPEMEHM BbiCBOOOXAEHMA fodaMuHa ¢ bonee
WA MeHee 3HEPTUYHON peaKkumer caMocTUMynsaumm. [TMKoBas KoHLEHTpaums fodaMuHa Bo BpeMsl 3NIEKTPUYECKOro CTUMYNa
yBENMuUMBanach W CoXpaHaiach Ha bonee BbICOKOM YpOBHE B TeYeHME MOCTEAYIOWMX KaK MUHUMYM 20 NOALEMOB FOJOBLI.
Mpy 3TOM 3M1EMEHTBI UCCNE0BaTENbCKOTO NOBELEHUS He yracanu, HeCMOTPS Ha NepUOLbl CHUXEHUS W MOBBILIEHUS YPOBHS
nodamuHa. BeicBoboxaeHne godamuHa B nepBble 5 MUH OMbITa NOCTEMNEHHO CHUXANOCh Kaxable 2 MuH. [ocne npoaomku-
TeNIbHOW CaMOCTUMYNALMMW BbICBOBOXAEHME AodaMUHA CHIKANOCh YxKe Kaxable 0,5 MuH.

3aknouenune. Haww uccnefoBaHUA COMMAcyloTCa C runoTe3oM (IYKTYMPYHOLLEro SMOLMOHANIBHOTO KOHTUHYYMa, KOTOpbIiA
peanu3yeT NOAKPENNSAIOLLIME MeXaHU3MbI MO3ra. YpoBeHb fodhaMuHa oTpaxaeT, No-BUAUMOMY, NPOLLECChl Peryisaumm Mexa-
HWU3MOB NMpUBNMKEHUS U M3beraHna Npyu CaMOCTUMYAALMN U MOXET ABNATLCA Pe3yNbTaToOM CUHTE3a «OMepeXatoLlero noa-
KpenneHusi» (MOTUBALMOHHOTO BO3DYKAEHMA) C NOCNeAYIOLIMM 3a ABUraTesbHbIM aKTOM COCTOSIHUEM YA0B/IETBOPEHMS.

KnioueBble cnoBa: nogKkpenjieHue; CaMoCTUMYNALNS; BHEK/ETOYHbIN ,U,Od)aMVIH; npunexawlee 40p0.
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BACKGROUND

The reinforcement mechanisms underlying the forma-
tion of temporal associations in conditioned reflex de-
velopment and the motivation to earn rewards are, in
the words of Pavlov, “the cornerstone of higher nervous
activity” [1]. Reinforcement is most closely associated
with the dopaminergic mesolimbic system [2]. This sys-
tem’s neurons project from the ventral tegmental area
(VTA) to the nucleus accumbens (NAc) and are involved
in the search for and selection of goal-directed behavior
aimed at satisfying essential needs [3]. Dopamine (DA)
is released from the NAc in response to cues predicting
a reward and during the initiation of movement toward
a reinforcing stimulus, as well as during VTA stimula-
tion, whereas phasic DA release appears to convey the
importance and high likelihood of reward [4].

Thus, phasic DA release enhances reward-related
motivational behavior (food or addictive substance) and
may lead to its active search [4]. Stimulation of the VTA
indeed triggers reward-seeking behavior [5], suggesting
that dopaminergic neurons mediate signals related to
the anticipated salience of reward. At the same time, the
question of how phasic DA release relates to the strength
and probability of reinforcement remains largely unex-
plored.

Intracranial self-stimulation, a process in which
animals are trained to self-administer electrical brain
stimulation, is used to study the mechanisms of intrinsic
reinforcement and has been shown to intensify under the
influence of addictive substances and natural rewards [6].
Substances that affect the activity of the dopaminergic
system, such as amphetamine, cocaine, and dopamine
receptor agonists, increase the intensity of the self-
stimulation response [7]. Brain regions where electrical
stimulation elicits robust self-stimulation contain dopa-
minergic neurons [8]. It has been demonstrated that large
myelinated descending fibers in the VTA constitute the
primary neuronal population activated during electrical
self-stimulation [9]. At the same time, individual neu-
rons are thought to activate dopamine cells during in-
tracranial self-stimulation (ICSS) by releasing excitatory
neurotransmitters such as glutamate [10]. Dopaminergic
neuron activation via optogenetic stimulation has been
shown to be sufficient to induce self-stimulation beha-
vior [11].

DA release during self-stimulation was first recorded
using microdialysis, which allows for the tracking of grad-
ual changes in its tonic extracellular levels. This method
typically demonstrates elevated DA concentrations dur-
ing self-stimulation, which then return to baseline [12].
The introduction of fast-scan cyclic voltammetry (FSCV)
has made it possible to record phasic DA release changes
on a timescale that matches behavioral responses [12].
Unlike microdialysis findings, FSCV measurements in the
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NAc revealed a gradual decrease in DA release during
continuous self-stimulation, with no detectable release
observed by the end of the experiment [12].

In the present study, we employed the self-stimula-
tion paradigm to investigate its effect on DA release from
the NAc using voltammetry in rats. This approach allowed
us to quantify how DA release from the NAc is related to
intracranial reinforcement induced by electrical stimula-
tion of the dopaminergic neuron region.

This work aimed to analyze the characteristics of DA
release in the NAc during VTA self-stimulation.

METHODS

Animal Selection

Six adult male Wistar rats weighing 250-300 g were
used. The animals were obtained from the Rappolovo
breeding facility (Vsevolozhsky District, Leningrad Region).
The rats were housed in standard cages (40x50x20 c¢m)
with ad libitum access to water and pelleted feed in
the vivarium of the Institute of Experimental Medicine.
Day lighting was used from 08:00 am to 08:00 pm, with
ambient temperature maintained at 22+2°C.

All experiments followed the ethical principles out-
lined in Directive 2010/63/EU of the European Parliament
and of the Council of September 22, 2010. The study was
approved by the Bioethics Committee of the Institute of
Experimental Medicine.

Electrode Implantation Surgery

A stimulating electrode (0.2 mm insulated stainless
steel bipolar electrode) was implanted into the VTA.
The coordinates relative to bregma were: AP=—4.9 mm,
L=0.9 mm, H=8.2 mm (Paxinos and Watson, 2005).
To record DA level fluctuations in the NAc, a glassy car-
bon electrode was implanted ipsilaterally (exposed fiber
tip: 100 pm in length, 7 uym in diameter). A recording
electrode was implanted as follows: AP=+1.7 mm (from
bregma), L=1.8 mm, H=7.3 mm from the skull surface
(Paxinos and Watson, 2005). Moreover, a 3 mm high-
pressure Ag/AgCl reference electrode was implanted:
AP=+5.5 mm (from bregma), L=0. The electrodes were
secured to the skull surface with UV-acrylic adhesive.
The depths of the stimulating and recording electrodes
were adjusted to achieve the maximum signal corre-
sponding to DA release, and the electrodes were then
secured in place. The animals were subsequently housed
in individual cages.

Experiments on Self-Stimulation Response

For this study, we developed a hardware-software
system that measures DA release using FSCV during
electrical stimulation of the brain reward area. The ex-
periment was carried out using the Cyclone teleme-
try-based hardware-software system, which includes
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several modules: an FSCV unit (potentiostat), an electri-
cal stimulator (neural tissue stimulator), visual and au-
ditory stimulators, an accelerometer to determine head
position, and a video tracking module for monitoring the
animal’s position [13-15].

The experiments on the self-stimulation response
were conducted in a circular chamber (outer diameter
50 cm, inner diameter 26 cm). The number of 38° head
elevations and the self-stimulation response threshold
(in pA) were recorded over a 10-minute session. Self-
stimulation was performed in the FR1 mode, with each
head elevation reinforced by electrical stimulation of the
VTA (rectangular pulse, 1 ms, 100 Hz, for 0.5 s). To de-
termine the stimulation threshold, current was applied
in 2 pA increments, 5 seconds each, in a forced mode
until clear head elevation responses were observed.
The current intensity was then increased by 50% of the
threshold and subsequently decreased (in 2 pA incre-
ments, 5 seconds each) until head elevation responses
disappeared [13]. The optimal current intensity for elicit-
ing self-stimulation was selected during testing.

Dopamine Release Recording

DA release was recorded telemetrically in freely
moving rats during the self-stimulation procedure.
DA release was assessed by measuring changes in its
extracellular levels in the nucleus accumbens in vivo us-
ing FSCV [16]. Stimulation of the VTA was triggered by
head elevation movements and delivered as a train of
rectangular electrical pulses (current intensity 50% above
the self-stimulation threshold, pulse duration 1 ms,
frequency 100 Hz, for 1 s).

To record increases in DA levels in response to VTA
stimulation, a holding potential of —0.4 V and a scan
duration of 9 ms were used. Scanning pulses were ap-
plied every 100 ms. The anodic limit was +1.3 V. For data
analysis, the open-source web application Analysis Kid
was used. Analysis Kid developed by Hashemi Lab (USA)
enables visualization, calibration, and filtering of neuro-
chemical signals [17].

Morphological Control of Electrode Positioning

At the end of the experiments, the rats were sacri-
ficed by ethaminal sodium overdose and perfused with
0.9% sodium chloride solution. The brain was then ex-
tracted, embedded in celloidin, sectioned coronally, and
stained with cresyl violet using the Nissl method (Fig. 1).
Electrode positioning was verified after the end of the ex-
periments using histological brain sections and a stereo-
taxic atlas [21]. To confirm the position of the stimulating
electrode in the VTA, a coronal section was made at the
“Bregma —5.3 mm” level according to the stereotaxic at-
las. In this brain region, the VTA tissue is at its most ex-
tensive and corresponds to the dopaminergic paranigral
nucleus. To confirm the position of the electrode in the
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nucleus accumbens, a coronal section was made at the
“Bregma +2.7 mm” level according to the atlas. Section-
ing continued for 0.7-1 mm to the region of the forebrain
where the nucleus accumbens occupies the largest area
(Fig. 1). In this region of the brain, the anterior commis-
sure was displaced toward the dorsomedial portion of
the nucleus, whereas the recording electrode tract was
located in its largest, central region (Fig. 1).

Statistical Analysis

The obtained data were statistically processed us-
ing GraphPad Prism 8.1 (GraphPad Software, USA).
The D’'Agostino—Pearson test was used to assess the
normality of the distribution of random variables, and
the data were then presented as median and quartiles
[@,, Me, Q,]. Data analysis was performed using the Krus-
kal-Wallis test, followed by Dunn’s multiple comparison
test. Differences were considered significant at p <0.05.

RESULTS

Monitoring of Behavior and Extracellular Dopamine
Levels

Self-stimulation was tested in the FRT mode, with
each head elevation reinforced by electrical stimulation
of the VTA. Brain stimulation during head elevation ac-
tivated VTA neurons via an electrode, whereas a carbon
fiber microelectrode was implanted in the NAc to re-
cord changes in DA levels using FSCV (Fig. 2). Electrical
stimulation (1 ms pulses, 100 Hz, for 0.5 s) produced
a stable self-stimulation response exceeding 20 head
elevations per minute in the fixed-ratio FR1 mode with
continuous reinforcement. The rats continued to engage
in intensive sniffing (exploratory behaviors) despite peri-
odic increases in head elevation frequency and decreases
in received stimulations. To assess whether DA release
correlated with head elevation behavior, we tracked
DA release from the NAc during ICSS in the FR1 mode
(n=20 sessions, 6 rats).

Behavioral and FSCV findings for representative ani-
mals are shown in Figs. 3 and 4. The first head eleva-
tion, and thus the initiation of reinforcement stimulation,
elicited an immediate increase in the FSCV signal, which
then declined over time. We assessed the amplitude of
individual DA release events triggered by self-stimula-
tion, with intervals between stimulations associated with
rearing with sniffing or head tilts below 38° during the
session. Self-stimulation-evoked DA release remained
above baseline levels observed prior to the initiation of
self-stimulation training (p=0.001) (Fig. 3). To assess
whether changes in response strength or the interval be-
tween stimulations were associated with DA release, the
animals were subjected to increasing current intensity at
a fixed ratio during individual self-stimulation sessions.
At the same time, we found no correlation between the
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Bregma +2.0 mm

Fig. 1. Morphological monitoring of the electrode implantation site in the brain. Left panel, mapping of the measurement points in the
nucleus accumbens. Right panel, anterior nucleus accumbens with a brain defect associated with the electrode implantation at Bregma
+2.0 level. AcN, nucleus accumbens; ca, anterior commissure (inside the nucleus); Cpu, corpus striatum; IC, olfactory nuclei; Pir, piriform
cortex (adjacent nuclei). Cresyl violet Nissl staining. Eye lens x10, objective lens x10.

Puc. 1. Mopdonornyeckuii KOHTPOMb NOKaNM3aLMK 3NEKTPOLOB B FONIOBHOM Mo3re KpbiC. CneBa — KapTUpOBaHWe WUCCNefO0BaHHbIX
ToueK peructpaumnm AcN. CnpaBa — nepefiHas YacTb AcN (npunexallero sapa) ¢ LedeKToM Mo3ra U3 061acTi BXMBIEHUs 3NeKTpoaa
LS perucTpaumm Ha ypoeHe «Bregma +2,0». ACN — npuneallee sapo; ca — nepeaHas cnaika Mo3ra (pacronoxeHa BHYTpU aapa);
Cpu — nonocaroe Teno; IC — oboHsTeNbHbIE AApa; Pir — rpylweBuaHas Kopa (conpesienbHble HepBHble LieHTpbI). Okpacka KpesunosbiM
¢uonetosbiM no MeTony Hucens. Ok. x10, 06. x10.

Recording

electrode Stimulating
electrode

Fig. 2. Training of the self-stimulation response to head elevation and measurement of extracellular dopamine levels. PFC, medial pre-
frontal cortex; STR, corpus striatum; VTA, ventral tegmental area; MFB, medial forebrain bundle; NAc, nucleus accumbens.

Puc. 2. 06yyeHve peakumm caMOCTUMYNALMM NPY NOABEME FOJI0BbI U PErUCTPaLMS BHEKIIETOUHOrO YpoBHs AodamuHa. PFC — Meamanb-
Has npedpoHTanbHas Kopa; STR — nonocartoe Teno; VTA — BeHTpabHas 0651acTb NOKPbILWKKM; MFB — MeauanbHbI nepeaHuii Mo3roBoi
ny4ok; NAc — npunexatiee aapo.
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Fig. 3. Dopamine release in response to self-stimulation in the 10-min experiment. A shift in dopamine levels was observed in response
to self-stimulation (blue curve) and prior to the training of self-stimulation reaction (red curve). An illustrative figure of an animal is
presented. ICSS, intracerebral self-stimulation.

Puc. 3. Briceoboxaenne fodammuna npu camoctumynsaumm 3a 10 MuH onbita. NokasaHo U3MeHeHWe YpoBHSA AodaMuta (nA) npu camo-
CTUMYNALMM (CUHAS KPUBas) U U3MEHeHMe YPOBHS fohaMuHa 40 0by4eHUs peakLmn caMocTUMyNALmK (KpacHas kpueas). NokasaH npumep
MBOTHOrO. ICSS — BHYTPUMO3roBas CaMOCTUMYAALMA.

DA concentration, conventional units

80
60
40
2

DA concentration, conventional units

05 1 15 2 25 3 35 A ) 5
Time, min

120
100
80
60
40
2

DA concentration, conventional units

5 55 b 65 7 15 8 8.5 9 95
Time, min

80
60
40
20

DA concentration, conventional units

10 1 12 13 14 15
Time, min

Fig. 4. Variation in dopamine levels in response to self-stimulation: a, variation in dopamine levels within the first five minutes of the self-
stimulation experiment; b, variation in dopamine levels between the fifth and tenth minutes of the self-stimulation experiment; c, variation
in dopamine levels between the tenth and fifteenth minutes of the self-stimulation experiment. Individual self-stimulation reactions (head
elevation) are indicated by vertical hatching lines. An illustrative figure of an animal is presented.

Puc. 4. [InHammka ypoBHsi fodaMuHa (nA) npy caMoCTUMYNSILMK: @ — W3MeHeHWe YPoBHS Ao(haMMHa B TeYeHMe NepBblX 5 MUH onbiTa
Mo caMoCTUMYNALMA; b — U3MeHeHWe YpoBHs AodamuHa ¢ 5-# no 10-t0 MUHYTY OMbiTa N0 CaMOCTUMYNISILMKM; ¢ — W3MEHEeHUe YPOBHS
nodamuHa ¢ 10-1 no 15-10 MUHYTY onbiTa o caMocTUMyNALMK. OTaenbHble peakLum CaMoCTUMYNALMM (MoAbEM ro/10BbI) NOKa3aHbl Bep-
TUKasbHOM LUITPMXOBKOA. [oKa3aH npuMep MBOTHOIO.

00l https://doiorg/10.17816/RCF651161
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amplitude and timing of DA release and a more or less
vigorous self-stimulation response.

Dopamine Release During Self-Stimulation

To assess whether phasic DA activation is indeed
sufficient to trigger exploratory behavior elements in
rats (such as locomotion with sniffing and rearing with
sniffing), the animals’ behavior was monitored in a cir-
cular chamber (Fig. 4). Exploratory behavior and dopa-
mine release were observed during self-stimulation.
The peak concentration of DA during stimulation gradu-
ally increased and remained elevated over the course of
at least 20 subsequent head elevations. At the same time,
despite periods of both decrease and increase in DA lev-
els, exploratory behavior components such as sniffing,
locomotion with sniffing, and rearing with sniffing did not
diminish. Despite constant stimulation parameters and
sufficient self-stimulation intensity, DA release gradually
decreased every 2 minutes during the first 5 minutes of

=~ B~ o1 o1 o~
S o o o o

DA concentration,
conventional units
=

(5]
f=1

A 42 LA b6
Time, min

DA concentration,
conventional units
=

4 42 L Lb 48

Time, min
50
45
40
35
30
25
20
15

10 4 42 bh bb 48

Time, min

DA concentration,
conventional units

Yol.23(1)2025
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the experiment. After prolonged self-stimulation, it be-
gan to decrease every 0.5 minutes, subsequently return-
ing to baseline high levels during the session (Fig. 4).
DA release in response to stimulation remained stable over
the course of three consecutive sessions. Taken together,
these results indicate that phasic DA activation in the VTA
is sufficient for intensive self-stimulation and induces
elements of exploratory behavior (Fig. 4).

Dopamine Release and Evaluation of the Reinforcing
Properties of Stimulation

To assess whether the information associated with
phasic activation of the region containing DA neurons
correlates with concomitant behavioral changes evoked
by stimulation and DA release in the NAc, we analyzed
the moments of VTA electrical stimulation and corre-
sponding DA release in the NAc over a one-minute inter-
val. When analyzing the correlation between dopamine
level changes and individual head elevation responses

-04B a

Current, nA

48 ]

Fig. 5. Comparative analysis of variations in dopamine levels and individual reactions of head elevations in response to self-stimulation:
a, variation in dopamine levels within a 1-minute interval (from the fourth to the fifth minute) of the self-stimulation experiment and
respective voltamogram recorded during ventral tegmental stimulation. The color scale represents electric current variations measured
in the nucleus accumbens relative to its baseline level at time point 0. The vertical lines demonstrate the times at which the rats elevated
their heads, thus indicating the activation of electrical ventral tegmental stimulation. b, c, variations in dopamine levels within a 1-minute
interval (from the fourth to the fifth minute) of the self-stimulation experiment in other rats.

Puc. 5. AHanu3 conoctaBnieHns M3MeHeHUi YpoBHS fodaMuHa (NA) ¢ 0TAENbHBIMU PeaKLMaMU MOLbEMOB r0J10Bbl XKMBOTHOIO NpW CaMo-
CTUMYNALMM: @ — U3MeHeHe YPoBHS AodaMuHa B TeueHre T MUH (C 4/ Mo 5-10 MUHYTY) oMbiTa N0 CaMOCTUMYNIALMM W COOTBETCTBYIOLLYIO
3TOMy Nepuozly onbiTa BoibTaMneporpamMMy npu ctumynsumm VTA. LiBeToBas LKana oTpaxaeT Be/MUMHY U3MEHEHUS 3NIEKTPUYECKOTO TOKaA
npyu peructpauum ero B NAc no cpaBHeHMIo ¢ ero ypoBHeM B Touke 0 Mo ocu BpeMeHU. BepTuKanbHbIMKU IMHUAMM NOKa3aHbl MOMEHTBI
Mo beMa rofioBbl U COOTBETCTBEHHO BKJTIOUEHME 3MEKTPUYECKO! cTUMynaumm VTA; b, c — u3MeHeHwe ypoBHs fodaMuHa B TedeHue T MUH
(c 4-# no 5-10 MUHYTY) OMbITa N0 CAMOCTUMYNIALMK Y APYTUX KpbiC.
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during self-stimulation, we examined DA level fluctua-
tions over a one-minute interval (from the fourth to the
fifth minute) of the self-stimulation session and super-
imposed the voltammogram corresponding to this period
of the experiment (Fig. 5). For this analysis, we evaluated
the color scale that represented changes in electric cur-
rent recorded in the NAc relative to baseline at the zero
point on the time axis. Individual VTA stimulations cor-
responding to head elevation responses were identified
on the color scale. It was found that stimulation-evoked
DA release in the NAc does not necessarily reflect an
expected or experienced decrease in perceived reward
value due to increased effort (head elevation during in-
tracranial reinforcement) or temporal assessments (time
required for stimulation). Furthermore, in these specific
experimental conditions, stimulation-evoked DA release
in the NAc did not predict the latency of the learned in-
strumental response. The amount of DA released during
the experiment did not differ significantly depending on
the intensity of self-stimulation.

DISCUSSION

In the present study, we attempted to demonstrate the
relationship between DA release and VTA activation dur-
ing self-stimulation by recording changes in phasic DA
release in the nucleus accumbens using FSCV. We used
a constant current intensity 1.5 times higher than the
self-stimulation threshold and a fixed pulse frequency
(100 Hz). This approach allowed us to capture changes
in phasic DA release on a timescale corresponding to
behavioral responses. Electrical stimulation produced
a stable self-stimulation response exceeding 20 head
elevations per minute in the fixed-ratio FR1 mode with
continuous reinforcement. This raises the question of
whether self-stimulation and phasic DA release are
linked. Despite a robust self-stimulation response, we
observed both increases and decreases in DA release
during self-stimulation. We also observed periodic in-
creases and decreases in the number of head elevations
(number of received stimulations). The animals contin-
ued to engage in intensive sniffing behaviors (explor-
atory behaviors), regardless of changes in DA levels or
head elevation frequency. The first head elevation (trig-
gering the reinforcing stimulation) elicited an increase
in the FSCV signal, which then declined or plateaued as
the session progressed. At the same time, DA release
induced by self-stimulation consistently remained higher
than baseline phasic DA release prior to the initiation of
self-stimulation training.

Thus, this study demonstrated that DA release in the
NAc occurs both at the initiation and during the self-stim-
ulation response, with a decline observed toward the end
of the session (Fig. 3). Moreover, given the rate at which
releasable DA pools are replenished, the inhibition of DA
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release mediated by autoreceptors [16], and the rapid
reuptake of DA, which is likely enhanced during repeated
depolarization [17], it is reasonable to expect DA levels
in the NAc to become dependent on neuronal activation
during self-stimulation. We found that DA release, time-
locked to each stimulation, occurred throughout the en-
tire session and was closely associated with behavioral
responses (Figs. 4, 5).

In the present study, we analyzed changes in DA re-
lease in the NAc during self-stimulation. It was shown
that exploratory behavior components in rats did not
diminish despite periods of decreasing and increasing
DA levels. Despite constant stimulation parameters and
sufficient self-stimulation intensity, DA release gradually
decreased every 2 minutes during the first 5 minutes of
the experiment and returned to baseline high levels. After
prolonged self-stimulation, DA release declined every 0.5
minutes and also returned to baseline high levels during
the session (Fig. 4), without fading over time. Previous
studies using microdialysis demonstrated increased DA
concentrations during self-stimulation, which then re-
turned to baseline [12].

Other studies found no DA release during the sub-
sequent, prolonged phases of the response [18]. Earlier
studies using FSCV showed that DA release in the NAc
does not occur during ICSS [19]. These findings led to the
conclusion that DA release in the NAc may be important
for signaling the presence or predictability of rewards,
but is not associated with ongoing reinforcement [15].
However, optogenetic studies have confirmed that acti-
vation of DA neurons in the VTA is sufficient to support
reinforcement [20], which is suppressed by the adminis-
tration of DA receptor antagonists in the NAc [21]. Thus,
there are currently conflicting data regarding the pres-
ence of DA release and its characteristics during self-
stimulation.

Our findings support the hypothesis of a fluctuat-
ing emotional continuum that underlies the brain’s re-
inforcement mechanisms during self-stimulation [22].
The analysis performed in this study, comparing DA level
fluctuations with individual head elevation responses
during self-stimulation and evaluating changes in DA
levels throughout the self-stimulation session, allowed
us to compare the curve of phasic DA release with the
proposed fluctuating emotional continuum [23]. DA lev-
els gradually decreased and returned to baseline, appar-
ently reflecting internal reinforcement regulation during
self-stimulation. The reinforcement level as a current
emotional state may result from both “anticipatory rein-
forcement” (motivational arousal prior to receiving elec-
trical stimulation, reflecting the appetitive phase) and
satisfaction that follows the motor act, reflecting the
consummatory phase of behavior [24]. Despite constant
stimulation parameters and sufficient self-stimulation
intensity, the number of head elevations increased and
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decreased intermittently, apparently reflecting reward
valuation processes in the regulation of approach and
avoidance behaviors. Previous studies have shown that
increasing the duration or number of imposed stimu-
lations in the positive reinforcement zone may lead to
avoidance behavior [2]. Therefore, the animal regulates
the extent of emotionally driven reinforcement by in-
creasing or decreasing self-stimulation frequency. This
is primarily reflected by extracellular DA levels. The cir-
cumplex model of affect, based on the bivalent system of
pleasure-displeasure and arousal-inhibition, is the best
model for explaining our data on emotional regulation
during self-stimulation [23, 24].

CONCLUSION

Thus, our findings indicate that DA release is associ-
ated with the animal's regulation of the reinforcing emo-
tional effect during self-stimulation.
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