OPUTMHAJIBHBIE CTATBI 21

UDC 616-092.4/.9+611.814.1+591.1+613.62+519.7+681.3+57.084+59.085
DOI: 10.56871/RBR.2023.74.35.003

CHARACTERISTICS OF NEURON PROJECTIONS FROM THE ARCUATE NUCLEUS
TO THE SUPRACHISMATIC NUCLEUS OF THE HYPOTHALAMUS IN RATS IN VITRO

© Olga V. Ledyaeva, Alexey N. Inyushkin

Samara National Research University named after Academician S.P. Koroleva, Department of Biology. St. Moscow highway 34, Samara, Russian
Federation, 443086

Contact information: Olga V. Ledyaeva — biology teacher. E-mail: monsoom@rambler.ru ORCID ID: 0009-0001-7852-8476

For citation: Ledyaeva OV, Inyushkin AN. Characteristics of neuron projections from the arcuate nucleus to the suprachismatic nucleus of the
hypothalamus in rats in vitro. Russian biomedical research (St. Petersburg). 2023;8(1):21-26. DOI: https://doi.org/10.56871/RBR.2023.74.35.003

Received: 09.11.2022 Revised: 15.01.2023 Accepted: 27.02.2023

Abstract. Currently, in the electrophysiology of the brain, there is a point of view about the presence of a physiological
connection between the suprachiasmatic and arcuate nuclei. A fully substantiated confirmation of this connection has
not been received, however, a number of experiments conducted by scientists from various countries confirm the exis-
tence of a certain kind of interaction between the work of the SCN and the ARC of nuclei. The interaction of SCN and
ARC regulates the rhythm of metabolic functions. The SCN transmits time-related information to the ARC to perform
metabolic functions at the right time. At the same time, SCN affects the sensitivity of ARC to circulating molecules,
thus allowing it to respond in a time-of-day manner. As the ARC senses hormones and metabolites from the periphery,
it relays this information back to the SCN, allowing the SCN to adapt its output and completing the feedback that the
SCN needs to correct the physiology. This interaction between SCN and ARC is necessary to maintain rhythms of food
intake, motor activity, temperature, and circulation of corticosterones and glucose. The aim of this work is to charac-
terize the projections of neurons from the arcuate nucleus to the suprachismatic nucleus of the rat hypothalamus in
vitro using the electrophysiological technique for constructing a peristimulus temporal histogram (PSTH). Based on
the results obtained, make a conclusion about the intensity and nature (excitatory, inhibitory or complex) of axon pro-
jections from the arcuate to the suprachiasmatic nucleus, thereby supplementing the theoretical understanding of the
functional organization of the SCN of the hypothalamus. Modern methods of electrophysiological studies (extracellular
microelectrode recording of neuron activity) were used in the work. All the obtained results indicate that ARC neurons
are able to have both excitatory and inhibitory effects on the functional state of the cells of the circadian oscillator of
the SCN. These influences may underlie the adjustment of the oscillator in accordance with the level of activity of the
center for regulating appetite, metabolism, and diet, located in the arcuate nucleus of the hypothalamus.

Key words: suprachiasmatic nucleus (SCN); arcuate nucleus (ARC); circadian; spike; neuron; peristymal temporal
histogram (PSTH); hypothalamus; afferent output.
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Pe3tome. B HacTosiLLee BpeMsi B 9M1EKTPODU3NONOTMM MO3ra CyLLECTBYET TOUKA 3PEHNS O HANMMYUK M3NOSIOrYECKON
CBA3M Mexay cynpaxuasmaTideckum (CXA) n apkyatHbim (APK) sgpamu. MonHoCTb 060CHOBAHHOTO NOATBEPKAEHMS
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9TO CBA3M NOMNYYEHO He BbINo, 0AHAKO PSAA ONbITOB, NPOBEAEHHbIX YYEHbIMU Pa3nNUYHbIX CTPaH, NOATBEPXKAAET
CyLLeCTBOBaHWe onpegeneHHoro poga s3anmogenctans mexay pabotoin CXA n APK sgep. Bsanmogencteme CXA u
APK perynupyeT putMu4yHOCTb MeTabonuyeckux dyHkunin. CXA nepeaaeT cBA3aHHY0 CO BpeMeHeM MH(opMaLnio B
APK ans BbinonHeHns MeTabonuyecknx yHKLMIA B HYXHOe Bpems. B 10 xe Bpems CXS BNusieT Ha YyBCTBUTENBHOCTb
APK K uMpKynupyoLwmm Monekynam, Takum obpasom no3sonss eMy pearpoBaTtb B 3aBMUCUMOCTY OT BPEMEHM CYTOK.
Mockonbky APK BoCnpUHMMAaeT ropMOoHbl M METabonUTbI M3 Nepudepum, OHO NepeaaeT 3Ty MHgopMaLmio 06paTHO B
CXA, nossonsis CXA agantupoBaTh CBOW BbIBOA 1 3aBepluas obpaTHyto ¢BA3b, koTopas Heobxoguma CXA gns kop-
PeKTUPOBKYK duanonorun. 370 B3anmogenctane mexay CXA n APK Heobxogumo Ans noaaepxaHus putMoB npuema
NULWK, ABUraTeNbHON aKTUBHOCTY, TEMNEPaTypbl U UMPKYIMPOBAHNS KOPTUKOCTEPOHOB W rMioKo3bl. Liens paboTbl —
oxapakTepu3oBaTb NPOEKLMM HENPOHOB OT apKyaTHOro fApa K Cynpaxna3maTnyeckomy sapy runoranamyca Kpbic in
Vitro C NOMOLLbHO 3NEeKTPOPM3NONOrNYECKON TEXHUKI MOCTPOEHUS NEPUCTUMYITbHON BpEMEHHO ructorpammel (PSTH).
Ha ocHoBaHWM NONyYeHHbIX pesynbTaToB CAenaTh 3akmnyeHne 06 NHTEHCUBHOCTY M XapakTepe (Bo3byxaatoLem,
TOPMO3HOM WM KOMMEKCHOM) aKCOHHbIX MPOEKLMI U3 apKyaTHOro B Cynpaxuasmatuyeckoe S4po, TeM caMmbiM 4omnon-
HWUTb TeOpeTUYeCcKne NpeAcTaBneHns o PyHKLUMOHansHo opraHnsayun CXA runotanamyca. B pabote npumeHsnuce
COBPEMEHHbIE METOAbI 3NEKTPOPU3NONOrNYECKINX UCCIEA0BAHUI (BHEKNIETOYHAS MUKPOINEKTPOAHAs 3annchb akTuB-
HOCTW HEMPOHOB). Bce nonyyeHHble pe3ynsTaTthl CBUAETENbCTBYIOT O TOM, 4TO HeipoHbl APK cnoco6HbI okasbiBaTh
kak BO30YxAatoLLee, Tak M TOPMO3HOE BNUSIHUE Ha PYHKLMOHANBHOE COCTOSHUE KNETOK LMpKaanaHHOro ocumunngropa
CX51. OTv BIUSHUS MOTYT NexaTb B OCHOBE HAaCTPOWKM OCLUNAATOPa B COOTBETCTBUN C YPOBHEM aKTUBHOCTU LIEHTpa
perynauuu annetuta, Metabonuama 1 pexumma nuTaHus, pacrnonoXeHHOro B apkyaTHOM SApe runotanamyca.

KnioueBble cnoBa: cynpaxuasmatuyeckoe a4po (CXA); apkyatHoe aapo (APK); LmpkagnaHHOCTb; Cnamk; HEMPOH;

nepucTUMynbHas BpemMeHHas ructorpamma (PSTH); runotanamyc; adepeHTHbIN BbIXOS.

INTRODUCTION

There is a lot of evidence that the suprachiasmatic nucle-
us (SCN) of the hypothalamus is a master circadian clock in
mammals, responsible for controlling most, if not all, biochemi-
cal, physiological, and behavioural processes. Individual cells
of the SCN constitute a self-sustaining molecular clock, but
their synchronisation, precision, and stability of the circadian
rhythm are derived from intercellular interactions mediated
by network mechanisms [8]. The period of the endogenous
free SCN rhythm must be synchronised with the period of
the environment (exactly 24 h), matching the phase of the
internal clock with the corresponding solar time. In addition to
the most physiologically important photic engagement of the
SCN clock in the light-dark cycle, which is mediated by direct
input to the retina via the retinohypothalamic tract, relevant
non-photic cues may also contribute [11].

The SCN has a wide range of reciprocal neural connec-
tions (e.g., with the arcuate nucleus (ARC), dorsomedial
hypothalamus, intergeniculate leaflet, dorsal suture) that pro-
vide non-convex feedback from these nuclei to the SCN to
entrain the underlying circadian clock.

Among the neural connections of the SCN, reciprocal con-
nections with the ARC are of particular interest. The arcuate
nucleus is critical for maintaining energy homeostasis and me-
tabolic balance, being an integrator of hunger and satiety signals
that may be involved in the mechanisms of non-photic setting of

the SCN clock [14]. Projections from the SCN to the ARC have
been demonstrated in autoradiographic and electrophysiological
studies, but little is known about the transmitters involved.

Circadian rhythms of functional activity in mammals, ma-
nifested at the level of both individual cells and the whole or-
ganism, are formed under the influence of pacemaker neurons
localised in the hypothalamic SCN [10, 13]. Pacemakers act
as biological clocks, with the help of which the body is able to
control various rhythms of such processes as metabolism, cell
proliferation, behavioural reactions (sleep, wakefulness, food
intake, drinking, locomotor activity, etc.). In the nervous system,
at the level of individual neurons, this is manifested in rhythmic
fluctuations in the production and release of physiologically ac-
tive substances, as well as the level of expression of receptors
to these substances, for example, to serotonin, norepinephrine,
acetylcholine, melatonin [10, 16, 17].

Previous studies have shown that neural connections bet-
ween the SCN and the ARC are essential for circadian func-
tion. These connections integrate metabolic information into
the circadian system and thereby adapt circadian rhythms of
behaviour, food intake, body temperature, and circulating cor-
ticosterone and glucose levels. It has been demonstrated that
the ventromedial ARC can modulate SCN activity. The supra-
chiasmatic nucleus, in turn, can induce rhythms in the ARC [7].
Lesion of a specific (leptin-sensitive) population of neurons in
the ARC leads to disruption of rhythms of sleep, body tempe-
rature, and food intake. Isolation of the ARC from the SCN in
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stab-injured rats resulted in complete arrhythmia of locomotor
activity, body temperature, and corticosterone secretion under
conditions of constant darkness, despite the rhythmicity of the
SCN and persistent rhythmic secretion of melatonin. It was
concluded that the interaction between the SCN and the ARC
is critical for the expression of circadian rhythms [5, 6, 12].

AIM

The experiments were conducted to study the spike acti-
vity of SCN neurons in vitro and its modulation arising during
electrical stimulation of the ARC and to characterise electro-
physiologically the state of axon projections to suprachiasmatic
neurons. In this case, methods for constructing and analysing
a peristimulus time histogram (PSTH) were used.

RESULTS

To characterise the projections of neurons of the ARC
to SCN in rat's hypothalamus in vitro using the electrophy-
siological technique of peristimulus time histogram (PSTH).

MATERIALS AND METHODS

48 male Wistar rats weighing 75-170 g were used in
the experiments. At the beginning of the experiment, the
animals were anesthetised with urethane (1.2 g/kg intra-
peritoneally) and decapitated. The brain was excised and a
vibratome (Vibroslice NVSL, WPI, USA) was used to make
500 um sagittal sections through the suprachiasmatic and
arcuate nuclei. The sections were pre-incubated in artificial
cerebrospinal fluid (aCSF) oxygenated with 95% oxygen
and 5% carbon dioxide for at least 1 hour at physiological
temperature (37 °C). The composition of aCSF consisted of
124 mM NaCl, 25 mM NaHCO,, 3 mM KClI, 1.5 mM CaCl,,
1 mM MgSO,, 0.5 mM NaH,PO,, 30 mM glucose. After
that, the sections were transferred to the recording cham-
ber and perfused with aCSF. The recording chamber was
maintained at room temperature of 24-26 °C. The flow of
aCSF through the recording chamber was maintained using
a peristaltic pump (Minipuls3, Gilson, France) at a constant
rate of 1.5-2.0 ml/min.

Extracellular recordings were made from SCN neurons
using glass electrodes with a tip diameter of approximately
0.5 um, filled with aCSF to give a tip resistance of approximate-
ly 10 MQ.

Recorded signals were amplified (2400 A, Dagan, USA),
passed through a 50 Hz noise suppressor (Hum Bug; Quest
Scientific, Canada) and interface device (Micro 1401; CED,
Cambridge, UK) to a PC. Spike 2 software (CED, Cambridge,
UK) was used for data acquisition. The raw waveform was sam-
pled at 20 kHz and autonomous discrimination between peak
events and stimulus artefacts was performed using dedicated
data analysis software [1, 2]. ARCs were stimulated with bi-
phasic rectangular stimulation pulses of 8 x8 V (corresponding
to 0.2x0.2 mA). The stimulation protocol consisted of single
biphasic pulses of 1x 1 ms duration delivered at a frequency of
1 Hz using a model 2100 stimulator (AM Systems, USA). The
distance between the stimulating electrode and recording zone
in the SCN was 2.5-3 mm.

A total of 65 stable single recordings of neuronal re-
sponses were made from the SCN. After spontaneous acti-
vity of each cell had been recorded for at least 5 min in nor-
mal aCSF, the cells were tested for the effects of ARC sti-
mulation. The 42 of 65 cells (64.6 %) responded and showed
simple excitatory, simple inhibitory, or complex responses to
PSTH. Fig. 1 illustrates the procedure for generating PSTH
of two SCN cells showing simple short-latency excitation
(Fig. 1a) and simple short-latency inhibition (Fig. 1b) after
ARC stimulation. 11 cells (16.9%) showed simple short-
latency (<14 ms) excitation, 13 cells (20.0 %) showed sim-
ple short-latency (< 14 ms) inhibition, 2 cells (3.1 %) showed
simple long-latency (>40 ms) excitation, 2 cells (3.1%)
had simple long-latency inhibition (>25 ms), and 23 cells
(35.4%) did not respond. The remaining 14 cells (21.5%)
showed complex responses.

In the research, 9 cells (13.8%) showed a complex re-
sponse consisting of short-latency inhibition followed by excita-
tion, 2 cells (3.1%) showed a complex response consisting of
antidromic excitation followed by inhibition, 1 cell (1.5%) sho-
wed a complex response consisting of short-latency excitation
followed by inhibition, and 2 cells (3.1%) showed a complex
response consisting of three components: short-latency excita-
tion followed by inhibition and delayed excitation.

Most cells (38 of 42; 90.5%) responding to stimulation
showed a short-latency response (including an early compo-
nent of the complex response) with the onset of 5.8+0.9 ms
of the stimulus pulse. The remaining 4 cells (9.5 %) showed a
delayed response with an onset of the stimulus pulse >25 ms.

DISCUSSION

In the present in vitro electrophysiological study on
500 um sagittal slices, peristimulus time histograms (PSTH)
were used to assess the responses of SCN neurons to ARC
stimulation. 65 % of orthodromically identified SCN neurons
responded to ARC stimulation with simple monophasic or
complex responses, indicating the existence of rich neuronal
projections from the ARC to the SCN. In an earlier in vivo
electrophysiological study, simple or complex responses to
ARC stimulation were detected in 86% of SCN neurons [15].
The lower proportion of neurons responding to stimulation

& POCCHIICKHE BHOMETMIIMHCKIE HCCTEIOBAHIAL  TOM 8 Mol 2023

eISSN 2658-6576




24 ORIGINAL PAPERS
L4 4 4 4 4 1 4 L 4 »
TR T I
( I . r ‘ | [ 2 254
g 20
»n 15 4
1s o 10 1
a 2 5
2 5
2 o-
02 014 00 01 02 03 04
Time, s
4 4 4 4 4 4 4
[%2)
£
w0
73
(]
=
5mV| 3
1s °
[+
]
b E
=
02 -01 0 01 02 03 04
Time, s
Fig.1.  Examples of response of neurons in the suprachiasmatic nucleus to stimulation of the arcuate nucleus in the form of short-latency

excitation (a) and inhibition (b). The upper part of the figure shows fragments of neuronograms, with arrows marking stimulation
artefacts. The lower part shows three peristimulus time histograms of the activity of these neurons, constructed based on data on
the distribution of spike generation moments during the action of 325 and 150 consecutive stimuli, respectively. The abscissa axis
shows time (ms) (the “0” mark corresponds to the stimulus moment); the ordinate axis shows the total number of spikes for each

5 ms time interval

in vitro may be explained by a decrease in the number of
intact axonal projections from the stimulation zone to the
SCN due to projection damage during slice preparation.
In our earlier in vitro study performed on 300 ym sagittal
sections, only 48% of the tested SCN neurons responded
to ARC stimulation [9]. The reduced number of responding
cells in the thinner section compared to the present study
could be explained by the possible trajectory of some fib-
res connecting the ARC and SCN, which may have initially
passed laterally and exited the section.

Stimulation of the ARC caused both simple (monopha-
sic) excitatory, simple inhibitory, and complex responses in
the SCN. Simple excitatory and inhibitory responses were
observed in 20 and 23.1% of the suprachiasmatic neu-
rons tested, respectively. Complex responses consisting of
multiple components (excitatory, inhibitory, or both) were
observed in 21.5% of neurons. This significant number of
complex responses may indicate that significant proportion
of SCN cells receive 2 or more distinct inputs from cells in
the ARC or pathways passing through the ARC.

In conclusion, the present study demonstrated reciprocal
connections between the ARC and SCN using electrophysi-
ological methods. The data confirm previous electrophysiolo-

gical and anatomical studies demonstrating reciprocal neural
connections between the ARC and the SCN [3, 4]. Projec-
tions from the ARC are thought to convey peripheral meta-
bolic information to the SCN. It has been suggested that the
SCN is important component in a larger network that controls
homeostasis by changing physiological parameter sets daily.

CONCLUSION

In the study, reciprocal connections between the ARC
and SCN were demonstrated using electrophysiological
methods. The data confirm previous electrophysiological
and anatomical studies demonstrating reciprocal neural
connections between the ARC and SCN. Projections from
the ARC presumably transmit peripheral metabolic informa-
tion to the SCN.

The results indicate that the arcuate nucleus contains
a population of cells that are the source of excitatory and
inhibitory projections to neurons of the suprachiasmatic
nucleus. Due to the presence of these projections, syn-
chronisation of the circadian oscillator may be achieved, in
particular, in accordance with the level of metabolism and
severity of food motivation.
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AOMNOJIHUTENIbBHAA UHOOPMALINA

Bknap aBTOpoB. BCe aBTOPbI BHECNN CYLLECTBEHHbIN
BKnag B pa3paboTKy KOHLenuuW, NpoBeLeHNe uccneaosa-
HWS 1 MOATOTOBKY CTaTby, NPOYNN 1 0806pUNN HUHAMNBHYI0
Bepcuto nepep nybnukauuei.

KoHnukT nHTepecoB. ABTOpbI AeknapupytoT OTCyT-
CTBME SBHbIX W NOTEHUManbHbIX KOH(AUKTOB WMHTEPECOB,
CBS3aHHbIX C NybriMkaumen HacTosLWEN CTaTby.

WUcTouHuk chmHaHcupoBaHuaA. ABTOpbI 3asdBNstOT 00
OTCYTCTBMM BHELLHErO (DUHAHCMPOBaHUS MpU MPOBEAEeHUN
“ccneaoBaHms.

Bce npoueaypbl COOTBETCTBOBANW TUYECKUM CTaHAap-
Tam, YTBEPXAEHHbIM MPaBOBbIMK akTamn PO, npuHumnam
Basenbckon aeknapauum W pekoMeHZauMsM KomuteTa no-
Broatuke Guonornyeckoro akynbteta Camapckoro Haumo-
HamnbHOrO MCCNefoBaTENbCKOrO YHUBEPCUTETA UM. akaje-
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