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Effect of Respiration and Vascular Tone
on Heart Rate Variability in Rats

Pecbepart: B pabote Ha ocHOBaHWM pe3ynbTaTOB COYETAHHOrO MCCefoBaHUs (3nekTpokapauorpadusi, nHeBMoTaxorpadus,
npsimasi cpurmorpacums) U3y4eHo BRUSIHUE AbIXaHWsi U COCYAMCTOro ToHyca Ha BapuabenbHocTb cepaeyHoro putma (BCP) kpbic 1
npeacTaBneHa usnonornyeckas MHTepnpeTaums BblbpaHHbIX AnMana3oHoB crnekTpa. Mpu nsyvyeHun BCP Kpbic B COCTOSIHUK
604pCTBOBaHNSI YCTAHOBMEHO, YTO HWXHSAS rpaHuua avanasoHa HF-BonH gomkHa 6biTb He 6onee 0,8 'y, BEPXHAS — HE MeHee
2,51, a B CTPECCOBOM COCTOSIHUM OaHHbIN nokasaTenb yBenuyunBaetcs Ao 3 [u. SkcnepuMmeHTanbHO AOKa3aHo, YTO ANS KpbIC
B COCTOSIHUM GOAPCTBOBaHUSA XapaKTepeH «MnakeTHbI» Tun AbixaHusa (oT 2 o 15-20 c). YacToTa AbixaTenbHbIX ABUXEHUN
B KaXJOM «nakeTe» pasHasi, MO3TOMY B BbICOKOYACTOTHOW 0BnacTu cnekTpa MOXeT peructpupoBaTtbcs ABa M 6onee nukoB. 31O
noATBepXAaeT CyLleCTBOBaHME HECKOMbKUX OCUUNNATOPOB — «BOAMTENEWN» pUTMa AblXaTeNbHOro LEHTpa. YCTaHOBMEHO, YTO
Yy HapKOTU3MPOBAaHHbIX KPbIC BA30MOTOPHbIE BOJHbI BMUSOT HAa BapnabenbHOCTb AblXaTelbHOro U CepaeyHoro pUuTMOB B Auana3soHe
0,25-0,5 Iy ¢ nukom 0,4 Ty, NO3TOMY HWXHSASA rpaHuua cpegHux MF-BonH He gomkHa npesblwaTh 0,25 My,

KniouyeBble cnoBa: BapuabenbHOCTb CEPAEYHOro pUTMa, ChnekTparnbHbI aHanus, AblxaHue, COCYAUCTbIN TOHYC, KpbIChI.

Pecbepar: Y poboTi Ha migcTasi pesynbraTiB NOEAHAHOrO AOCHiIAXEHHS (enekTpokapaiorpadis, nHeBMoTaxorpadis, npsima
ccurmorpadpisi) BUBYEHO BMMMB AUXAHHS Ta CyOAMHHOro TOHYCy Ha BapiabenbHicTb cepueBoro putmy (BCP) wypis i npeactasneHa
dpisionoriyHa iHTepnpeTauis obpaHux Aiana3oHiB crnektpa. Mpu BuBYeHHI BCP wwypiB y cTaHi HecnaHHs BCTAHOBMEHO, LUO HUXHS
Mexa AianaszoHa HF-xBunb noBuHHa 6yTn He Ginbwe 0,8 Iy, BEpxHS — He MeHwe 2,5 Ny, a B CTpecoBOMY CTaHi AaHW NOoKa3HWK
36inbwyeTbes Ao 3 Ny. EkcneprvmeHTanbHO AOBEAEHO, WO ANS LYPIB Y CTaHi HECNAaHHS XapaKTepHUN «MakeTHU» TUN AuxaHHs (Big
2 po 15-20 c). YactoTa guxanbHUX pPyXiB y KOXXHOMY «MNakeTi» pi3Ha, TOMy B BMCOKOYACTOTHIN 30HI CNeKkTpa MoOXe peecTpyBaTucs
nBa Ta Ginble nikiB. Lle nigTBepaxye iCHyBaHHS KiNbKOX OCLMMATOPIB — «BOAIIB» PUTMY AUXanbHOro LeHTpy. BctaHoBneHo, Wo y
HapKOTU30BaHKX LLypiB Ba30OMOTOPHI XBUNi BNNUBaOTh Ha BapiabenbHiCTb AMXanbHOro Ta cepueBoro putMiB y Aiana3soHi Big 0,25—
0,5 Ny i3 mikom 0,4 Ty, TOMy HWXHA Mexa cepefHix MF-xBunb He noBuHHa nepesuwysatu 0,25 u.

KniouyoBi cnoBa: BapiabenbHiCTb CEpLEBOro pUTMY, CNekTpanbHUN aHani3, AUXaHHs, CYAUHHWUIA TOHYC, LLypW.

Abstract: Basing on findings of a combined study (electrocardiography, pneumotachography, direct sphygmography) the paper
discusses the effect of respiration and vascular tone on heart rate variability (HRV) in rats and presents a physiological interpretation
of the selected spectral ranges. Studying the HRV in conscious rats showed the lower HF-wave range limit to be not higher than
0.8 Hz, and the upper one not less than 2.5 Hz; under stress this index increased up to 3 Hz. The experiments showed that conscious
rats were characterized with the ‘package-like’ respiration (from 2 to 15-20 s). The respiratory rate in each ‘package’ was different,
therefore two or more peaks might be recorded at high-frequency spectral range. This fact confirmed the existence of several
oscillators-pacemakers of respiratory center. In the anaesthetised rats the vasomotor waves were established to affect the variability
of respiratory and heart rates within the range of 0.25-0.5 Hz with 0.4 Hz peak. Therefore the lower limit of the average MF waves
should not exceed 0.25 Hz.

Key words: heart rate variability, spectral analysis, respiration, vascular tone, rats.

Jns onpenenenust 3 (HEKTUBHOCTH TEpareBTH-
YECKUX U XUPYPTUUECKUX METOAO0B IIPU MOJEIHPOBa-
HHH U JICUCHUH TATOJIOTMYECKUX COCTOSIHHM HEOOXOIU-
MO MMETh YETKOE MPE/ICTABICHUE O (PU3UOIOTHYECKON
HOpMeE (KaK 0 OMOJIOTHISCKOM ONTUMYME KU3HEIEs-
TEJIbHOCTH ) ¥ IOHUMATh MEXaHU3MbI TaTO(MU3UOJIOTH-
YECKHX TPOIECCOB, MPOTEKAOIINX B OPTaHU3ME.

AnanTtanuoHHbIe U QYHKITNOHATHHBIC BO3MOYKHOC-
TH OMOJIOTHYECKOTO O00BEKTa MOTYT OBITH M3yue-
HBI C TIOMOIIIHIO0 TAKOTO HEWHBA3WBHOTO M IIPOCTOTO
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To determine the efficiency of therapeutic and sur-
gical methods applied to treat pathological states in
experiment or in clinics it is necessary to have a distinct
understanding of physiological norm (as a biological
optimum of vital activity) and to understand the mecha-
nisms of pathophysiological processes, occurring in an
organism.

Adaptative and functional abilities of a biological
object may be studied using such a non-invasive and
simple ‘tool’ as the heart rate variability (HRV)[1, 14, 19].
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«MHCTPYMEHTa», KaKk BapuabeIbHOCTh CEPACYHOIO
putma (BCP) [1, 6, 10].

HemanoBaxHo, 4T0O JaHHBI METOJI MOKET ITPUME-
HATBHCS MPU U3yUYEHUU BEr€TaTUBHOTO CTaTyca opra-
HH3Ma B MpOLECcCe aKKJIMMAIUU MOCIE XOJIOIOBBIX
BO3JEUCTBHUI W IS ompeneneHus 3pQPeKTuBHOCTH
JIOKQJIBHBIX KPUOTIOBPEXICHUM TKaHEW M OPraHOB pU
9KCIEPUMEHTAITLHOM MOZIETUPOBAHUH TTaTOJIOT U WITH
TepaTmH.

B 1996 . 6p11a poBeieHa CTaHAAPTH3AIUS H3Me-
penuii u jana pusnonorunyeckas uaTepnperanys BCP
yenoBeka [18].

Takas mpouenypa Ui KpbIC, KOTOpbIe Hanbojee
4acTO UCHOJIB3YIOTCS B 3KCIIEPUMEHTAJIBHBIX HCCIIE-
JTIOBAaHUSX, HE IPOBOJMIIACK, UTO 3aTPYAHSAET BOCIIPOM3-
BEJICHUE U COTTOCTABIICHNE PE3YJIBTaTOB UCCIIEA0BAHUIM,
TIOJTYYEHHBIX B pa3HBIX JJabopaTopusx mupa [8, 15].

Panee Ha OcCHOBaHNY NPECTABICHHBIX INTEPATYp-
HBIX IaHHBIX HaMHU OBITH OMPE/IEIeHbI ONTHMAaJbHBIC
YaCTOTHBIE TUATIA30HBI IS TIPOBEICHUS CTIEKTPATb-
noro ananmmsa BCP y xpsic: TP (Total Power)—0,015—
3 I'm; VLF (Very Low Frequency) — 0,015-0,04 I't; LF
(Low Frequency)—0,05-0,79 I';; HF (High Frequency) —
0,8-3 'y [8]. st monTBepskaeHUS BEIOPAHHBIX Xapak-
TEPUCTHUK UCCIIEyeMbIX BOJIH HEOOXOANMO MMPOBECTH
aHaJIM3 dKCIIEpUMEHTAIbHBIX pEe3yabTaToB. B vact-
HOCTH, BaXKHO U3Y4UTh YaCTOTY JIBIXaHUS U €€ BINSHNE
Ha CEp/ICYHBIN PUTM, OCKOJIBKY BBICOKOUACTOTHBIE
(merxatenpabie) HF-BOMHEL B criekTpe hopMHUPYIOTCS
B pe3yabTare JAbIXaTeNbHbIX IBIKeHH [4, 15].

Kpome toro, npu cnexrpaibHoMm anainuze BCP
BBIJICIISIFOT BA30MOTOPHBIE BOJIHBL, YaCTOTA KOJIEOaHUH
KOTOPBIX y "enmoBeka coctasisier 0,1 I'm [5, 10, 18].
Ha cnexrporpamme onu mpencrasiaeHsl B Buje LE-
BoJH ¢ nuamnasonom 0,04-0,15 I'u [3, 5, 10]. Pesynb-
TaThl MCCIEI0BAHNI Ba30MOTOPHBIX BOJH Yy KpBIC
MPaKTUYECKH OTCYTCTBYIOT, IPH 3TOM U3BECTHO, UTO
MUK 3TUX BosH npuxoautcs Ha 0,4 I'u [13].

YcraHoBIeHO, 4TO HU3KOYacTOTHBIE BOJIHBI (VLF-
BOJIHBI) OTPaXalOT TYMOPaIbHO-METa00TNICCKIE
mpoueccsl B opranusme. Ha criekrporpamme uenoBexa
OHM HaxomsITcs B quana3one ot 0 mo 0,04 I'm [10, 18],
onHako nHpopmarus o nuanazone VLF-BoH y KpeIc
IIPAKTUYECKH OTCYTCTBYET.

Ha ocHOBaHMY BBIIIENU3II0KEHHOTO LIEIbIO PAOOTHI
OBLIO McCleOBaHUE BIHUSHUS JbIXaTEIbHOTO H
cocynucToro koMmrnoHeHToB Ha BCP kpsic.

Matepuajbl 1 MeTOAbI

Paboty BbIMONHSIIM B COOTBETCTBHU ¢ «O0IIUMU
MIPUHIIMITAMA YKCIIEPUMEHTOB Ha dKUBOTHBIX», 0J100-
peHHbIME V HanmoHaIEHBEIM KOHTPECCOM IT0 OMOATHKE
(Kues, 2013) u cormacoBaHHBIMHU C TTOJIOKCHUSIME
«EBponelckoil KOHBEHIIMM O 3aIIUTE MO3BOHOYHBIX
YKUBOTHBIX, UCTIOIB3YEMBIX JUIS 9KCTIEPIMEHTAIBHBIX
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Of importance is to note, that this method may be
applied in studying an organism vegetative status during
acclimation after cold exposures and to determine the
efficiency of local cryodamages of tissues and organs
in either experimental simulation of pathologies or
therapy.

In 1996 the measurements of human HRV were
standarized and their results were physiologically
interpreted [17].

There was such an activity in case of rats, being
the most often used in experimental studies, making it
difficult to reproduce and to compare the findings, ob-
tained in different laboratories around the world [3, 13].

The previous paper [3] summarized the published
data and described the optimal frequency ranges to
perform the HRV spectral analysis in rats: TP (Total
power) was found to be 0.015-3 Hz; VLF (Very Low
Frequency) was 0.015-0.04 Hz; LF (Low Frequency)
was 0.05-0.79 Hz; and HF (High Frequency) was 0.8—
3 Hz. To confirm the selected characteristics of the
studied waves it is necessary to perform an experi-
mental analysis. In particular, it is important to inves-
tigate the respiratory rate and its effect on heart rate,
since the high-frequency (respiratory) HF-wave
component of the spectra results from the respiratory
movements [10, 13].

In addition, the HRV spectral analysis emphasises
the vasomotor waves, which oscillation frequency in
human is 0.1 Hz [9, 12, 19]. In a spectrogram these
are presented as LF-waves with the range of 0.04—
0.15Hz[10, 13, 19]. There are virtually no findings of
vasomotor waves in rats, only known that the peak of
these waves is 0.4 Hz [6].

The VLF-waves were established to reflect the
humoral and metabolic processes in a body. In human
spectrogram they are within the range from 0 to 0.04
Hz [17, 19], but there is also no distinct information
about the VLF-wave range in rats.

Basing on the mentioned above the research was
aimed to study the effect of respiratory and vascular
components of HRV in rats.

Materials and methods

This research was performed according to the
General Principles of Experiments in Animals approved
by the 5" National Congress in Bioethics (Kyiv, 2013)
and agreed to the statements of European Convention
for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (Stras-
burg, 1986). The experiment designs were approved
by the Commission in Bioethics of the Institute for
Problems of Cryobiology and Cryomedicine of NAS
of Ukraine (Kharkiv, Ukraine).

Experiments were performed in 7-month-old Wistar
male rats (n = 40), weighing 200-300 g.
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U Apyrux Hay4yHbIX enei» (CtpacOypr, 1986). Meto-
JUKH MPOBEJIEHUS dKCIEPUMEHTOB yTBEPKICHBI
KoMuccHel 1o 6nostuke MHcTUTyTa MpOobdIeM KpHo-
ouonoruu u kpuomeauiasl HAH Ykpaunnsi (XapbKos,
Ykpauna).

DKCIMEepUMEHTHl MPOBOJUIU Ha 7-MECSYHBIX
Kpbicax-camuax (7 = 40) muanm Bucrap maccoit 200—
300r

J1s mocTHKeHHS TOCTABICHHOM 1IN MCII0JIb30-
BaJIl CHHXPOHHYIO 3aIUCh dJEKTpoKapauorpaduu,
HenpsMoi MHeBMoTaxorpaduu, curmorpaduu u 1o1-
ieporpaduu, 3aTeM NoTy4YeHHbIE JTaHHbIE COTTOCTAB-
JISUTH C pe3yJIbTaTaMu KapAHOPUTMOT PAMMBl, ITHEBMO-
TaXOPUTMOTPAMMBI U CIIEKTPOTPAMMBI.

DnexkTpokapauorpaguIecKue nccie0BaHus Mpo-
BOJIMJIM B TEUCHUE 5 MUH Ha amapaTHO-IIPOrpaMMHOM
komrutiekce «Ilomm-Crnexrp 12» («Heipocodt», Poc-
CHS1) C MCIIOJTb30BaHUEM ITPOTPaMMHOT0 00ecTiedeHus
«ITomu-Criextp-Putm» (Bepeus 4.8) B cTaHIapTHBIX
I, I, IIT m nomoHUTENBHBIX OTBeASHUAX avl, avR u
avF. Jlanneie OKI' peructpupoBanu mo crenuaibHO
pa3paboTaHHOI METOUKE, KOTOPAas TO3BOJISIIA IPOH3-
BOJIUTH 3alMCh B YCIOBHSIX, MAKCUMAJIBHO MPHUOIIHU-
JKEHHBIX K CBOOOTHOMY TIOBEJICHUIO JKUBOTHBIX [9].

YacToTy AbIXaHUS U aMIUIUTYLy KPUBOH JBIXaHUSI
Y KpPbIC OIPEEIISAIN C TOMOIIBbIO HETPSMOW MTHEBMO-
taxorpaduu. C 310l uenvto churmomarunk JJAII-1
(«HeitpocodT») (maTuuk apTepHanbHOro Myabca)
yCTaHaBJIMBAJIN Ha OOKOBYIO MOBEPXHOCTH T'PYJHOU
KJIETKH JKHBOTHOTO W TIOJKIIIOYATH K AJIEKTPOKap-
muorpady. [lokazarenu perucTpupoBaiy B OTBEICHAN
CorI'l.

BazomoTopHBIE BOJIHBI HCCIIETOBAIH C TOMOIIHIO
npsMoit curmorpaduu Ha OPIOIIHOM OTJIENIC A0PTHI.
J1st 5TOrO JKMBOTHBIX HAPKOTH3WPOBAIM U MOCIE
CPEVHHOM JJalapOTOMHUHU HEMOCPECTBEHHO HA A0PTY
HaknaasiBanu cpurmogatuuk JHAIl-1, koTopsrit
MOJKIIIOUAIH K AJIeKTpoKapauorpady B OTBEJCHHH
C®I2. B nocneonepalliOHHOM NEPUOJE B TEUEHUE
2-X CyTOK nJisi 00e300MMBaHUS KpPhICAaM BBOJIHIIH
1 mr/kr 2 pasza B cytku «Hanbydpum» (OO0 «tOpwus-
®dapwmy», YkpanHa).

Bocxoasmuii otien aopThl KpbIC UCCIEA0BAIN Ha
YABTPa3BYKoBOM 3xoToMockore «Coromen 500»
(«Conomeny, Poccust) ¢ ToMOIIBIO TMHEWHOTO JaT-
ynka 7,5L.38 B pexumax B u D.

B 3aBucuMocTH 0T pHU3HOTOrHIECKOrO COCTOSHUS
9KCIEPUMEHTAIbHBIC YKUBOTHBIE ObLIIN pa3/ielICHbI Ha
yeTbIpe rpymniisl o 10 B kaxoii: 1 — 6oapcTBOBaHUE
(mopma); 2 — ctpecc (hukcanust); 3 — MHraISHOHHAS
HapKoTu3anus 3¢pupom; 4 — HEUHTAIALUOHHAS
HapKOTH3AIUs (BHYTPUOPIOITMHHOE BBEICHUE CMECH
10%-ro pactBOpa THomeHTana HaTpus U 20%-ro
pacTBopa OKCHOyTHpaTa HaTPHUs B COOTHOIICHUH 1:3
B 103¢ 2 MuI/KT). JKHBOTHBIX Tpynm 1 1 2 hpuKcHpoBaIn
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To achieve the stated goal we used a synchronous
record of electrocardiography, indirect pneumotacho-
graphy, sphygmography and Doppler sonography, then
the findings were compared with the results of cardio-
rythmogram, pneumotachorhythmogram and spectro-
gram.

Electrocardiographic studies were done during 5 min
using the digital ECG system Poly-Spectrum-12
(Neurosoft, Russia) using the Poly-Spectrum-Rhythm
software (version 4.8) in the standard I, II, III and
additional avL, avR and avF leads. The ECG data were
recorded by the specially designed technique, allowing
to record the data in the conditions, most closely
resembling free behaviour of animals [4].

The respiratory rate and the amplitude of respiration
curve in rats were determined using the indirect pneu-
motachography. With this purpose the sphygmosensor
DAP-1 (Neurosoft, Russia) (arterial pulse sensor) was
placed on a side surface of animal breast and connec-
ted to electrocardiograph. The indices were registered
in SPG1 lead.

Vasomotor waves were investigated by a direct
sphygmography in abdominal aorta. For this purpose
the animals were anaesthetised and after midline
laparotomy the sphygmosensor DAP-1, connected to
electrocardiograph in SFG2 lead, was applied directly
to aorta. For anesthesia in post-surgery period the rats
received 1 mg/kg Nalbuphine (Yuria-Pharm, Ukraine)
twice a day within 2 days.

An ascending aorta of rats was examined with
ultrasound scanner Sonomed 500 (Sonomed, Russia)
by linear sensor 7,5L38 in regimens B and D.

Depending on physiological state the experimental
animals were divided into four groups of 10 each: the
group 1 comprised conscious animals (the norm); the
animals under stress (fixation) were in the group 2;
the group 3 included those with ether inhalation
anesthesia; in the group 4 were those with non-
inhalation anesthesia (intraperitoneal injection of a
mixture of 10% thiopental sodium and 20% sodium
oxybutyrate in 1: 3 ratio at a dose of 2 ml/kg). The
animals in groups 1 and 2 were fixed in a sitting position,
and those of groups 3 and 4 were in dorsal one.

The results were statistically processed with
parametric Student-Fisher t-tests and using non-
parametric MANOVA method. Quantitative data were
presented as mean and standard deviations. The
indices were calculated using SPSS 17.0 software for
Windows.

Results and discussion

To study the respiratory arrhythmia we calculated
the respiratory rate (RR), which made in rats 97.2 +
6.1 respiratory cycles/min in the norm. Herewith the
minimum number of respiratory movements was at
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B MOJIOKEHHUHN CUIS, TPYTI 3 ¥ 4 — B ITOJIOXKEHNH JIeKa
Ha CITUHE.

Pesynbrarel cratuctruueckn 00padaTeiBau apa-
MmeTpudeckum MetoaoM CreiogeHta-dumepa c
HCIOIb30BaHUEM t-KPUTEPHS U HEMapaMEeTPUUECKUM
metonoM MANOVA. KonnuecTBeHHbIE TaHHBIE MTPEI-
CTaBJSLUIU B CPEIHUX BEJIMYMHAX U CPEAHUX KBaJpa-
TUYHBIX OTKJIOHEeHUsX. [lokazaTenu paccuuThIBaIu
¢ nomoleio mporpammsl «SPSS 17.0 for Windows».

Pe3yabTarsl U 00cy:xKaeHHE

Jiist u3yueHHs IpIXaTelIbHOW aPUTMHH MTOJICUUTHI-
BaJIM 4aCTOTY AbIXaTenbHbIX aBrxernii (Y /1), koro-
past B HoOpMe y KphIC cocTaBisiia 97,2 £ 6,1 1UKIIOB
BIOX-BbI10X/MuUH. [Ipr 3TOM MUHUMaIBHOE KOJTHYECT-
BO JIbIXaTEIbHBIX ABMKEHHH ObLIO Ha ypOBHE 48 LIUKIIOB
B10X-BbII0X/MuEH (0,8 I'11), a MakcuMarbHoe — 156 (2,6 1)
(Tabnuma).

Jist BBISIBIGHUS MaKCUMaJIbHOW YacTOTHI JbIXa-
TEJIbHBIX ABMKEHHH Y KPbIC MOAEIMPOBAIIN CTPECCO-
Boe cocrtostHue. [lo pesymbraraMm 3JIeKTpOKapaHo-
rpauu ¥ MHEBMOTAaXorpapuu yCTaHOBIICHO, YTO
cootHourenne YCC/Y/1J] yMEeHbIIAIOCh OTHOCHUTEIIb-
HO HOpMEBI Ha 13% 3a cuet yBenmuenus Y1/ Ha 46,7%.
MakcuManbpHbli mokasatens YJIJ] cocraBua 180
LMKJIOB BJIOX-BbI0X/MUH (3 I't) ipu 567 cepaeuHbIX
COKpAIlleHUH B MUHYTY (Ta0auua).

[Tocne BBeneHHSI B HAPKO3 y KUBOTHBIX OBLIO
BBIKJIIOYEHO CO3HAHHE U ITPe00iIaalio BIUSHUE Ha cep-
JeYHBIM PUTM NIaPACHMIIATHYECKOTO 3BeHa BETreTaTrB-
HOM perynsiuun. MakcCuMaibHOE yBEJTHYSHUE COOTHO-
mennst YCC/Y// (10 6,5) oTMeuanocs y )KHUBOTHBIX
Ipymnsl 4, 4TO CBUAETEILCTBOBAJIO O PA3BUTUHU COC-
TOSIHUS TITyOOKOTO HApKO3a, MPU KOTOPOM aMILTUTY 1A
JBIXaTeTbHBIX IBIKCHUH yBETMUIUBAIACH (TAOIUIIA).
W3MeHeHre 9acTOThl IbIXaHUSl OTPAKEHO Ha CIIEKT-
porpamme B Buze Bhicoknx ko HF-BomH (puc. 1, D).
MuHuManbHas 4acToTa AbIXaHUA B TOM IpyIIIe COOT-
BercTBOBaNa 47 nukiaM BAoX-Beigox/muH (0,78 I'i).

[Iporpamma «Ilonu-Cnekrp-Putm» nossossier
H3MEHSATH apameTpsl pocMoTpa 3anucu DKI o cko-
poctu B ipenenax ot 5 1o 200 Mm/c, a TakKe peryiu-
pOBaTh aMILIUTYAy curHajia ot 2,5 1o 80 Mm/MB, uro
SIBIISIETCS HEOOXOAMMBIM YCIIOBHEM [Tl aHAJIM3a pe-
3yJBTaTOB HUCCiIeA0BaHus. [ [puMeneHne TaHHOM onuuu
TO3BOJIMIIO TPa(hUIECKH MPEACTaBUTD, KaK Y >KHBOTHBIX
IPYIITEI 4 HA OJIMH HHTEPBAJ MEXK/TY BIOXaMH IIPHXO-
muTcst 6—8 cepaeuHbIx cokparienni (puc. 1, A, B, C).
IIpu 3TOM Ha cHEKTpOrpaMMme B BBICOKOYACTOTHOM
obJyiactu ObL1 3apeructpupoBad nmuk — 0,85 'l u
JOTIONTHUATENBHBIN UK — 1,65 't (puc. 1, D).

VY XHUBOTHBIX B COCTOSIHUM OOJPCTBOBAHUS OJIUH
LUKJ BIOX-BBIJOX B CpeAHEM BKiIro4an 4,3 Kapauo-
LUKJIOB, a cpenusist Y/ — 97 apixanuit/mMuH (Tabiuiia,
puc. 2, A), 0 YeM CBUAETEILCTBYET MUK Ha CIICKTPO-
rpamme c yactoroit 1,6 ' (puc. 2, C). Ha maeBMoTaxo-
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MokasaTtenu 4acToTbl CepaeqHbIX COKpaLLEHU
1 ObIXaTenbHbIX OBUKEHWUA Y KPbIC

Indices of heart and respiratory rates in rats

pynna YCC, B munyTy | Y40, B MUHYTY CoLc‘)g-g;tL‘ll.lﬂeame
Group HR per minute | RR per minute HR/RR
1 403,4 = 7,3 97,2 £ 6,1 4,3
2 515,0 + 9,8* 142,6 = 5,7* 3,7
3 384,9 + 8,4 115,3 = 6,9 3,4
4 394,9 + 9,2 61,4 + 3,2* 6,5
ﬂpumeqal-me: * — OTNUYUSA CTAaTUCTUYECKNU OOCTOBEpPHbI NO

cpaBHeHuio ¢ Hopmon, p < 0,05.

Note: * — the differences are statistically significant if compared
with the norm, p < 0.05.

a level of 48 respiratory cycles/min (0.8 Hz), and the
maximum one was 156 (2.6 Hz) (Table).

We simulated stress in rats to reveal the maximum
respiratory rate. By the results of electrocardiography
and pneumotachography the HR/RR ratio was
established to decrease by 13% comparing to the norm
due to an increase in RR by 46.7%. The maximum
index of RR was 180 respiratory cycles/min (3 Hz) at
567 heart beats per minute (Table).

After anaesthetising the animals were unconscious,
and the effect of parasympathetic autonomic regulation
on heart rate prevailed. The maximum augmentation
of HR/RR ratio (up to 6.5) was observed in group 4
animals, testifying to the deep anesthesia development,
where the respiratory rate amplitude increased (Table).
Change in respiratory rate is reflected in spectrogram
as the high peaks of HF-waves (Fig. 1D). The
minimum respiratory rate in this group corresponded
to 47 respiratory cycles/min (0.78 Hz).

The Poly-Spectrum-Rhythm software allows
changing the viewing options of ECG record by the
rate within the limits from 5 to 200 mm/s, and adjusting
the signal amplitude from 2.5 to 80 mm/mV as well,
that is a necessary condition for analysis of the results.
This option enabled to demonstrate graphically how
6-8 heart beats correspond to 1 interval between
breaths in group 4 animals (Fig. 1A, B, C). Herewith
the peak of 0.85 Hz and an additional one of 1.65 Hz
were recorded in spectrogram in high-frequency range
(Fig. 1, D).

In conscious animals one respiratory cycle compri-
sed in average 4.3 cardiocycles, and an average RR
was 97 breaths/min (Table, Fig. 2A), as evidenced by
the peak in spectrogram with 1.6 Hz frequency
(Fig. 2C). In pneumotachorhythmogram the maximum
interval between respiratory cycles was 1.25 s.
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Puc. 1. MNokasatenu cepaeyHoro v apixa-
TENbHOro pUTMa KpbICbl NOA OeCTBUEM
HEWHranauMoHHoro Hapkosa; YCC —
380 cokpawenui/mun; YOO — 51 gbixa-
TernbHbIX ABWKEHUN/MUH. [TyHKTUPHBIMUX
NUHUAMKM 0603HaYeHO paccTosiHue
MeXxay BAOXaMMU, TPEYrosibHUKOM —
Havano ¢a3sbl Bgoxa; A — OKI™ (ckopocTb
passepTtkn 100 mm/c, amnnuTyga cur-
Hana 40 mm/mMB); B — KT 1 nHeBmoTa-

Xorpamma (CKopoCTb pasBepTku 25 Mm/c,
amnnutyga curHana 40 mm/mB); C —
OKI' n nHeBMOTaxorpamma (CKOpPOCTb
passepTkn 10 mm/c, amnnuTyga curHa-

na 5 mm/mMB); D — cnektporpamma.

Fig. 1. Indices of heart and respiratory
rhythms in rats under non-inhalation
anesthesia. HR: 380 beats/min; RR: 51 &
respiratory movements/min. Distance f
between intakes of breath and inspira-  *°
tory phase beginning are indicated by
dashed lines and triangle, respectively.
A: ECG (100 mm/s scan velocity,
40 mm/mV signal amplitude); B: ECG
and pneumotachogram (25 mm/s scan

—
E_
-

it

velocity, 40 mm/mV signal amplitude); . 'L 5 A B

C: ECG and pneumotachogram (10 mm/s
scan velocity, 5 mm/mV signal amplitu-
de); D: spectrogram.

Puc. 2. lNokasatenu cepgeyHoro n apl-
XaTenbHOro pUTMa KpbIC B COCTOSIHUM |
6oapcTBOBaHUS. TyHKTUPHBLIMU NUHUS-
MU 0003HAYEHO paccTosiHUE Mexay
Baoxamu; A — OKI 1 nHeBMOTaxorpamma
(ckopocTb passepTkn 50 mm/c, amn-
nutyga curHana 40 mm/mB); B — ructo- 1“ ill
rpaMma pacnpeneneHus NHTepBasnos ‘I’ ?1
mexay Bgoxamu; C — cnektporpamma H | [
(nuk (1,6 Tu), YCC — 525 cokpalle- o
HuA/mMmuH, YO0 — 98 abixaTenbHbIX OBU- J-—1k
XeHun/MuH); D — cnekTporpamma (Mukn — Lol
1,0 2,1 Tu), YCC — 498 cokpawe- 4~ |l
Hun/muH, YO0 — 96 AObIxaTenbHbIX |
OBVDKEHUIN/MUH).

Fig. 2. Indices of heart and respiratory
rhythms in conscious rats. Distance
between intakes of breath is indicated

M\'ﬁ|p|‘ Jw, "'uﬁ M‘
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by dashed lines. A: ECG and pneumo-
tachogram (50 mm/s scan velocity,
40 mm/mV signal amplitude); B: histo-
gram of interval distribution between
intakes of breath; C: spectrogram (peak
(1.6 Hz), HR: 525 beats/min, RR: 98 respi-

ratory movements/min); D: spectrogram
(peaks ~1.0 and ~2.1 Hz). 498 beats/min
HR, 96 respiratory movements/min RR.

pUTMOTpaMMe MaKCUMAaJbHbIA HMHTEPBAl MEXKIY
LMKJIaMH BIOX-BbIIOX cocTaBisn 1,25 c.

Y 0HOM KpBICHI HA CHEKTPOTPaMME JIbIXATEIbHAs
apuTMHUs Oblja MpeJCTaBicHa B BUAE JABYX IMHKOB C
gactotoii ~1,1 u ~2,1 I'm (puc. 2, D).

Y HEKOTOPBIX JKUBOTHBIX, TIOABEPIKEHHBIX CTPECCY
Ha (oHe BbicOKUX moka3zaresneit UCC u 4acToThl

In one rat the respiratory arrhythmia was repre-
sented in spectrogram by two peaks with ~1.1 and
~2.1 Hz frequency (Fig. 2D).

In some animals exposed to stress at the back-
ground of high indices of HR and RR there was no
possibility to reveal a specific peak in spectrogram.
High-frequency range up to 3 Hz was visualized as
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JIIXaHUS1, BBISIBUTH OTIPEJICIICHHBIN
MK Ha CIIEKTPOrpaMMe He MpeJICTaB-
JSUI0Ch BO3MOXKHBIM. BbIcokodac-
TOTHYI0 0071acTh 10 3 'y BU3yanu-
3UPOBAJIN B BUJE «MEIIKO3y0uaToi»
kpuBoii (puc. 3, D). Ha ¢pone noBsI-
LIEHHOW YacTOTHI JIbIXaTeIbHBIX
JBWO)KEHUH CHIDKANACh aMIUIATYAA
JIBIXaTeNbHBIX BOJIH, IIPH 3TOM Ha
OJIMH UHTEPBall MEXKJy BJOXaMHU
MIPUXOIUIOCH OT 2 10 8 KapAHOIINK-
moB (puc. 3, A). Ha rucrorpamme
pacripe/ieTIieHUs] THTEPBAIOB MEXKITY
BJIOXaMH M IMTHEBMOTAXOPUTMO-
rpaMMme BUIHO, YTO JUIMTEIBbHOCTh
JBIXaTeNbHBIX IBUXEHHH COCTaB-
nsna ot 0,15 no 1 ¢ (puc. 3, B, C).

[Ipu cHMKEHMHM CKOPOCTH pas3-
BEPTKH 710 5 MM/C OBLITH MOJTyYeHBI
Oosiee TOYHBIC AAHHBIC JBIXATENb-
HOM kpuBoil. Ha nHEBMOTaxorpamMmme
KpPBICEI B COCTOSTHUU OOIpPCTBOBA-
HUS TIPEJICTABIICHBI KITAKEThD ObIC-
TPOTO M MEJICHHOTO MEPUOI0B
JIBIXaHUS C JUTUTEILHOCTBIO OT 2 110
15-20 ¢ (puc. 4, B).

s onpeneneHnss UCTOYHUKA
MEJJICHHBIX BOJH ObLIa HCIOJb-
3oBaHa curmorpadus, KoTopas
MIO3BOJIIET HUCCIIEN0BATh COCYAMC-

=) _,_‘4 ""“"F’““" JI' :. :. ) J\:u b
i i il . |
10335 10,231 1 0,418
f 'i W L? W il &
A UM oA A |
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Puc. 3. MNokasaTtenu cepaeyHoro n AbiXxaTerlbHOro puTMa KpbiCbl B COCTOSIHUM
cTpecca; YCC — 539 cokpaiieHunin/muH; YO0 — 125 gbixatenbHblX OBuKe-
Hun/MuH; A — QKN n nHeBMOTaxorpamma (CKOpocTb pa3sepTkn 50 mm/c,
amnnutyga curdHana 10 Mm/mB); NYHKTUPHBIMU NMHUAMKU 0BGO3HAYEHO
paccTosiHue Mexay Booxamu; B — ructorpamma pacnpeneneHusi MHTEpBarnos
Mexay Baoxamu; C — nHeBMoTaxoputmorpamma; D — cnektporpamma;
OTCYTCTBUE BbICOKMX MkOB HF-BOIH.

Fig. 3. Indices of heart and respiratory rhythms in rats under stress. HR:
539 beats/min. RR: 125 respiratory movements/min. A: ECG and
pneumotachogram (50 mm/s scan velocity, 10 mm/mV signal amplitude).
Distance between intakes of breath is indicated by dashed lines; B: histogram
of interval distribution between intakes of breath; C: pneumotacho-
rhythmogram; D: spectrogram; absent high peaks of HF-waves.

TOE COIIPOTUBIIEHNE CTEHKH AOPTHI.

U3 puc. 5, C BUnHO, 4YTO 4acToTa
peructpupyembix BoiH TpayOe-I'epunra-Maiiepa y
KpbIC B cpenHeM coctasisa 0,4 [,

ConpspKeHHOCTD JBIXaTeIbHBIX BOJH C BOJHAMHU
COCY/IMCTOTO COMPOTHBIICHHS OTMEYECHA U Y ’KUBOTHBIX
rpynmnsl 4, pu 3ToM iepuoj BoiH Tpaybe-I epunra-
Maiiepa cOOTBETCTBOBANl HHTEpBAITY 2-4 C.

Ha xapauno- u mHeBMOTaxorpaMme OTMEYEHBI
[IEPUOJNYECKUE BOIHBI C OIMHAKOBBIM MIEPUOJIOM, UTO
CBHUJICTENILCTBYET 00 X B3aUMHOM BIIMSIHUU U PA3BH-
THM APKO BBIPAKEHHOTO KapJUOPECIUPaTOPHOTO
conpsikenus (cardio-respiratory coupling) [11].
OObsicHEeHHE MEXaHU3Ma B3aUMOCBSI3U JbIXaTEeIbHbIX
KoJnieOanuil u mTeTbHOCTH RR-MHTEpBaoB ocTaeTCs
OJIHOW M3 CaMbIX CJIOKHBIX 3aJ1a4 COBPEMEHHOMU
(mnonorum.

Bausuue neixanus Ha BCP moaTBepxkmaercs
HaJIMYMEM BBICOKOYACTOTHOTO NMHKa Ha CIEKTPO-
rpaMMe, COOTBETCTBYIOIIETO YaCTOTE JbIXaTeIbHBIX
neroxennid (51 nemwxenune/muH) (cm. puc. 1, D). Ha
puc. 1, B moka3aHo CHMXEHHE aMILTUTYAbI 3yOma R
Ha BEpILNHE BJI0XA C OCIENYIOIINM €€ HapaCcTaHUEM
BO BpeMs BbI10Xa. CHIKEHUE aMITITUTY/IbI COIPOBOXK-
JaeTCsl yyalleHHeM CEepJIeYHBIX COKpalleHul, a Ha
BoIjoxe — ypekennem YCC. B 1846 r. nemenxuit
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the ‘denticulate’ curve (Fig. 3D). Against the back-
ground of an increased respiratory rate the amplitude
of respiratory waves decreased, herewith from 2 to 8
cardiocycles corresponded to one interval between the
breathes (Fig. 3, A). The histogram of interval distri-
bution between breathes and pneumotachorhythmo-
gram demonstrate the duration of respiratory move-
ments to vary between 0.15 to 1 s (Fig. 3B and C).

Reduction of scan velocity down to 5 mm/s allowed
to obtain more precise data of respiratory curve.
Pneumotachogram of a conscious rat had the
‘packages’ of rapid and slow respiratory periods which
lasted from 2 to 15-20 s (Fig. 4, B).

To determine the source of slow waves we used
sphygmography, enabling to study a vascular resistance
of the aortic wall. The Fig. 5C shows the frequency of
the registered Traube-Hering-Mayer waves in rats to
make 0.4 Hz in average.

The coupling of respiratory waves with those of
vascular resistance was observed in group 4 animals,
herewith the period of Traube-Hering-Mayer waves
corresponded to 2—4 s interval.

Periodic waves with the equal period were found
in cardio- and pneumotachogram, testifying to their
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Puc. 4. NokasaTtenun cepae4yHoro u abixa-
TENbHOro pUTMa KpbICbl B COCTOSIHWM 6opp-
ctBoBaHuA. YHCC ~498 cokpalleHuin/MyH,
YOO — 96 abixaTenbHbIX OBVXKEHUI/MUH.
CkopocTb pa3BepTku 5 MM/c, amnnutyda
curHana 2,5 mm/mB. TMyHKTUpPHBIMU Nn-
HMSIMKM 0603HAYEHO pacCTOsIHUE MeXay
naketamu AbixaHusi. A — MHEBMOTaxo-
puTMorpamma; B — nHeBmoTaxorpamma;
C — kapguoputmorpamma; D — OKT.

Fig. 4. Indices of heart and respira-
tory rhythms in conscious rat. HR:
498 beats/min. RR: 96 respiratory
movements/min. Scan velocity: 5 mm/s,
signal amplitude: 2.5 mm/mV. Distance
between respiration packages is indi-
cated by dashed lines. A: pneumota-
chorhythmogram; B: pneumotacho-
gram; C: cardiogram; D: ECG.

il Ih It
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Puc. 5. lNokasatenu cepaeyHoro, abixa-
TENbHOro pMTMa M COCyAUCTOro Conpo-
TUBMNEHUS KPbIC MO MHransuMoHHbIM
Hapko3oM. YCC — 310 cokpaLleHWIn/MUH.
Yan — 102 abixaTtenbHbIX ABUKEHUA/MUH.
CkopoCTb pasBepTkn 5 MM/c, amnnutyda
curHana 80 mm/MB. TMyHKTUPHBIMK NK-
HMSIMM 0003HaY€eHbI FPaHNLbl BOITH COCY-
OVUCTOro conpoTuBneHns. TovyeyHble
NVMHUWM — PacCTOsIHUE MeEXAYy BAOXaMW;
A — xapgunoputmorpamma; B — OKT;
C —ccurmorpamma; D — nHeBmOTaxo-
rpamma (CKOpoCTb pasBepTku 5 mm/c,
amnnutyga curHana 10 mm/mMB); E —
rmctorpamMmma pacnpeneneHus 4acTtoT
cocyamucToro conpoTuenenusi; F — gon-
nneporpaMma BOCXOAsILLEr0 oTAena
aopThbl.

Fig. 5. Indices of heart, respiratory
rhythms and vascular resistance in rats
under inhalation anesthesia. HR:
310 beats/min. RR: 102 respiratory mo-
vements/min. Scan velocity: 5 mm/s,
signal amplitude: 80 mm/mV. Bounda-
ries of waves of vascular resistance are
indicated by dashed lines. Dotted lines |
are the distance between intakes of i
breath; A: cardiorhythmogram; B: ECG; '
C: sphygmogram; D: pneumotacho-
gram (5 mm/s scan velocity, 10 mm/mV
signal amplitude); E: histogram of vas-
cular resistance frequency distribution;

F: Dopplerogram of ascending aorta.

¢usmnonor C. Ludwig BbIsiBUI NaHHBIH (peHOMEH,
KOTOPBIM MOJTy4YHIT Ha3BaHUE «JIbIXaTelIbHasi CUHYCO-
Bast aputmus» [11].

[Ipu yBenmueHnu cCKOpOCTH pa3BEPTKU AEKTPOKAp-
mquorpaMmel 10 100 MM/c OBUTO OTMEUEHO HE3HAYH-
TEJIbHOE CHMD)KEHHE aMIUTUTYbI 3youa R yepes 0,6 ¢
riocite Boxa (cm. puc. 1, A). AHaIu3 JaHHBIX ITHEBMO-
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mutual impact and pronounced cardiorespiratory
coupling development [2]. The explanation of relation-
ship mechanism between respiratory oscillations and
RR-interval duration has still remained one of the most
complicated tasks in modern physiology.

The respiration effect on HRV is confirmed by the
presence of high-frequency peak in the spectrogram,
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TaxorpaMMBbl BBISBHJI, YTO aMITIUTYy/a 3yOma R cHu-
JKaeTcst Ha rpaHwmiie (a3sl Bemoxa-aoxa (cM. puc. 1, C).
[Ipu nepuone ~0,6 ¢ npoucxoaut 100 xonebanuii/MUH
¢ yactoToi 1,67 I'l, 4TO COOTBETCTBYET AOIOIHU-
TEJIbHOMY MHUKY Ha CHEKTpOrpamMMe B Mpeaenax
JaHHOM yacToThl (cM. puc. 1, D). [lockoneky ammuiu-
Tyna 3yOouna R cHmkamack HE3HAYUTENbHO, TO U
ykopodyeHrne uHTepBasia RR OblI0 HE3HAYUTEIBHBIM,
1, KaK CJIe/ICTBUE, MMK Ha CIEKTPOrpaMMe 110 aMILIH-
Tyae OB TakkKe HEBBICOKMM. BeposATHO, mpH TiIy-
OOKOM JIbIXaHWM TPOUCXOUT (pa3za BmOXa, HAYAIIO
KOTOpPO# COBIMAaeT C KPaTKOBPEMEHHBIM COKpaIlle-
HUueM auadparmel (IPUABIXaHUEM ), KOTOPOE, B CBOIO
odepenb, BIHUSAET Ha OapopenenTopsl aopThl. MBI
TaKK€ HE UCKIIOYAEM BO3MOXXHOCTH Y4YacTHUsS LEHT-
pa’JbHOTO MEXaHM3Ma B BOSHUKHOBEHHH BBICOKOYAC-
TOTHBIX BOJH [5].

N3yuas kapauo- 1 MHEBMOTAXOrpaMMy, Mbl OTMe-
THJIA, YTO CHUYKSHUIO aMIUTATY/IbI 3y011a R peammect-
BYET ITUK BJI0Xa, KOTOPBIN OTIEPEKAET KHUIKUNY 3yOelt
Ror 0 10 0,2 ¢ (cm. puc. 1, B; 2, A). Jlaraoe 06cTo-
ATENBCTBO CBUJETEIBCTBYET O JOMUHHUPYIOIIEM
BIIMSTHUAH JBIXaHUS HA CEPIICTHBIN PUTM, YTO IIOATBEP-
)KaeHo B pabore R. Bartsch u coast. [11].

[Ipu ananm3e cieKTporpamMM B BEICOKOYACTOTHOM
JUara3oHe OTPEAeNAeTCs pa3HOe KOJMYECTBO THKOB
(OT OTHOTO € MaKCUMAITLHOW aMILTUTY/ION /IO HECKOJIb-
KHX C MEHBIIIEH aMIUTUTY/I0H ) THOO MTUKU OTCYTCTBYFOT
(em. puc. 1, D; 2, C, D; 3, D). Takue ocoOeHHOCTH
MOSIBJICHUS HA CIIEKTPOrpaMMe MUKOB BbICOKOYACTOT-
HO¥ 00J1aCTH CBSI3aHBI C TEM, YTO ISl ABIXaTEIBHOTO,
KaK | [ CEPJICYHOr0 PUTMA, XapaKTepHA OIpe/IeIIcH-
Hasi BapHadeIbHOCTh, ITOCKOJIBKY JUTUTEIIEHOCTD (Pa3bl
BJIOX-BBIJIOX — BEJTMYMHA HETIOCTOSTHHAS.

AHanu3upys JaHHBIE THEBMOTAaXOPHUTMOTPAMMEBI
Y >KHBOTHBIX TPYIIIHI 4, MBI YCTAHOBHIIH, UTO JJTATEITb-
HOCTBh MHTEpBaJIa MEX Ty BlIoXamMu cocTtasisieT ot 0,75
10 1,5 ¢ (40—80 koneOaHmit/MUH) TPH CPEAHEH YacTOTe
neixanusa 61,4 + 3,2 (tabnuna). JsixarenpHas
aputMmus BnuseT Ha BCP, 0 ueM CBUAETENbCTBYIOT
COOTBETCTBYIOIME NUKH Ha CIEKTpOrpamMme: 4em
Oollee BhIpakeHa BapHaOEIbHOCTh JBIXaTEIBHOTO
pUTMa, TEM MEHEe OTYETJIMBBHI MUKU Ha CIEKTPO-
rpaMMe ¥, HAalpOTHB, YeM Oo0Jiee PUTHIHBIN JbIXa-
TENBHBIA PUTM, TeM 0OJiee BBIPAKEH IVIABHBIN MUK,
COOTBETCTBYIOIINN CPETHEH YaCTOTE AbIXaHUs. AHa-
JIOTUYHBIE PE3yJAbTAaThl OTHOCUTEIHFHO aMIUIUTYABI U
KOJTMYECTBA MMUKOB B BBICOKOYACTOTHOM obOsacTu,
COOTBETCTBYIOIIEH YacTOTE AbIXaHUS, OTMEUEHBI U
y JKUBOTHBIX OCTAJIBHBIX TPYIII (CM. puc. 2, 3).

Ha HekoTOophIX CIEKTporpaMMax >KUBOTHBIX TPYTIIT
1 1 2 OTCYTCTBYIOT SIBHBIC NTUKH, KOTOPBIE COOTBET-
CTBYIOT CpPEJHEH YacToTe JIbIXaHUs. JTO CBSI3aHO C
BBICOKOW BapHaOeIbHOCTHIO JIBIXaTEIBHOTO PUTMA.
[MonrBepxkaerueM 3Toro GeHoMeHa MOTYT OBITh
pe3yJbTaThl MHEBMOTAaXOTPaMMBbl U THCTOTPaMMBbI
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corresponding to respiratory rate (51 movements/min)
(see Fig. 1D). Fig. 1B demonstrates a decrease in R-
wave amplitude at the top of breath with its subsequent
augmentation during expiration. A decrease in ampli-
tude was accompanied by a speeding up of heart beats,
and HR slowing during breathing out. In 1846 German
physiologist C. Ludwig revealed this phenomenon,
called as ‘respiratory sinus arrhythmia’ [2].

When increasing the scan velocity of electrocar-
diogram up to 100 mm/s, a slight decrease in R-wave
amplitude in 0.6 s after intake of breath was noted
(see Fig. 1A). Pneumotachogram data analysis
revealed a decrease in R-wave amplitude at the boun-
dary of inspiratory-expiratory phase (see Fig. 1C).
When the period was ~0.6 s, 100 oscillations/min with
1.67 Hz frequency occured, that corresponded to
appearance of an additional peak in spectrogram within
the limits of this frequency (see Fig. 1D). Since the
R-wave amplitude decreased insignificantly, the RR
interval shortening was negligible, and, consequently,
the amplitude peak in spectrogram was low as well.
Probably, with a deep respiration there was an inspi-
ratory phase, the start of which coincided with a short-
term diaphragmatic contraction (aspiration), which, in
turn, affected the aortic baroreceptors. We also do
not exclude a possible involvement of a central mecha-
nism in high-frequency wave occurrence [12].

Studying cardio- and pneumotachogram revealed
the fact that a decrease in R-wave amplitude was
preceded by the inspiratory peak, which in turn was
ahead of ‘low’” R wave from 0 to 0.2 (see Fig. 1B;
2A). This fact testified to a dominating effect of respi-
ration on heart rate, as confirmed in the paper of
R. Bartsch et al. [2].

Analysis of the spectrograms within a high-
frequency range resulted in either apperance of
different number of peaks (from singlet with the
maximum amplitude to several ones with lower
intensity) or vice versa absence of any peaks (see
Fig. 1D; 2C, D; 3D). These features of high-frequency
peak appearance in spectrogram were due to the fact
that both respiratory and heart rates were characte-
rized by certain variability, since the inspiratory-
expiratory phase duration was not a constant value.

Analysis of pneumotachorhythmogram data in
group 4 animals established the duration of interval
between intakes of breath to make from 0.75to 1.5 s
(40-80 oscillations/min) at an average respiration rate
of 61.4 +3.2 (Table). Respiratory arrhythmia affected
the HRYV, as evidenced by the corresponding peaks in
spectrogram: the more pronounced respiratory rate
variability was, the less distinct were the peaks in
spectrogram, and conversely, with more rigid respi-
ratory rhythm the main peak, corresponding to the
average respiratory rate, became more pronounced.
Similar results concerning the amplitude and a peak
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pacnpeneneHus MHTEPBAJIOB MEXIY BIOXaMH
(cm. puc. 3, B, C). B Takux ciy4asix Bce 4acTOTHI
pacnpenensoTcss paBHOMEPHO IO BCEHM BbICOKOYAC-
TOTHOH 00JIaCTH CHEKTpa, T. €. y KUBOTHBIX MOJTHOC-
TBHIO OTCYTCTBYET KapINOPECTIMPATOPHOE COTIPSIKEHHE
(cm. puc. 3, D).

Kpome Tor0, Y OIHOTO KHBOTHOTO B COCTOSIHUH
0oapcTBOBaHMS OBLIA OTMEUEHA IMOJHAS «Pa3o00-
IEHHOCTb» MEXJY CpeJHEW 4acTOTOM JIbIXaHUS
(96 nprxarenpHBIX ABWKeHUH/MuH (1,6 I'T)) 1 ABymMS
MHUKaMHd Ha CHEKTPOTrpaMMe B BBICOKOYACTOTHOM
obnactu (cM. puc. 2, D). Jlns uccnenoBanust JaHHOTO
(bakTa HamMu ObLIA MMPOAHATM3UPOBAHA TUCTOTPAMMa
pacupeesieHnss HHTEPBAIOB MEXAY BJIOXaMHU (CM.
puc. 2, B). Haubonee yacto peructpupyemsie
MHTEPBaJIbl MEXTy BIOXaMU onpeaensaucs npu 0,48
n 0,88 ¢ (~60 u 120 xomebGaHMii/MHUH), YTO U COOT-
BETCTBOBAJIO JIBYyM NHKaM Ha CIEKTpOTpaMMe B
muanazone ~1,1 u 2,1 I'n (em. puc. 2, D).

VY HEeHapKOTM3MPOBAHHBIX KXUBOTHBIX (TPYMIBI 1
1 2) B COCTOSIHUHM CTpecca ABIXaHWEe UMENI0 HEpaBHO-
MEpPHBIA «IMaKeTHHIN» xapakTep (cMm. puc. 4, B).
Kaxxneiii makeT apIxanus BKIo4al ot 3 10 20 UKIOB
BIIOX-BBIJIOX. [ [pUYrHa BOSHUKHOBEHUS «ITAKSTHOTO)
TUTIA JBIXaHUS KPBIC JI0 KOHIA HEe M3yuyeHa. BoiHb
JIBIXaTEeIbHON KPUBOW MOITHOCTBIO COOTBETCTBOBAIIN
BOJIHOBOW CTPYKTYpE KapIAHOPUTMO- U ITHEBMOTAaXO-
rpammel (cM. puc. 4, A, C).

Crnenyet oOpaTUTh BHUIMAHHE, YTO CHUKCHIE aMII-
mutynsl 3yorma R ma OKI' koppenuposano ¢ dazamu
BJIOXa B Tporiecce AsixaHus (cM. puc.l, A; 5, F),
a TaK)kKe BEIIMYWHOWU COCYAMCTOTO COMPOTHBICHUS
(cm. puc. 5, D).

Kak n3BecTHO, apTepuaabHOE JaBJIE€HUE BIMSIET HA
JBIXaTeJIbHBIC PUTMHYECKHE KOIeOaHUs (BOJHBI
Tpay0e-I'epunra-Matiiepa) [14, 16]. BazomoTopHbie
BOJIHBI CBSI3aHBI C I[UKIUYESCKUMHU U3MCHCHUSIMU
BHYTPHUIPYAHOIO JIaBJIEHUS U BEHO3HOTO BO3Bpara,
KOTOPBIE PEryIUPYIOT CepACUHBIH BEIOpOC [4]. OnHako
CYIIECTBYET aJbTepPHATHBHAS TOUKA 3PEHHUS, COTJIACHO
KOTOPO# ATH BOJHBI HIMEIOT [IEHTPATIHLHOE TIPOUCXOXK-
nenue [2, 19].

ITepuon cpennux MF-BoJIH coCyauCTOrO TOHYyCa
y kpbIc (BostHEI TpayOe-I epuara-Maiiepa) cocTaBiseT
oT 2 710 4 ¢ (cm. puc. 5, E), 9T0 moaTBEpKIAETCS pe-
3y/bTaTaMu UCCIIeI0BaHNH Ipyrux yueHsix [10, 12, 17].

Kax Bugno u3 puc. 5, C xopotkue BosHbI 10 1,3 ¢
(0,78 I'm) (naHHBIE KAPAUOPUTMOTPAMMBI) CBS3aHBI
C aKTOM JIbIXaHus, a Oosee mmHHBIE 10 4 ¢ (0,25 ')
(mannable mpsMOH cpurMorpaduu) — ¢ CONPOTUB-
JICHHEM CTEHOK COCY/IOB (apTepualibHBIM JIaBICHUEM ).

Bomner ¢ 6o1ee 60IpIIMM TIEPHOAOM KOJICOAHUS
OTHOCSTCS K 09eHb MeyIeHHBIM BoiHaM (VLF-BomHEI),
MpHUpPOJa KOTOPHIX Takke TpeOyeT malbHeuIero
9KCIIEPUMEHTAIEHOTO U3yUCHHS.
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number in a high frequency range, corresponding to
respiratory rate, were noted in animals of other groups
as well (see Fig. 2 and 3).

In some spectrograms of the groups 1 and 2 animals
no peaks were evident, corresponding to an average
respiratory rate. This was due to a high variability of
respiratory rhythm. This phenomenon may be proven
by the results of pneumotachogram and histogram of
interval distribution between intakes of breath (see
Fig. 3B and C). In this cases, all the frequencies were
distributed evenly across all the high frequency spectral
range, i. e. the animals had no cardiorespiratory
coupling (see Fig. 3D).

In addition, one conscious animal demonstrated a
complete ‘dissociation’ between the average respiration
rate (96 respiratory movements/min (1.6 Hz)) and two
peaks in the spectrogram within the high frequency
range (see Fig. 2D). To investigate this fact we
analysed the distribution histogram of intervals between
intakes of breath (see Fig. 2B). The most often recor-
ded intervals between intakes of breath were deter-
mined at 0.48 and 0.88 s (~60 and 120 oscillations/min),
that corresponded to two peaks in spectrogram within
the range of ~1.1 and 2.1 Hz (see Fig. 2D).

In non-anaesthetised animals (groups 1 and 2) the
respiration under stress was of uneven ‘package’
character (see Fig. 4B). Each respiration ‘package’
included from 3 to 20 respiratory cycles. The cause of
‘package’ respiration occurrence is not fully studied
yet. The waves of respiratory curve completely
corresponded to a wave structure of cardiorhythmo-
and pneumotachogram (see Fig. 4A, C).

Of note was the fact, that a decrease in the R-wave
amplitude in ECG correlated with inspiratory phases
during respiration (see Fig. 1A; 5F), as well as with
the vascular resistance value (see Fig. 5D).

Blood pressure is known to affect the respiratory
rhythmic oscillations (Traube-Hering-Meyer waves)
[11, 15]. Vasomotor waves are associated with cyclic
changes in intrathoracic pressure and venous return,
which regulate cardiac output [10]. However, there is
an alternative point of view, consisting in a central origin
of these waves [8, 18].

The period of average MF-waves of vascular tone
in rats (Traube-Hering-Mayer waves) was from 2 to
4 s (see Fig. SE), that was confirmed by findings of
other scholars [5, 16, 19].

The Fig. 5C demonstrates short waves up to 1.3 s
(0.78 Hz) (cardiorhythmogram data) and longer ones
up to 4 s (0.25 Hz) (data of direct sphygmography) to
be associated with respiration act and vascular wall
resistance (blood pressure), respectively.

Waves with a larger oscillation period are referred
to very slow waves (VLF-waves), the nature of which
requires further experimental study as well.

npo6nembl KPpMOOGMONOIrMM U KPUOMEAVLMHBDI

problems of cryobiology and cryomedicine
Tom/volume 26, Ne/issue 3, 2016



BoiBoabI

1. Ilo maHHBIM THEBMOTaxorpaduu yCTaHOBIICHO,
YTO B COCTOSIHUM OOJPCTBOBAHUS YACTOTA JbIXaHHS
KpbIC HaxoauTcs B peaenax otT 50 go 150 apixarens-
HBIX JIBIKEHUI/MUH, a ipu ctpecce — 180 mprxarenb-
HBIX JIBKCHUI/MHH, TOTOMY BepxHui npenen HF-
BoJH npu ananu3e BCP nomkeH cooTBeTcTBOBATH 2,5—
3T,

2. MakcuManbHas JJINTEIbHOCTh MHTEPBAIOB
MEX/Ty BIOXaMH Y KPBIC B COCTOSTHUM OOAPCTBOBAHUS
coctamisier 1,25 ¢ (48 xonebaHuii/MUH), TOITOMY
HwKHsIs rpadnia HF-Bommx He nomksa npeBbimiats 0,8 T,

3. Ha ciekTporpaMme B BBICOKOYACTOTHO# o0Jac-
TH y TITyOOKO HApKOTH3UPOBAHHBIX KPBIC BTOPOH MUK,
KOTOPBII XOPOILIO KOPPEIUPYET CO 3HAYEHUEM CpETHEN
YacTOTHI AbIXaHUs, CBSI3aH C HavyajoM (as3bl BIOXA.

4. OTcyTCTBHE W «pa3MBITOCThY» MHUkoB B HF-
Jana3zoHe B OOJbILEH CTENEHU CBSI3aHO C BBICOKOM
BapuadeIbHOCTHIO IBIXaTEILHOTO PUTMA, MaJIOH aMmIl-
JIMTYAOH AbIXaTeIbHBIX KOIeOaHnH 1, KaK CJIeACTBUE,
CO CHIDKEHHEM WM OoTcyTcTBHEM cardiorespiratory
coupling.

5. JIpIxaHu€e y KpbIC UMEET PUTMHUYHBIN XapakTep,
OJTHAKO B COCTOSIHUHM OOIPCTBOBAHMSI MM CBOIICTBEHEH
«TTaKeTHBII» TUM JBIXaHUS JUIUTEIHHOCTBIO OT 2 10
15-20 ¢. YacToTa ApIXaTeIbHbBIX IBKEHUH B KaKIOM
MaKeTe pasHasi, 1 3TUM 00yCIIOBICHO HAJIMUKE JBYX U
0oJiee MUKOB B BHICOKOYACTOTHOM OOJIACTH CIIEKTpA,
YTO MOATBEPKAAET CYyHIECTBOBAHHE HECKOIBKUX
OCIIWUISITOPOB B Ka4eCTBE BOJUTENEH pUTMa AbIXa-
TENBHOTO IIEHTpa.

6. YCTaHOBIIEHO, YTO Y HAPKOTU3HPOBAHHBIX KPBIC
Ba30MOTOPHBIC BOJIHBI BIMSIIOT Ha BapuaOeIbHOCTD
JBIXaTEeIFHOTO ¥ CEpACYHOT0 pUTMa B HHTEpPBAJe OT
0,25 mo 0,5 I'm ¢ muxom 0,4 ', TOITOMY HUKHSISI
rparuna cpeaanx MF-BoiH moimkHA OBITH HE BBIIIE
0,25Tw.

Takum o0Opazom, 1O pe3ysbTaTaM COYETaHHOTO
ucclieoBanus (KapauorpaMma, maeBMoTaxorpadus,
npsMasi curmorpaduisi) BO3SMOKHBI OoJiee IeTalbHOe
W3ydyeHUE BIUSHUS PAa3IUYHBIX KOJeOaTelbHBIX
IIPOLIECCOB Ha BapHaOeIbHOCTh CEPACUYHOTO PUTMA U
ee (PM3UOIIOTHYECKasi MHTEPIIPETALIUS.

JansHeiime sKcriepuMeHTaIbHbIE UCCIISI0BaHUS
10 U3YUYCHUIO BapHaOeIbHOCTH CEPACUYHOTO pUTMa Y
KpBIC TIOMOTYT OIPEJIEIUTh MMapaMeTphbl CIIEKTPaIb-
HOTO aHaJIN3a ¥ CO371aTh IPOTOKOJI CTAaHIaPTOB U3Me-
penuii BCP y nanHOro Buja *KMBOTHBIX.

Nurepatypa
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Conclusions

1. According to the pneumotachograph data the
respiratory rate in conscious rats was established to
be within the range from 50 to 150 respiratory move-
ments/min, and under stress it made 180 respiratory
movements/min, so the upper limit of HF-waves in
HRYV analysis should correspond to 2.5— 3 Hz.

2. The maximum duration of intervals between
breaths in conscious rats was 1.25 s (48 oscilla-
tions/min), so the lower limit of HF-waves should not
exceed 0.8 Hz.

3. The second peak in spectrogram within the high-
frequency range in deeply anesthetized rats correlated
well with the value of average respiratory rate and
was associated with the inspiratory phase onset.

4. Either absence or ‘blurring’ of peaks within the
HF-range was mostly associated with a high respi-
ratory rate variability, a small amplitude of respiratory
oscillations and, consequently, either reduced or absent
cardio-respiratory coupling.

5. The respiration in rats is of rhythmic nature, but
in conscious state they have a ‘package-like’ respira-
tion with duration from 2 to 15-20 s. The respiratory rate
in each package was different, thereby stipulating the
presence of two or more peaks within the high frequency
spectral range, that confirmed an existence of several
oscillators being the respiratory center pacemakers.

6. In anaesthetised rats the vasomotor waves were
established to affect the respiratory and heart rate
variability within the range from 0.25 to 0.5 Hz with
0.4Hz peak, so the lower limit of MF-waves should
not be higher than 0.25 Hz.

Thus, the results of a combined study (ECG,
pneumotachography, direct sphygmography) allow
a more detailed analysis of the impact of various oscilla-
tory processes on heart rate variability and its physiolo-
gical interpretation.

Further experimental studies on heart rate variability
in rats will enable determining the spectral analysis
parameters and designing the protocol for HRT stan-
dard measurements in this animal species.
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