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Abstract. Introduction. Carrageenan-induced edema is the most common in vivo model for
evaluating the therapeutic efficacy of anti-inflammatory drugs. The pathogenesis of carrageenan-
induced edema is based on acute exudative inflammation, in which microcirculation disorders
play an important role. The study of the pathogenesis of microcirculation is of great interest,
both diagnostic and prognostic, in assessing the functional status of the organism. One of the
promising and successfully applied diagnostic methods for studying tissue blood flow is laser
Doppler flowmetry, which makes it possible to assess changes in microcirculatory processes.
The aim is to evaluate tissue blood flow in mice using the laser Doppler flowmetry method in
comparison with plethysmometry parameters in the carrageenan-induced edema model to study
the efficacy and pharmacodynamics of biomedical cellular products and pharmaceutical substances
in preclinical practice. Materials and methods. 40 mice (20 males and 20 females) of the BALB/c
line aged 8-10 weeks were used in the study. During the experiment, carrageenan-induced edema
was modeled, laser Doppler flowmetry and plethysmometry were performed in the area of the
left hind limb of the experimental animal. According to the results of the conducted research, the
following tasks were performed: 1) assessment of tissue perfusion in mice in the area of plantar
aponeurosis in dynamics; 2) plethysmometry in dynamics (assessment of the severity of edema
in animals by changes in the volume of the animal’s paw); 3) comparison of plethysmometry and
laser Doppler flowmetry. It was found that the degree of blood flow restoration and the severity of
edema correlate with each other (the correlation coefficient is 96%). Conclusions. The use of laser
Doppler flowmetry in the carrageenan-induced edema model in mice makes it possible to assess
the state of microcirculation in vivo and dynamically. The method is characterized by accuracy
and high sensitivity, which makes it possible to determine changes in blood microcirculation in
the early stages, including before the “visual” manifestation of edema. At the same time, there is
a high correlation between the data obtained using laser Doppler flowmetry and plethysmometer.
In the future, this method can be widely used in preclinical practice to evaluate the therapeutic
efficacy and pharmacodynamics of drugs under development that affect regional blood circulation
and microcirculation.
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Pe3stome. BeedeHue. KapparHaH-HayLMpOBaHHbIN 0Tek — Hanbonee pacnpocTpaHeHHast Moaenb
in vivo Ans OLEHKM TepaneBTU4eCckon 3heKTUBHOCTM NPOTMBOBOCNANNTENbHbIX NIEKAPCTBEHHbIX
npenapaTtos. B ocHOBe naToreHesa kapparmHaH-uHOYLMPOBaHHOIO OTeKa NEXWUT 0CTPOE 3Kecyaa-
TUBHOE BOCNAaneHue, B KOTOPOM BaXHYH0 pOIib UrpaeT HapyLleHre MUKpoLupkynauuu. syvenve
naToreHesa MUKpOLMPKYNALMM NpecTaBnseT BONbLIOK UHTEPEC, Kak ANArHOCTUYECKNIA, TaK 1
NPOTHOCTUYECKUIA, NPU OLieHKe (DYHKLMOHANBHOrO cTatyca opraHu3ma. OgHUM M3 nepcnekTue-
HbIX W YCNELUHO NMPUMEHSEMbIX ANArHOCTUYECKMX METOA0B MCCMIEA0BAHMS TKAHEBOTO KPOBOTOKA
ABNSAETCA NadepHas gonnneposckas noymeTpus, KOTopasi NO3BONSET OLEHUTb N3MEHEHNS
MUKPOLIMPKYNATOPHbIX NpOLeccoB. Ljesib — NpOBECTH OLIEHKY TKaHEBOrO KPOBOTOKA B AUHAMUKE
Y Mbllleil MeTo4OM na3epHOn JONNNEepOBCKOM (hrIoyMETpUK B CONOCTABIIEHUMN C NOKa3aTensaMu
NNeTU3MOMETPUM B MOLENM KappariHaH-MHAYLMPOBAHHOO OTeKa ANs U3yYeHUs 3PdeKTUBHOCTM
1 hapmakogMHaMUKM BUOMEANLMHCKNX KNETOUHBIX MPOAYKTOB 1 (hapMaLeBTUYeCKUX cybeTaH-
LM B JOKNUHUYECKoi npakTuke. Mamepuanbi u memodsl. B pabote ucnonbaosany 40 Mblleit
(20 camuos 1 20 camok) nuHumn BALB/c B Bo3pacTe 8-10 Heaenb. B npouecce akcnepumeHTa
MOJEeNUpoBanu kapparmHaH-uHayLMpoBaHHbIA OTeK, NPOBOAUNM NTAa3ePHYI0 AONMNEPOBCKYHO
(bnoymMeTpuio 1 NNeTU3MOMETPUMI0 B 06nacTyu NEBOI 3a4HEN KOHEYHOCTM SKCNEPUMEHTANBHOMO
XmBoTHoro. o peaynsTatam nccnefoBaHNUs BbINOMHEHDI!: 1) OLeHKa TKaHeBOW nepdysun y
MblLLelt B 06nacT NOAOWBEHHOTO anoHeBpo3a B ANHAMUKE; 2) NIETU3MOMETPUS B JUHAMUKe
(oueHKa CTENEHM BbIPAXKEHHOCTW OTEKA Y XMUBOTHbIX MO N3MEHEHW0 06bema fanbl XUBOTHOTO);
3) conocTaBneHne nokasaTenen NneTM3MoMeTpUmM 1 NasepHoN AONNAEPOBCKON DIOyMETPUM.
YCTaHOBIIEHO, YTO CTeNeHb BOCCTAHOBIIEHUS KPOBOTOKA U BbIPAXEHHOCTb OTEKa KOppenupyoT
Mexay coboit (koachpuumeHT koppensuum coctanseT 96%). Bb1eodbl. JlasepHas gonnneposckast
(bnoymeTpus B MOAENN KappariHaH-MHAYLMPOBAHOrO OTeKa Y MblLE NO3BONSET NPUKU3HEHHO
11 B ANHAMUKE OLLeHWUTb COCTOSIHUE MUKPOLMPKYnauun. MeToa oTnnyaeTcs TOYHOCTbIO 1 BbICOKON
4yBCTBUTENBHOCTbIO, C €10 MOMOLLbH0 MOXHO ONpeAenuTb U3MEHEHUS MUKPOLMPKYNSLIMM KPOBOTOKA
Ha paHHKX 3Tanax, 4o «BWU3yanbHOro» NPosBeHNs oTeka. HabntogaeTcs Bbicokas koppensaums
MeXAY AaHHbIMU, NOSTyYEeHHbIMU NPY UCMONb30BaHUM NTa3epHOM JOMNMNepoBCKON (hnoyMeTpuu 1
nneTM3MoMeTpa. B nepcnekTuee AaHHbI METOS MOXET ObiTh LIMPOKO NPUMEHEH B LOKNMHNYECKO
npakTuKe ANs OLEHKW TepaneBTUYeckoi 3 deKTUBHOCTY U hapMakoaMHamMuky pa3pabaTbiBaeMblx
npenapaTtos, BAMSIOLMX HA perMoHapHOe KPOBOOOPALLEHNE U MUKPOLMPKYTISLMIO.

KntoueBble cnoBa: kappariHaH-1HAYLMPOBaHHbIN OTeK, nasepHas Lonnaeposckas pnoymeTpus,
J10®, buonornyeckas TecT-cuctema
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INTRODUCTION MATERIALS AND METHODS

The microcirculatory bed is a trophic component Animals. The experiment involved 40 BALB/c mice
of bloodstream circulation. It indirectly reflects tissue (20 males and 20 females) aged 8-10 weeks, SPF-
viability, as well as an ability to regenerate, perform grade, obtained from the “Laboratory Animal Breeding
immune functions, and carry out many other physio- Facility” of the Branch of the M.M. Shemyakin and
logical functions that are essential for healthy tissues.  Yu.A. Ovchinnikov Institute of Bioorganic Chemistry of
Impaired tissue perfusion indicates more than just the Russian Academy of Sciences, Pushchino town.
damage to a specific organ or tissue. It often results Animal housing, care, and experimental procedures
from systemic processes that lead to serious conse- were conducted in accordance with international Euro-
quences. Understanding how microcirculation is af- pean bioethical standards, Russian ethical standards
fected by inflammation is important in preclinical re- for the housing and handling of laboratory animals,
search for evaluating the therapeutic efficacy of anti- and the norms and rules specified in the “Animal Use
inflammatory drugs [1-5]. Policy of JSC ‘GENERIUM".”

One of the most common models of in vivo inflam- Study design. Two groups of animals were estab-
mation is carrageenan-induced edema. The pathoge- lished: Group 1 (n=20: 10 females and 10 males) was
nesis of carrageenan-induced edema is characterized used to model carrageenan-induced edema; Group 2
by acute exudative inflammation. Microcirculation dis- (n=20: 10 females and 10 males) was used to model
orders, accompanied by exudation and cell emigration, carrageenan-induced edema + intramuscular admi-
are considered one of its key components. Laser Dop- nistration of diclofenac, 25 mg/mL (Hemofarm, Ser-
pler flowmetry (LDF) serves as a concise method for bia), administered as a single dose one minute after
diagnosing microcirculatory disorders and has been the induction of carrageenan-induced edema, at a
attracting sustained interest from researchers world- dose of 3 mg/kg.
wide for more than a decade [5, 6]. The experiment consisted of three stages: Stage

This method has been successfully used to study /| — induction of carrageenan-induced edema; Stage
tissue microcirculation in humans; however, it is not /I — LDF; Stage Ill — assessment of the severity
currently widely applied in animals [2, 4, 7, 8]. of edema in animals by plethysmography based on

Thus, LDF remains a promising area of research in  changes in paw volume.
preclinical practice.

Stage I. Modelling carrageenan-induced edema
AIM When modeling carrageenan-induced edema, a

The aim of the research was to evaluate dynamic 1% carrageenan solution (A Carrageenan plant my-
tissue blood flow in mice using LDF in comparison copolysaccharide (SIGMA-ALORICH/LOT:1408463V))
with plethysmography parameters in a carrageenan- was administered subplantarly once into the animal’s
induced edema model. Thus, the study aimed to in- left hind limb beneath the plantar aponeurosis in a vol-
vestigate the efficacy and pharmacodynamics of bio- ume of 25 pL (Fig. 1, a). The 1% carrageenan solution
medical cell products and pharmaceutical substances was prepared according to the method described by
in preclinical practice. E. Phyllis et al. [9].

ala 6/b

Fig. 1.  Modeling of carrageenan-induced edema and assessment of microcirculation by laser Doppler flowmetry method: a — admin-
istration of 1% carrageenan solution (3 and 4 — plantar tubercules); b — laser Doppler flowmetry (photo by the authors)

Puc.1. MopenvpoBaHue kappariHaH-WHAyLMpOBaHHOTO OTeKa W OLeHKa MUKpOLMPKYNSLMA METOLOM Na3epHoil JONMNepoBCKor dhroyme-
Tpun: @a — BBeaeHue 1% pacTBopa kappariHaHa (1 n 4 — nogoLBeHHble 6yropku); 6 — nasepHas gonnnepockas dnoymetpus (hoTo
aBTOPOB)
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Stage Il. Laser Doppler Flowmetry where V,, mL — paw volume before administration of
Tissue perfusion was measured on the animal’s left  the 1% carrageenan solution; VT, mL — the volume of
hind limb in the region of the plantar aponeurosis [10].  the paw 1 hour and 3 hours after the administration of a
LDF was performed using a TSD145 laser Doppler 1% carrageenan solution.
sensor (BIOPAC Systems Inc., USA) and AcgKnowl- Statistical analysis of the results. The data obtained
edge® 4 software. were tested for normality of distribution. Statistical ana-
For each time point, measurements were taken lysis included calculation of the mean and standard de-
three times within one minute for each animal, and the viation. To compare the values, the parametric test (Stu-
average value of three measurements was recorded dent’s t-test) was used, since the sample corresponded

(Fig. 1, b). to a normal distribution. Differences were considered
Layout of the laser Doppler flowmetry recording statistically significant at p <0.05. Statistical analysis of
setup the data was performed using the IBM SPSS Statistics

1. “0” time point — before administration of the 1%  software package (version 23, IBM Corp., USA).
carrageenan solution.
2.5 minutes,” “10 minutes,” “15 minutes,” “30 RESULTS AND DISCUSSION

minutes,” “1 h,” and “3 h” time points - 5, 10, 15, and The results of tissue perfusion in the plantar
30 minutes, 1 hour, and 3 hours after administration of aponeurosis region of mice in a carrageenan-induced
the 1% carrageenan solution. edema model, showed a statistically significant de-

The “0” measurement was performed on the hind crease in microcirculation at all measurement time
limbs of animals in all experimental groups. No statis-  points after the administration of a 1% carrageenan so-
tically significant differences were found between the lution relative to the “0” time point in all animal groups.
left and right hind limbs. Subsequent LDF recordings After carrageenan injection, all animal groups showed
were performed on the left hind limb. When analyzing a 10-12% preservation of microcirculation by the 5th
the LDF trace, capillary blood flow was calculated minute, which is typical for the stage of transient va-
to characterize the integrity of microcirculation at all sospasm. By the 10th minute, a marked increase in
time points of tissue perfusion recording relative to the  capillary blood flow (arterial hyperemia) was recorded
baseline (“0” point). in mice, with microcirculation preserved at 56% rela-

Stage lll. Assessment of edema severity in ani- tive to the “0” point. At the 15th minute, a state of ve-
mals using a plethysmograph based on changes in nous hyperemia was observed, with microcirculation
paw volume preserved at 30% of baseline. When modeling carra-

The severity of edema in animals was assessed us- geenan-induced edema based on LDF parameters at
ing a plethysmograph (Ugo Basile Biological Research  the “5 minutes,” “10 minutes,” and “15 minutes” time
Apparatus, Italy) based on changes in the volume of points, no statistically significant differences were
the animal’s left hind limb, according to the method de-  detected within the experimental groups. At the “30
scribed by C.J. Marris [11]. minutes,” “1 h,” and “3 h,” when microcirculation pa-

The paw volume was measured three times at rameters were recorded, a statistically significant im-
each time point for each animal, and the average of provement in blood flow was observed in animals in

the three measurements was calculated. the second experimental group compared to the first
Scheme for assessing the severity of edema group. At the “30-minute” time point, blood flow was
1. “0” time point — before administration of the 1% preserved at 25% in the first group and at 36% in the

carrageenan solution. second group. At the “1 h” and “3 h” time points, the
2.1 h” and “3 h” time points — 1 and 3 hours after level of microcirculation in the first group was 20% and

administration of the 1% carrageenan solution. 15%, respectively, and in the second group, 45% and
Limb volume at the “0” time point was assessed in  55%, respectively (Fig. 2).

the hind limbs of animals in all experimental groups. According to plethysmography data, 1st group

No statistically significant differences were found be- demonstarted increased edema in the experimental
tween the left and right hind limbs. Subsequent volume  limb at 1-3 h time point which ammounted to 46-51%

assessments were performed on the left hind limb. compared to “0” baseline. The peak swelling was ob-
After measuring limb volume, the edema index (EI) served at 3 h (51%). The degree of edema in Group 2
was calculated using the formula: at 1-3 hours was 36-25% of the normal value (the
peak degree of edema was recorded at 1 hour — 36%)

El=100 - (V,-V,) /V,, (Fig. 3).
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_ 1007 lume, as measured by the plethysmographic method
T 804 [9]. The plethysmography method is widely used and
§ z is highly accurate. However, it does not allow to as-
8% 60 sess microcirculation in this model, although this is
s the primary criterion for evaluating the anti-inflam-
S = 40+ . . .

g2 matory properties of drugs in a number of studies. In
S S 20 addition to plethysmography, the severity of edema
2 0 is assessed using the paw amputation method. Ho-

0 5 10' 15 30 1uac 3uvaca Wever, this method yields data from a single ani-

A . o . -
BpemeHtHLIe TouKi our 3hour  mal at only one point, and it is technically difficult

Time points to apply to mice [12]. Currently, according to the li-
mil-arpyina m2-8 rpynna terature, the most promising diagnostic approach for
Group 1 Group 2 determining tissue inflammation in experimental mo-

Fig.2.  Dynamics of changes in capillary blood flow (according tola- ~ dels such as cutaneous neurogenic inflammation [6,
ser Doppler flowmetry data), %. Group 1—1% carrageenan 7, 13] and psoriatic arthritis [12] is the assessment
solution; Goup 2 — e solutien of canageenan * Diclo- — of microcirculation. This method is based on meas-
enac, 3 mglkg (figure by the authors of this article) uring microcirculation in rats in the plantar aponeu-

Puc.2. [wnHamuka I/I3IYIeHeHVIﬂ KaI'IVII'IJ'lFIpHOI'O kpoBOTOKa (M0 AaH- rosis region using LDF. This method allows not onIy
HbIM Na3epHoON Jonnneposckon tnoymetpun), %. 1-9 rpyn- . P C g . . .
2 — 1% pacTeop KappariHaHa; 2-7 rpynna — 1% pacreop for |dent|fy|ng |nd|y|dl1_al variability in mlcr00|r_culat|on
KapparuHaHa + avKrodeHak B ao3e 3 Mr/kr (pUcyHOK agTo- bu.t also for investigating the mechanisms of its regu-
POB J1aHHOI CTaTbh) lation [4, 13].

Thus, assessing microcirculation using LDF in a car-

60 1
= rageenan-induced edema model in mice to determine
3 £ 5079 the degree of inflammation over time is a highly promi-
§Z§ 401 sing method. When compared with the plethysmogra-
5 gi 304 phy, LDF allows for in vivo and dynamic assessment of
2 3£ | microcirculation status. It also provides a preliminary in-
£eg 20 dication of the effectiveness of initiating therapy with an-
o £ .
107 ti-inflammatory drugs under development. At the same
P ool NN B 0 BN B time, a high level of correlation is observed between the
| dac 3 vaca data obtained using LDF and a plethysmograph (the
our 3 hour . . . .
BpeweHHbie Touk primary method for assessing the severity of edema in
Time points biological test systems).
= 1 rpynna m 2 rpynna
oo oroup ? CONCLUSION

Fig.3.  The severity of edema of the left hind limb (by volume; ac- . . :
cording to plethysmography), %. Group 1 — 1% carrageenan Thus, based on results obtained in a mice model of

solution; Group 2 — 1% solution of carrageenan + Diclo- Calfageenan-induced edema, dynamic assessments
fenac, 3 mglkg (figure by the authors of this article) of tissue blood flow were performed using the LDF
Puc. 3. CTeneHb BbIDaXEHHOCTM OTeka NEBOi 3aAHE KOHEYHOCTM method, and the resulting data were compared with
(no obbemy; no gaHHbIM nneTuamorpagum), %. 1-a rpyn- pIethysmography measurements.
na — 1% pacTBop kapparvHaHa; 2-i rpynna — 1% pacteop It was established that LDF:
kapparunaria + auknodenak B aose 3 rlkr (pucyHok asTo- 1) engbles the assessment of microcirculatory sta-
POB AgKHOA CTaTbH) tus at different stages of carrageenan-induced
edema with a high correlation between data

Correlation analysis revealed that the degree sets;
of blood flow recovery and the severity of edema 2) is characterized by high accuracy and sensiti-
correlate with each other (correlation coefficient — vity, which allows to determine changes in mic-
96%). rocirculatory blood flow at early stages, before the
According to published research on carrageenan- ‘visual” manifestation of edema.
induced edema, maximum paw edema in mice fol- Based on the above, this method can be used in

lowing carrageenan induction was observed after preclinical practice to evaluate the therapeutic effects
3-5 hours and amounted to 41% of the initial paw vo-  of drugs under development that affect regional blood
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circulation and microcirculation, as well as to facilitate
early diagnosis.
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