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Abstract 

Introduction. Cow kidneys are exposed to the impact of industrial factors, which is manifested in development of the 

various nephropathies with systemic effects on organism. The kidneys are the main organs responsible for homeostasis 

by regulating osmolarity, mineral balance, and acid-base balance in organism through the excretion of water and inorganic 

electrolytes. Renal pathology often has latent character and is diagnosed postmortem. Significant destructive changes, 

including cell death, are often detected in lactating cows due to high metabolic load they undergo. Caspase pathway is 

one of the pathways in the complex apoptotic signaling cascade. Unfortunately, the expression of caspases in bovine 

kidneys has not been yet described in the literature. The aim of the study is to describe the relationship between the 

expression of caspase-3 and caspase-6 and the pathological changes in the kidneys of high-yielding cows. 

Materials and Methods. A morphological study of renal samples from high-yielding cows (4–6 lactations, 7–8 years old, 

n=4) was conducted at the Ural Federal Agrarian Scientific Research Center, Ural Branch of the Russian Academy of 

Sciences in the period from 2023 to 2025. Standard histological techniques including hematoxylin and eosin staining and 

Mallory’s trichrome staining were used. Immunohistochemical analysis of the samples using antibodies to caspase-3, and 

-6 was performed. 

Results. It was found that in the kidneys of 7–8-year-old cows there develop the destructive processes including renal 

failure, inflammatory reactions, and sclerotic and microcirculatory disorders. The observed conditions are associated with 

high expression of caspase-6 at the level of the renal tubules, which confirms damage to the renal parenchyma. Caspase-

3 is expressed primarily in the renal tubules and in renal stroma elements, which indicates intensification of apoptotic 

processes across the entire organ. 

Discussion and Conclusion. The destructive processes revealed in the kidneys of high-yielding cows are likely to be 

associated not only with the age but also with the high metabolic load imposed on the organism during lactation. The 

research findings substantiate the need for further study of pro-apoptotic factors due to their influence on the development 

of various pathologies in cattle. 

Keywords: caspase-3, caspase-6, apoptosis, cows, nephrosclerosis, polycystic kidney disease, morphological study 
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Оригинальное эмпирическое исследование 

Взаимосвязь экспрессии каспазы-3 и -6 с морфологическими изменениями в почках коров 

И.М. Петрова , М.В. Бытов 🖂, С.Л. Хацко , В.Д. Зубарева , Л.И. Дроздова , И.А. Шкуратова  
1 Уральский федеральный аграрный научно-исследовательский центр Уральского отделения Российской академии наук, 

г. Екатеринбург, Российская Федерация 

🖂 bytovmaks@mail.ru 

Аннотация 

Введение. Почки коров подвержены воздействию факторов промышленного содержания, что проявляется 

развитием различных нефропатий, оказывающих системное действие на организм. Почки — основной орган, 

обеспечивающий гомеостаз путем регуляции осмолярности, минерального и кислотно-основного состояния 

организма посредством экскреции воды и неорганических электролитов. Патология почек зачастую носит 

латентный характер и диагностируется постмортально. У лактирующих коров в связи с высокой метаболической 

нагрузкой часто выявляются значительные деструктивные изменения, проявляющиеся в том числе гибелью 

клеток. Одним из путей в сложном каскаде сигналинга апоптоза является каспазный. К сожалению, на 

сегодняшний день для крупного рогатого скота экспрессия ферментов-каспаз в почках не описана. Цель работы 

— описание взаимосвязи экспрессии каспазы-3 и каспазы-6 с патологическими изменениями в почках 

высокопродуктивных коров.  

Материалы и методы. Морфологическое исследование образцов почек высокопродуктивных коров (4–6 

лактаций, возраст 7-8 лет, n=4) проведено в ФГБНУ УрФАНИЦ УрО РАН в период с 2023 по 2025 г. 

Использованы стандартные методы гистотехники с окрашиванием препаратов гематоксилином и эозином, а 

также по Маллори. Проведено иммуногистохимическое исследование образцов с антителами к каспазе-3 и -6.  

Результаты исследования. Выявлено, что у коров в возрасте 7-8 лет в почках развиваются деструктивные 

процессы в виде почечной недостаточности, воспалительных реакций, склеротических и микроциркуляторных 

изменений. Обнаруженные явления ассоциированы с высокой экспрессией каспазы-6 на уровне почечных 

канальцев, что подтверждает повреждение почечной паренхимы. Каспаза-3 экспрессируется преимущественно в 

канальцах почки, а также в элементах ее стромы, что указывает на интенсификацию апоптических процессов по 

всему органу.  

Обсуждение и заключение. Обнаруженные деструктивные процессы в почках высокопродуктивных коров 

ассоциированы, вероятно, не только с возрастом, но также с высокой метаболической нагрузкой на организм во 

время лактаций. Полученные данные обосновывают дальнейшее изучение проапоптических факторов в свете их 

влияния на развитие различных патологий у крупного рогатого скота.  

Ключевые слова: каспаза-3, каспаза-6, апоптоз, коровы, нефросклероз, поликистоз, почки, морфологическое 

исследование 

Декларация о соблюдении принципов Европейской конвенции о защите позвоночных животных, 

используемых для экспериментов и других научных целей: авторы заявляют, что все проведенные 

исследования соответствовали принципам конвенции и правилам надлежащей лабораторной практики. 

Финансирование. Работа выполнена в рамках проекта Российского научного фонда 2023 г. «Пространственная 

характеристика транскриптомных и метаболомных особенностей преждевременной структурно-

функциональной дегенерации тканей органов сельскохозяйственных животных и птицы» (№ 23-16-00117).  

Для цитирования: Петрова И.М., Бытов М.В., Хацко С.Л., Зубарева В.Д., Дроздова Л.И., Шкуратова И.А.  

Взаимосвязь экспрессии каспазы-3 и -6 с морфологическими изменениями в почках коров. Ветеринарная 

патология. 2026;25(2):7–13. https://doi.org/10.23947/2949-4826-2026-25-2-7-13 

 Introduction. The organism of high-yielding dairy 

cows is susceptible to metabolic imbalances. One of the 

consequences of milk production stress is the develop-

ment of acidotic syndrome, which negatively effects the 

kidneys [1]. Ketosis, which cows are particularly suscep-

tible to during lactation, can also lead to various nephrop-

athies [2]. The pathological processes developed in the 

kidneys inhibit organ functioning, have a systemic nature 

and affect the overall condition of an animal. In the sci-

entific community the role of apoptosis in the pathogene-

sis of various kidney diseases has long been actively dis-

cussed [3]. For example, it has been established that pro-

grammed death of tubular epithelial cells, along with ne-

crosis, are the basic signs of acute renal failure [4]. In ad-

dition to nephrocyte damage, renal vascular damage and 

endothelial cell apoptosis are important factors in the de-

velopment of renal dysfunction. The loss of endothelial 

mailto:bytovmaks@mail.ru
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https://orcid.org/0000-0002-4358-5219
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https://orcid.org/0000-0001-5921-6680
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cells by apoptosis is deemed to play a significant role in 

changing the microvascular network observed during re-

nal damage [5]. Apoptosis has also been described in re-

nal interstitial cells following ischemic renal injury [6]. 

Caspases are enzymes belonging to a group of prote-

ases that are involved in cell apoptosis. 12 caspases have 

been described for humans and rodents, however for cattle, 

the exact number of enzymes from this group has to be de-

termined yet. Caspases are divided into 3 groups: execu-

tioners, initiators and inflammatory caspases. Caspase-3 

represents the executive caspase group, and caspase-6 — 

the initiator caspase group. Studies on the role of caspases 

in the development of various pathologies in the organs of 

cattle are extremely few. For example, the role of caspase-

3 in the apoptosis of mammary gland cells in cows fed with 

concentrated feed has been described [7]. Data on the role 

of caspases in the development of renal pathologies in cat-

tle are not available in the literature. However, caspases are 

known to be involved in inflammatory responses, apopto-

sis, vasoconstriction, and tubular necrosis in various kid-

ney diseases in humans and rodents [8]. Furthermore, the 

important role of caspases in renal damage makes them a 

favourable target for therapy. For example, on the example 

of polycystic kidney disease in rats, it was demonstrated 

that caspase inhibition can reduce apoptosis in renal tu-

bules and slow disease progression [9]. 

Therefore, the aim of the present study is to describe 

the relationship between caspase-3 and caspase-6 expres-

sion and morphological changes in the kidneys of high-

yielding cows with pathologies. 

Materials and Methods. The work was carried out at 

the Ural Federal Agrarian Scientific Research Center, Ural 

Branch of the Russian Academy of Sciences (Ekaterin-

burg) in the period from 2023 to 2025. To study the mor-

phological changes in the kidneys of cows, the material 

was collected postmortem from animals aged 7–8 years 

old, that had 4–6 lactations (n=4). For histological exami-

nation, tissue specimens of no more than 0.5 cm thick were 

fixed in 10% Neutral Buffered Formalin (NBF) in a pro-

portion of 1:20. After fixation, the specimens were rinsed 

in running water, dehydrated, then soaked in paraffin, and 

paraffin blocks were prepared. Paraffin sections of 3–4 µm 

thickness were made. Sections were deparaffinized and 

stained using hematoxylin and eosin and Mallory’s tri-

chrome staining techniques. 

Immunohistochemical staining of the samples with an-

tibodies to caspase-3 and caspase-6 was performed to as-

sess the intensity of apoptosis in the organ. For immuno-

histochemical analysis, sections were placed on the adhe-

sive slides (Superfrost), then placed on a slide drying bench 

(+60°C) until the paraffin was visibly melted. Immuno-

histochemical analysis was performed in compliance with 

the following protocol: 

1. The sections were placed in a Tris-EDTA buffer so-

lution heated in a water-bath up to 96°C for 12 min for 

heat-induced epitope retrieval (HIER, pH 6; “PrimeBio-

Med”, Russia). 

2. After 12 minute incubation in a water-bath, the sec-

tions were left in the buffer solution to cool to indoor tem-

perature and then rinsed with distilled water. 

3. The sections were incubated in an H2O2 solution for 

10 min, then placed in distilled water for 2 min. 

4. The sections were dried and outlined with a hydro-

phobic pen. 

5. The sections were soaked in TBST buffer solution 

for 1 min. 

6. Primary antibodies were applied to the sections, 

which were then placed in the humidified incubator for 1 

hour at 30°C. 

7. Sections were rinsed three times with TBST buffer 

solution. 

8. Secondary antibodies were applied to the sections, 

which were then placed in the humidified incubator for 30 

minutes at 30°C. 

9. Sections were rinsed three times with TBST buffer 

solution. 

10. DAB chromogen was applied to the sections, 

which were incubated until darkening, approximately 

during 30–60 seconds. 

11. Sections were rinsed in distilled water and then 

counterstained with hematoxylin for 10 seconds. 

12. Sections were rinsed in distilled water, decolorized, 

and placed in balsam. 

Antibodies to caspase-3 (PAA626Bo01, Cloud-Clone 

Corp., China) and caspase-6 (PAC340Bo02, Cloud-Clone 

Corp., China) were used as primary antibodies at a 1:100 

dilution. Antibodies to rabbit IgG (SAA544Rb19, Cloud-

Clone Corp., China) were used as secondary antibodies 

with DAB (Bio-Rad Laboratories, Inc., USA) as a horse-

radish peroxidase substrate in accordance with the manu-

facturer’s instructions. 

Histological description of the specimens was made, 

and the intensity of immunohistochemical staining was vis-

ually assessed. 

Research Results. Examination of the cows’ renal 

specimens has revealed significant changes in the organ. 

The dilation in Shumlyansky Bowman capsule of renal 

corpuscles was seen in the renal cortex. Endothelial pro-

liferation was visible in the Juxtaglomerular apparatus, 

indicating the development of intracapillary glomerulo-

nephritis (Fig. 1.1). Cystic cavities of varying sizes were 

found throughout the cortex, indicating renal failure (Fig. 

1.2). Protein casts were deposited in the lumen of the 

proximal tubules, indicating a protein metabolism disor-

der. Nephrocytes with degenerative changes, and a num-

ber of cells exhibiting structural abnormalities were ob-

served. The renal tubules demonstrated narrowing of the 

lumen, swelling of the nephrocytes, and changes in their 

structure (Figs. 1.1 and 1.2).  
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Mallory’s trichrome staining has revealed increased 

connective tissue patterns in the Shumlyansky Bowman 

capsule and between the proximal convoluted tubules, in-

dicating productive inflammation (Fig. 1.3). Foci of 

nephrosclerosis were found in renal interstitium between 

the tubules (Fig. 1.4). In the area of blood vessels, partic-

ularly near the perivascular zone of arcuate arteries, the 

pronounced sclerotic processes were observed — the ex-

tensive areas of connective tissue proliferation, stained in 

various shades of blue (Fig. 1.5). Within the vessels them-

selves, the active processes of disorganization and prolif-

eration of vascular wall elements, and sharp narrowing of 

the arterial lumen were observed (Fig. 1.6). 

 

Fig. 1. Morphological structure of the kidneys of high-yielding cows aged 7–8 years: 

1, 2 — hematoxylin and eosin staining, 200× magnification; 3–5 — Mallory’s trichrome staining, 200× magnification; 

6 — Mallory’s trichrome staining, 400× magnification  

Along with the morphological changes, expression of 

the proapoptotic proteins caspase-3 and caspase-6 was ob-

served in the kidneys of the cows studied. Moderate ex-

pression of caspase-3 was revealed in the nephrocytes of 

the cortical tubules (Fig. 2.1), as well as in the cells of the 

parietal layer of the Shumlyansky-Bowman capsule of de-

formed glomeruli (Fig. 2.2). A large number of caspase-3-

positive cells were also detected in the interstitium around 

the cystic cavities (Fig. 2.3). Nephrocytes in both the renal 

cortex and medulla tubules were intensely colored in 

brown, which indicates a high degree of caspase-6 expres-

sion in them (Fig. 2.4 and 2.5). At the same time, renal cor-

puscles that retained their structure were not expressing 

caspase-6, unlike the deformed glomeruli (Fig. 2.6). It is 

worth noting that not all the tubules had a caspase-positive 

reaction, which may be due to the possibility of cell death 

not only by apoptosis, but also by necrosis, and is discussed 

in the literature [4]. 

 

Fig. 2. Immunohistochemical detection of caspase-3 (1–3) and caspase-6 (4–6) in kidney tissues of high-yielding cows aged 7–8 

years, hematoxylin counterstaining: 1, 2, 4, 5 –  400× magnification; 3 and 6 – 200×  magnification  
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Discussion and Conclusion. Morphological examina-

tion of kidney tissues in cows aged from 7- to 8-year-old 

reveals the development of destructive processes in the or-

gan, which are likely related not only to the age but also to 

the high metabolic load endured by the organism during 

lactation. Changes affect not only functioning of the organ 

parenchyma but also the stroma and microvasculature. The 

formation of cystic cavities, the presence of deformed glo-

meruli, and abnormalities in the structure of the Juxtaglo-

merular apparatus indicate the development of renal fail-

ure. The deposition of protein casts in the renal tubules and 

the death of nephrocytes indicate the development of de-

generative processes. Foci of nephrosclerosis and signifi-

cant microcirculatory disorders indicate the presence of in-

flammatory reactions and fibrotic changes in the organ. 

The described changes are accompanied by the ex-

pression of apoptotic factors—caspase-3 and caspase-6. 

Caspase-6 is predominantly expressed by renal tubular 

cells, which, judging by morphological description, un-

dergo degenerative processes caused by the protein me-

tabolism disorder. Thus, the elevated caspase-6 expres-

sion is a marker of renal cell damage and pre-apoptotic 

state triggering the caspase cascade. Caspase-3 expres-

sion is observed not only in renal parenchyma function-

ing, but also in the stromal elements of the organ —in 

the interstitium and vascular wall cells. Thus, due to the 

executive role of caspase-3, the conclusion about exten-

sive apoptotic processes occurring in various tissues of 

the organ can be drawn. The obtained data provide a pro-

found basis for further in-depth study of pro-apoptotic 

factors in the context of their effect on the development 

of various pathologies in cattle. 
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DAT Knockout Rat Models: Dopamine Dysfunction, Epigenetic Mechanisms, 

and Approaches to Gene Therapy: A Literature Review  
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Abstract 

Introduction. Dopamine transporter gene knockout (DAT-KO) animal model is a valuable experimental tool for studying 

the pathophysiology of diseases associated with dopamine dysfunction, such as attention-deficit/hyperactivity disorder, 

schizophrenia, and Parkinson’s disease. The aim of the present review is to systematize the scientific data on using the 

DAT-KO rat models for studying dopaminergic dysfunction, epigenetic mechanisms, and gene therapy approaches.   

Materials and Methods. Literary sources were searched for in PubMed, Scopus, Web of Science, and Google Scholar 

scientific citation databases. The original studies (n=49) on the structure and function of DAT, knockout models, epige-

netic mechanisms, and gene therapy published from 1991 to 2025 in English language only were included into the review. 

The results have been presented in a PRISMA flow chart and in the illustrations. 

Results. DAT knockout rat models exhibit a 5–7-fold increase of extracellular dopamine level, hyperactivity and struc-

tural changes in the basal ganglia, which indicates dopamine dysfunction. Homozygous knockout animals are found to 

completely lack functional DAT protein, whereas animals with heterozygous knockout retain approximately half of its 

function and exhibit intermediate phenotypes. Epigenetic regulation of SLC6A3 gene expression is mediated by DNA 

methylation, histone modifications (including H3K9/K14 acetylation and H3K27 methylation) and microRNA modifica-

tions. Moreover, the DAT promoter remains hypomethylated during postnatal ontogenesis in rats, resulting in its age-

related expression increase. Gene therapy using viral vectors has demonstrated the potential to restore DAT function.  

Discussion and Conclusion. The DAT-KO rat models reliably reproduce the key neurochemical and morphological fea-

tures of dopaminergic dysfunction. However, the picture seems much incomplete due to the fragmentary character of data 

on the dynamics of epigenetic regulation of dopamine transporter expression during disease progression and insufficient 

evidence base on dose-dependent effects and long-term safety of gene therapy. The epigenetic mechanisms open the new 

tracks for biomarker search and personalization of therapy. Gene therapy using adeno-associated viral and lentiviral vec-

tors demonstrates the potential to restore DAT function in the preclinical models, however, further clarification on dose-

dependent effects and minimization of the immune response is required. The integration of epigenetic markers into the 

clinical protocols, development of combinatory strategies, and validation of the DAT-KO models for comorbid conditions 

continue to be the promising tracks for further research. 

Keywords: literature review, dopamine (dopaminergic) dysfunction, dopamine transporter, DAT, DAT gene knockout, 

rats, mice, DAT-KO, SLC6A3, epigenetic regulation, gene therapy, viral vectors  
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Dysfunction, Epigenetic Mechanisms, and Approaches to Gene Therapy: A Literature Review. Russian Journal of Vet-
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Обзор научной литературы 

Модель крыс с нокаутом гена DAT: дофаминовая дисфункция, эпигенетические механизмы 

и подходы к генной терапии. Обзор научной литературы 

А.Р. Хакимов1 🖂, А.И. Лебедева1 , Л.А. Мусина1 , З.Р. Хисматуллина2  
1ФГБОУ ВО «Башкирский государственный медицинский университет» Минздрава России «Всероссийский центр глазной 

и пластической хирургии», г. Уфа, Российская Федерация 
2ФГБОУ ВО «Уфимский университет науки и технологий», г. Уфа, Российская Федерация 

🖂  shershakov2015a@mail.ru  

Аннотация 

Введение. Модель животных с нокаутом кодирующего гена (DAT-KO) представляет собой ценный 

экспериментальный инструмент для изучения патофизиологии заболеваний, связанных с нарушением 

дофаминовой функции, таких как синдром дефицита внимания и гиперактивности, шизофрения, болезнь 

Паркинсона. Целью обзора является систематизация научных данных о дофаминергической дисфункции, 

эпигенетических механизмах и подходах к генной терапии на модели крыс с нокаутом гена DAT (DAT-KO).  

Материалы и методы. Поиск литературных источников проводился в базах данных PubMed, Scopus, Web of 

Science и Google Scholar. В обзор включены оригинальные исследования только на английском языке (n=49), 

опубликованные в период с 1991 по 2025 гг. и посвященные структуре и функциям DAT, моделям нокаута, 

эпигенетическим механизмам и генной терапии. Результаты представлены в виде блок-схемы PRISMA и 

рисунков. 

Результаты исследования. В моделях нокаута DAT у крыс наблюдается 5–7-кратное повышение внеклеточного 

уровня дофамина, гиперактивность и структурные изменения в базальных ганглиях, что отражает дофаминовую 

дисфункцию. Гомозиготные нокаутные животные полностью лишены функционального белка DAT, тогда как 

гетерозиготы сохраняют около половины его активности и демонстрируют промежуточные фенотипы. 

Эпигенетическая регуляция экспрессии гена Slc6a3 осуществляется через метилирование ДНК, модификации 

гистонов (включая ацетилирование H3K9/K14 и метилирование H3K27) и микроРНК, причем в постнатальном 

онтогенезе крыс промотор DAT остается гипометилированным, что обеспечивает возрастное повышение его 

экспрессии. Генная терапия с использованием вирусных векторов демонстрирует потенциал восстановления 

функции DAT. 

Обсуждение и заключение. Модель DAT-KO у крыс достоверно воспроизводит ключевые нейрохимические и 

морфологические особенности дофаминергической дисфункции. Полнота картины, однако, во многом 

ограничена фрагментарностью данных о динамике эпигенетической регуляции экспрессии дофаминового 

транспортера в ходе прогрессирования заболеваний и недостаточной доказательной базой по дозозависимым 

эффектам и долгосрочной безопасности генной терапии. Эпигенетические механизмы открывают новые 

направления для поиска биомаркеров и персонализированной терапии. Применение генной терапии с 

использованием аденоассоциированных и лентивирусных векторов демонстрирует потенциал восстановления 

функции DAT в доклинических моделях, однако требует дальнейшего уточнения дозозависимых эффектов и 

минимизации иммунного ответа. Перспективными направлениями остаются интеграция эпигенетических 

маркеров в клинические протоколы, разработка комбинированных стратегий и валидация модели DAT-KO при 

коморбидных состояниях. 

Ключевые слова: обзор научной литературы, дофаминовая (дофаминергическая) дисфункция, дофаминовый 

транспортер, DAT, нокаут гена DAT, крысы, мыши, DAT-KO, SLC6A3, эпигенетическая регуляция, генная 

терапия, вирусные векторы 

Для цитирования: Хакимов А.Р., Лебедева А.И., Мусина Л.А., Хисматуллина З.Р. Модель крыс с нокаутом гена 

DAT: дофаминовая дисфункция, эпигенетические механизмы и подходы к генной терапии. Обзор научной 

литературы. Ветеринарная патология. 2026;25(2):14–24. https://doi.org/10.23947/2949-4826-2026-25-2-14-24 

Introduction. Rats and mice with knockout of dopa-

mine transporter (DAT) protein encoded by SLC6A3 gene, 

represent a valuable experimental DAT-KO model for 

studying the pathophysiology of diseases associated with 

dopamine dysfunction. The dopamine transporter plays a 

key role in regulation of the dopaminergic neurotransmis-

sion, ensuring reuptake of dopamine from the synaptic cleft 

into presynaptic neurons, which controls the intensity and 

duration of signals on dopamine receptors [1, 2]. DAT is 

expressed predominantly in dopaminergic neurons of the 
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substantia nigra and ventral tegmental area, with the high-

est degree of expression in the striatum and nucleus accum-

bens, where it regulates up to 80% of dopaminergic signal-

ing [1]. In the prefrontal cortex, crusial for higher cognitive 

control and social interactions, DAT, in conjunction with 

the norepinephrine transporter, modulates dopamine activ-

ity influencing social behavior [2, 3]. Dysregulation in 

DAT-mediated dopamine homeostasis is associated with 

depression, bipolar disorder, attention-deficit/hyperactiv-

ity disorder (ADHD), schizophrenia, and Parkinson’s dis-

ease. Due to DAT being a target for psychostimulants such 

as cocaine and methylphenidate, it is associated with dis-

orders caused by the use of psychoactive substances [1, 4]. 

The DAT-KO animal model is characterized by a com-

plete absence of functional protein, which induces a hy-

perdopaminergic condition characterised by a 5–7-fold in-

crease of extracellular dopamine level and a decrease in 

presynaptic dopamine [5]. This results in hyperactivity, 

motor stereotypies, cognitive deficits and disorders of di-

minished motivation, as well as in neuroanatomical 

changes including reduced striatal volume, increased vol-

ume of prefrontal cortex and cerebellum, decreased GA-

BAergic interneuron density and dysfunctions in the sero-

tonergic system [2, 4, 6]. With regard to physiology, DAT-

KO rats exhibit reduction of body weight and impaired mo-

tor coordination, making the model relevant for studying 

ADHD and schizophrenia [1, 2]. Heterozygous DAT-KO 

rats with partial reduction in DAT activity, also exhibit pat-

terns of altered behavior. Therefore, even partial loss of 

DAT function can cause significant neurochemical and be-

havioral changes [6]. 

The aim of the present review is to systematize scien-

tific data on using the DAT knockout (DAT-KO) rat mod-

els for studying the dopamine dysregulation, epigenetic 

mechanisms, and gene therapy approaches. 

Materials and Methods. Search for literature was per-

formed in PubMed, Scopus, Web of Science, and Google 

Scholar science citation databases by the keywords: dopa-

mine transporter, DAT-KO, SLC6A3, dopamine dysregu-

lation, epigenetic regulation, gene therapy, dopamine sig-

naling, DAT knockout rats, DAT knockout mice, neuro-

transmitter transporters. The latest search was performed 

on October 5, 2025. The following publications were in-

cluded in the analysis: the original studies, reviews, and 

meta-analyses in the English language only, published 

from 1991 to 2025. The sample included publications 

(n=49) containing data on: dopamine dysregulation (neu-

rochemical and behavioral phenotypes) in DAT-KO rat 

models; epigenetic mechanisms of dopamine transporter 

regulation; gene therapy approaches to DAT deficiency us-

ing viral vectors. The results have been systematized and 

presented in the PRISMA flow chart and in the figures. 

Research Results  

Selection of references. As a result of the search across 

all scientific citation databases and other sources, 253 pub-

lications were found. After removal of 43 duplicates, 210 

articles were selected for further analysis. After screening 

titles and abstracts, 115 articles were excluded. Potentially 

eligible full texts (n=95) were uploaded to cloud storage 

and reviewed by a wide range of experts to assess their rel-

evance. At this stage, another 46 publications were ex-

cluded as they did not contain information on methodol-

ogy, results, or interpretation thereof in the context of do-

paminergic dysfunction. Thus, 49 articles were eventually 

selected to undergo the review. A summary of the literary 

sources’ verification process for inclusion into the review 

is presented in the PRISMA flowchart (Fig. 1). 

The SLC6A3 gene and its role in dopamine dysfunc-

tion. The SLC6A3 gene encoding DAT belongs to the fam-

ily of Na+- and Cl–-dependent neurotransmitter transporters 

(Fig. 2). In humans, it is localized on the chromosome 

5p15.33 and covers approximately 52.5 kbp, including 15 

coding exons [7, 8]. The DAT protein consists of 620 

amino acids, has a molecular mass of approximately 69 

kDa, and includes 12 transmembrane domains. The N-ter-

minus and C-terminus are oriented toward the cytoplasm, 

and a large extracellular loop with N-glycosylation sites is 

located between the third and fourth domains [9]. 

In mice, the SLC6A3 gene is localized on chromosome 

13 and has a highly conserved gene sequence: the gene also 

consists of 15 exons, and the boundaries of the intron-exon 

junctions in the coding regions are completely identical to 

those in humans [10]. The size of the mouse gene is signif-

icantly smaller—approximately 24.5 kbp—and the nucle-

otide sequences are 85% identic with that of human DAT 

(amino acid sequences are 93% identic). However, mice 

lack the Variable Number Tandem Repeat (VNTR) in the 

3'-untranslated region characteristic of humans, and their  

full-length mRNA is 10% shorter [10, 11].  

The rat SLC6A3 gene also contains 15 exons, and its 

cDNA was cloned and sequenced in the early 1990s [12, 13]. 

The amino acid sequence of rat DAT exhibits 97% identity 

with the human protein within the transmembrane domains 
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and 87% — in the extramembrane regions [11]. The rat pro-

tein, like the mouse protein, consists of 619 amino acids (one 

less than the human protein due to the absence of the CAG 

codon encoding glycine at position 198) and has a molecular 

mass of approximately 69 kDa [11]. 

 

Fig. 1. Flow chart for selecting the publications in compliance with the PRISMA guidelines 

 

 

Fig. 2. Schematic representation of the human SLC6A3 gene sequence. Dark vertical blocks represent exons (1–15), with introns 

located between them. The positions of polymorphic markers (rs-numbers) are indicated along the gene sequence. The grey arrow 

indicates the 5'-untranslated region (5'UTR), and the black arrow indicates the 3'-untranslated region (3'UTR). The scale bar at the 

top corresponds to the gene localization on the chromosome [14] 

The main function of DAT is the Na+- and Cl–-de-

pendent reuptake of dopamine from the synaptic cleft 

back to the presynaptic terminal (Fig. 3). It is less effi-

cient in transporting norepinephrine [15, 16]. The highest 

expression is observed in dopaminergic neurons of the 
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substantia nigra and ventral tegmental area [1], whereas 

the highest protein density is observed in axonal terminals 

of the striatum and nucleus accumbens [17, 18]. In the 

prefrontal cortex, the amount of DAT is significantly 

lower, and its functions are partially compensated by the 

norepinephrine transporter [19]. 

 

Fig. 3. Topological structure of DAT. Rectangles represent transmembrane domains (1–12) connected by intracellular (ICL) and 

extracellular (ECL) loops. The  N-terminus and C-terminus are located in the cytoplasm. Orange-colour spheres correspond to Na+ 

ions, and the green-and-white model corresponds to the substrate molecule in the binding site. Two domains with an inverted 

symmetry axis form the substrate binding site [15]. 

The functional activity of the protein is regulated by 

post-translational modifications. Phosphorylation of serine 

residues in the C-terminus affects intracellular transport 

and the rate of dopamine reuptake [20]. Cysteine pal-

mitoylation in the second and fifth transmembrane do-

mains promotes oligomer formation [21]. Lysine ubiquiti-

nation in the C-terminus determines the rate of protein deg-

radation [22], and N-glycosylation of asparagines in the ex-

tracellular loop stabilizes the structure of DAT and regu-

lates its expression on the membrane [23]. 

Genetic variants of SLC6A3 include a 40-bp VNTR pol-

ymorphism in the 3'-untranslated region. The number of re-

peats can vary from three to eleven, with the most common 

allele having ten repeats, occurring in approximately 70% of 

the population [24, 25]. Shorter variants, such as the 9R al-

lele, are associated with an increased risk of schizophrenia, 

as well as with the development of cocaine and alcohol de-

pendences. The 10R allele, on the contrary, is more often as-

sociated with Parkinson’s disease and ADHD, as well as a 

lower susceptibility to nicotine dependence [8]. 

Alongside, the pathogenic mutations, including mis-

sense substitutions (e.g., p.Leu368GIn) and splicing abnor-

malities (c.1269+1G→A), which lead to the development 

of DAT deficiency syndrome, also known as infantile par-

kinsonism-dystonia 1, were found to be described [26]. 

This condition is characterized by a complete loss of pro-

tein function and pronounced hyperdopaminergia [26, 27]. 

The gene damage tolerance assessment (GDI=0.90) indi-

cates its moderate sensitivity to mutations [28]. Among the 

known protein partners of DAT, the following ones have 

been described: PRKCABP and TGFB1I1 [29], involved 

in the regulation of phosphorylation; SYNGR3, binding to 

the N-terminus [30]; and TOR1A, affecting intracellular 

localization [31]. 

Animal models with knockout of DAT-encoding 

gene. The homology between human SLC6A3 and its rat 

ortholog is high. The coding sequence of nucleotide se-

quence is approximately 85% convergent, and the amino 

acid sequence of DAT is 92% convergent [32]. This prox-

imity ensures preservation of key structural and functional 

properties of the protein across species. Therefore, gene 

knockout in rats replicates the key manifestations of DAT 

deficiency in humans, including hyperdopaminergia and 

motor impairments. Thus, the DAT-KO rats represent the 

robust models for studying the pathogenetic mechanisms 

associated with DAT dysfunction. 

The study of the physiological role of DAT began with 

the creation of the first animal models with the respective 

gene being knocked out. Among the first such models were 

DAT knockout mice genetically engineered by homologous 

recombination in vivo. To construct a targeting vector, dopa-

mine transporter cDNA was used: a 2.0 kbp region including 

exons 6–8 was replaced with the PGK-Neo cassette. The 

vector was administered into embryonic stem cells by elec-

troporation, and homologous recombinants were selected by 
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double selection and confirmed by Southern blotting. Em-

bryonic cells with correct integration were used to engineer 

the chimeric individuals, from which the heterozygous 

DAT+/– and homozygous DAT−/− mice were reared—the 

first experimental models with DAT deficiency [33].  

Rat SLC6A3 knockout was obtained using targeted 

mutagenesis. This model was first engineered in 2018 in 

Wistar-Han rats using the “zinc fingers” method. Removal 

of five base pairs in the second exon resulted in the prem-

ature formation of a stop codon and the absence of DAT 

mRNA in the striatum [5]. 

In 2022, an alternative Sprague-Dawley rat strain was 

engineered with the identical mutation obtained by 

CRISPR/Cas9 method. In homozygous animals the protein 

was completely absent, extracellular dopamine level was 

5–7 times higher, the tyrosine hydroxylase expression was 

observed to increase in the substantia nigra, whereas nor-

mal regulation of other genes of dopamine system was 

maintained [34]. Heterozygous animals preserved approx-

imately half of the DAT function and exhibited intermedi-

ate behavioral phenotypes [35]. 

Epigenetic mechanisms of dopamine transporter 

gene regulation. Expression is regulated by epigenetic 

mechanisms, including DNA methylation, histone modifi-

cations, and activity of non-coding RNAs [36]. These pro-

cesses determine the level of transcription in dopaminergic 

neurons and thereby influence dopamine reuptake and 

DAT endocytosis. Disruptions in these mechanisms are 

likely to be the factors of neurodegenerative and psychiat-

ric disease pathogeneses.  

DNA methylation is performed by DNA methyl-

transferase enzymes and usually reduces promoter 

function due to the incorporation of 5-methylcytosine 

into CpG islands [37]. In the brains of patients with 

Parkinson’s disease, hypermethylation of the SLC6A3 

gene promoter has been observed, which leads to re-

duced DAT expression and reduced efficiency of its 

endocytosis, increasing dopamine deficiency. The use 

of demethylating agents, such as 5-Aza-2'-deoxycyti-

dine, fosters the restoration of expression and stimu-

lates the differentiation of dopaminergic neurons [36]. 

In the norm, in rats in early postnatal development, 

DAT promoter remains hypomethylated, which en-

sures an age-related increase of mRNA levels in the 

midbrain and reflects the dynamics of the dopaminer-

gic system maturation [38]. 

Histone modifications also regulate DNA accessibility 

for transcription factors. Acetylation of H3K9/K14 resi-

dues increases significantly by 56th postnatal day, which is 

accompanied by an increase in DAT mRNA levels in the 

midbrain and striatum. A 71.3% decrease in Dnmt1 expres-

sion and 84.3% decrease in Dnmt3a expression by 56th 

postnatal day are accompanied by an increase in DAT 

level. During the same period, the Nurr1 and Pitx3 tran-

scription factors enhance binding to the gene promoter re-

gion, with 6- and 8-fold increase of activity, respectively. 

These interactions with epigenetic markers ensure age-re-

lated regulation of DAT expression [38]. Histone deacety-

lases HDAC1 and HDAC2 supress the transcription, 

whereas their inhibitors, such as vorinostat, increase acet-

ylation and enhance protein endocytosis [36]. H3K27 

methylation by EZH2 inhibits DAT expression in Parkin-

son’s disease and reduces the levels of genes involved in 

endocytosis, such as clathrin and dynamin. Changes in 

methylation levels of H3K4 and H3K27 histones in this 

disease are associated with activation of neuroinflamma-

tion and death of neurons [39]. 

MicroRNAs and long non-coding RNAs regulate post-

transcriptional DAT expression. An additional level of 

control is provided by mRNA modifications, such as N6-

methyladenine. These modifications determine the stabil-

ity and efficiency of mRNA translation and influence en-

docytosis via signaling pathways mediated by protein ki-

nase C and dopamine D2 receptors [36, 40]. Demethylases 

reduce DAT expression and foster α-synuclein accumula-

tion in Parkinson’s disease. Moreover, RNA editing by 

ADAR enzymes and pseudouridylation affect the function 

of endocytic proteins and, consequently, dopamine 

reuptake processes [36].  

Disruption of these mechanisms is likely to be associ-

ated with ADHD, schizophrenia, and Parkinson’s disease. 

Whereas, according to some data, the epigenetic inhibitors, 

such as GSK126 and STM2457, may be considered as po-

tential therapeutic agents [36, 41, 42]. 

Gene therapy for DAT deficiency. Research into gene 

therapy for DAT deficiency has begun relatively recently. 

Therapy is based on the administration of a functional copy 

of the SLC6A3 gene using viral vectors—mostly adeno-

associated viruses (AAV) and lentiviruses (LV) [26].  

Administration of AAV2 or AAV9 with the synapsin 

promoter into the substantia nigra or intraventricularly 

ensures expression of human DAT in dopaminergic neu-

rons, followed by protein transport to the striatum. During 

experiments in DAT-KO mice, the therapy demonstrated 

distinct dose dependence: administration of 2×1010 vg per 

mouse ensured complete restoration of motor function, 

normalized the descent time along the vertical pole and 
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other motor activity indices, and resulted in 100% sur-

vival by 12th week. Similar results were obtained after ad-

ministration of AAV9 on 0 postnatal day. However, ex-

cess of the therapeutic dose by an order of magnitude 

caused toxicity with tremor and bradykinesia in half of 

the animals [43]. 

In adult mice, administration of AAV2 or AAV2/10 

with different constructs (hSyn1-hDAT, TH-iCre/CMV-

DIO-mDAT) also resulted in dose-dependent recovery: 

walking distance and time spent in the central zone during 

the open field test were observed to normalize, motor skills 

in the vertical pole test — to improve, gait parameters — 

to restore and hyperlocomotion — to reduce [44]. 

Combinatory approaches to DAT deficiency gene ther-

apy involve the use of multiple vectors to ensure selective 

expression in dopaminergic neurons or the combination of 

viral delivery with pharmacological agents. In the DAT-

KO mouse models, combined delivery of two AAV vectors 

was performed: AAV2/10 packaged with Cre-recombinase 

under the control of the tyrosine hydroxylase (TH) pro-

moter and AAV2/10 packaged with Cre-dependent rat 

DAT expression cassette were administered into the sub-

stantia nigra. This approach ensured DAT expression only 

in TH-positive neurons. By 48th day after injection, a de-

crease in hyperlocomotion in the open field test, normali-

zation of performance in the vertical pole test, and restora-

tion of gait parameters were observed. Biochemical analy-

sis showed partial restoration of dopamine uptake and nor-

malization of the ratio of metabolites of the dopaminergic 

and serotonergic systems [44]. 

Similar therapy with a dual-AAV-vector-system ad-

ministered to adult mice confirmed reaching the stable ef-

fect. Tyrosine hydroxylase expression was maintained 

without undesirable activation in other structures, such as 

the locus coeruleus [44, 45]. 

Lentiviral vectors (LV) are used in DAT deficiency 

gene therapy primarily in in vitro models based on iPSCs 

differentiated into midbrain dopaminergic neurons. In such 

systems, LV is used to correct mutations in the target gene 

that cause loss of DAT function. LV transduction restores 

dopamine uptake, reduces apoptosis, and increases the sur-

vival of TH-positive cells. The combination of LVs with 

an Hsp70 protein inhibitor enhances the effect, increasing 

dopamine uptake by 50–100% and reducing apoptosis to 

20–30% of the control level. However, for some mutations, 

the effect is determined predominantly by viral transduc-

tion [43]. Therapy with LV is less commonly used in in 

vivo models, including DAT-KO mice, but LVs demon-

strate the potential for selective expression in dopaminer-

gic neurons and restoration of motor function [45]. 

Compared to AAV systems, lentiviral vectors provide 

more stable integration into the host genome but are asso-

ciated with a risk of insertional mutagenesis, which limits 

their clinical application [46]. At the same time, analysis of 

available data shows that the main track of research is tar-

geted at AAV due to their low immunogenicity and high 

efficacy of certain serotypes (AAV2, AAV5, AAV8, 

AAV9) for the central nervous system [47, 48]. Studies us-

ing other viral platforms (in particular, adenovirus or her-

pesvirus) for the correction of DAT deficiency are not 

available yet, which highlights the limitations of the cur-

rent experimental database. 

Discussion and Conclusion. A significant amount of 

data on studying the dopamine dysfunction, epigenetic 

mechanisms, and gene therapy approaches in the DAT-KO 

rat models is accumulated in the scientific literature and 

has been systematized by the authors. However, the com-

pleteness of this dataset is limited by several factors: ho-

mozygous models are used quite oftener in research than 

the heterozygous ones, which limits the understanding of 

the full range of consequences of partial DAT dysfunction. 

Data on the dynamics in epigenetic regulation of the dopa-

mine transporter remain fragmented [32, 34], and preclini-

cal gene therapy studies are not supported by a sufficient 

number of studies on long-term safety [39, 42]. 

The literature review has shown that homozygous DAT 

gene knockout models can replicate certain aspects of do-

paminergic transmission dysregulation [1, 5]. The com-

plete absence of the transporter functions represents an ex-

treme form of pathology, whereas heterozygous specimens 

exhibit intermediate phenotypic manifestations, and there-

fore their parallel study is increasingly valuable. 

In addition, neuroanatomical and behavioral changes 

in knockout models may reflect both direct conse-

quences of DAT deficiency and secondary conditions in 

other neurotransmitter networks [49]. Therefore, multi-

modal approaches are required to separate primary and 

secondary effects: high-field MRI for quantitative mor-

phometry, targeted transcriptomic and proteomic anal-

yses to identify cascades of compensatory changes, and 

time-related assessment of phenotypes at different ages. 

Epigenetic data on SLC6A3 regulation provide an im-

portant but still fragmentary addition to the understand-

ing of dopaminergic dysfunction. Single studies indicate 
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hypermethylation of the SLC6A3 promoter in Parkin-

son’s disease and age-dependent changes in histone 

methylation and modifications in rodent models [38, 

39]. However, these scattered data do not allow building 

a comprehensive picture, since this requires establishing 

an exact correspondence between epigenetic markers, 

DAT expression and the clinical picture. 

At the same time, the prospects for therapeutic cor-

rection of DAT deficiency appear encouraging. AAV-

mediated delivery of SLC6A3 has shown dose-depend-

ent restoration of motor parameters in animal models 

[43, 44, 45]. However, the use of AAV vectors has cer-

tain difficulties due to a narrow therapeutic index in 

terms of time and dose [46], which requires precision of 

the parameters of administration and spatiotemporal 

control of transgene expression. 

Alongside, two-vector approaches ensuring selective 

expression in TH neurons and LV strategies for in vitro 

correction in iPSCs demonstrate functional efficacy 

[43]. But LV vectors are a priori less safe compared to 

AAV [48]. Therefore, research priority should be given 

to optimising targeting, control of expression levels and 

long-term monitoring of side effects. 

Thus, the SLC6A3 gene knockout rat model represents a 

valuable experimental model for studying the pathophysiol-

ogy of dopaminergic dysfunctions. Its high homology to the 

human SLC6A3 gene ensures the replicability of key pheno-

types, including hyperdopaminergia, motor and cognitive dis-

orders, and makes it relevant for studying ADHD, schizophre-

nia, Parkinson's disease, and DAT deficiency syndrome. 

Advanced gene therapy strategies based on AAV and LV 

vectors demonstrate high efficacy in restoring DAT function 

and correcting motor and behavioral disorders in experimental 

models. However, the specific nature of gene therapy using 

viral vectors, particularly the narrow therapeutic dose range 

and the need to prevent side effects, as well as the limited 

available data, emphasise the importance of further research. 
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Optimization of General Anesthesia Monitoring Methods Used in Laboratory 

Animals during Development and Experimental Study of Veterinary Drugs 
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Abstract 

Introduction. Giving general anesthesia to animals is an important element of experimental research during the development 

and study of new veterinary drugs. Due to specific nature of general anesthesia and the need to use the potent sedatives and 

hypnotics, it has always been posing a risk to laboratory animals. In the frame of present-day veterinary research, the problem 

of proficient monitoring of anesthesia is extremely relevant, especially with regard to research involving laboratory rodents. 

The aim of the study is to develop and optimize laboratory monitoring methods of general anesthesia in animals during 

experimental studies of new veterinary drugs. 

Materials and Methods. The study was conducted at the research laboratory of the Institute of Living Systems, DSTU, from 

January to May 2024. The experiment involved 20 Wistar rats of both sexes weighing 300–400 g that were subjected to 

inhalation anesthesia with isoflurane, using an RWD R520 anesthesia machine. The laboratory monitoring protocols were 

developed based on the electroencephalography (EEG), electrocardiography (ECG), respiratory rate, blood pressure, and 

body temperature parameters. The condition of animal organs and systems was assessed by means of biochemical blood and 

urine tests, as well as excretory function tests. 

Results. An inhalation chamber connected to an anesthesia machine was designed for the study in rats. It allowed labor-

atory monitoring of animals’ condition during inhalation anesthesia by electrophysiological and functional methods. A 

trial mode of the chamber using 2.0% isoflurane gas supply, at a flow rate of 2.0 l/min, and a withdrawal rate of 8.0 l/min 

had proved to be the optimal protocol for administering general anesthesia to laboratory rats. Electrophysiological, bio-

chemical, and functional parameters demonstrated high tolerability of the anesthesia protocol used. 

Discussion and Conclusion. The development proposed by the authors optimizes laboratory monitoring in animals during 

general anesthesia, contributes to improvement of quality of experimental research results, facilitates the work of re-

searchers, and can be used during the development of new veterinary drugs. 

Key words: general anesthesia, laboratory monitoring, experimental studies, laboratory rats, inhalation anesthesia, inha-

lation chamber, electrophysiological parameters 
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Оригинальное эмпирическое исследование 

Оптимизация методов контроля общей анестезии лабораторных животных при 

разработке и экспериментальном изучении ветеринарных препаратов 

С.К Шебеко  🖂 

Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 

🖂 shebeko_sk@mail.ru 

Аннотация 

Введение. Общая анестезия животных является важным элементом экспериментальных исследований при 

разработке и изучении новых ветеринарных препаратов. В силу своей специфики, необходимости применения 

сильнодействующих седативных и гипнотических средств, анестезия всегда представляет собой риск для 

лабораторных животных. В настоящее время в ветеринарных исследованиях остро стоит проблема грамотного 

анестезиологического сопровождения, особенно при работе с лабораторными грызунами. Цель данного 

исследования — разработка и оптимизация методов лабораторного контроля общей анестезии животных при 

проведении экспериментальных исследований новых ветеринарных препаратов. 

Материалы и методы. Исследование проведено на базе научно-исследовательской лаборатории Института живых 

систем ДГТУ в период с января по май 2024 г. В эксперименте участвовало 20 крыс линии Wistar обоих полов 

массой 300–400 г, которых подвергали общей ингаляционной анестезии с использованием изофлурана и наркозного 

аппарата RWD R520. Протоколы лабораторного контроля разрабатывали на основе показателей 

электроэнцефалографии, электрокардиографии, частоты дыхания, артериального давления и температуры тела. 

Оценку состояния органов и систем животных проводили с помощью биохимических исследований крови, мочи и 

показателей выделительной функции животных. 

Результаты исследования. В ходе исследований была сконструирована ингаляционная камера для крыс, 

подключаемая к наркозному аппарату, позволяющая проводить лабораторный контроль 

электрофизиологическими и функциональными методами в условиях ингаляционной анестезии. Апробация 

камеры при режиме подачи газа с концентрацией изофлурана 2,0 %, скоростью подачи 2,0 л/мин и отбора 8,0 

л/мин, показала, что это оптимальный протокол осуществления общей анестезии у лабораторных крыс. Данные 

электрофизиологических, биохимических и функциональных параметров свидетельствовали о хорошей 

переносимости использованного анестезиологического протокола. 

Обсуждение и заключение. Предложенная авторская разработка оптимизирует лабораторный контроль 

животных при проведении общей анестезии, способствует повышению качества результатов экспериментальных 

исследований, облегчает работу ученых-исследователей и может быть использована при разработке новых 

ветеринарных препаратов. 

Ключевые слова: общая анестезия, лабораторный контроль, экспериментальные исследования, лабораторные 

крысы, ингаляционный наркоз, ингаляционная камера, электрофизиологические параметры 

Для цитирования. Шебеко С.К. Оптимизация методов контроля общей анестезии лабораторных животных при 

разработке и экспериментальном изучении ветеринарных препаратов. Ветеринарная патология. 2026;25(2):25–33. 

https://doi.org/10.23947/2949-4826-2026-25-2-25-33 

Introduction. General anesthesia in animals is an inte-

gral part not only of veterinary practice but also of experi-

mental studies of veterinary drugs. Laboratory monitoring 

of anesthesia is an important factor for its successful im-

plementation [1]. Due to its specific nature and the need for 

potent sedatives and hypnotics, anesthesia evidently has al-

ways been posing a risk for laboratory animals, especially 

for young and elderly animal specimens and animals with 

induced pathologies [2, 3, 4]. Complications resulting from 

general anesthesia manifest not only in deterioration of an-

imal's physiological functions and the state of all life sup-

port systems, but also in exacerbation of the pathological 

process, which can even lead to death [5]. 

According to statistics, adverse reaction to anesthesia is 

a quite widespread phenomenon in veterinary practice [6]. 

Poor recovery from general anesthesia in dogs is observed 

in 29.1% of cases, with 55.5% of them requiring sedation 

to control behavior [7]. In sick animals, anesthesia-related 

mortality is 3.6 times higher than this figure in the overall 

animal population (4.80% versus 1.35%) [2], moreover, in 

sick dogs the probability of cardiac arrest caused by anes-

thesia is 23 times higher, and the probability of death is 

24.5 times higher than in healthy animals [8]. Post-opera-

tive mortality is of particular concern in sick animals. Ac-

cording to some data, it reaches 47% in dogs, 61% in cats 

and 64% in rabbits. In the overall animal population, rab-

mailto:shebeko_sk@mail.ru
https://doi.org/10.23947/2949-4826-2026-25-2-25-33
https://orcid.org/0000-0001-9350-7588
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bits are the most susceptible to anesthesia-and sedation-re-

lated mortality, with the risk of death being 8 times higher 

than that in dogs (1.39% versus 0.17%) [9]. 

Currently, the problem of proficient monitoring anes-

thesia when working with animals, along with proper ex-

amination, and adherence to recommendations is acute, 

both in experimental research and in veterinary medicine 

[10, 11]. This problem is especially relevant when working 

with small rodents, which are the main test systems in bio-

medical research, due to their small size and metabolic 

characteristics [12]. The opportunities of Russian scientists 

in the field of experimental veterinary research are consid-

erably limited due to limited access to modern technolo-

gies, medicinal products, and equipment, especially those 

used for monitoring general anesthesia in laboratory ro-

dents. Therefore, improving approaches to administering 

general anesthesia and laboratory monitoring of the pro-

cess in the frame of experimental studies is of scientific 

importance for improving animal safety.  

The aim of the study is to develop and optimize the 

methods for monitoring general anesthesia in laboratory 

animals to improve the efficiency and safety of experi-

mental studies of new veterinary drugs. 

Materials and Methods. The study was conducted at 

the Pharmacology and Experimental Pathology Research 

Laboratory of the Institute of Living Systems, DSTU 

(Rostov-on-Don) from January to May 2024. Twenty 

Wistar rats of both sexes weighing 300–400 g were in-

volved in the experiment. All animals were kept on a 

standard diet with free access to water in accordance with 

acting sanitary standards [13].  

The studies were conducted in compliance with the 

general principles of bioethics [14] and Directive 

2010/63/EU of the European Parliament and of the Council 

“On the Protection of Animals Used for Scientific Pur-

poses” (Brussels, 2010) [15]. All manipulations causing 

pain and suffering, and the withdrawal of animals from the 

experiment was conducted using adjusted dosage of anes-

thesia and analgesia [16]. The protocol of the study was 

verified by the Local Independent Ethics Committee of 

DSTU (Resolution No. 4 of 09.10.2023). 

General anesthesia of animals was performed using an 

RWD R520 anesthesia machine for animals (RWD Life 

Science, USA) and isoflurane (Laboratories Karizoo, 

S.A., Spain). 

Using the KOKS-2 cardiorespiratory complex for small 

laboratory animals (Medical Computer Systems Ltd., Rus-

sian Federation), electrocardiography (ECG) was per-

formed, and heart rate (HR) and respiratory rate (RR) were 

assessed [17, 18]. Blood pressure (BP) was assessed by 

non-invasive plethysmometric method [19] using the “Sis-

tola” non-invasive blood pressure measurement system for 

rodents with the “Phlogiston” heating platform (Neirobi-

otiks LLC, Russian Federation). Brain activity intensity 

was assessed by electroencephalography (EEG) [20] using 

the “Neiron-Spektr-1V" computerized electroencephalo-

graph for veterinary medicine (Neirosoft LLC, Russian 

Federation). Animal body temperature (T) was measured 

using a Zamer-1 veterinary digital rectal thermometer (ver-

sion 2 – rectal, Zamer LLC, Russian Federation). During 

laboratory observations, the animals’ pedal, swallowing, 

and pupillary reflexes were also assessed. 

To assess the functional condition of the organs and sys-

tems of animals before and after anesthesia, a series of bio-

chemical studies of blood and urine were performed. Blood 

was obtained from the caudal vein in an amount of up to 0.5 

ml per draw. The glucose concentration in native blood was 

determined using a OneTouch Verio Reflect glucometer 

(LifeScan Europe GmbH, Switzerland). Creatinine content, 

aspartate aminotransferase (AST) and alanine aminotrans-

ferase (ALAT) activity were determined in blood serum us-

ing “Diacon-DS” kits and a SPECTROstar Nano spectro-

photometer (BMG Labtech, Germany) [21]. Urine was ob-

tained using metabolic cages (OpenScience, Russian Feder-

ation) with a duration of collection for 2 hours. The creati-

nine content was also determined in urine, as well as the glo-

merular filtration rate (GFR) was calculated based on the en-

dogenous creatinine clearance [22]. 

The obtained results were processed using descriptive 

statistics methods, tested for normality using the Shapiro-

Wilk test, and presented as the arithmetic mean ± standard 

error of the mean (M ± m). Statistical analysis of intergroup 

differences was performed using one-way analysis of vari-

ance (ANOVA) with Tukey's HSD post hoc test [23]. Cal-

culations were performed using IBM SPSS Statistics v. 22 

(IBM Corp., USA) and MS Excel 2016 (Microsoft Corp., 

USA) software. Differences in figures were considered sta-

tistically significant at a probability level of p < 0.05. 

Results. Inhalation anesthesia is the preferred method 

of general anesthesia used in experimental studies in 

terms of efficacy and safety, as it enables complete con-

trol over animal's condition through a combination of two 

key parameters: the concentration of the inhalation anes-

thetic and the rate of gas mixture flow. This method not 

only allows quick putting an animal in a state of pharma-

cological hypnosis but also its immediate recovery after 

cessation of gas delivery, practically without adverse con-

sequences. Therefore, the study proposes improvement of 

laboratory monitoring techniques used specifically for 

this type of anesthesia.  

Inhalational anesthetics, especially isoflurane, are 

known to pose a hazard to professionals who are constantly 

in contact with them during work. The standard masks sup-

plied with the RWD R520 animal anesthesia machine are not 

hermetically sealed and are prone to gas leakage. To solve 

the problem, a sealed inhalation chamber for rats that ena-

bled laboratory monitoring based on measuring the electro-

physiological parameters was designed. The design of the 

chamber had been developed to ensure enough space to 

place EEG electrodes on the animal’s scalp as well as the 
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respiratory sensor of the cardiorespiratory system with a 

minimal working volume of a gas mixture required. At the 

same time, there remained the possibility to place ECG sen-

sors on the animal’s torso, a blood pressure cuff on the tail, 

and a rectal thermometer in the anus. Implementation of all 

the above-mentioned monitoring elements was possible only 

using a chamber, where the animal’s head was placed, leav-

ing the rest of the body free. The standard inhalation anes-

thesia induction chambers are not suitable for this purpose.  

The chamber was made of transparent polycarbonate 

with external dimensions of 100 x 100 x 60 mm and an 

internal volume of 500 cm³ (Fig. 1). A nozzle adhering to 

DIN standard with an internal diameter of 6 mm was used 

to deliver the gas mixture to the chamber, and a nozzle ad-

hering to 22M standard with an internal diameter of 18 mm 

was used to remove the waste gas. These nozzles were po-

sitioned opposite each other to ensure a unidirectional gas 

flow, so that it could reach the inlets of the animal’s respir-

atory tract. The 1:3 ratio of inlet to outlet nozzle cross-sec-

tions ensured the flow of the gas mixture from the entry to 

evacuation point. Six animals were involved at the stage of 

inhalation chamber design and assembly. 

To solve the problem, it was necessary not just design 

a chamber itself, develop the method of putting the upper 

part of the animal’s body into it, but also to invent the way 

of forced gas removal from the chamber using a gas evac-

uation device and replaceable gas filters supplied with the 

anesthesia machine. Such devices are designed to absorb 

and bind excess inhalational anesthetic, thereby ensuring 

operational safety. In the current experiment, two RWD 

Life Science gas evacuation apparatuses with the gas filter 

weighing function were used: R546-Pro with forced gas re-

moval and R548 without it, with corresponding gas filters 

R510-31-6 and R510-31S-6. 

During general anesthesia, the animal was exposed to 

isoflurane in the induction chamber. The animal was then 

placed on the experimental heating platform, fixed, and its 

head was placed in the inhalation chamber. EEG electrodes 

were attached, a respiration sensor was installed, and the 

ECG electrodes were applied. The inhalation chamber was 

then closed, and the gas mixture started to be delivered 

(Fig. 2). The animal’s tail was then placed on a “Phlogis-

ton” heating platform, a blood pressure cuff was applied, 

and a rectal thermometer was inserted. The animal re-

mained in this position throughout the general anesthesia 

procedure to enable laboratory monitoring, piloting this 

technique, and recording the respective physiological pa-

rameters. The resulting data were analysed for the efficacy 

of the proposed monitoring methods and safety of the 

tested general anesthesia protocol. 

 

Fig. 1. A prototype of an inhalation chamber for general anesthesia in rats  
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Fig. 2. A Wistar rat monitored during inhalation anesthesia using the developed inhalation chamber  

During the study, two modes of anesthesia administra-

tion were used — using active and passive gas removal, 

whereas the concentration ratio and flow rate were adjusted 

to minimize the effect on the animal. During the adjustment 

process, we judged about the depth of anesthesia in rats by 

determining the stages based on the animal condition, the 

level of reflexes and physiological parameters. 

As a result, two gas delivery modes were used: 

1st mode: isoflurane concentration 2.0%, flow rate 2.0 

l/min, removal rate 8.0 l/min; 

2nd mode: isoflurane concentration 1.5%, flow rate 2.0 

l/min, without forced gas removal. 

With respect to these modes, two groups of seven ani-

mals were formed and exposed to general anesthesia with 

assessment of laboratory monitoring methods based on 

physiological parameters recorded. 

During the study, electroencephalograms (EEG) were 

continuously recorded in the animals in the state of inhala-

tion anesthesia (Fig. 3), and EEG indices were computed 

using the software (Table 1). 

 

Fig. 3 Example of an electroencephalogram of a rat in the state of general anesthesia 
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Table 1 

Electroencephalogram indices in rats in condition of general anesthesia 30 minutes after induction 

EEG indices 1st group (n=7) 2nd group (n=7) 

Maximum amplitude, µV 130.2±13.7 112.7±11.0 

Mean amplitude, µV 19.3±2.2 15.8±1.6 

Delta rhythm, μV 45.6±4.5 58.7±5.5 

Theta rhythm, μV 33.5±3.5 37.2±4.0 

Alpha rhythm, μV 31.4±3.2 20.3±2.7* 

Beta-LF rhythm, μV 11.7±1.5 10.2±1.3 

Beta-HF rhythm, μV 10.7±1.2 5.9±1.0* 

Note: * – differences are significant relative to animals of the 1st group (p<0.05). 

The EEG was analysed by the general indices of maxi-

mum and mean amplitudes, as well as the indices of mean 

amplitudes of five main rhythms: delta rhythm with a fre-

quency of 0.5–3.0 Hz, theta rhythm (4.0–6.0 Hz), alpha 

rhythm (8.0–13.0 Hz), low frequencies of the beta band 

(13.0–18.0 Hz) and high frequencies of the beta band 

(18.0-32.0 Hz) [20]. Analysis of the EEG spectral ampli-

tudes makes it possible to determine the predominant type 

of EEG rhythm and, based on this, draw a conclusion about 

the degree of animal immersion in anesthesia, weakening 

the hypnotic effect of anesthetics, or, conversely, excessive 

depth of anesthesia with the risk of a lethal outcome, as 

well as to record the moment of agonal phase or clinical 

death development. 

The results presented in Table 1 indicate a greater depth 

of anesthesia in rats anesthetized with the second mode of 

gas mixture delivery compared to the first group. This is 

confirmed by a non-significant decrease in the maximum 

and mean EEG amplitudes, growing predominance of the 

delta rhythm (p>0.05), and a significant decrease in the am-

plitudes of the alpha rhythm and beta-high-frequency 

rhythm (p<0.05). 

Moreover, during general anesthesia, cardiorespiratory 

parameters were recorded in rats (Fig. 4), as well as blood 

pressure and body temperature 10 minutes after induction 

of anesthesia and after 30 minutes  (before the end of the 

experiment). The data are presented in Table 2. 

The obtained results indicate that in animals exposed to 

general anesthesia using the second experimental mode, 

the significant decrease in heart rate (HR) by 18.5%, as 

well as decrease in the R wave voltage by 1.6 times, and 

respiratory rate (RR) by 20.7% (p < 0.05) were observed. 

This pattern indicates a more pronounced suppression of 

cardiovascular and respiratory systems than in the first 

group (Table 2). 

Fig. 4. Example of recording the cardiorespiratory data in rats in the state of general anesthesia 

  



Russian Journal of Veterinary Pathology. 2026;25(2):25-33. еISSN 2949-4826 

 

  

A
n

im
al

 p
at

h
o

lo
g
y
, 

m
o

rp
h

o
lo

g
y
, 

p
h

y
si

o
lo

g
y
, 

p
h

ar
m

ac
o

lo
g
y
 a

n
d

 t
o

x
ic

o
lo

g
y

 

31 

Table 2 

The effect of the experimental modes of inhalation anesthesia on cardiorespiratory parameters and temperature in rats 

Parameter studied  

 

1st group (n=7) 2nd group (n=7) 

10 min 30 min 10 min 30 min 

HR, beats/min 

 
225±12 215±10 222±13 181±11*/** 

R wave voltage, mV 

 
0.85±0.03 0.78±0.05 0.80±0.05 0.52±0.07*/** 

RR, breaths/min 

 
55±3 50±4 53±5 42±3* 

BP, mmHg 

 

systolic 

 121.2±4.4 115.1±3.5 119.7±3.8 99.4±2.3*/** 

diastolic  

 78.1±2.8 75.6±2.5 79.2±3.0 71.3±3.3 

mean 

 99.6±3.5 95.3±3.1 98.1±4.2 84.9±3.1*/** 

T, оС 37.8±0.2 35.2±0.2* 37.5±0.3 33.1±0.5*/** 

Notes: *— differences are significant relative to the baseline data (p<0.05); 

**— differences are significant relative to animals of the 1st group (p<0.05). 

Moreover, in the second group, a significant decrease 

in systolic and mean blood pressure by 16.7% and 14.3%, 

respectively, was also observed (p < 0.05). By the end of 

the experiment, body temperature in rats in this group sig-

nificantly decreased to 33.1°C, which was statistically 

lower than in animals in the first group (p < 0.05). This also 

indicates an impairment in the function of cardiovascular 

system and general depression of body functions, which 

was more typical for animals in the second mode of general 

anesthesia, and correlates with the previous data. 

Additionally, a number of biochemical parameters, in-

cluding the renal function indices, were assessed in animals 

before and after anesthesia, and are presented in Table 3. 

Table 3 

Biochemical parameters and renal function indices in rats in the state of general anesthesia 

Parameter  

1st group (n=7) 2nd group (n=7) 

before anesthesia after anesthesia before anesthesia after anesthesia 

Blood glucose, 

mmol/l  
4.61±0.18 4.24±0.17 4.80±0.19 3.76±0.19*/** 

Blood creatinine, 

μmol/l  
45.65±3.17 39.04±2.68 42.15±2.89 55.56±3.86*/** 

AST, µkat/l 0.75±0.02 0.71±0.02 0.69±0.07 0.78±0.05 

ALT, µkat/L 0.36±0.02 0.38±0.01 0.40±0.03 0.66±0.02*/** 

Urine creatinine, 

mmol/l 
2.64±0.37 2.11±0.18 2.26±0.18 3.54±0.32* 

GFR, ml/day 410.4±28.5 380.5±18.6 389.4±14.3 315.6±8.2*/** 

Notes: * – differences are significant relative to the baseline data (p<0.05); 

**– differences are significant relative to animals the 1st group (p<0.05). 
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The data obtained show that in the state of general an-

esthesia using the 1st  mode of gas mixture delivery, no sta-

tistically significant changes in key blood biochemical pa-

rameters or renal function indices were observed in ani-

mals. Only single trend-based changes were observed. This 

indicates the good condition of organs and systems, such 

as the liver, heart, and urinary system, after general anes-

thesia. This pattern demonstrates good tolerability of the 

anesthetic protocol used. 

At the same time, when using the 2nd mode of gas mix-

ture delivery, a significant decrease in the blood glucose 

level by 21.7% (p < 0.05), an increase in ALT by 1.7 times 

(p < 0.05), an increase in blood creatinine by 31.8% (p < 

0.05), urine creatinine — by 1.6 times (p < 0.05) and a cor-

responding decrease in the GFR by 18.8% (p < 0.05) were 

observed. All of the above indicates damage to some of the 

organs and systems of animals as a result of general anes-

thesia. First of all, it is worth to note the suppression of 

renal function, as evidenced by the GFR indicator. The ac-

tivation of cytolysis, which may occur due to liver damage 

caused by inhalation anesthetic is also worth noting. A drop 

in glycemia also fits into the overall picture and indicates 

exhaustion of animals exposed to anesthesia. 

This picture correlates with the laboratory observa-

tions. The animals were in a very deep phase of anesthesia 

(approximately 3–4), characterised by pronounced depres-

sion of respiratory system, with infrequent and deep 

breathing, and depression of cardiovascular system. EEG 

indices were also depressed. On the whole, this indicates 

poor tolerability of the second mode of anesthesia with the 

chosen duration time. This effect of isoflurane can be ex-

plained by stagnation of the gas mixture in the inhalation 

chamber due to the lack of forced gas removal, decrease of 

air content in the chamber, and consequent decrease of par-

tial pressure of oxygen. This ultimately has led to deep hy-

poxia in the animals and, consequently, to deterioration of 

organ and tissue resistance to this mode of anesthesia. 

Discussion and Conclusion. The obtained results 

demonstrate the high efficacy of the developed device—an 

inhalation chamber for rats connected to an anesthesia ma-

chine—for laboratory monitoring animals’ condition dur-

ing general anesthesia induced by inhalation. Analysis of 

the results reveals a significant correlation between ani-

mals’ electrophysiological, functional, and biochemical 

parameters, which together enable a comprehensive assess-

ment of the anesthesia protocol safety. 

Thus, the proposed inhalation chamber enables moni-

toring general anesthesia using electrophysiological meth-

ods that are objective, sensitive, highly informative, and 

correlate well with the results of biochemical and func-

tional studies in animals. This approach has good perspec-

tive for  practical implementation in the experimental study 

of veterinary drugs, and may contribute to improving the 

quality of research results, as well as may facilitate the 

work of researchers. 
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Abstract 

Introduction. The majority of pericardial diseases are accompanied by pathological accumulation of fluid in the pericar-

dial cavity (effusion), as well as cardiac tamponade. Physical examination methods combined with transthoracic echocar-

diography are widely used to diagnose these conditions. An important task for veterinary specialists is to determine char-

acteristic symptoms and specific echocardiographic signs of cardiac tamponade, which is considered to be a life-threat-

ening condition. Cytological examination of pericardial fluid is an integral part in diagnosing the cause of the effusion. A 

comprehensive approach to diagnosis underpins the efficiency of treatment strategies. The existing studies poorly reveal 

the relationships between the clinical symptoms and echocardiographic signs, which could enable the diagnosis of disease 

severity and its prognosis, neither do they fully elucidate the cytological characteristics of effusions that could indicate 

the causes of effusion occurrence. The aim of the study is to establish the clinical, echocardiographic, and cytological 

relationships in dogs with pericardial pathologies accompanied by pericardial effusion.  

Materials and Methods. The study was conducted at the Department of Veterinary Surgery of Moscow State Academy 

of Veterinary Medicine and Biotechnology – MVA named after K. I. Skryabin and at the Veterinary Research Center 

“Biocontrol” in the period from 2018 to 2023. The objects under study were dogs of various breeds, ages, and sexes 

(n=200). The examination methodology included: collection of patient’s medical history, clinical examination, echocar-

diography, electrocardiography, chest radiography, ultrasonographic visualization of free fluid in the thoracic and ab-

dominal cavities, pericardiocentesis, cytological examination of effusion, and histological examination of pathological 

material obtained during surgery. 

Results. During the echocardiography, a ring-shaped anechoic space of varying diameter was revealed around the heart 

in all the studied dogs with pericardial effusion. Of 200 patients, cardiac tamponade was registered in 64 animals (32.0%), 

to whom pericardiocentesis was performed. For further determination of the causes of pericardial effusion, cytological 

examination of the obtained fluid was performed in 61 patients. According to cytomorphological characteristics, the fol-

lowing types of effusion were identified: transudate (1.6%), modified transudate (4.9%), septic exudate (1.6%), hemor-

rhagic effusion (which, in turn, was divided into effusion corresponding to: acute hemorrhage (4.9%), chronic hemorrhage 

(77.0%), hemorrhagic effusion with cytological signs of a tumor (9.8%)). 

Discussion and Conclusion. In the presence of pericardial effusion, detection of the cardiac tamponade syndrome is of 

great clinical importance. We have established the most common echocardiographic signs of tamponade: caudal vena 

cava dilation and reduction of its collapsibility amplitude to less than 50%, as well as right atrial collapse. A relationship 

between the clinical symptoms (abdomen volume increase due to accumulation of ascitic fluid, progressing weakness, 

and exercise tolerance decrease) and echocardiographic signs of cardiac tamponade was revealed. Based on cytological 

examination results, the hemorrhagic type of pericardial effusion was identified as the most common one, concomitant to 

cardiac and pericardial tumors in older dogs of medium and large breeds. 

Keywords: dogs, pericardial effusion, cardiac tamponade, pericardial cavity, echocardiography, cytological examination 

of fluid 
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Оригинальное эмпирическое исследование 

Клинико-эхокардиографические и цитологические характеристики патологий перикарда 

собак, сопровождающихся перикардиальным выпотом 

К.В. Кокуленко1🖂, А.В. Гончарова2 , В.К. Илларионова1,2 , В.А. Костылев2  

1Ветеринарный онкологический научный центр «Биоконтроль», г. Москва, Российская Федерация 
2Московская государственная академия ветеринарной медицины и биотехнологии – МВА имени К.И. Скрябина, 

г. Москва, Российская Федерация  

🖂 magnet.ru@mail.ru 

Аннотация 

Введение. Большинство болезней перикарда сопровождаются патологическим скоплением жидкости в 

перикардиальной полости (выпот), а также тампонадой сердца. Для диагностики подобных состояний широко 

используют методы физикального обследования в сочетании с трансторакальной эхокардиографией. Важной 

задачей ветеринарных специалистов является определение характерных симптомов, а также специфических 

эхокардиографических признаков тампонады сердца как состояния, угрожающего жизни. Цитологическое 

исследование перикардиальной жидкости является неотъемлемой частью диагностического поиска причин 

выпота. Комплексный подход к диагностике определяет эффективную тактику лечения пациента. В 

существующих исследованиях остаются мало раскрытыми клинико-эхокардиографические взаимосвязи, 

позволяющие диагностировать тяжесть течения и прогноз заболевания, а также недостаточно освещены 

цитологические характеристики выпотов, определяющие их причины. Цель исследования — установить 

клинико-эхокардиографические и цитологические взаимосвязи у собак с патологиями перикарда, 

сопровождающимися перикардиальным выпотом.  

Материалы и методы. Исследование проведено на кафедре ветеринарной хирургии ФГБОУ ВО «Московская 

государственная академия ветеринарной медицины и биотехнологии – МВА имени К.И. Скрябина», а также на 

базе ветеринарного научного центра «Биоконтроль» в период с 2018 по 2023 г. Объектом исследования 

послужили собаки различных пород, возраста и пола (n=200). Методика обследования включала: сбор анамнеза, 

клинический осмотр, эхокардиографию, электрокардиографию, рентгенографию грудной клетки, 

ультрасонографическую визуализацию свободной жидкости в грудной и брюшной полостях, перикардиоцентез, 

цитологическое исследование выпота, гистологическое исследование патологического материала, полученного 

в ходе хирургического вмешательства.  

Результаты исследования. У всех исследуемых собак с перикардиальным выпотом на эхокардиографии 

выявлено кольцевидное анэхогенное пространство (ободок) разного диаметра вокруг сердца. Из 200 пациентов у 

64 животных (32,0 %) зарегистрирована тампонада сердца и выполнен перикардиоцентез. Цитологическое 

исследование полученной жидкости для дальнейшей диагностики причины перикардиального выпота выполнено 

у 61 пациента. По цитоморфологическому характеру выявлены следующие виды выпота: транссудат (1,6 %), 

модифицированный транссудат (4,9 %), септический экссудат (1,6 %), геморрагический (который, в свою 

очередь, разделялся на выпот, соответствующий: острому кровотечению (4,9 %), хроническому кровотечению 

(77,0 %), геморрагический выпот с цитологическими признаками опухоли (9,8 %)). 

Обсуждение и заключение. При наличии перикардиального выпота важное клиническое значение имеет 

распознавание синдрома тампонады сердца. Нами установлены самые распространённые эхокардиографические 

признаки тампонады: расширение и снижение амплитуды спадения каудальной полой вены менее 50 % и коллапс 

стенки правого предсердия. Выявлена взаимосвязь между клиническими симптомами (увеличение объема 

живота в результате накопления асцитной жидкости, прогрессирующая слабость и снижение переносимости 

нагрузок) и эхокардиографическими признаками тампонады сердца. По результатам цитологического 

исследования самым распространенным видом перикардиального выпота явился геморрагический, 

сопровождавший опухоли сердца и перикарда у собак старшей возрастной группы средних и крупных пород. 

Ключевые слова: собаки, перикардиальный выпот, тампонада сердца, перикардиальная полость, 

эхокардиография, цитологическое исследование жидкости 
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Introduction. Enhancement of cardiac disease diag-

nostics in animals is particularly important due to the in-

creasing incidence of pericardial pathologies in dogs of 

various breeds and sizes. In recent years, significant pro-

gress has been made in diagnostics of cardiac diseases in 

animals, including diagnostics of diseases accompanied by 

pericardial effusion inducing compression of the heart 

chambers and hemodynamic disorders. This condition 

causes reduction of cardiac filling and emptying, provokes 

venous congestion, and can lead to cardiogenic shock and 

death of a patient [1–3].  

Diagnostic tests for pericardial pathologies accompa-

nied by pericardial effusion include echocardiography, 

electrocardiography, radiography, computed tomography, 

cytomorphological examination of effusion, histological 

examination of the pericardium and neoplasms of the heart 

and pericardium. Each method has its advantages and lim-

itations, but echocardiography (EchoCG) is the preferred 

first-line diagnostic test [2]. This visual diagnostic method 

is highly informative, as it allows one to determine the size 

of the heart and evaluate its function, the presence and vol-

ume of pericardial effusion, the presence of intracardiac 

thrombi and cardiac and pericardial tumors [3, 5, 6]. 

EchoCG is the leading method for dynamic monitoring of 

pericardial effusion during conservative therapy [7]. An 

important advantage of EchoCG is its non-invasiveness 

and the absence of the need for animal sedation. 

A cytological analysis of pericardial effusion is a nec-

essary diagnostic method for determining the etiology of 

the pathological process and patient’s treatment strategy. 

In some cases, this test is crucial and reduces the amount 

of diagnostic procedures required for the patient. 

A number of ultrasound criteria for diagnosing canine 

pericardial diseases accompanied by effusions have been 

identified in the available national and international liter-

ature. However, the relationship between the clinical 

symptoms and echocardiographic signs that enables diag-

nosing disease severity and prognosticating its course re-

mains poorly studied, the same as the correlation of 

pathological changes with the body weight and age of the 

patients. Furthermore, the cytological characteristics of 

effusions, which determine effusion causes, are insuffi-

ciently described. The aim of the study is to establish clin-

ical, echocardiographic, and cytological relationships in 

dogs with pericardial pathologies accompanied by peri-

cardial effusions.  

Materials and Methods. The study was conducted at 

the Department of Veterinary Surgery of Moscow State 

Academy of Veterinary Medicine and Biotechnology – 

MVA named after K. I. Skryabin and at the Veterinary Re-

search Center “Biocontrol” in the period from 2018 to 

2023. The objects of the study were sexually mature dogs 

of various breeds, ages, and sexes (n=200). The following 

dog breeds were included in the study: mixed breeds 

(n=38), French Bulldogs (n=19), Labrador Retrievers 

(n=12), Chihuahuas (n=11), Yorkshire Terriers (n=10), 

Golden Retrievers (n=8), Smooth-haired Dachshunds 

(n=6), American Staffordshire Terriers (n=5), Jack Russell 

Terriers (n=5), Cane Corso (n=5), German Shepherd Dogs 

(n=4), Bullmastiffs (n=4), Dogue de Bordeaux (n=4), Si-

berian Huskies (n=4), German Spitz (n=3), Staffordshire 

Bull Terriers (n=3), Shiba Inu (n=2), Central Asian Shep-

herd Dogs (n=2), Russian Spaniels (n=2), Pomeranian 

Spitz (n=2), German Boxers (n=2), Chinese Crested (n=2), 

Ca de Bou (n=2), Caucasian Shepherd Dogs (n=2), Dober-

mans (n=2), East European Shepherd Dogs (n=2), Weimar-

aners (n=2), Boerboels (n=2), Bernese Mountain Dogs 

(n=2), American Pit Bull Terriers (n=2), English Bulldogs 

(n=2), Biewer Yorkshire Terriers (n=2). The following 

breeds included in the study were represented by a single 

animal: English Cocker Spaniel, Alaskan Malamute, Dogo 

Argentino, Beauceron, West Highland White Terrier, Dal-

matian, Irish Setter, Keeshond, Maremma Sheepdog, Min-

iature Poodle, Moscow Toy Terrier, Pug, Neapolitan Mas-

tiff, Pointer, Petit Brabancon, Rhodesian Ridgeback, Rus-

sian Hound, Russian Toy Terrier, Samoyed, Skye Terrier, 

Scottish Terrier, Olde English Bulldogge, Whippet, Fox 

Terrier, Miniature Pinscher, Shar Pei, Shih Tzu, Entlebu-

cher Mountain Dog, Japanese Chin (Fig. 1). 

 The distribution of animals by age groups was as follows: 

Group 1 — from 1 to 5 years (n = 14), Group 2 — from 6 to 

9 years (n = 71), Group 3 — from 10 to 15 years (n = 107), 

Group 4 — from 16 to 17 years (n = 8). Distribution of ani-

mals by sex — 134 males and 66 females (Table 1). 

For a reliable assessment of the heart structures, the an-

imals were divided into groups depending on body weight: 

Group 1 — up to 10 kg (n=54), Group 2 — 10–25 kg 

(n=58), Group 3 — 26–45 kg (n=62), Group 4 — over 45 

kg (n=26) (Table 2). 

General clinical examination of the dogs was per-

formed according to a standard methodology, including 

collection of patient’s medical history, and physical exam-

ination. Echocardiography was performed using Philips 

Epiq 5 and Philips HD15 ultrasound systems (“Philips”, 

USA) with phased array transducers operating at frequen-

cies of 1–5 MHz, 2–9 MHz, and 4–12 MHz. The animals 

were positioned in the right and left lateral positions. To 

ensure direct contact between the transducer and the skin, 

the dogs’ coats were shaved, and 30% isopropyl alcohol 

and ultrasound gel were applied. During the examination, 

the structural and functional characteristics of the heart 

were assessed, including the presence of thrombi in the car-

diac chambers, tumors in the heart, pericardium and tho-

racic cavity, pericardial thickening, and the presence of 

free fluid in the pericardial cavity. 

https://doi.org/10.23947/2949-4826-2026-25-2-34-44
https://doi.org/10.23947/2949-4826-2026-25-2-34-44


Kokulenko KV, et al. Clinical, Echocardiographic and Cytological Characteristics of Pericardial Pathologies… 

 

  

A
n

im
al

 p
at

h
o

lo
g
y
, 

m
o

rp
h

o
lo

g
y
, 

p
h

y
si

o
lo

g
y
, 

p
h

ar
m

ac
o

lo
g
y
 a

n
d

 t
o

x
ic

o
lo

g
y

 

37 

 

 

Fig. 1. Distribution of dogs with pericardial effusion by breed 

Table 1 

Distribution of dogs with pericardial effusion by age and sex 

Group/age, years 
Absolute 

number, n 

Relative quantity, 

% 
Sex 

Group 1 (1–5) 14 7.0 Males  Females  

Group 2 (6–9) 71 35.5 
n  % n  % 

134 67 66 33 

Group 3 (10–15) 107 53.5   

Group 4 (16–17) 8 4.0   

Total  200 100 200 100  200 100  

Table 2 

Distribution of dogs with pericardial effusion by body weight 

Group/body weight, kg  Absolute number, n  Relative quantity, % 

Group 1 (up to 10) 54 27.0 

Group 2 (10–25) 58 29.0 

Group 3 (26–45) 62 31.0 

Group 4 (over 45) 26 13.0 

Total 200 100 

To obtain the material for cytological examination, ultra-

sound-guided pericardiocentesis was performed through the 

3rd–5th intercostal spaces on the right. The patient was given 

general anesthesia (by intravenous injection of Propofol at a 

dose of 4–8 mg/kg) and positioned in the left lateral decubi-

tus position. To prepare the surgical site, the coat was 

shaved, and the skin around the needle insertion site was 

cleaned with 70% ethyl alcohol. 

Cytological examination of pericardial effusion was per-

formed in 61 dogs. Pericardial fluid obtained by pericardio-

centesis was transferred to the EDTA tube. For cell count in 

the Goryaev chamber, 20 μl of fluid was removed from the 

tube and mixed with 380 μl of a 3–5% acetic acid solution 

stained with methylene blue. The EDTA tube was then cen-

trifuged for 5 min at 2000 rpm. Direct brush smears were 

prepared from the sediment. The smears were stained for 

20–30 min according to Romanowsky staining technique. 

The resulting smears were examined at 100×, 200×, and 

19%

9,5%

6%

5,5%
5%4%3%3%3%3%2%2%2%2%2%2%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%1%

Dog breeds

Mixed breeds

French Bulldogs

Labrador Retrievers

Chihuahuas

Yorkshire Terriers

Golden Retrievers
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1000× magnification using an Olympus CX43 microscope 

(“Olympus”, Japan). 

A histological examination was performed in 23 patients. 

The dogs had recurrent cardiac tamponade with pericardial 

effusion accumulated two or more times. Patients underwent 

pericardiectomy to collect the pericardial and cardiac tumor 

specimens for histological examination, or euthanasia fol-

lowed by pathological autopsy with histological examina-

tion. A sample for the study (a 3–5 mm thick section) was 

excised from the obtained biopsy specimen that had been 

fixed in 10% buffered formalin (BF). The resulting samples 

were dehydrated and impregnated with paraffin using a 

Histo-Tek VP1 histoprocessor (“Sakura Seiki Co.” LLC, Ja-

pan). Paraffin blocks were then prepared, from which series 

of sections (2–4 μm thick) were sliced using a HistoCore Bi-

ocut rotary microtome (“Leica Biosystems”, Germany). 

The resulting preparations were then stained with he-

matoxylin and eosin to visualize tissue components. But 

prior to this, the preparations were deparaffinized (sequen-

tially through a paraffin solvent (xylene) and alcohols of 

descending concentration). After staining, the prepared 

samples were cleared in xylene and mounted under co-

verslips using a mounting medium. The prepared histolog-

ical slides were examined using an Olympus CX43 micro-

scope at 100×, 200×, 400×, and 1000× magnification.  

Research Results. Based on the anamnesis and clinical 

examination of 200 patients with pericardial effusion, cardiac 

tamponade was diagnosed in 64 animals (32.0%). In this 

group of animals, one or more of the leading clinical symp-

toms were identified: increase in volume of the abdomen due 

to the accumulation of ascitic fluid (50.0%), sudden weak-

ness/syncope (37.5%), progressing weakness/decreased activ-

ity (62.5%), and dyspnea caused by hydrothorax (32.8%). The 

remaining patients had nonspecific symptoms (Table 3). 

Physical examination of dogs with cardiac tamponade 

revealed a number of characteristic clinical symptoms: pal-

lor of the mucous membranes  (15.6%), muffled heart 

sounds (75.0%), weak pulse waveform (35.9%), arrhyth-

mic pulse (21.8%), and paradoxical pulse (7.8%) (Table 4). 

One or more components of Beck’s triad (edema of the 

neck, dewlap, and peripheral edemas) were recorded in 3 

dogs (1.5%). Jugular venous distention was not detected, 

possibly because of the difficulty to identify the character-

istic signs due to the thick coats of the patients. In 27 of 64 

patients with cardiac tamponade, the tonometry data had 

been obtained before pericardiocentesis. Hypotension with 

mean systolic blood pressure of 80 mmHg and lower was 

detected in 12 dogs (42.0%). 

In all dogs (n=200) with pericardial effusion, echocardi-

ography revealed a ring-shaped anechoic space (rim) of var-

ying diameter around the heart. Echocardiographic signs of 

cardiac tamponade were: right atrial collapse in 42 dogs 

(65.6%), right ventricular diastolic collapse in 20 dogs 

(31.2%), reduced cardiac chambers due to insufficient filling 

with blood in 5 dogs (7.8%), paradoxical septal motion dur-

ing respiration in 8 dogs (12.5%), dilation of caudal vena 

cava and reduction of its collapsibility amplitude to less than 

50% during inhalation in 34 animals (53.1%) (Table 5). 

Table 3 

Leading clinical symptoms accompanying cardiac tamponade 

Symptoms  Absolute number, n Relative quantity, % 

Dyspnea caused by hydrothorax 21 32.8 

Sudden weakness/ syncope/forced posture 24 37.5 

Increasing apathy/weakness/decreased activity 40 62.5 

Increase in volume of the abdomen (ascitic fluid) 32 50.0 

Table 4 

Leading symptoms of cardiac tamponade identified during physical examination (n=64) 

Symptoms Absolute number, n  Relative quantity, % 

Pallor of the mucous membranes   10 15.6 

Muffled heart sounds 48 75.0 

Weak pulse waveform  23 35.9 

Paradoxical pulse  5 7.8 

Arrhythmic pulse  14 21.8 

Table 5 

Echocardiographic signs of cardiac tamponade in the dogs studied (n=64) 

Echocardiographic signs  
Absolute num-

ber, n 

Relative quantity, 

% 

Right atrial collapse  42 65.6 

Right ventricular diastolic collapse  20 31.2 

Paradoxical septal motion  8 12.5 

Reduction of left cardiac chambers (visual assessment) 5 7.8 
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Dilation and poor collapsibility of caudal vena cava (less than 50%) 34 53.1 

Data analysis enabled establishing a relationship be-

tween clinical symptoms and structural and functional pa-

rameters of the heart: of 34 dogs with signs of dilation of 

caudal vena cava and reduction of its collapsibility ampli-

tude to less than 50% during inhalation (diagnosed by 

echocardiography), 29 patients had ascites, 15 dogs — pro-

gressing weakness, and 13 dogs — dyspnea. Of 42 patients 

with right atrial collapse, 22 dogs had ascites, 23 had pro-

gressing weakness, and 19 dogs had dyspnea (Table 6). 

 Pericardiocentesis was performed in 64 dogs with car-

diac tamponade, whereas the cytological examination of 

the obtained fluid for further diagnostics was performed in 

61 patients. By the cytomorphological nature of effusion, 

the following types were identified: transudate (1.6%), 

modified transudate (4.9%), septic exudate (1.6%), hemor-

rhagic effusion, which in turn was divided into effusion 

corresponding to: acute hemorrhage (4.9%), chronic hem-

orrhage (77%) and hemorrhagic effusion with cytological 

signs of a tumor (9.8%) (Table 7). 

Histological examination of the pericardium was per-

formed in 23 patients with recurrent cardiac tamponade. In 

16 dogs, cardiac or pericardial neoplasms were diagnosed 

by echocardiography, and 2 patients were suspected of 

having pericardial neoplasia (Table 8). 

Table 6 

Correlation of clinical symptoms with echocardiography data (n=64) 

Symptoms  

EchoCG sign 

Dilation/poor 

collapsibility 

of caudal vena 

cava  

Right atrial 

collapse  

Right ventricu-

lar diastolic col-

lapse  

Reduced left 

cardiac cham-

bers  

Paradoxical 

septal motion  

AscitesАсцит 29 22 10 - 4 

Гидроторакс 10 7 1 1 2 

Sudden weakness/ syncope  9 14 8 2 5 

Hypotension 2 5 5 5 9 

Increasing apathy/weak-

ness/decreased activity  
15 23 10 – 4 

Peripheral edemas  2 1 1 –  

Dyspnea  13 19 10 – 4 

 Table 7 

Correlation between the causes and cytological characteristics of pericardial effusion (n=61) 

Causes of ef-

fusion  

Absolute 

number, n  

Relative 

quantity, % 

Type of effusion by nature 

Transu-

date 

Modified 

transudate  

Septic ex-

udate 

Chroni-

chemor-

rhagiceffu

sion 

Acute 

hemor-

rhagic ef-

fusion  

 

Hemorrhagic 

effusion with 

cytological 

signs of a tumor  

Cardiac/peri-

cardial neo-

plasms  

34 55.7  1  26 1 

4 (lymphoma) 

1 (carcinoma)  

1 (mesotheli-

oma)  

Idiopathic/un-

known cause 
18 29.5  1  16 1  

Congestive 

heart failure  
2 3.3  1  1   

Pericarditis 5 8.2   1 4   

Left atrial 

rupture  
1 1,6     1  
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Protein-losing 

enteropathy  
1 1,6 1      

Table 8 

Histological examination of the causes of pericardial effusion (n=23) 

Causes of effusion  Absolute number, n Relative quantity, % 

Lymphoplasmacytic pericarditis 1 4.3 

Neutrophilic pericarditis  2 8.7 

Mixed pericarditis (lymphoplasmacytic and neutrophilic) 6 26 

Chemodectoma  6 26 

Hemangiosarcoma  5 22 

Mesothelioma  1 4.3 

Carcinoma  1 4.3 

No pathological changes 1 4.3 

Discussion and Conclusion. Transthoracic echocardi-

ography is a reliable method for detecting pericardial pa-

thologies and the presence of free fluid in the pericardial 

cavity. Free fluid in the pericardial cavity is visualized on 

ultrasonogram as an anechoic rim around the heart. Upon 

accumulation of a large volume of fluid, a characteristic 

“floating” or “swinging” heart pattern is observed due to 

its pendulum-like movements [8]. 

In the presence of pericardial effusion, recognition of 

cardiac tamponade syndrome is of major clinical im-

portance; it is diagnosed by comparing the characteristic 

clinical picture and echocardiographic signs [9]. Of 200 pa-

tients participating in the study, cardiac tamponade was di-

agnosed in 64 animals (32.0%). The diagnostic criteria for 

diagnosing cardiac tamponade obtained by the authors ad-

here to the data published in other studies [10]. The most 

common echocardiographic signs of cardiac tamponade 

were: right atrial collapse — detected in 65.6% (n=42), di-

lation of caudal vena cava and reduction of its collapsibility 

amplitude (to less than 50% during inhalation) — detected 

in 53.1% (n=34), right ventricular diastolic collapse— de-

tected in 31.2% (n=20). 

A comparison of physical examination data and echo-

cardiographic signs revealed that symptoms such as the in-

crease in the volume of the abdomen due to ascitic fluid 

accumulation, progressing weakness, and exercise toler-

ance decrease are diagnosed in patients with echocardio-

graphic signs of dilation of caudal vena cava and reduction 

of its collapsibility amplitude to less than 50% and right 

atrial collapse. This is explained by impaired venous return 

in systemic circulation against the background of right ven-

tricular end-diastolic pressure increase resulting from the 

pericardial fluid pressure. In the presence of all the above 

listed echocardiographic signs of cardiac tamponade (Ta-

ble 5), including the paradoxical septal motion and reduc-

tion of cardiac chambers due to decrease in venous blood 

flow, the persistent arterial hypotension (with mean sys-

tolic blood pressure of 80 mmHg or lower) was observed 

in animals. The primary diagnostics of cardiac tamponade 

is based on a constellation of patient’s clinical symptoms 

and physical examination results. Echocardiography is a 

confirmatory and expert method that allows visualization 

of pericardial effusion, assessment of its volume, identifi-

cation of the signs of cardiac compression and, in some 

cases, differentiation of the causes of effusion. 

When assessing the effusion, the hemorrhagic nature of 

the fluid was most often diagnosed (91.8%), which is con-

sistent with the literature data [11, 12], whereas signs of 

acute hemorrhagic effusion were detected only in 4.9% of 

patients. The most common cause of hemorrhagic effusion 

in dogs was cardiac neoplasia – 55.7% of cases, of which 

cardiac hemangiosarcoma was histologically diagnosed in 

22%, which, in turn, is considered one of the common ne-

oplastic causes of pericardial effusions [13, 14]. In 26% of 

cases, histological confirmation of a basal cardiac tumor  

— chemodectoma was obtained. According to echocardi-

ography, out of 200 patients, cardiac tumors were detected 

in 86 dogs, of which 32.5% were right heart tumors without 

histological confirmation, and in 53.5% of cases, basal car-

diac tumors were determined. Unknown cause of effusion 

was the second most common cause and may also include 

patients with idiopathic pericardial effusion, which is con-

sistent with the previous studies [11, 15]. Modified transu-

date was recorded in 4.9% of cases, including in cases of 

congestive heart failure. Transudate caused by protein-los-

ing enteropathy and septic exudate caused by myopericar-

ditis were the rarest types of pericardial effusions. Cytolog-

ical examination of pericardial fluid is deemed to be less 

informative and depends on the tumor type and effusion 

hematocrit [16, 17]. Hemorrhagic effusion with cytological 

signs of a tumor was observed in 9.8% of cases, with large 

cell lymphoma being the most commonly diagnosed tu-

mor, which is consistent with the foreign literature data 

[18, 19]. In this study, in 64 dogs with cardiac tamponade, 

cardiac neoplasms were diagnosed in 55.7% by echocardi-

ography. The development of cardiac tamponade in such 

patients may be explained not only by mechanical com-
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pression of the vessels by the tumor, but also by their bleed-

ing, which can cause a surge in intrapericardial pressure, 

acute dilation of pericardial cavity and, as a consequence, 

cardiac tamponade. 

Histological examination of cardiac and pericardial tu-

mors excised during surgery is the “gold standard” for ver-

ifying the presence of cancer. According to the results of 

our study, of 16 dogs with cardiac and pericardial tumors 

identified by echocardiography, cardiac neoplasia was his-

tologically confirmed in 12 animals: chemodectoma in 

26% of cases and hemangiosarcoma in 22%. These types 

of cardiac tumors are the most common, as described 

above. In one patient suspected of having pericardial neo-

plasia, pericardial mesothelioma was diagnosed. In three 

dogs, histological examination of the cardiac or pericardial 

tumor turned to be inconclusive, and in one dog, a tumor 

biopsy was not performed. Pericarditis as a histological di-

agnosis was found in 39% of cases. 

Most dogs with pericardial effusion were male, of me-

dium to large breeds, weighing between 26 and 45 kg: 

mixed breeds (19%), Labrador Retrievers (6%), Golden 

Retrievers (4%), Cane Corso (2.5%), American Stafford-

shire Terriers (2.5%), German Shepherd Dogs (2%) — 

these breeds have been previously mentioned in other stud-

ies too [11, 15, 20]. Small dog breeds were represented by: 

French Bulldogs (9.5%), Chihuahuas (5.5%) and York-

shire Terriers (5%). In this study, cardiac tamponade was 

most commonly diagnosed in mixed breeds (15.6%), 

French Bulldogs (14%), Golden Retrievers (7.8%), York-

shire Terriers (6.25%), Siberian Huskies (4.6%), and Jack 

Russell Terriers (4.6%). It’s worth noting that in all French 

Bulldogs with cardiac tamponade, basal cardiac tumors 

were detected by echocardiography. In Golden Retrievers, 

Siberian Huskies, and Yorkshire Terriers, a common cause 

of cardiac tamponade was right heart tumor. Cases of right 

heart hemangiosarcoma diagnosed in Golden Retrievers 

are frequently described in scientific studies [21–23]. The 

unknown cause, was most common in Labrador Retrievers 

and Jack Russell Terriers. 

Thus, as a result of the data analysis, the following most 

common clinical, physical and echocardiographic signs of 

cardiac tamponade were established: an increase in volume 

of the abdomen (50%), sudden weakness/syncope (37.5%), 

progressing weakness/decreased activity (62.5%), dyspnea 

(32.8%), pallor of the mucous membranes (15.6%), muffled 

heart sounds (75%), weak pulse waveform (35.9%), arrhyth-

mic pulse (21.8%), paradoxical pulse (7.8%), right atrial col-

lapse (65.6%), right ventricular diastolic collapse (31.2%), 

dilation of caudal vena cava and reduction of its collapsibil-

ity amplitude to less than 50% during inhalation (53.1%). A 

relationship was found between the clinical symptoms such 

as the increase in the volume of the abdomen due to the ac-

cumulation of ascitic fluid, progressing weakness and exer-

cise tolerance decrease, and the echocardiographic signs of 

cardiac tamponade such as dilation of caudal vena cava and 

reduction of its collapsibility amplitude to less than 50% and 

right atrial collapse. The serious condition of a patient with 

developed arterial hypotension and cardiogenic shock will 

be accompanied by all EchoCG signs of cardiac tamponade, 

including paradoxical septal motion and weak filling of the 

left cardiac chambers. Based on the results of cytological ex-

amination, the hemorrhagic type of pericardial effusion was 

identified to be the most common one, accompanying car-

diac and pericardial tumors in dogs of the older age group of 

medium and large breeds. 
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Abstract 

Introduction. Cardiac diseases are considered to be among the main causes of mortality in small domestic animals. Cal-

culation of the vertebral heart score (VHS) is a method used to assess the cardiac silhouette enlargement on radiographs 

and predict the development of congestive heart failure. However, traditional manual procedure of VHS calculation is 

characterized by high inter-observer variability, subjectivity, and significant time-consumption. To improve the access to 

objective cardiac screening in every-day clinical practice, the authors has developed a desktop application for automating 

VHS calculation using the artificial intelligence (AI) technologies that unifies the assessment standard, minimizes human 

error, and accelerates processing of radiographs. The aim of the present pilot research is to conduct the first stage valida-

tion of the application and compare the diagnostic accuracy of two VHS calculation methods — semiautomated and 

expert-based. 

Materials and Methods. A balanced sample of 30 right lateral chest radiographs of dogs and cats was selected for analysis 

as a result of simple random sampling. Preliminary VHS was calculated by manual measurements on the radiographs by 

the Buchanan & Bücheler method: two veterinarians specializing in visual diagnostics measured the short and long axes 

of the heart on the radiographs and then compared their dimensions against the spinal vertebrae. The semi-automated 

calculation of VHS was performed by the author-developed “Desktop application for automation of the vertebral heart 

score (VHS) calculation based on radiographs” using a convolutional neural network. App validation implied a compar-

ison of the results of the two methods of VHS calculation, taking into account the intraclass correlation coefficient (ICC). 

Results. The “Desktop application for automation of the vertebral heart score (VHS) calculation based on radiographs” 

has proved to perform a highly accurate and replicable automated calculation of VHS on lateral chest radiographs of dogs 

and cats. It also has demonstrated statistically high agreement with the calculations obtained by veterinarians specializing 

in visual diagnostics (ICC≥0.97), along with less time required for calculation. 

Discussion and Conclusion. The first stage of app validation has demonstrated an excellent agreement between the AI 

and two specialists’ results, therefore, the proposed approach can be deemed a future-oriented tool for general practition-

ers. The present pilot research has several limitations, i.e. it was conducted on a relatively small sample of animals, which 

may be insufficient for evaluation of app performance in narrow subgroups (e.g., in specific breeds or in severe cardio-

megaly cases). Further studies in larger, more heterogeneous cohorts, including patients with severe cardiomegaly and 

anatomical abnormalities, are required to confirm clinical significance of the results. 

Keywords: pilot research, X-ray diagnostics, radiograph, chest, dogs, cats, vertebral heart score, VHS, cardiomegaly, 

artificial intelligence, desktop application, validation 
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Пилотное исследование 

Сравнение диагностической точности полуавтоматического и экспертного измерения 

кардиовертебрального индекса у кошек и собак: первый этап валидации «Десктопного 

приложения для автоматизации расчета VHS на основе рентгенограмм» 

Ю.С. Шмаренкова1   🖂, С.В. Акчурин2 , А.Д. Титов2 , В.В. Демичев2 , И.В. Акчурина2  

1 Калужский филиал Российского государственного аграрного университет – МСХА им. К.А. Тимирязева, г. Калуга, 

Российская Федерация 
2 Российский государственный аграрный университет – МСХА им. К.А. Тимирязева, г. Москва, Российская Федерация 

🖂 1shmarenkova_11@mail.ru 

Аннотация 

Введение. Болезни сердца являются одной из основных причин смертности мелких домашних животных. Расчет 

кардиовертебрального индекса (КВИ, VHS) — метод оценки увеличения силуэта сердца на рентгенограммах и 

прогнозирования развития застойной сердечной недостаточности. Однако традиционное ручное измерение КВИ 

сопряжено с высокой межнаблюдательной вариабельностью, субъективностью и значительными временными 

затратами. Для повышения доступности объективного кардиологического скрининга в рутинной клинической 

практике авторами было разработано десктопное приложение для автоматизации расчета КВИ на основе 

технологий искусственного интеллекта (ИИ), позволяющее стандартизировать оценку, минимизировать 

человеческий фактор и ускорить обработку рентгенограмм. Цель данного пилотного исследования — провести 

первый этап валидации приложения и сравнить диагностическую точность двух способов измерения КВИ — 

полуавтоматического и экспертного. 

Материалы и методы. Для анализа сформирована сбалансированная выборка — по 30 рентгенограмм грудной 

клетки собак и кошек в правой боковой проекции, отобранных методом простой случайной выборки. 

Предварительная ручная аннотация изображений выполнена по методике Buchanan & Bücheler: два 

ветеринарных врача визуальной диагностики по рентгенограммам определяли короткую и длинную оси сердца 

и далее сопоставляли их относительно позвоночного столба. Для полуавтоматического расчёта КВИ 

использовали авторское «Десктопное приложение для автоматизации расчета кардиовертебрального индекса 

(VHS) на основе рентгенограмм», разработанное на основе свёрточной нейронной сети. Валидация включала 

сравнение результатов двух способов расчета КВИ с учетом коэффициента внутриклассовой корреляции (ICC). 

Результаты исследования. Установлено, что «Десктопное приложение для автоматизации расчета 

кардиовертебрального индекса (VHS) на основе рентгенограмм» обеспечивает высокоточное и воспроизводимое 

автоматическое измерение КВИ на боковых рентгенограммах грудной клетки у собак и кошек. При этом оно 

имеет статистически высокое соответствие с измерением, полученным ветеринарными врачами визуальной 

диагностики (ICC≥0,97), причем на расчет затрачено меньше времени. 

Обсуждение и заключение. Первый этап валидации приложения продемонстрировал отличную степень согласия 

между ИИ и двумя специалистами, поэтому предложенный подход представляет собой перспективный 

вспомогательный инструмент для врачей общей практики. Текущее пилотное исследование имеет несколько 

ограничений, в частности, выполнено на относительно небольшой выборке животных и может быть 

недостаточным для оценки его работы в узких подгруппах (например, при специфических породах или 

выраженной кардиомегалии). Для подтверждения клинической значимости требуются дальнейшие исследования 

на более крупных и гетерогенных когортах, включая пациентов с выраженной кардиомегалией и анатомическими 

аномалиями. 

Ключевые слова: пилотное исследование, рентгенодиагностика, рентгенограмма, грудная клетка, собаки, 

кошки, кардиовертебральный индекс, КВИ, VHS, кардиомегалия, искусственный интеллект, десктопное 

приложение, валидация 
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Introduction. Cardiac diseases are among the main 

causes of death in older cats and dogs [1]. Although echo-

cardiography is the primary imaging method for assessing 

the morphological and functional status of the heart, diag-

nosing by means of radiography also plays a vital role in 

identifying pathologies. Since cardiac diseases are often 

associated with the enlargement of cardiac silhouette on ra-

diographs, this inexpensive and widely accessible diagnos-

tic method can be used primarily as a screening method in 

patients with ambiguous clinical symptoms (cough, fa-

tigue, dyspnea, etc.) [2]. 

To estimate the size of the heart on radiographs relia-

bly, Buchanan J.W. and Bücheler J. developed a method 

for determining the size of the cardiac silhouette correlated 

with the size of the vertebral bodies, known as the Verte-

bral Heart Score (VHS) [3]. In the original study, published 

in 1995, the long axis of the heart was measured from the 

ventral border of the left main bronchus to the most distal 

point of the apex of the heart. The short axis was measured 

along a line perpendicular to the long axis, at the widest 

part of the cardiac silhouette. The lengths of the two axes 

were compared to the length of the vertebrae, starting from 

the cranial edge of T4. 

An alternative method described by Poad M.H. et al [4], 

suggests using the ventral edge of the vena cava as a refer-

ence point for measurement along short-axis, however, to 

our knowledge, there are no studies evaluating the effect of 

this modification on the quality of VHS calculation.  

The main benefit of VHS calculation is providing a gen-

eral practice veterinarian the objective measurements for 

identifying cardiomegaly. This method is currently recom-

mended by the American College of Veterinary Internal 

Medicine (ACVIM) for classifying dogs with mitral valve 

disease [5]. Calculation of VHS is also useful for monitoring 

patients’ heart size over time for screening purposes, partic-

ularly among breeds susceptible to acquired heart diseases 

[6]. Furthermore, modern veterinary radiographic software 

includes specialized tools for VHS calculation on digital ra-

diographs, making the method more convenient to use. 

Advances in diagnostic imaging have provided access 

to powerful computer aided (CAD) analysis systems that 

have recently emerged in veterinary medicine. This means 

that CAD-based systems can be used for identifying key 

points and predicting their coordinates on the images. This, 

for example, can be used for determining the severity of 

osteoarthritis using radiographs of the coxofemoral joints 

and making a further prognosis [7]. Initially, significant re-

sults were shown in key point detection in facial recogni-

tion applications, but this technology is now being applied 

to medical imaging as it allows automated identification of 

key points on the image based on detection of anatomical 

landmarks [8].  

Previous machine learning methods enabled the estima-

tion of these indices. Nowadays, deep learning and convolu-

tional neural networks (CNNs) are capable of surpassing hu-

man capacities. For example, deep learning algorithms were 

developed to calculate the cardiothoracic ratio (CTR) on hu-

man chest X-rays and were found to be more reliable, effi-

cient, and less labor-consuming than manual calculations [9]. 

VHS widespreading into every-day clinical practices is 

hindered by the variability and subjectivity of manual 

measurements. Studies show that interobserver differences 

in VHS values can reach 0.8–1.2 vertebrae, equivalent to a 

transition from “norm” to “pathology” [10, 11]. Even with 

strict adherence to the Buchanan & Bücheler method (de-

tecting the landmarks: ventral border of the left bronchus/ 

tracheobronchial angle, apex of the heart, maximum width 

perpendicular to the long axis), the accuracy of measure-

ment depends on the operator’s experience, physical con-

dition (degree of fatigue), and cognitive biases. 

In this regard, automating the calculation of the VHS 

using artificial intelligence (AI) algorithms, such as convo-

lutional neural networks, is becoming particularly relevant. 

Modern AI-based systems are capable not only of detecting 

anatomical landmarks but also of minimizing human error, 

ensuring standardized, reproducible measurements [7]. 

The implementation of such tools into veterinary practice 

will make it possible to: 

— increase the sensitivity and specificity of early diag-

nostics of cardiomegaly; 

— ensure objective monitoring of the dynamics of the 

disease during repeated examinations; 

— expand access to quality cardiological assessment in 

general veterinary practice settings where a cardiologist is 

not available. 

Thus, the development and validation of algorithms for 

automatic calculation of VHS in small domestic animals is 

a vital scientific and practical objective aimed at improving 

the quality of cardiac pathology diagnostics, improving 

prognostication, and optimising veterinary medicine re-

sources. To achieve the above objective, the authors have 

recently developed a “Desktop application for automation 

of the vertebral heart score (VHS) calculation based on ra-

diographs” [12], trained to automatically and inde-

pendently establish key points for VHS calculation in cats 

and dogs. The aim of the study is conducting pilot valida-

tion of the developed algorithm and comparing the effi-

ciency and diagnostic accuracy of two VHS calculation 

methods (semi-automated and expert-based) in cats and 

dogs. 

Materials and Methods. The right lateral chest radio-

graphs of dogs and cats obtained using DR digital panels 

(wikiVET, China) at Kaluga and Moscow veterinary clinics 

were taken for the study, conducted in the period from No-

vember to December 2025. After anonymization, the images 
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were converted to JPEG format. The exclusion criteria were 

the significant chest rotation, pleural effusion, neoplasms, 

and other artifacts that distort the cardiac silhouette. 

A balanced group was formed by simple random sam-

pling: 30 images of dogs and 30 of cats (n=60 in total). The 

sample of animals was determined based on: 1) recommen-

dations for the minimum sample size for calculating the in-

traclass correlation coefficient (ICC), when upon the ex-

pected value of ICC >0.9 and a confidence interval of 95%, 

a sample of 30–50 observations proves to have sufficient 

statistical power to assess agreement [8]; 2) the practices 

described in the similar studies on validation of AI algo-

rithms in veterinary radiology, where samples of 25–40 im-

ages per group were recognized as representative for the 

primary assessment of diagnostic accuracy [7, 9]; 3) the 

principle of group balance to minimize bias error when 

comparing the methods. The formal a priori power analysis 

was not performed due to the lack of preliminary data on 

the variability of measurements obtained by this particular 

algorithm, which is a standard practice for first-stage vali-

dation studies of new AI tools. 

The assessment was performed based on the original Bu-

chanan & Bücheler method [3]: the long axis of the heart 

was measured from the ventral border of the main left bron-

chus to the apex of the heart, the short axis was drawn per-

pendicular to it in the widest part of the silhouette (Fig. 1). 

The calculations were made by two independent veterinary 

radiologists (having 4–5 years of experience in visual diag-

nostics, >8 years of experience in general clinical practice). 

Such an approach adheres to the practices of primary AI 

algorithms validation common for the veterinary imaging 

that focus on estimating the bias and reproducibility rather 

than on multicenter consensus. To level out individual sub-

jectivity, the arithmetic mean of the results obtained by both 

specialists was taken as the reference value, which provides 

a stable basis for comparing with the automated algorithm. 

Automated calculation of VHS was performed using 

the authors’ proprietary desktop application based on a 

modified YOLOv8-seg model architecture, which enables 

cardiac silhouette segmentation, detection of vertebrae, 

and identification of key points. The model was trained us-

ing radiographs pre-labelled by the authors. The program 

interface provides semi-automated calculation with the 

possibility to manually adjust the axes to increase the ac-

curacy (Fig. 2). 

 

Fig. 1. Principle of the vertebral heart score calculation: 1 — short axis of the heart; 2 — long axis of the heart; 3–7 — thoracic 

vertebrae, starting from T4 
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Fig. 2. Screenshot of the application interface in “Drawing” mode  

Statistical analysis was performed using MedCalc v.20 

(MedCalc Software Ltd., Belgium). Prior to the main anal-

ysis, statistical assumptions for the use of parametric meth-

ods were verified. The normality of distribution of quanti-

tative variables (long and short axis of the heart, VHS) was 

assessed using the Shapiro-Wilk test. The homogeneity of 

variances between measurement groups (two experts and 

the AI algorithm) was verified using the Brown-Forsythe 

test, which is robust to deviations from normality. Since no 

violations of assumptions were detected (p>0.05 for all 

tests), the use of the intraclass correlation coefficient with 

the absolute agreement model was considered methodolog-

ically justified.  

To assess the agreement between the experts’ and AI 

algorithm results, the intraclass correlation coefficient 

(ICC, absolute agreement model) was calculated with 95% 

confidence intervals based on the F-distribution, which al-

lows assessing the stability of the obtained agreement indi-

cators. According to the generally accepted classification 

[8], ICC values <0.5 were interpreted as low, 0.5–0.75 as 

moderate, 0.75–0.9 as good, and >0.9 as excellent.  

Additionally, Bland-Altman plots were constructed to 

visualize and estimate the bias between measurement 

methods (expert-based vs. the AI algorithm-based). In 

these plots, the mean value of the two compared measure-

ments was plotted on the x-axis, and the difference between 

them (bias) was plotted on the y-axis. The mean bias and 

limits of agreement (LoA) were calculated as the mean 

±1.96 standard deviations of the differences. A bias of no 

more than 5% of the mean value, as well as the absence of 

a systematic dependence of the difference from the meas-

ured value, were considered clinically acceptable. 

To assess the productive capacity of the trained 

YOLOv8-seg model on a hold-out sample, the standard de-

tection and segmentation metrics were calculated. For the 

task of detecting anatomical landmarks (borders of the 

heart, vertebral bodies), the following parameters were 

used: precision (Precision), completeness (Recall), F1-

measure and mean accuracy with a threshold of IoU=0.5 

(mAP@50). To assess the quality of segmentation of the 

cardiac silhouette, the following parameters were used: the 

Dice similarity coefficient (DSC) and the mAP@50 metric 

for masks. All metrics were calculated with a model confi-

dence threshold of 0.5. Additionally, the mean inference 

time per image was recorded. 

Research Results. Statistical analysis has revealed that 

the values of long and short axes, and VHS calculation val-

ues obtained using the developed AI-based algorithm and 

that received by two independent veterinarians specializing 

in visual diagnostics demonstrated a high degree of agree-

ment both in the dog group (n=30) and the cat group 

(n=30). Statistical assumptions were verified before calcu-

lating the intraclass correlation coefficient (ICC). The nor-

mality of distribution of quantitative variables was as-

sessed using the Shapiro-Wilk test, and the homogeneity of 

variances between measurement methods (two experts and 

the AI algorithm) — using the Brown-Forsythe test. As 

shown in Table 1, for all analysed parameters (long axis, 

short axis, and VHS) in both animal groups, the p values 

exceeded the significance threshold of 0.05, which doesn’t 

give the grounds for rejecting the null hypothesis of normal 

distribution and equality of variances. Thus, the use of par-

ametric ICC with the absolute agreement model is method-

ologically justified. 

For all tests, the significance level was α=0.05. P val-

ues >0.05 indicate the absense of reason to reject the null hy-

pothesis (normal distribution/homogeneity of variances). 

According to the generally accepted interpretation scale, 

ICC values ≥0.90 are classified as excellent agreement [8], 

which was the case for all measured parameters (Table 2). 

Table 1 

Results of verifying statistical assumptions for applying the intraclass correlation coefficient 

 Parameter  
Shapiro–Wilk test 

(W/p) 

Brown-Forsythe test 

(F/p) 
Conclusion 

Long axis of the heart in dogs  0.972 / 0.681 1.24 / 0.298 Assumptions are met  

Short axis of the heart in dogs  0.965 / 0.412 0.89 / 0.419 Assumptions are met  

VHS in dogs  0.981 / 0.893 1.05 / 0.357 Assumptions are met  

Long axis of the heart in cats  0.968 / 0.524 1.41 / 0.253 Assumptions are met  

Short axis of the heart in cats  0.975 / 0.738 0.76 / 0.474 Assumptions are met  
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VHS in cats  0.963 / 0.387 1.18 / 0.315 Assumptions are met  

Table 2 

Summary table of ICC results for the measurements performed and assessment thereof 

Parameter  ICC between the experts and AI  Assessment scores  

Long axis of the heart in dogs  0.9950 Excellent 

Short axis of the heart in dogs  0.9921 Excellent  

VHS in dogs  0.9841 Excellent  

Long axis of the heart in cats  0.9904 Excellent  

Short axis of the heart in cats  0.9953 Excellent  

VHS in cats  0.9707 Excellent  

 

The data in Table 2 demonstrate excellent ICC scores 

between calculation of key VHS parameters made by two 

veterinarians specialising in visual diagnostics and the 

desktop application. Furthermore, the calculation per-

formed using the application takes less time: on average, a 

veterinarian familiar with the VHS method requires 3 to 5 

minutes to calculate the value. The use of application re-

duces twice the examination time.  

To further verify the absence of clinically significant 

bias, Bland-Altman plots were constructed to analyse the 

difference (bias) between the AI measurements and the 

mean value obtained by two veterinarians. The mean bias 

for VHS ranged from -0.34 to +0.15 vertebrae in dogs and 

from -0.17 to +0.23 vertebrae in cats, which corresponded 

to acceptable values. The limits of agreement intervals on 

the Bland-Altman plot were considered acceptable if the 

standard deviation of the bias was within 5% of the mean 

value (Fig. 3).  

To assess the productive capacity of the developed al-

gorithm, standard detection and segmentation quality 

metrics were analysed on the test sample. As shown in 

Table 3, the model demonstrated high performance indi-

cators across all the parameters: the F1-measure exceeded 

0.93 for both animal groups, and the Dice similarity co-

efficient for cardiac silhouette segmentation was 0.92–

0.94, indicating precise detection of anatomical struc-

tures. The mean processing time for one image was ~1.4 

seconds, consistent with the claimed reduction in time 

compared to manual calculations. 

 

Fig. 3. Bland-Altman plots for assessing agreement  between VHS calculation performed by the AI algorithm and VHS mean value 

obtained by two experts. The x-axis shows the mean VHS value (experts + AI)/2, and the y-axis shows the difference (AI – experts). 

The solid horizontal line is the mean bias, and the dashed lines are the limits of agreement (LoA: mean ± 1.96 Standard Deviation). 

The shaded area is the 95% confidence interval for the mean bias. 
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Table 3 

Productive capacity metrics of YOLOv8-seg model on the test sample (n=60) 

 Metrics  Dogs (n=30) Cats (n=30) Interpretation  

Detection of objects     

Precision 0.96 0.94 
The proportion of correctly detected objects 

among all predicted ones 

Recall 0.95 0.93 
The proportion of correctly detected objects 

among all true ones  

F1-measure  

 
0.95 0.93 Harmonic Mean of Precision and Recall  

mAP@50 0.97 0.95 Mean accuracy with IoU ≥ 0.5 

Segmentation of the 

cardiac silhouette  
   

Dice coefficient 0.94 0.92 
Measure of the overlap between the pre-

dicted and true mask  

mAP@50 (mask) 0.93 0.91 
Segmentation accuracy with IoU threshold 

≥ 0.5 

Practical indicators    

Inference time, s  1.4±0.3 1.3±0.2 
Mean processing time for one image on a 

standard PC  

 

Study limitations and directions for further stages of 

validation. The current study has several limitations. Firstly, 

it was performed on a relatively small sample of 60 animal 

chest radiographs. This sample size is sufficient for a pilot 

assessment of ICC agreement and the detection of gross bi-

ases of the algorithm, but may be insufficient for evaluating 

its performance in narrow subgroups (e.g., specific breeds, 

severe cardiomegaly, or image artifacts). The representative-

ness of the general patients’ population sample requires con-

firmation in further multicenter consensus studies. For fur-

ther validation stages, it is planned to calculate an a priori 

minimum sample size based on the variances obtained in this 

pilot study, which will ensure the required power (≥80%) to 

detect clinically significant differences. 

Secondly, only two specialists were involved in the de-

velopment of reference measurements, although high in-

terobserver variability of VHS is well known. This choice 

was induced by the objectives of the pilot validation phase: 

the aim of the study was an initial assessment of the agree-

ment between the algorithm and clinical practice results, 

rather than a large-scale interlaboratory comparison. The 

high variability of manual measurements was compensated 

for by using the intraclass correlation coefficient with the 

absolute agreement model and Bland-Altman plot analysis 

that allow for objective identification of discrepancies and 

confirmation of their clinical insignificance. For further ex-

ternal validation, it is planned to involve a multidiscipli-

nary group of specialists from independent clinics, includ-

ing veterinarians with varying levels of experience. This 

will enable assessment of the algorithm’s robustness in the 

real-life practice, where a significant factor of subjectivity 

is present.  

Thirdly, the developed algorithm was validated on im-

ages without significant artifacts or anatomical anomalies. 

In real-life clinical settings, the presence of pleural effu-

sion, significant chest rotation, or spondylosis may affect 

the accuracy of detecting the cardiac and vertebral silhou-

ettes. Similar limitations are described in the studies on vet-

erinary AI models validation, which note algorithm perfor-

mance degradation in heterogeneous samples [13, 14, 15]. 

To overcome this problem, further studies are needed in 

multicenter cohorts including patients with varying de-

grees of cardiomegaly, comorbidities, and radiographs of 

varying quality. It would be interesting to assess the behav-

ior of AI in such cases. 

Finally, fourthly, the current study did not evaluate the 

diagnostic sensitivity and specificity of the algorithm in 

predicting specific cardiac diseases. Like traditional VHS 

calculation, the AI tool is designed solely for objective 

measurement of cardiac silhouette dimensions and not for 

making an etiological diagnosis. In compliance with the 

current recommendations for reporting in the field of med-

ical AI (e.g., CLAIM guidelines [16]), the next step should 

be prospective clinical validation with assessment of the 
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impact of the automated VHS calculation on medical deci-

sion-making and patient treatment outcomes. 

Discussion and Conclusion. The results obtained in 

this pilot study demonstrate excellent agreement 

(ICC≥0.97) between the VHS calculations based on the 

YOLOv8-seg model and measurements of two veterinary 

radiologists. These data are consistent with the current 

trends for implementing deep learning algorithms in veter-

inary diagnostic imaging, where AI systems are success-

fully used for quantitative analysis of radiographs and min-

imization of subjective factors [7, 10, 13, 14]. 

High interobserver variability in manual VHS calcula-

tion remains one of the main problems of this method. As 

demonstrated in [11], the difference between the results of 

calculation made by experienced specialists can equal to 

the size of more than one vertebra, which can lead to mis-

diagnosing the patient’s condition. Similar limitations have 

been noted in other studies referring to quantitative radio-

metric methods, where the subjectivity in selecting the an-

atomical landmarks directly affects the reproducibility of 

the results [1, 4]. The implementation of computer vision 

algorithms makes it possible to standardize the measure-

ment process to identify the key points with high precision 

and exclude the operator cognitive biases [7, 14]. 

Thus, this desktop application can be an excellent aid 

in diagnosing patients’ cardiac status, and can be used even 

by general practice veterinarians lacking the knowledge 

and experience in VHS calculation. Furthermore, the re-

duction of VHS calculation time from 3–5 to ~1.5 minutes 

demonstrated in our study has direct clinical significance. 

In the context of the high workload of the general practice 

veterinarians, the automation of the every-day measure-

ments facilitates quicker diagnostic decision-making and 

optimises the workflow [6, 7]. Furthermore, standardized 

AI assessments create a reliable foundation for patient 

monitoring in dynamics, which is particularly important 

when following-up the progression of mitral valve disease, 

where even small changes in the cardiac silhouette have 

prognostic value [5, 6]. 
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Abstract 

Introduction. At the contemporary stage of mammary tumor studies, the microenvironment is considered a key factor 

contributing to neoplasia formation and metastasis. Therefore, the greatest attention is paid to the cellular composition of 

the mammary tumor microenvironment, in which the most widespread elements are the stromal cancer-associated fibro-

blasts (CAFs). However, in veterinary oncology, stromal markers of malignant mammary tumors are insufficiently stud-

ied. The aim of the present study is to investigate the expression of tumor marker proteins, i.e. vimentin, α-SMA, and 

CD34, in the stroma of the malignant mammary tumor microenvironments in dogs.   

Materials and Methods. The objects of the study that was conducted in the period from 2022 to 2024 were the female 

dogs of various breeds and ages (n=26). The materials studied were the mammary tumors. A comprehensive range of 

histological and immunohistochemical studies was conducted in compliance with the standard techniques. 

Results. It has been established that in different histological types and degrees of canine mammary tumor malignancy, 

the fibroblastic differentiation lineage cells demonstrate a high expression of vimentin and α-SMA and a low expression 

of CD34, which indicates their differentiation into CAFs. 

Discussion and Conclusion. The obtained results can be used as basic applied data in the study of carcinogenesis in 

veterinary oncology. 

Keywords: mammary gland, malignant tumor, immunohistochemistry, dogs, expression, vimentin, α-SMA, CD34. 
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 Оригинальное эмпирическое исследование 

Экспрессия vimentin, α-SMA и CD34 в злокачественных типах опухолей молочной 

железы у собак 
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Аннотация 

Введение. На данном этапе изучения опухолей молочной железы микроокружение рассматривается как 

ключевой элемент, способствующий формированию и метастазированию неоплазий. В связи с этим наибольшее 

внимание уделяется клеточному составу микроокружения опухоли молочной железы, в котором наиболее 

распространены стромальные фибробласты CAFs. Однако в ветеринарной онкологии маркеры стромы 

злокачественных опухолей молочной железы изучены недостаточно. Цель исследования — изучить экспрессию 

онкомаркерных белков vimentin, α-SMA, CD34 в стромальном компоненте микроокружения злокачественных 

опухолей молочной железы у собак. 
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Материалы и методы. Объектом исследования, проведенного в 2022–2024 гг., являлись самки собак разных 

пород и возраста (n=26). Материал исследования — опухоль молочной железы. Комплекс гистологических и 

иммуногистохимических исследований проведен по общепринятым методикам. 

Результаты исследования. Установлено, что при разных гистологических типах и степени злокачественности 

опухолей молочной железы у собак клетки фибробластического дифферона обладают высокой экспрессией 

виментина и α-SMA и низкой экспрессией CD34, что указывает на их дифференцировку в CAFs. 

Обсуждение и заключение. Полученные результаты можно использовать в качестве качестве базовых 

прикладных данных при изучении канцерогенеза в ветеринарной онкологии. 

Ключевые слова: молочная железа, злокачественная опухоль, иммуногистохимия, собаки, экспрессия, 

виментин, vimentin, α-SMA, CD34 

Для цитирования: Дарбишева А.А., Дилекова О.В. Экспрессия vimentin, α-SMA и CD34 в злокачественных 

типах опухолей молочной железы у собак. Ветеринарная патология. 2026;25(2):54–60. https://doi.org/10.23947/2949-

4826-2026-25-2-54-60 

Introduction. In modern oncology, the mammary tumor 

microenvironment is considered an important factor influ-

encing the formation of the premetastatic niche in metastasis 

and contributing to development of a response to nutrient 

scarcity, lack of oxygen or medicines [1, 2]. Studies [3–5] 

have established that mammary tumor stroma predomi-

nantly consists of cancer-associated fibroblasts (CAFs) — a 

heterogeneous group of cells participating in a number of 

processes in tumor microenvironment by fostering the extra-

cellular matrix remodeling, depositing basement membrane 

components, and by stimulating angiogenesis, development, 

progression, invasion, and metastasis of cancer. 

This cell pool originates from resident fibroblasts, mes-

enchymal and hematopoietic stem cells, as well as from en-

dothelial cells (endothelial-mesenchymal transition) and 

epithelial cells (epithelial-mesenchymal transition) [3, 4]. 

Vimentin, α-SMA and CD34 have been established to be 

the potential markers of the fibroblastic series cells (includ-

ing CAFs) and can be used to determine the presence and 

localization of these cells in the mammary  tumors. 

Vimentin is an intermediate filament protein expressed 

in fibroblasts and endothelial cells. It regulates cell migra-

tion, differentiation, proliferation, adhesion, and invasion, 

and modulates the epithelial-mesenchymal transition in-

duced by tumor initiation and development [6]. 

α-SMA is one of the actin isoforms that stimulates cell 

motility and is involved in maintaining shape and polarity 

of cells, as well as in regulating their transcription. Its ex-

pression is characteristic of myofibroblasts, known as my-

ofibroblastic CAFs [7, 8, 9]. 

CD34 is a biomarker of hematopoietic and non-hema-

topoietic stem cells, including vascular endothelial progen-

itor cells, embryonic fibroblasts, and multipotent mesen-

chymal stromal cells [10, 11]. 

Currently, the problem of expression of tumor marker 

proteins in the malignant mammary tumor stroma in ani-

mals has been insufficiently studied. At the same time, 

some studies indicate that in the stroma of many invasive 

malignant tumors with a low degree of differentiation, 

CD34+ cells are not detected. This is due to the fact that 

under the influence of soluble factors (especially TGF-β) 

secreted by tumor cells [12], they differentiate into α-SMA 

myofibroblasts associated with cancer [13, 14]. 

The aim of the present study is to investigate the ex-

pression of fibroblastic differentiation biomarkers vi-

mentin, α-SMA, and CD34 in the stroma of the canine 

mammary tumor microenvironment to determine their dif-

ferentiation in CAFs. 

Materials and Methods. The study was conducted in 

the period from 2022 to 2024 at the Scientific Diagnostic 

and Treatment Veterinary Center, at the Department of 

Parasitology and Veterinary-Sanitary Inspection, Anat-

omy and Pathoanatomy named after Professor S.N. Ni-

kolsky of Stavropol State Agrarian University, and at 

Stavropol veterinary clinics (“Kolibri”, Sole Proprietor 

Shalamova E.V., “Pirogov Veterinary Center”, Sole Pro-

prietor Zaichenko I.V.). Medical records of the oncologi-

cal outpatients registered in the VetAIS, VetDesk, and 

Vetmanager veterinary practice management systems 

were analysed. The following aspects of the nosological 

profile were taken into account: sex, age, breed, castration 

performed, ridge of mammary glands affected, relapses, 

as well as the results of instrumental and laboratory ex-

aminations for having the pathological conditions indicat-

ing the presence of distant metastases. 

The material for the study was collected during the uni-

lateral/regional mastectomies and biopsies of mammary tu-

mors in female dogs (n=26). For the study, 1 cm³ speci-

mens were incised from the border of the altered regions of 

the mammary gland and healthy tissue and skin in compli-

ance with the recommendations of the pathologists’ man-

ual “Macroscopic examination of biopsy and surgical ma-

terial”. After fixation in 10% neutral buffered formalin 

(“BioVitrum”, Russia) for 48 hours, the specimens were 

processed and embedded into the paraffin blocks, which 

were then sliced into 5-μm-thick sections and mounted on 

the adhesive slides with the PCI coating, and ground, color-

coded edges (CITOTEST, China). To determine the local-

ization of vimentin, anti-Vimentin antibodies (SP20), rab-

bit monoclonal, 1:25–1:50 (Richard-Allan Scientific Co., 

https://doi.org/10.23947/2949-4826-2026-25-2-54-60
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USA) were used; to determine the localization of α-SMA 

— anti-α-SMA antibodies (1A4), mouse monoclonal, 

1:25–1:50 (Richard-Allan Scientific Co., USA) were used; 

to determine the localization of CD34 — anti-CD34 anti-

bodies (134M 15), mouse monoclonal, 1:50–1:200 (Cell 

Marque, USA) were used. 

Immunohistochemical studies were performed using a 

peroxidase polymer-based detection system in compliance 

with the manufacturer’s standard protocol (Dako, USA) by 

heat-induced antigen retrieval at 100°C in citrate buffer 

(pH 6.0) for 10 minutes, followed by nuclei staining with 

Mayer’s hematoxylin (“Biovitrum”, Russia). For negative 

control, the primary antibodies were replaced by a diluent 

(Spring Bioscience, USA). 

Microscopic examination of the resulting histological 

preparations was performed using an Olympus BX45 up-

right light microscope (Japan) with a built-in C300 photo 

and video camera and CellSensEntry microscopy software 

(Japan). Ten digital images were taken from each prepara-

tion, taking into account histoarchitecture, for histological 

analysis at ×400 magnification, covering a HPF of 0.44 

mm2 of the studied tissue. 

To assess the expression of vimentin, α-SMA, and 

CD34 and the prognostic value of these markers, the 

method proposed by L.E. Gurevich (2003) was used: 

— membranous or normal expression type: uniform 

distribution of immunoreactivity across the entire cell 

membrane; 

— membrane-reduced expression type: distribution of 

immunoreactivity only in certain areas of the cell mem-

brane; 

— mixed membrane-cytoplasmic expression type: uni-

form cytoplasmic expression combined with membranous 

expression; 

— fine- and coarse-granular cytoplasmic expression 

type: expression in the form of granules scattered in the cy-

toplasm of cells; 

— clumpy expression type: expression in the cell cyto-

plasm in the form of randomly localized large clumps and 

conglomerates of immunoreactive material; 

— absence of immunoreactivity. 

To assess the prognostic value of the described expres-

sion patterns in the cells, immunoreactivity was assessed 

according to L.E. Gurevich (2003): 

— 0 points; 

— Membranous type — 1 point; 

— Combination of membranous and granular-cytoplas-

mic — 2 points; 

— Coarse-granular — 3 points. 

Additionally, the intensity of expression of the immuno-

reactive material was assessed visually, taking into account 

the percentage of active cells and the total area of immuno-

positive structures in compliance with the recommendations 

of the American Society of Clinical Oncology/College of 

American Pathologists (ASCO/CAP, 2018): 

1. Immunoreactivity is positive (IHC 3+), if complete 

intense peripheral membranous staining is observed in 

more than 10% of tumor cells. 

2. Immunoreactivity is indeterminate (IHC 2+), if weak 

to moderate intensity, complete membranous staining is 

observed in more than 10% of tumor cells. 

3. Immunoreactivity is negative (IHC 1+), if incom-

plete, weak/barely noticeable membranous staining is ob-

served in more than 10% of tumor cells. 

4. Immunoreactivity is negative (IHC 0) if no staining is 

observed or incomplete, weak/barely noticeable membra-

nous staining is observed in 10% or less of the tumor cells.  

Research Results. Preliminary, a routine histopatho-

logical examination was performed on 26 samples of mam-

mary gland tumors, which revealed the solid carcinoma G3 

to be the main histological tumour type (Table 1). Age-re-

lated data are presented in Table 2. All samples were ob-

tained from females, two of which were neutered. The 

analysis revealed that the highest incidence of neoplasms 

was observed in small-breed dogs — 42.31% of all cases; 

in medium-breed and in outbred dogs  — 15.385%, each; 

in large-breed dogs — 26.92%. The mammary gland tumor 

affected both the left mammary ridge (2nd mammary gland 

— 3.16% of the total amount; 5th mammary gland — 

15.79%) and the right mammary ridge (3rd and 5th mam-

mary gland — 13.16%, each, 4th mammary gland — 

21.05%). Metastasis to the inguinal lymph nodes was re-

vealed in 30.77% of all cases. One relapse case was identi-

fied among 26 patients

.Table 1 

Results of histopathological examination of mammary tumors of varying grades of malignancy (G) in dogs (n=26) 

Tumour type  G 1, quantity  G 2, quantity  G 3, quantity  

Tubular 3 2 - 

Papillary - 4 - 

Solid 1 2 5 

Mixed 2 4 3 
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Table 2 

Age-related characteristics of mammary tumors in dogs (n=26) 

Age, years Tubular, % Papillary, % Solid, % Tubular-papillary, % 

2–2.5 – – – – 

6–10 23.08 15.38 11.54 15.38 

11–14 – 19.23 7.69 7.69 
 

Vimentin expression in canine mammary tumors is shown 

in Figure 1. Immunoreactive material was uniformly distrib-

uted throughout the cytoplasm in the form of coarse, dark-

brown granules (score 3). Although, in some cells, it was vis-

ualised in perinuclear pattern as single large foci near the nu-

cleus. Immunopositive areas occupied ≥50% of the total area 

of the material and biomarker expression was strong (+++). 

Vimentin-expressing cells had the fibroblastic features— stel-

late cells with the elongated nuclei. In mammary tumors, they 

were visualized as a dense network in both the interlobular and 

intralobular mammary stroma, and were localized around pa-

renchyma in large amounts. This, in our opinion, indicates 

their paracrine effect on mammary tumor development. 

High expression of alpha-smooth muscle actin (α-SMA) 

in canine mammary tumors is shown in Fig. 2. Dark brown 

immunoreactive material had perinuclear pattern in papillary, 

solid, and tubular carcinomas, whereas in mixed tumors, it 

was uniformly distributed throughout the cell cytoplasm 

(score 3). Immunopositive areas occupied ≥50% of the total 

area of the material, and biomarker expression was strong 

(+++). Cells of a fibroblastic phenotype — stellate cells with 

the elongated nuclei—were present in the form of cords in the 

interlobular and intralobular mammary stroma.  
Expression of CD34 marker in canine mammary tumors 

is shown in Fig. 3. A small number of immunopositive cells 

had a scattered pattern of localization, they were detected in 

the interlobular stroma of mammary tumor. Areas with these 

cells demonstrated incomplete, barely noticeable expression, 

and cytoplasmic staining was negative (+) in more than 10% 

of tumor cells. The cells had round or elongated form, with 

nuclei replicating the form of the cells. Immunoreactive mate-

rial was uniformly distributed throughout the cytoplasm and 

had the finely- and coarsely granular dark brown structure 

(score 3). Cells were mostly visualised in the areas where the 

stroma was subject to fibrosis and sclerosis. 

  

а) b) 

  

c) d) 

Fig. 1. Expression of vimentin+: a) ductal papillary carcinoma in situ G1 (Toy Terrier, 11 years old); b) tubular-papillary moderately 

differentiated carcinoma G2 (Drahthaar, 6.7 years old); c) solid carcinoma G1 (Yorkshire Terrier, 12.7 years old); d) tubulolobular 

carcinoma G1 (Toy Terrier, 7.6 years old), ×400 magnification (photos by the authors, here and below) 
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а) b) 

  

c) d) 

Fig. 2. Expression of α-SMA+: a) ductal papillary carcinoma in situ G1 (Toy Terrier, 11 years old); b) tubular-papillary moderately 

differentiated carcinoma G2 (Drahthaar, 6.7 years old); c) solid carcinoma G1 (Yorkshire Terrier, 12.7 years old); d) tubulolobular 

carcinoma G1 (Toy Terrier, 7.6 years old), ×400 magnification 

  

а) b) 

  

c) d) 

Fig. 3. CD34+ expression: a) ductal papillary carcinoma in situ G1 (Toy Terrier, 11 years old); b) tubular-papillary moderately 

differentiated carcinoma G2 (Drahthaar, 6.7 years old); c) solid carcinoma G1 (Yorkshire Terrier, 12.7 years old); d) tubulolobular 

carcinoma G1 (Toy Terrier, 7.6 years old), ×400 magnification 
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Discussion and Conclusion. Based on the conducted 

research, it is possible to conclude that high expression of 

vimentin and α-SMA was observed in all neoplasms. As to 

CD34 marker, its expression in well-differentiated tumors 

(G1) was low, and in poorly differentiated neoplasms (G3) 

it was completely absent. Loss of expression of this marker 

occurred due to the differentiation of the cells in myofibro-

blasts of the stromal niche of canine mammary tumors. Our 

data confirm the results of studies [12, 13, 14] indicating 

that during the development and differentiation of malig-

nant mammary tumors, there occurs a loss of CD34 expres-

sion and an increase of α-SMA expression. 

Thus, immunohistochemical studies have shown that 

different types of canine mammary gland tumors have a 

cell line with a specific biomarker phenotype indicating 

their affiliation with CAFs. The data obtained by us can be 

used as basic applied data in the study of carcinogenesis in 

veterinary oncology. 
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A Comprehensive Analysis of Cytotoxicity of Genetically Modified Lactobacillus 

plantarum 8РАЗ (B-11007) Strain Including Identification and Evaluation of 

Virulence Factors 

Viktor S. Samoylenko  🖂 

North-Caucasus Federal University, Stavropol, Russian Federation 

🖂 viktor_samoylenko_26@mail.ru 

Abstract 

Introduction. Active development of biotechnologies and genetic engineering techniques broadens the horizons for en-

gineering the probiotic bacterial strains with tailored functional properties, including the strains based on bacteria of the 

genus Lactobacillus that are traditionally considered safe microorganisms. Genetic modification enhances their antagonist 

activity, resistance to adverse environmental factors, and boosts metabolic efficiency. However, bacterial genome editing 

may entail risk of introducing the undesirable traits, including cytotoxicity and expression of virulence factors. Safety 

concerns are particularly relevant in the frame of veterinary practice, where probiotics are widely used to correct the 

gastrointestinal microbiocenosis in agricultural animals and improve their productivity. The aim of the study is to conduct 

a comprehensive analysis of cytotoxicity of the genetically modified Lactobacillus plantarum 8PAЗ (B-11007) strain 

including identification and evaluation of the virulence factors responsible for inducing cell death and disruption of cel-

lular functions. 

Materials and Methods. A genetically modified Lactobacillus plantarum 8PAЗ (B-11007) strain was the object of the 

study conducted in the period from January to February 2026. A comprehensive in vitro analysis of its cytotoxicity in-

cluded: assessment of the cytopathic effect in intestinal cell culture, the effect on the viability and metabolic activity of 

enterocytes, and the state of intestinal epithelial barrier function. Additionally, the analysis of potential virulence factors 

was performed, along with the study of the mechanisms of cell death, including signs of apoptosis and necrosis. 

Results. The recombinant Lactobacillus plantarum 8PAЗ (B-11007) strain has demonstrated a high biological safety and 

pronounced biological activity, which enhanced the intestinal epithelial barrier function by 15.2%, the metabolic activity 

of cells by 8.7% and simultaneously reduced early apoptosis of enterocytes by 31.1% (p<0.05), showing no signs of 

cytotoxic action or activation of caspase-dependent cell death. 

Discussion and Conclusion. The conducted comprehensive analysis allows making the unequivocal conclusion about 

genetically modified L. plantarum 8PAЗ (B-11007) strain exhibiting no cytotoxic activity in vitro. Moreover, by certain 

properties (cellular metabolic activity, barrier function), it exceeds the original native strain, which makes it a promising 

candidate for further preclinical and clinical trials as a potential probiotic agent. 

Keywords: comprehensive analysis, Lactobacillus, L. plantarum 8PAЗ (B-11007), probiotics, genetic engineering, cyto-

toxicity, intestinal cell culture, enterocytes, virulence factors 
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Оригинальное эмпирическое исследование 

Комплексный анализ цитотоксичности генетически модифицированного штамма 

Lactobacillus plantarum 8РАЗ (B-11007) с выявлением и оценкой факторов вирулентности 

В.С. Самойленко  🖂 

Северо-Кавказский федеральный университет, г. Ставрополь, Российская Федерация 

🖂 viktor_samoylenko_26@mail.ru 

Аннотация 

Введение. Активное развитие биотехнологий и методов генной инженерии открывает широкие перспективы для 

создания пробиотических штаммов с заданными функциональными свойствами, в том числе на основе бактерий 

рода Lactobacillus, традиционно считающихся безопасными микроорганизмами. Генетическая модификация 

позволяет усиливать их антагонистическую активность, устойчивость к неблагоприятным факторам среды и 

метаболическую эффективность. Однако вмешательство в бактериальный геном может сопровождаться риском 

появления нежелательных свойств, включая цитотоксичность и экспрессию факторов вирулентности. Проблема 

безопасности особенно актуальна в ветеринарной практике, где пробиотики широко применяются для коррекции 

микробиоценоза желудочно-кишечного тракта сельскохозяйственных животных и повышения их 

продуктивности. Цель исследования — провести комплексный анализ цитотоксичности генетически 

модифицированного штамма Lactobacillus plantarum 8РАЗ (B-11007) с выявлением и оценкой факторов 

вирулентности, отвечающих за индуцирование клеточной гибели и нарушение клеточных функций. 

Материалы и методы. Объектом исследования, проведенного в период с января по февраль 2026 г., являлся 

генетически модифицированный штамм Lactobacillus plantarum 8РАЗ (B-11007). Комплексный анализ его 

цитотоксичности с использованием методов in vitro включал: оценку цитопатического эффекта на органной 

культуре кишечника, влияние на жизнеспособность и метаболическую активность энтероцитов, а также 

состояние барьерной функции кишечного эпителия. Дополнительно выполнялся анализ потенциальных 

факторов вирулентности и изучались механизмы клеточной гибели, включая признаки апоптоза и некроза. 

Результаты исследования. Рекомбинантный штамм Lactobacillus plantarum 8РАЗ (B-11007) продемонстрировал 

высокий профиль биологической безопасности и выраженную биологическую активность, увеличивая 

барьерную функцию кишечного эпителия на 15,2 %, метаболическую активность клеток на 8,7 % и одновременно 

снижая ранний апоптоз энтероцитов на 31,1% (p<0,05), без признаков цитотоксического действия и активации 

каспаз-зависимой гибели клеток. 

Обсуждение и заключение. Проведённый комплексный анализ позволяет сделать однозначный вывод о том, что 

генетически модифицированный штамм L. plantarum 8РАЗ (B-11007) не обладает цитотоксическим действием в 

условиях in vitro. Более того, по ряду параметров (метаболическая активность клеток, барьерная функция) он 

превосходит исходный нативный штамм, что делает его перспективным кандидатом для дальнейших 

доклинических и клинических исследований в качестве потенциального пробиотического средства. 

Ключевые слова: комплексный анализ, Lactobacillus, L. plantarum 8РАЗ (B-11007), пробиотики, генная 

инженерия, цитотоксичность, органная культура кишечника, энтероциты, факторы вирулентности 

Для цитирования. Самойленко В.С. Комплексный анализ цитотоксичности генетически модифицированного 

штамма Lactobacillus plantarum 8РАЗ (B-11007) с выявлением и оценкой факторов вирулентности. Ветеринарная 

патология. 2026;25(2):61–67. https://doi.org/10.23947/2949-4826-2026-25-2-61-67 

Introduction. Асtive development of biotechnologies 

and genetic engineering techniques broadens the horizons 

for engineering the probiotic strains with tailored func-

tional properties. In this context, identification and de-

scription of the potential factors of virulence are per-

formed using the specialized databases and taxonomies 

[1]. Modern understanding of the role of probiotics in 

maintaining human health and regulating metabolic pro-

cesses fosters the relevance of targeted modification of 

bacteria designated to enhance their beneficial properties 

[2]. At the same time, the results of the phenotypic and 

genomic analysis of Lactobacillus reuteri strains demon-

strate the need for a comprehensive safety assessment 

even for commonly used probiotics [3]. Similar data on 

the importance of comparing the genomic markers and 

phenotypic characteristics in the context of assessing 

safety of a given strain are presented in publication [4]. 

General reviews emphasize that expansion of the range of 

probiotic products requires strict control of their biologi-

cal safety and pathogenic potential absence [5].  

A comprehensive approach to assessment of the safety 

of probiotic cultures, including genotypic and phenotypic 

mailto:viktor_samoylenko_26@mail.ru
https://doi.org/10.23947/2949-4826-2026-25-2-61-67
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analysis, was implemented in a study of Lacticaseibacil-

lus paracasei NTU 101, demonstrating the relevance of 

multi-level testing of new strains [6]. Similar methodo-

logical principles were applied in the analysis of Lacto-

bacillus bulgaricus IDCC 3601, where potential risks to 

humans were assessed [7]. A detailed description of the 

phenotypic and genotypic characteristics of Levilactoba-

cillus brevis KU15006 has also proved the need to ex-

clude the factors of virulence and antibiotic resistance [8]. 

It is known that molecular signaling pathways regulating 

cell proliferation and survival in condition of inflamma-

tory stress can be modified by microbial factors, which 

emphasises the importance of studying the cellular mech-

anisms of the host response [9]. 

The problem of safety of genetically modified microor-

ganisms is particularly relevant for veterinary practice, 

where probiotics are used to normalize the microbiocenosis 

and increase animal resistance to infections, as confirmed by 

the studies of Lactococcus lactis IDCC 2301 [10]. The as-

sessment of four lactobacilli strains with probiotic properties 

showed that even closely related microorganisms require in-

dividual analysis of genetic stability and the absence of un-

desirable determinants [11]. The activity of enzymes, such 

as bile salt hydrolases, is based on the interaction of micro-

biota and the host organism, and has significant im-

portance [12]. Studies of the Lactobacillus delbrueckii 

subsp. lactis strain CKDB001 confirm the need to evaluate 

not only safety but also functional metabolic effects [13]. 

In vitro experimental models are widely used to evalu-

ate the cytotoxicity and safety of encapsulated probiotic 

cultures, as demonstrated for Lactiplantibacillus planta-

rum CRD7 and Lacticaseibacillus rhamnosus CRD11 [14]. 

Changes in intestinal microbiota and metabolic parameters 

after administration of Lacticaseibacillus paracasei 

AO356 confirm the importance of studying the systemic 

effect of probiotics [15]. Analysis of the phenotypic and 

genotypic characteristics of Weissellacibaria JW15 also 

indicates the need for a comprehensive assessment of 

safety of the new cultures [16]. An additional stage of pre-

clinical testing is in silico analysis of potential genes of vir-

ulence and resistance, as shown for representatives of the 

genus Bacillus isolated from the bee products [17]. 

Particular attention is paid to the ability of strains to pro-

duce biogenic amines, which can have a toxic effect when 

accumulated in food products, as demonstrated for lactic 

acid bacteria isolated from fish products [18]. Genomic se-

quencing and evaluation of the probiotic potential of Lacti-

caseibacillus paracasei strain LC86 and Lacticaseibacillus 

casei strain confirm the importance of a comprehensive 

analysis of their safety [19]. The reviews investigating the 

biogenic amines in the fermented products emphasise the 

                                                                        
1 At the time of writing this article, the patent is undergoing patent registration (incoming no. W 25039202 Russian Federation. Registration No. 

2025116719). 
2 USSR patent SU No. 1747483 A1. 

potential risks of uncontrolled microbial activity for the 

health [20]. Current data on the oral cavity microbiome and 

its impact on systemic health also indicate the need for rig-

orous evaluation of probiotic interventions [21]. 

Experimental studies using a Clostridioides difficile in-

fection model demonstrate that probiotic strains can reduce 

expression of inflammation and restore barrier function of 

the intestines, thus, confirm their therapeutic potential sub-

ject to proven safety [22]. However, even opportunistic lac-

tobacilli strains can, under certain conditions, exhibit cyto-

pathic effect on intestinal epithelium. Therefore, compre-

hensive analysis of cytotoxicity is a necessary step in pre-

clinical studies of new probiotic strains. 

The aim of the study is to conduct a comprehensive 

analysis of the cytotoxic properties of the genetically mod-

ified strain Lactobacillus plantarum 8РАЗ (B-11007), aim-

ing to identify and evaluate the virulence factors responsi-

ble for inducing the cell death and dysfunction of cellular 

mechanisms. 

Materials and Methods. The experimental part of the 

study was performed at the Genome Center of the North-

Caucasus Federal University (Stavropol) and at the bacte-

riological laboratory of the Department of Epizootology 

and Microbiology of Stavropol State Agrarian University 

in the period from January 23 to February 17, 2026. 

In this study, the Lactobacillus plantarum strain 8РАЗ 

(B-11007) was genetically modified by introducing a re-

combinant plasmid containing functionally independent 

expression cassettes encoding heterologous proteins under 

the control of constitutive promoters.1 The cytotoxicity of 

the genetically modified L. plantarum strain 8РАЗ (B-

11007) was assessed in compliance with the author’s 

method of A.V. Frolov “Method for determining the cyto-

toxicity of bacteria”.2 

The study was conducted using the genetically modi-

fied (GM) L. plantarum strain 8РАЗ (B-11007) and its na-

tive analogue as a control. Such an approach makes it pos-

sible not only to identify differences in the cytopathic ef-

fect between the GM form and the control one but also to 

assess the preservation or enhancement of strain’s benefi-

cial properties, which is extremely important for the objec-

tive assessment of the modified strain’s safety and func-

tional activity. 

Bacterial strains were cultured in the standard MRS nu-

trient medium (Difco™) in under anaerobic conditions at 

37°C using AnaeroGen gas bags (Oxoid, UK). Bacterial 

suspensions were prepared in sterile phosphate-buffered 

saline (PBS), adjusted to optical density of 0.5 McFarland 

standard, corresponding to a concentration of approxi-

mately 1.5×10⁸ CFU/ml, and then diluted to a working con-

centration of 1×10⁹ CFU/ml. 
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Cytotoxicity was assessed using two parallel ap-

proaches. In the first step, jejunal organ culture from clini-

cally healthy 10-day-old calves (n=10) were placed in ster-

ile containers over a cover slip with liquid nutrient medium 

(RPMI-1640) containing a suspension of the studied Lac-

tobacillus strain at a final concentration of 1×10⁹ CFU/ml. 

Incubation with the bacterial suspension was carried out for 

30 min at 37°C in an atmosphere of 5% CO₂ and 95% hu-

midity using a CO₂ incubator (Binder GmbH, Germany). 

After exposure, the containers were centrifuged at the rate 

of 10 000 rpm for 10 min to sediment the cells detached as 

a result of the cytopathic effect. Each experiment was per-

formed in 5 biological replicates. 

In parallel, cytotoxicity was assessed in primary culture 

of enterocytes that were isolated from the jejunum of 10-

day-old calves. Cells were seeded in 96-well plates coated 

with type I collagen at density of 3 × 10⁴ cells per well and 

cultured in RPMI-1640 medium supplemented with 10% 

fetal calf serum until a monolayer formed. Cytotoxicity 

was assessed using the MTT assay with 24-hour incubation 

and subsequent measurement of optical density (OD) at 

570 nm. Intestinal barrier integrity was assessed by meas-

uring transepithelial electrical resistance (TEER) using an 

EVOM2 Volt/Ohm meter, recording readings every 4 

hours for 24 hours. 

To determine the mechanisms of cytotoxicity, fluores-

cence microscopy was performed using annexin V-FITC 

and propidium iodide staining to differentiate apoptosis 

from necrosis. Caspase 3/7 activity was also assessed using 

the Caspase-Glo 3/7 Assay kit. 

Quantitative cytotoxicity (C) was assessed using the 

formula:  

С= N/t (1- g1/g0),  (1) 

where N — the number of cells detached during centrifu-

gation, counted per 1.96 mm2 along the diagonals of the 

cover glass; 

g0 — centrifugal acceleration of cell detachment, not 

treated with a cytotoxic bacterial suspension; 

g1 — centrifugal acceleration of cell detachment, 

treated with a cytotoxic bacterial suspension; 

t — exposure time to cytotoxic bacterial suspension, h. 

To more thoroughly assess the impact on the cellular 

functions, an MTT assay was used on a monolayer of pri-

mary enterocytes for 24 hours. The assay is based on the 

Tetrazolium dye (MTT) reduction by mitochondrial dehy-

drogenases of viable cells. Cell viability percentage (VC) 

was calculated using the formula: 

VC (%) = (OD570 experiment / OD570control) × 100 %,

     (2) 

where OD570 experiment — optical density of formazan 

solution in wells with cells treated with bacteria;  

OD570 control — optical density in wells with cells 

cultured in a pure nutrient medium. 

All numerical data obtained were subjected to statisti-

cal processing. Results are presented as the arithmetic 

mean (M) ± standard deviation (SD) or standard error of 

the mean (SEM). The Shapiro-Wilk test was used to as-

sess the normality of data distribution. Comparison of 

means between the experimental and control groups was 

performed using the Student’s t-test for independent sam-

ples using the Primer of Biostatistics 4.03 software 

(McGraw-Hill, USA). Differences were considered sta-

tistically significant at p ≤ 0.05. 

Research Results. The primary assessment of the po-

tential cytotoxic effect of the genetically modified L. 

plantarum strain 8РАЗ (B-11007) was performed in com-

pliance with A.V. Frolov’s method on jejunal organ cul-

ture and revealed no statistically significant increase in 

cytotoxicity between the GM strain and its native ana-

logue (Table 1). 

As shown in Table 1, the cytotoxicity index of the 

GM strain did not differ statistically significantly 

(p>0.05) from that of the native control strain. The num-

ber of detached cells in both groups (corresponding to a 

cytotoxicity index in the range of 0.06–0.12 a.u.) was 

within the reference values established for this organ 

culture in the settings free of pathogenic influence 

(0.05–0.15 a.u.). This indicates the absence of cyto-

pathic effect and disruption of tissue adhesive properties 

under the influence of the genetically modified strain, 

even under extreme stress testing conditions. It is im-

portant to emphasize that the method is based on a short-

term (30 min) exposure to an extremely high bacterial 

concentration (1×10⁹ CFU/ml) followed by the applica-

tion of centrifugal force, which simulates the tissue re-

sistance limit. These conditions are stressful and ex-

treme, simulating not a standard interaction, but rather 

the tissue’s “resistance limit”. In the context of safety 

assessment, identifying an effect under such conditions 

is a valuable indicator for further, more in-depth studies, 

but cannot directly indicate pathogenicity in vivo, where 

bacterial concentrations and interaction conditions are 

significantly milder. 

Table 1 

Cytotoxicity index (CI) of native and GM forms of L. plantarum strain 8РАЗ (B-11007) on jejunal organ culture 

 (M ± SD, n=5) 

Studied group Cytotoxicity index (CI), arbitrary units (a.u.) Significance level (p) 

Native (control) strain 0.08 ± 0.02 – 

Genetically modified strain 0.09 ± 0.03 >0.05 
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Visual assessment of the organ cultures after the exper-

iment confirmed the quantitative data obtained. The jejunal 

mucosa in both studied groups (both those exposed to the 

native and GM strains) retained characteristic morpholog-

ical features consistent with the normal values. The surface 

of the samples had a uniform pale pink color, indicating 

preserved microcirculation and the absence of signs of is-

chemia or hemorrhagic lesions. Macroscopic examination 

revealed a smooth, moist mucosal surface, characteristic of 

healthy tissue. The absence of areas of turbidity, focal hy-

peremia, edema, or massive epithelial desquamation fur-

ther demonstrates the absence of destructive effects from 

the GM strain. 

The results of the MTT test on a monolayer of primary 

enterocytes showed that after 24 hours of incubation, the 

metabolic activity of cells treated with the GM strain was 

statistically significantly higher than that in the control 

group (Table 2). 

The data obtained in Table 2 indicate that the GM strain 

has a moderate stimulating effect on enterocyte metabolic 

activity, significantly (p < 0.05) increasing it by 8.7% com-

pared to the control strain. This effect may be associated 

with targeted changes in bacterial metabolism as a result of 

genetic modification, such as increased production of spe-

cific metabolites (short-chain fatty acids, B vitamins) that 

have a trophic effect on intestinal epithelial cells. 

To assess safety at the level of cell death regulation, the 

analysis of apoptosis and the activity of executioner caspa-

ses 3/7 was performed (Table 3). 

As shown in Table 3, the GM strain significantly 

(p<0.05) reduced the proportion of cells undergoing early 

apoptosis by 31% compared to the control, without affect-

ing caspase 3/7 activity (p > 0.05). This indicates an anti-

apoptotic effect unrelated to the classical caspase-depend-

ent pathway and confirms the strain’s safety. 

All quantitative data obtained, demonstrating the bal-

ance between the safety and beneficial properties of the 

GM strain, are summarized in Table 4. 

Table 2 

Effect of native and GM forms of L. plantarum strain 8РАЗ (B-11007) on the metabolic activity of primary enterocytes 

(M ± SD, n=5) 

Studied group Metabolic activity, % of control Significance level (p) 

Native (control) strain 100.0 ± 3.5 – 

Genetically modified strain 108.7 ± 4.1 <0.05 

Table 3 

Effect of native and GM forms of L. plantarum strain 8РАЗ (B-11007) on apoptosis and caspase 3/7 activity in primary 

enterocytes (M ± SD, n=5) 

Studied group 
Cells in early apoptosis, 

% 
Activity of caspases 3/7, a.u. Significance level (p) 

Native (control) strain 4.5 ± 0.6 1.00 ± 0.12 - 

Genetically modified strain 3.1 ± 0.4 0.95 ± 0.10 <0.05 (for apoptosis) 

Table 4 

Summary of the effect of GM form of L. plantarum strain 8РАЗ (B-11007) on organ culture and primary enterocytes 

Parameter Native (control) strain GM strain Difference, % 
Statistical 

Significance (p) 

Cytotoxicity index (CI) 0.08 ± 0.02 a.u. 0.09 ± 0.03 a.u. +12.5 >0.05 

Metabolic activity 100.0 ± 3.5 % 108.7 ± 4.1 % +8.7 <0.05 

Transepithelial electrical 

resistance (TEER) 
100 % 115.2 % (by 24th hour) +15.2 <0.05 

Early apoptosis 4.5 ± 0.6 % 3.1 ± 0.4 % -31.1 <0.05 

 

Discussion and Conclusion. Based on the conducted 

comprehansive studies, it was established that the genet-

ically modified L. plantarum strain 8РАЗ (B-11007) does 

not exhibit a cytotoxic effect on the calf jejunal organ cul-

ture. The cytotoxicity index of the GM strain (0.09±0.03 

a.u.) did not statistically significantly differ (p>0.05) from 

the index of the native precursor strain (0.08±0.02 a.u.) and 

was within the physiological norm, indicating the preser-

vation of cellular adhesion and the integrity of the histolog-

ical structure of the tissue. Macroscopic assessment of the 

mucous membrane showed the preservation of normal 
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characteristics — pale pink color and typical surface topog-

raphy with physiological roughness, which further con-

firms the absence of pathological changes in the tissue. 

The GM strain proved to have a positive effect on the 

functional activity of enterocytes. A statistically significant 

(p<0.05) increase in cellular metabolic activity by 8.7% 

compared to the that in the control was detected, as well as 

a reliable enhancement of barrier function, expressed as an 

increase in transepithelial electrical resistance by 15.2% by 

24th hour of coincubation. It was confirmed that the mech-

anism of interaction between the GM strain and host cells 

is not associated with the induction of apoptosis or necro-

sis. In the experimental group, a statistically significant de-

crease in the proportion of cells in early apoptosis was rec-

orded (3.1% versus 4.5% in the control; p<0.05) with 

maintained background level of caspase 3/7 activity, indi-

cating the safety of the strain in the context of cell death 

regulation. 

The conducted studies allow us to conclude that the 

genetic modification of the L. plantarum strain 8РАЗ (B-

11007) did not lead to the acquisition of cytopathic prop-

erties or virulence factors. The preservation of normal 

macroscopic characteristics of the intestinal mucosa, 

combined with a positive effect on cellular functions, in-

dicates that the GM strain has positive effects, expressed 

in stimulating enterocyte metabolism and strengthening 

the intestinal epithelial barrier. The identified properties 

make this strain a promising candidate for the develop-

ment of new probiotic medications based on it. To fully 

understand the mechanisms of the observed positive ef-

fects and identify specific bacterial metabolites responsi-

ble for the identified effects, it is advisable to conduct fur-

ther proteomic and metabolomic studies. The results ob-

tained are the basis for moving to the next stage of pre-

clinical testing in laboratory animals. 
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