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Abstract.
BACKGROUND: Age- and gender-related alterations of hemorheological parameters have not been completely elucidated to
date. Experiments on older animals may give valuable information on this issue. However, the majority of rheological studies
have been performed in young rodents.
OBJECTIVE: We aimed to investigate the influence of aging and gender on hemorheological parameters in rats.
METHODS: Coeval male (n = 10) and female (n = 10) Wistar (Crl:WI) rats were followed-up over 15 months. Blood samples
were obtained from the lateral tail vein at 3, 4, 5, 9, 12, 15 and 18 months of age. Hematological parameters, red blood cell
deformability (elongation under shear), osmotic gradient deformability and erythrocyte aggregation were tested. Body weight
and the estrus cycle (in females) were also examined.
RESULTS: Erythrocyte aggregation showed age- and gender-related variations. Red blood cell deformability was greater in
females and gradually decreased over the 15-month period in both genders. Erythrocyte aggregation was greater in male rats at
most ages, but did not show consistent changes with age.
CONCLUSIONS: The micro-rheological parameters showed age-related alterations with gender differences. The effect of
the estrous cycle cannot be excluded in female rats. The results provide reference data for studies of aging in rats and of the
mechanism related to age and gender differences in hemorheology.

Keywords: Hemorheology, red blood cell deformability, red blood cell aggregation, gender differences, aging, rat

1. Introduction

Aging is a complicated and multi-factorial process, that involves complex processes affecting the
cardiovascular system [1–4]. Numerous studies have reported that this physiological process is associ-
ated with changes in hemorheological parameters, including whole blood and plasma viscosity, platelet
aggregation, and erythrocyte aggregation and deformability [5–13]. Besides the physiological changes
during aging, the increased risk of morbidity and mortality in cardiovascular disorders and cancer, em-
phasize the importance of gerontological research.
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During in vivo aging or storage, erythrocytes lose water, 2,3-bisphosphoglyceric acid, ATP, proteins,
hemoglobin and vesicles. The result is volume decrease, alterations in surface charge and increasing
density [14–16]. The progressive loss of cell area and cell dehydration is a characteristic feature of red
cell aging [17] that happens continuously with red blood cells in the circulation, during their life-span of
about 120 days. But with aging of the body, the rate of this process and the cellular properties affected
may differ, as several hemorheological studies suggest [6,10–13].

In experimental medicine there is a lack of laboratory animal studies using modern micro-rheological
instruments [18–20]. Experiments conducted on older animals can provide useful information for many
age-related issues in human diseases [21–24]. However, the majority of rheological studies involve dom-
inantly young, 3–4 months old animals, and rarely older, e.g. 6-month rodents, age in rats correlates only
to about 18 years in human [25].

In an earlier study, we have investigated the gender differences of hemorheological parameters in
healthy young laboratory animals [26]. In the current study we aimed to investigate the age- and gender
differences in the hemorheological parameters (extended micro-rheological investigation panel) over a
15-month follow-up period in rats. The goal was to provide reference data source for further studies of
ageing in animal models.

2. Materials and methods

2.1. Experimental animals and blood sampling protocol

The experiments were approved and registered by the University of Debrecen Committee of Animal
Welfare (permission Nr.: 19/2011. UDCAW), in accordance with national (Hungarian Animal Protection
Act, Law XVIII/1998) and EU regulations (Directive 2010/63/EU). Coeval male (n = 10) and female
(n = 10) Wistar (Crl:WI) rats (Toxi-Coop Ltd., Hungary) were followed-up for 15 months. The animals
were kept in standard cages in groups of two, with natural light-cycles, and were fed with commer-
cial rodent chow (Bábolna rodent-specific CRLT/N). The temperature during the follow-up period was
maintained at about 20–22°C. Blood samples were obtained by puncturing the lateral tail vein (each time
∼0.5 ml, anticoagulant: K3-EDTA) at the age of 3 months (base value, tested in March), and later when
the animals were 4, 5, 9, 12, 15 and 18 months old.

The phase of the estrus cycle was determined by vaginal swab smear technique. The samples were
taken during the morning hours between 7–9 am. After that, we let the smear samples to air-dry for
overnight on the slides. The staining was a slightly modified Giemsa-staining protocol. The samples were
fixed with absolute methanol for 30 seconds. The effective staining commenced after the fixation of the
samples. We used stock Giemsa-stain solution (J.T. Bakers’ histology/cytology Giemsa 3856.1000) on
the samples for 1 minute, than rinsed the slides in distilled water until all the residual stain was washed
off. The stained samples were air-dried for a night in a clean, dustless container and then observed under
light microscope. The following vaginal cytology classification was used: proestrus-nucleated epithelial
cells, estrus-cornified squamous epithelial cells, metestrus-clustered cornified squamous epithelial cells
and polynucleated leukocytes and diestrus-circular leukocytes [27].

2.2. Laboratory methods

A semi-automated microcell counter (Sysmex F-800, TOA Medical Electronics Co., Ltd., Japan) was
used to determine the hematological parameters. The device uses aperture-impedance principle to cal-
culate the number of red blood cells, white blood cells and platelets. The concentration of hemoglobin

[research-article] p. 2/14



UNCORRECTED  P
ROOF

V. Somogyi et al. / Effects of aging and gender on micro-rheology of blood 3

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

17 17

18 18

19 19

20 20

21 21

22 22

23 23

24 24

25 25

26 26

27 27

28 28

29 29

30 30

31 31

32 32

33 33

34 34

35 35

36 36

37 37

38 38

39 39

40 40

41 41

42 42

43 43

44 44

45 45

46 46

was measured by photometry. For a single measurement 70 μl blood sample was needed. Red blood cell
count (RBC [106/μl]), white blood cell count (WBC [×103/μl]), monocyte+granulocyte % (Mo+Gr%
[%]), hemoglobin concentration (Hgb [g/dl]), hematocrit (Hct [%]), platelet count (Plt [×103/μl]),
mean corpuscular volume (MCV [fl]), mean corpuscular hemoglobin (MCH [pg]) and mean corpus-
cular hemoglobin concentration (MCHC [g/dl]) are presented in this paper.

A light-transmittance method was used for determining red blood cell aggregation with the Myrenne
MA-1 erythrocyte aggregometer (Myrenne GmbH, Germany) (Schmid-Schönbein et al., [28]). At 5 or
10 seconds after disaggregation at high shear rate, the aggregation index values M (at shear rate of 0 s−1)
and M1 (at shear rate of 3 s−1) were calculated. The indices (M 5 s, M1 5 s, M 10 s, M1 10 s) increase
with the enhanced red blood cell aggregation [18–20,28].

The deformability of red blood cells was determined using a LoRRca MaxSis Osmoscan rota-
tional ektacytometer (Mechatronics BV, The Netherlands). The dimensionless elongation index (EI =
(L−W)/(L + W)) of red blood cells was tested as a function of shear stress (SS [Pa]) [18,19].
Polyvinylpyrrolidone (PVP) – phosphate buffered saline (PBS) solution was used as high-viscosity sus-
pending media (PVP: 360 kDa, Sigma-Aldrich Co. USA; PVP-PBS solution viscosity = 23.7–35.9
mPas, osmolality = 296–319 mOsmol/kg, pH = 7.0–7.2) and all measurements were performed at
37°C. We compared EI-SS curves with Lineweaver–Burk analysis, and determined the maximal elonga-
tion index (EImax), the shear stress value at half EImax (SS1/2 [Pa]) and their ratio [29].

During the osmotic gradient ektacytometry (osmoscan) test, the elongation index values were deter-
mined at a constant shear stress value (30 Pa), while the osmolality was adjusted (0–500 mOsmol/kg)
[18]. 250 μl of blood was gently mixed in 5 mL PVP solution for the osmoscan test. The parameters
given by the device were: minimal elongation index values measured at low-osmotic environment (EI
min), maximal elongation index values (maximal EI max at the constant shear stress (not equal to EImax),
the osmolality values at which these minimum and maximal values were obtained (O min and O max),
the half-maximal elongation index in the hypertonic arm (EI hyper) and the corresponding osmolality
at which it occurs (O hyper), and area under the individual elongation index-osmolality curves (AUC).
The following were calculated based on those parameters: difference between maximal and minimal
EI values (�EI), the difference between osmolality values at maximal and minimal EI (�O), and their
ratio [30].

2.3. Statistical analysis

Data are presented as mean values ± standard deviations (S.D.). Differences within the groups (age-
related changes) were analysed by one-way ANOVA followed by post-hoc Bonferroni or Dunn where
appropriate. For inter-group comparison (males versus females) t-test or Mann–Whitney rank sum test
were used, depending on the normality of data distribution. A p value of <0.05 was considered as
statistically significant. Statistical analysis was made using SigmaStat (Systat Software Inc., San Jose,
California, USA) software.

3. Results

3.1. Bodyweight changes and estrous cycle

During the 15 months of the study there was a significant increase in the body weight of the animals
(Fig. 1). There was also a significant difference between the weights of male and female rats from the
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Fig. 1. Effects of age and gender on body weight of rats. Absolute (A) and relative (B) bodyweight changes of coeval male
and female Crl:WI rats during the follow-up period at the ages of 3, 4, 5, 9, 12, 15 and 18 months. Data are means ± S.D.,
*p < 0.05 vs. 3-month old, #p < 0.05 vs. female.

Table 1

Distribution of estrus cycle phases in coeval Crl:WI female rats. At ages of 3, 4, 5, 9, 12, 15 and 18 months, the percentage of
female rats in each phase was calculated, based on the dominant microscopic picture of the vaginal smears [27]

Age (month) 3 4 5 9 12 15* 18*

Pro-estrus 40% 100% 12.5% 100%
Estrus 60% 20% 75%
Metestrus 80% 100% 12.5%
Diestrus 100%
*Number of evaluable smears = 8.

second month of the observation. The female’s average weight increased by 90%, the male’s by 133%
by the end of the follow-up study, when the animals reached the age of 18 months.

Table 1 shows the changes in the estrous cycle of the female rats.

3.2. Hematological parameters

Figure 2 presents data for variation in the white blood cell count, monocyte-granulocyte ratio, red
blood cell count and platelet count. Other hematological parameters are presented in Table 2. The white
blood cell count declined over the first 9 months in females and was constant thereafter. In males it
declined between 5 to 9 months and slightly increased afterwards. Consistently higher white blood cell
counts were measured in the male rats. Monocyte+Granulocyte percentage gradually increased till the
age of about 12-months in female and male rats. Throughout the whole follow-up period, the red blood
cell count was higher in the male specimens, and increased between the 12th and 18th months. Platelet
count was significantly higher in male rats compared to females in their 5th, 15th and 18th months only.

Hemoglobin (Hgb) and hematocrit (Hct) values tended to be higher in male rats (Table 2). Hgb was
significantly higher in male than in female rats at 3, 4, 5, 9 and 15 months of age, and Hct higher at 5, 9
and 15 months. By 15–18 months, Hgb and Hct tended to be higher than at 3 months.

Mean corpuscular volume (MCV [fl]) did not show consistent gender differences but was significantly
higher in females compared to the males at ages of 4, 9 and 18 months. In the 5, 12 and 18th months, the
mean corpuscular hemoglobin content (MCH) values were higher in the female group. The mean cor-
puscular hemoglobin concentration (MCHC) values decreased in both genders at 18 months compared
to 3 months.
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Fig. 2. Effects of age and gender on blood cell counts in rats. White blood cell (WBC) count (A), monocyte+granulocyte % (B),
platelet (Thr) count (C), red blood cell (RBC) count (D) in coeval male and female Crl:WI rats at the ages of 3, 4, 5, 9, 12, 15
and 18 months. Data are means ± S.D., *p < 0.05 vs. 3-month old, #p < 0.05 vs. female.

3.3. Red blood cell aggregation

Figure 3 shows the changes in erythrocyte aggregation values. From 4 months onwards, M 5 s and M
10 s values for male rats were higher than female rats. Values for M1 5 s and M1 10 s were also higher
for males at most times between 4–12 months. The changes with age were irregular, but vales tended to
be higher at age 4–5 months.

3.4. Red blood cell deformability, membrane stability and osmotic responses

Figure 4 shows the changes in elongation indices determined by the ektacytometer. The elongation at
3Pa shear stress was significantly higher for females than males. From the age of 9 months, this index
was lower than at 3 months. The EImax also tended to be higher for the females and was significantly
different compared to male values at the ages of 5, 9 and 12 months. EImax also tended to decrease
with age. The SS1/2 values increased from 9 months until the end of the follow up period, and tended to
be higher in males. The EImax/SS1/2 was significantly higher in females from age 3 month to 9 month.
Between the 12th and 18th month EImax/SS1/2 values were decreased compared to 3 months both in male
and female groups.

Figure 5 and Table 3 show values for osmoscan parameters. Maximal elongation (EI max, at osmolal-
ity close to the isotonic level) or minimal elongation (EI min, at low osmolality) did not vary consistently
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Table 2

Hematological values for male and female rats. Samples were obtained from coeval Crl:WI male and females rats at 3, 4, 5, 9, 12, 15 and 18 months of age

Follow-up period (age of the animals)
3-month 4-month 5-month 9-month 12-month 15-month 18-month

Hgb [g/dl] male 12.84 ± 0.74# 13.05 ± 0.72# 12.6 ± 0.8# 12.02 ± 0.38∗# 12.19 ± 1.49 14.9 ± 3.72∗# 14.09 ± 1.98
female 12.41 ± 0.58 12.09 ± 1.03 11.97 ± 0.78∗ 10.82 ± 0.32∗ 11.84 ± 1.7 11.42 ± 0.42∗ 13.21 ± 4.13∗

Hct [%] male 45.47 ± 4.13 46.69 ± 6.04 47.85 ± 6.93# 39.87 ± 5.85∗# 39.64 ± 10.82 56.01 ± 14.62∗# 65.64 ± 14.77∗
female 41.57 ± 6.93 46.21 ± 5.98∗ 40.95 ± 3.58 36.6 ± 4.45∗ 36.29 ± 8.41∗ 43.92 ± 1.6 52.89 ± 16.87∗

MCV [fl] male 69.64 ± 5.9 60.28 ± 3.13∗# 62.82 ± 3.88∗ 59.65 ± 3.65∗# 59.22 ± 2.23∗ 57.93 ± 2.63∗ 57.5 ± 1.46∗#

female 68.31 ± 3.83 65.79 ± 3.16∗ 61.69 ± 3.44∗ 61.17 ± 2.05∗ 62.11 ± 4.82∗ 63.88 ± 4.48∗ 64.98 ± 11.24∗
MCH [pg] male 19.68 ± 1.41 16.98 ± 1.15∗ 16.71 ± 1.53∗# 17.88 ± 1.4∗ 19.53 ± 5.52∗# 15.68 ± 2.38∗ 12.88 ± 2.35∗#

female 20.78 ± 2.76 17.3 ± 0.74∗ 18.07 ± 1.15∗ 18.26 ± 1.71∗ 20.77 ± 3.51 16.63 ± 1.31∗ 16.24 ± 2.9∗
MCHC [g/dl] male 28.44 ± 2.95 28.25 ± 2.69# 26.73 ± 3.08∗# 30.09 ± 2.9 32.87 ± 9.19 27.04 ± 3.98 22.31 ± 3.61∗#

female 30.46 ± 4.05 26.37 ± 1.89∗ 29.32 ± 1.49 29.94 ± 3.5 33.47 ± 5.09 26.06 ± 1.67∗ 25.19 ± 3.93∗

Data are mean ± S.D. *p < 0.05 vs. 3-month old, #p < 0.05 vs. female.
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Fig. 3. Effects of age and gender on red cell aggregation in rats. Aggregation indices M 5 s (A), M1 5 s (B), M10 s (C) and
M1 10 s (D) in coeval male and female Crl:WI rats at the ages of 3, 4, 5, 9, 12, 15 and 18 months. Data are means ± S.D.,
*p < 0.05 vs. 3-month old, #p < 0.05 vs. female.

with age or between genders (Figure 5(A), (C)). EI max showed decreased values between ages of 9–12
months, while EI min values increased significantly by the end of the observation period in both genders.
The O min and O EImax values in males were lower than in females in every month, with the differences
at 4, 5, 9 and 15 months statistically significant (Figure 5(B), (D)). EI hyper values reflected the changes
in EImax, as they calculated from the latter parameter (Table 3). O hyper values did not show consistent
variation with age or between genders over the first 9 months, but then decreased so that at the end of the
observation period O hyper was significantly decreased compared to the base (3-month) data. In males,
AUC was lowered at 9 and 12 months, but otherwise, no clear trends were evident. The �EI and �O
and their ratio may provide additional information about the hypo-osmolar part of the osmoscan curve
(between EI min and EI max, O min and O EI max). Cells are swelling in this region until their rupture.
We found significant decrease in �EI in the blood samples of 9- and 12-month males and 12-month
females. �O values were higher in females than males at most ages. After increasing between ages
of 5–12, values slightly decreased in samples of 15- or 18-month male animals. The ratio of �EI/�O
values was almost unchanged throughout.

The major changes in hematological and rheological parameters are summarised in Table 4.
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Fig. 4. Effects of age and gender on red cell elongation indices in rats. EI values at 3Pa (A), maximal elongation index EImax (B),
shear stress values at half EImax (SS1/2) (C), the ratio of EImax /SS1/2 (D) of coeval male and female Crl:WI rats at the ages of
3, 4, 5, 9, 12, 15 and 18 months. Data are means ± S.D., *p < 0.05 vs. 3-month old, #p < 0.05 vs. female.

4. Discussion

Red blood cell deformability and aggregation play important roles in determining microcirculatory
perfusion, and these factors may alter significantly in various pathophysiological processes [28,31–34].
Resistance of red blood cells to mechanical stress and to osmotic changes affects their deformability, ag-
gregability, as well as their life-span [18,30,35]. Osmotic gradient ektacytometry (measuring elongation
index as a function of osmolality at a constant shear stress) is a sensitive method to analyze red blood
cell deformability, investigating the optimal osmolality range for the cells in normal or pathophysiologi-
cal cellular and micro-environmental conditions [18,30]. Thus, investigating microrheological factors is
important to understand blood circulation and research often needs experimental models, such as rats.
Experimental protocols, for instance in surgical studies, often need follow-up periods, so that age- and
gender-related effects on parameters have to be considered.

According to the literature, red blood cell deformability and aggregation values vary between different
species (e.g. [36,37]). However, less is known about the gender and age-related differences. Previously,
we studied red blood cell deformability and aggregation in rats and dogs, and found that female animals
had higher red blood cell deformability index values in rats, while in dogs the male animals possessed
higher elongation index [26]. In the case of red blood cell aggregation, there is a different trend in
humans. According to numerous articles, human males have increased red blood cell aggregation and
lower deformability scores compared to females [7,9,10].
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Fig. 5. Effects of age and gender on red cell osmoscan parameters in rats. Maximal EI (EI max) (A), osmolality of the maximal
elongation index (O EI max) (B), minimal elongation index (EI min) (C), and osmolality of the minimal elongation index
(O min) (D) measured by osmotic gradient ektacytometry (osmoscan) in coeval male and female Crl:WI rats at the ages of 3,
4, 5, 9, 12, 15 and 18 months. Data are means ± S.D., *p < 0.05 vs. 3-month old, #p < 0.05 vs. female.

Red blood cell deformability is determined by intracellular viscosity, membrane viscosity and elas-
ticity, surface area to cell volume ratio, and cell morphology. Red blood cell aggregation depends on
cellular (cell morphology, deformability, properties of the cell surface glycocalyx) and plasmatic (fib-
rinogen and other protein levels) factors, besides the shear forces [28,31–34,38]. In addition to these
factors, hormonal and metabolic aspects may also affect blood rheology [39].

Several studies have shown that hemorheological factors are significantly affected by aging [21,24,40].
The majority of the studies have reported increased plasma and whole blood viscosity [23], increased
red blood cell aggregation and impaired red cell deformability in older age [6,11]. However, the age-
related hemorheological results are controversial. Some authors found either no correlation [5,8,41] or
concluded that not age itself, but certain risk factors are responsible for the alterations, involving obesity
[42], hypertension [43], smoking [44] or medications [45]. The discrepancy may not only arise from
the health status of donors, but also from use of different methods for the measurements, and differ-
ences in the gender and the age categories of the donors. Kameneva et al. demonstrated a statistically
significant difference in the values for hemorheological parameters for male versus female. Men had
higher hematocrit, blood viscosity, red blood cell aggregability and red blood cell rigidity, as well as
lower deformability [6,7]. Based on experimental and clinical data, Simmonds et al. reviewed the al-
tered blood rheology in aging and its related mechanisms, which included increased oxidative stress and
the pro-inflammatory condition of aged individuals [13].
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Table 3

Values for selected osmoscan parameters. Samples were obtained from coeval Crl:WI male and females rats at ages of 3, 4, 5, 9, 12, 15 and 18 months

Follow-up period (age of the animals)
3-month 4-month 5-month 9-month 12-month 15-month 18-month

EI hyper male 0.27 ± 0.01 0.27 ± 0.01 0.27 ± 0.01# 0.24 ± 0.02∗# 0.25 ± 0.02 0.27 ± 0.01 0.27 ± 0.01
female 0.27 ± 0.01 0.27 ± 0.01 0.28 ± 0.01∗ 0.27 ± 0.02 0.26 ± 0.01∗ 0.28 ± 0.00 0.27 ± 0.02

O hyper [mOsm/kg] male 453.4 ± 14.63# 446.1 ± 8.67# 447.7 ± 9.84# 471.33 ± 10.32∗# 439.5 ± 11.74∗ 422.38 ± 6.37∗# 425.86 ± 9.19∗
female 466.2 ± 10.23 461.7 ± 8.83 458.7 ± 7.24 460.78 ± 7.9 431 ± 9∗ 436.38 ± 7.82∗ 425.63 ± 8.65∗

Area male 149.09 ± 6.29 146.19 ± 5.1 148.13 ± 8.12 128.19 ± 13.89∗# 134.29 ± 17.32∗ 143.14 ± 5.83 148.8 ± 3.3
female 148.19 ± 4.89 144.61 ± 10.25 153.85 ± 4.18∗ 145.36 ± 12.2 131.46 ± 10.46∗ 146.53 ± 4.26 145.26 ± 10.74

�EI male 0.42 ± 0.02 0.41 ± 0.01 0.4 ± 0.03# 0.35 ± 0.04∗# 0.38 ± 0.02∗ 0.4 ± 0.03 0.4 ± 0.01∗#

female 0.42 ± 0.01 0.42 ± 0.02 0.44 ± 0.02 0.42 ± 0.04 0.39 ± 0.02∗ 0.4 ± 0.02∗ 0.42 ± 0.05
�O male 143.1 ± 11.32 142.1 ± 12.48# 145.4 ± 11.44# 155.11 ± 15.85 152.25 ± 27.85 144.38 ± 8.31# 138.29 ± 8.08

female 152.1 ± 12.73 154.9 ± 13.48 158.7 ± 13.04 159.33 ± 13.23 151.78 ± 17.93 156.63 ± 12.35 152.63 ± 15.86
�EI/�O male 0.003 ± 0.0003 0.003 ± 0.0002 0.003 ± 0.0002 0.002 ± 0.0003∗# 0.003 ± 0.0004∗ 0.003 ± 0.0002 0.003 ± 0.0002

female 0.003 ± 0.0002 0.003 ± 0.0003 0.003 ± 0.0002 0.003 ± 0.0002 0.003 ± 0.0002 0.003 ± 0.0003 0.003 ± 0.0003

Data are mean ± S.D. *p < 0.05 vs. 3-month old, #p < 0.05 vs. female.
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Table 4

Summary of the variations in hematological and hemorheological parameters with gender or age

Parameters Main effects of gender or age
Gender differences Effects of age

Hematological
variables

WBC, RBC, Hct, Hgb values were higher in
males.

Total WBC decreased after age 5-months while
Mo+Gr% gradually increased.
Plt count rose at 18-months, along with RBC
count, Hct and Hgb.
MCV decreased with age.

Red blood cell
aggregation

Aggregation greater in males than females except
at 3 months.

Aggregation tended to increase in males over 3 to
5 months and then decrease.
No clear effect of age in females.

Red blood cell
deformability

Elongation greater in females than males, and
SS1/2 lower in females.
Indicates greater deformability (elongation under
shear) in females.

Decreasing EI and increasing SS1/2 with age in
both genders, most evident at > 12 months.
Indicates reduction in deformability (elongation
under shear) with age.

Osmotic
gradient
deformability

O EImax and O min lower in males. EI min increased with age, more evident in males.
O min decreased with age.
O hyper decreased with age.

Hemorheological aspects of aging and gender in rats have not been completely revealed before. Thus,
we aimed to clarify these issues. Table 4 summarizes the main gender and age-related effects on hemato-
logical and red blood cell micro-rheological properties. When evaluating these results, several influenc-
ing factors and limitation have to be taken into consideration, such as possible strain-specific differences,
estrous cycle, and seasonal effects.

The stage of the estrous cycle of the rats was assessed by a simple method (used since 1922), investi-
gating the vaginal smears under a light microscope [27]. The animals were kept in a conventional animal
house, so the Lee–Boot effect (suppression or prolongation of the estrous cycle when the females are
held together without males in the room) was excluded, but not the Whitten effect (pheromones of male
animals induce the synchronization of the estrous cycle in adult females). The menstrual cycle can mod-
ify the hematological parameters such as red blood cell and total leukocyte count in primates [46]. Also
the different phases of estrous cycle (diestrus versus all another phases) can change the hematological
values such as hemoglobin, red blood cell count and eosinophils in beagle dogs [47]. Cetin et al. have
investigated the effect of gender, pregnancy and season on blood parameters in Angora rabbits, finding
significant effects of gender, physiological status and periods of year [48]. Female rats’ estrous cycle is
about 3–5 days long (polyestrus animals). Aging may have effects on the rats’ cycle by either prolonging
or shortening it. Therefore we cannot directly link our hemorheological results to the estrous cycle. We
tested the cycle with vaginal smear technique, showing just a “cross-section” of the estorus cycle in the
group. It is one of the limitations of our study.

The effect of season cannot be excluded; however, we could not provide evidence on this issue. At
the beginning of the follow-up period, in March, all the rats were 3-month old. The highest increase
in aggregation index values of males was observed around the 4th and 5th months (still in spring), that
was followed by a decline. During the winter, this tendency reversed itself, again the male values were
higher, and the female values were lower in comparison. In parallel, leukocyte count also decreased.

Another limitation is the relatively infrequent blood sampling. We did not perform blood sampling
more frequently, due to the effects of blood-loss and the necessary recovery time [49]. Our main con-
cern was the animals’ well-being during the study period. Furthermore, as the majority of studies are
conducted on 3–4 and rarely up to 6 month old rats, over this period we did not want to affect the animals
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more. Blood samplings were performed under short general anesthesia. We experienced that with aging
the effect of anesthesia can be also altered, so we also wished to reduce the risk of losing the animals.
Also due to the limited blood sampling volume, we could not investigate further parameters, such as
fibrinogen concentration, routine blood chemistry, enzymes and hemostatic parameters.

It has been stated that “Most of the researchers used to relate human and rat age by simply correlating
their life span, which is not acceptable, because, for a specific research work, one uses a particular
developmental phase of rat-life. Thus one should consider different phases of their life to have an ac-
curate correlation” [25]. Laboratory rats live about 2–3.5 years. Considering the whole life-span, about
26.7 human days is equal to 1 rat day, and about 13.8 rat days is correlated to 1 human year. However
in ‘puberty’, adult age, reproductive senescence and post senescence periods, the correlations can be
different [25,50,51]. We followed-up the animals up to their age of 18 months, which can be correlated
to about 45 years in human. A 36-month old rat would be correlated to a 90-year man [25]. Thus we
have investigated the hemorheological alterations until the equivalent of a middle-aged human. We plan
further studies to extend the follow-up period, together with regular blood pressure monitoring.

5. Conclusion

Blood micro-rheological parameters showed age-related alterations as well as gender differences. The
effect of estrous cycle could not be excluded for female rats. These data could be useful for studying
further the mechanism underlying age and gender differences in hemorheological parameters in rats, and
as reference values for studies of these variables.
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