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Abstract. Although microcirculatory disturbances play pivotal role in the pathomechanism of acute pancreatitis (AP), very14

few papers can be found which had been tested any of hemorheological parameters. The aim of our study was to analyze the15

hemorheological changes in cerulein-induced experimental acute pancreatitis in rat in two doses (5 and 10 �g/kg, s.c.). Male16

and female rats were subjected to Control group, or AP with 5 or 10 �g/kg cerulein groups. Blood samplings (lateral caudal17

vein) were completed before cerulein administration, and 1, 2 and 24 hours later. Hematological parameters, amylase activity,18

erythrocyte deformability (ektacytometry) and aggregation (light-transmission method) were tested. The presence of AP could19

be confirmed by amylase testing and histological examination. The earliest impairment of the red blood cell deformability could20

be observed 1 hour after cerulein administration in 10 �g/kg dosage. Female animals had the worst rheological results with21

high mortality. In conclusion, subcutaneously administrated cerulein in dosage of 5 and 10 �g/kg resulted in AP in rats, with22

significant changes in red blood cell deformability and alterations in erythrocyte aggregation. This model seems to be suitable23

for further comparative studies.
24

Keywords: Red blood cell deformability, red blood cell aggregation, acute pancreatitis, rat model, cerulein induced-pancreatitis25

1. Introduction25

Acute pancreatitis still means an important clinical problem. In the latest decades its mortality has26

not been changed significantly, furthermore, the pathomechamism is still not completely clarified, yet.27

There are three main theories of pathophysiological pathways of severe acute pancreatitis: (1) pancreatic28

autodigestion, (2) leukocyte activation induced by activation the inflammatory mediators and/or cytokines29

and (3) pancreatic microcirculatory disturbances [6, 11, 16, 27, 32, 35].30
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One of the most important causes in the development of severe acute pancreatitis is the disturbance31

of the pancreatic microcirculation. Many cytokines and mediators, such as nitric oxide, reactive oxy-32

gen free radicals, platelet activation factor, adhesion molecules, endothelin-1, tumor necrosis factor-�,33

thromboxans, bradykinine and prostaglandins play determinative role [9, 17, 27, 35].34

It is also well known that blood micro-rheological properties are the major determinants of tissue35

microcirculation [18–20, 26]. Impaired red blood cell deformability and enhanced aggregation may36

contribute to microcirculatory disturbances [1, 19, 20, 26]. However, there is a lack of hemorheological37

data in acute pancreatitis: very little number of clinical and experimental papers can be found in the38

literate, in which any of hemorheological parameters had been measured [5, 8]. Though, there are only39

some studies about the hemorheological-microcirculatory changes in experimental acute pancreatitis [23,40

35, 37].41

For investigation of pathomechanisms and prevention as well as therapeutic possibilities of acute42

pancreatitis, several non-invasive and invasive experimental models are known. Non-invasive methods43

include hormones and chemicals (cerulein, Trinidadian scorpion toxin, anti-cholinesterase insecticide),44

ethyl-alcohol, various nutrients and oils, L-arginine, immune-mediated and gene knock-out models.45

Invasive methods are aiming obstruction of pancreatic ducts, performing arterial or venous vascular46

occlusion, causing ischemia-reperfusion, microcirculatory disturbances or causing traumatization of the47

pancreas tissue [14, 21, 28–31, 33, 36, 38].48

The cerulein-induced acute pancreatitis model is simple to be performed, being non-invasive. However,49

we could not find data in the literature about experimental acute pancreatitis induced by various dosage50

of cerulein, in which study red blood cell deformability or red blood cell aggregation data would have51

been presented.52

The aim of this preliminary study was to analyze the hemorheological changes in cerulein-induced53

experimental acute pancreatitis in rat in two doses (5 and 10 �g/kg, s.c.), and also aiming to analyze the54

possible gender difference in hemorheological response.55

2. Materials and methods56

2.1. Experimental animals and groups57

The experiments were approved and registered by the University of Debrecen Committee of Animal58

Research (permission Nr.: 16/2008), in accordance with the relevant Hungarian Animal Protection Act59

(Law XVIII/1998) and EU Directives (EEC 63/2010).60

Fourteen male (595.7 ± 39.2 g) and twelve female (344.6 ± 52.5 g) Sprague-Dawley rats (Janvier Co.,61

France) were randomly involved into the following experimental groups:62

I. Control (n = 8; 4 males and 4 females)63

II. Acute Pancreatitis with 5 �g/kg cerulein (AP-5, n = 10; 5 males and 5 females)64

III. Acute Pancreatitis with 10 �g/kg cerulein (AP-10, n = 8; 5 males and 3 females).65

All animals were anesthetized using 60 mg/kg, Thiopenthal® intraperitoenally. For inducing acute66

pancreatitis, cerulein (Sigma-Aldrich Co., Budapest) was used subcutaneously (right abdominal region)67

in 5 �g/kg or 10 �g/kg dose, dissolved in sterile physiological saline solution. In Control group the
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same-volume sterile physiological saline solution was given subcutaneously. After the blood samplings68

at 2 hours, Flunixin® was administrated to each animal (2.5 mg/kg, s.c.) for analgesia.69

Before cerulein administration, 1, 2 and 24 hours after it (in re-anesthesia) 0.6–0.8 ml blood was taken70

from the lateral caudal vein (24–26 G needle; anticoagulant: sodium-EDTA, 1.5 mg/ml). In anesthesia,71

after the last blood sampling median laparotomy and thoracotomy was performed for taking biopsies72

from the pancreas, small intestine, liver, kidney and lung.73

2.2. Laboratory investigations74

For determining general quantitative and qualitative hematological parameters a Sysmex F-800 micro-75

cell counter was used (TOA Medical Electronics Co., Japan).76

Red blood cell deformability was tested by a Rheoscan-D200 ektacytometer (Sewon Meditech Inc.,77

Korea) [15]. Suspension of native blood (6 �l) and ; pH = 7.36) was taken into Rheoscan disposable78

slit-flow kit. At the beginning of the test the device is generating vacuum, resulting in a rapid flow,79

then a continuously decreasing flow rate in the micro-channel. The created shear stress range of ∼80

0.5 – 20 Pa provide elongation of red blood cells, altering the laser diffraction pattern. The elonga-81

tion index (EI) at a constant shear stress (SS [Pa]) is calculated from the length (L) and width (W)82

of the diffractoisotonic solution of polyvinylpyrrolidone (0.6 ml) (PVP; 360 kDa, viscosity = 30 mPa.s;83

osmolarity = 305 mOsm/kggram: EI = (L − W)/(L + W). EI increases with cell deformability [2, 15]. For84

comparison EI values at 3 Pa were used and parameterization of individual curves Lineweaver-Burke85

analysis was completed in a range of 1–20 Pa shear stress: maximal elongation index (EImax) and the86

shear stress at half EImax (SS1/2 [Pa]) were calculated [4].87

Red blood cell aggregation was tested by light-transmission method, using a Myrenne MA-1 erythrocyte88

aggregometer (Myrenne GmbH, Germany). M (at 0 shear rate) and M1 (at shear rate of 3 s−1) indices89

were measured at the 5th or 10th seconds of the aggregation process [2, 14]. The measurements were90

carried out within 1 hour after sampling [24].91

Since the blood sampling volume was limited in the rat, the anticoagulated blood samples were cen-92

trifuged and the plasma was used for the enzyme activity examination (values being 5–10% lower93

compared to serum). Plasma �-amylase activity [U/l] was determined by a clinical chemistry automate94

COBAS Integra, using enzymatic colorimetrical method (Roche Diagnostics GmbH, Germany).95

2.3. Histological examinations96

Tissue samples were fixed in 4% buffered formaldehyde solution, dehydrated in a graded series of97

alcohol, embedded in paraffin. The blocks were microtomed into 3–5 �m step sections and stained with98

hematoxylin and eosin (H&E).99

2.4. Statistical analyses100

Data are presented as mean ± standard deviation (S.D.). According to the data distribution, Student101

t-test or Mann-Whitney RS test was used for inter-group comparison, and one-way ANOVA tests (Dunn’s102

or Bonferroni’s method) were performed to evaluate the changes within groups (e.g. base –1 h –2 h –24 h103

data). A p value less than 0.05 was considered as statistically significant.104
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Fig. 1. Changes of amylase activity [U/l] in Control and Acute Pancreatitis groups of 5 or 10 �g/kg cerulein (AP-5, AP-10)
prior to and 1, 2 and 24 hours after the administration of cerulein. means ± S.D., *p < 0.05 vs. base, #Control

3. Results105

3.1. Survival106

There was no death in Control. All male animals of AP-5 and PA-10 groups survived till the 24th hour.107

In AP-5 group 2 of 5 females died by 24 hours. In AP-10 group one female animal exited within 1.5 hour108

after cerulein administration, the resting 2 females died by the morning of the next day.109

3.2. Changes of amylase activity and histological observation110

Both amylase testing and histological examinations of pancreas (data not shown) confirmed the presence111

of acute pancreatitis both in AP-5 and AP-10 groups.112

Figure 1 shows the changes of amylase enzyme activity. In both acute pancreatitis groups amylase113

activity significantly rose 1 hour after administration of cerulein and continued to increase by 2 hours.114

The elevation of enzyme activity was more expressed in AP-10 group. The rise in amylase activity was115

significant in both AP groups versus their base (AP-5: p = 0.023 at 1 h and p < 0.001 at 2 h; AP-10:116

p = 0.011 at 1 h and p < 0.001 at 2 h) or compared to Control (AP-5: p = 0.001 at 1 h and p < 0.001 at 2 h;117

AP-10: p = 0.001 at 1 h and p = 0.003 at 2 h). There was no remarkable gender difference in the magnitude118

of amylase activity increasing. In survivor animals the amylase activity decreased by the 24th hour, being119

elevated compared to control animals.120

3.3. Changes of hematological parameters121

Leukocyte count (WBC [×103/�l]) tended to decrease 1 or 2 hours after cerulein administration (just122

significantly in AP-5 group: p = 0.049 at 1 h, p = 0.047 at 2 h versus base). By 24 hours the values increased123

(p = 0.012 vs. base), but being more expressed in AP-10 group (p < 0.001 vs. base, p = 0.004 vs. Control,124

p < 0.001 vs. AP-5) (Fig. 2A).125

Red blood cell count (RBC [×106/�l]) together with the hematocrit (Hct [%]) showed slightly elevated126

values in both AP groups compared to Controls, reaching significantly higher values by 24 hours: in AP-5127

group RBC p = 0.02 vs. base and p = 0.026 vs. Control; Hct p = 0.008 vs. base (p = 0.059 vs. Control);128
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Fig. 2. Changes of white blood cell count (WBC [×103/�l]) (A), red blood cell count (RBC [×106/�l]) (B), hematocrit (Hct
[%]) (C) and platelet count (Plt [×103/�l]) (D) in Control and Acute Pancreatitis groups of 5 or 10 �g/kg cerulein (AP-5, AP-10)
prior to and 1, 2 and 24 hours after the administration of cerulein. means ± S.D., *p < 0.05 vs. base, #Control; + vs. AP-5

and in AP-10 group RBC p = 0.021 vs. base and p = 0.017 vs. Control; Hct p = 0.028 vs. base and p 0.048129

vs. Control (Fig. 2B, C).130

After a mild decrease over the first 2 hours, platelet count (Plt [×103/�l]) showed moderate increase131

by 24 hours in all groups. The increase reached significant level in Control and in AP-5 groups (p = 0.044132

and p = 0.005 vs. base, respectively) (Fig. 2D).133

3.4. Changes of red blood cell deformability134

Table 1 shows elongation index (EI) values at shear stress of 3 Pa, as well as calculated maximal135

elongation index (EImax) and shear stress of half-EImax (SS1/2 [Pa]).136

The EI-SS curves became distorted over 5 Pa in AP-5 and AP-10 groups. Therefore, the calculated137

values (EImax and SS1/2) were also influenced by the irregular curve shape.138

In Control animals EI at 3 Pa slightly decreased at 1 and 2 hours, and by 24 hours moderately increased,139

which changes were reflected by the calculated EImax and SS1/2 values.140

In AP-5 group the EI values rather increased, resulting in significant difference versus base values on141

the next day (p < 0.001). It was not seen in EImax data, while the SS1/2 values significantly decreased by142

24 hours (p = 0.006 vs. base).143

In AP-10 group the EI values at 3 Pa significantly worsened 1 hour (p = 0.002 vs. base) and 2 hours144

(p = 0.022 vs. base) after cerulein administration. By the 24th hour EI values normalized in survivor145
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Table 1

Changes of selected comparative parameters of elongation index (EI) – shear stress (SS) curves in the experimental groups

Variable Group Base 1 h 2 h 24 h

EI at 3 Pa Control 0.342 ± 0.013 0.335 ± 0.012 0.334 ± 0.01 0.353 ± 0.019
AP-5 0.337 ± 0.011 0.341 ± 0.01 0.343 ± 0.01# 0.363 ± 0.014*

AP-10 0.347 ± 0.001 0.332 ± 0.016* 0.324 ± 0.033* 0.354 ± 0.011

EImax Control 0.587 ± 0.015 0.600 ± 0.037 0.592 ± 0.027 0.605 ± 0.024
AP-5 0.593 ± 0.019 0.599 ± 0.017 0.593 ± 0.02 0.587 ± 0.024
AP-10 0.584 ± 0.015 0.588 ± 0.012 0.608 ± 0.046* 0.588 ± 0.011

SS1/2 [Pa] Control 2.39 ± 0.33 2.68 ± 0.67 2.6 ± 0.38 2.43 ± 0.54
AP-5 2.52 ± 0.32 2.54 ± 0.31 2.44 ± 0.34 2.14 ± 0.39*
AP-10 2.31 ± 0.27 2.57 ± 0.45 3.14 ± 1.55 * 2.21 ± 0.16

means ± S.D. EI at 3 Pa = elongation index at shear stress of 3 Pa; EImax = calculated maximal elongation index; SS1/2 = shear
stress values at half maximal elongation index. *p < 0.05 vs. base; #vs. Control.

0

0.1

0.2

0.3

0.4

Base 1 h 2 h 24 h

E
I 

at
 3

 P
a

Control male Control female AP-5 male AP-5 female AP-10 male AP-10 female

Fig. 3. Changes of elongation index values at shear stress of 3 Pa in male and female animals of Control and Acute Pancreatitis
groups of 5 or 10 �g/kg cerulein (AP-5, AP-10) prior to and 1, 2 and 24 hours after the administration of cerulein.

animals. Supposedly because of the distorted EI-SS curves, the calculated EImax values increased at 2146

hours. SS1/2 values increased by 1 hour (p = 0.061 vs. base) and 2 hours (p = 0.033 vs. base).147

We analyzed the data in respect of the genders. Figure 3 shows EI at 3 Pa values in male and female148

animals. It seemed that the decrease in EI values of AP-10 group was more expressed in female animals,149

however, the standard deviation increased in data at 2 hours (Fig. 3).150
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3.5. Alteration in red blood cell aggregation151

Aggregation index values were tested but with oncoming difficulties. There were numerous samples,152

in which the measured values were zero; therefore, we could not evaluate the groups’ data convincingly.153

What we could see was a general increase in aggregation index values by 2 hours and 24 hours in AP-5154

and AP-10 groups. Because of the numerous not valuable tests (measured values: 0), statistical analyses155

could not be performed.156

4. Discussion157

To investigate severe acute pancreatitis numerous animal models (non-invasive or invasive) have been158

carried out [14, 28–31]. The advantages of the invasive models are their reproducibility, usefulness for159

studying obstruction-, vascular and reflux-induced pancreatitis. Their disadvantages are the need of bigger160

animals, expensiveness, and technical difficulties. The cheapness and the simplicity are the advantages161

of non-invasive models. One of the most often used non-invasive models is the cerulein-induced model.162

It can be used successfully in dogs, rats, Syrian hamsters and mice [31].163

Cerulein is a cholecystokinin-pancreozymin analogue. By its usage proteolytic enzyme secretion164

increases, causing pancreatic acinar autolysis, even 1 hour after administration. In rat model the changes165

in acinar cells (intracellular membrane system) and pulmonary consequences may resemble the human166

acute pancreatitis [14, 31, 33, 36]. However, the severity of the induced pancreatitis may vary, depending167

on the dosage, way of administration (subcutaneous, intravenous, intraperitoneal), showing individual168

variations as well as inter-species differences [31, 33].169

There are high varieties reported about the dosage of cerulein [10, 31]. Clemons et al. used 10 �g/kg170

s.c. dose and 5 �g/kg s.c. hourly for 5 hours in rats. They found significant increase in pancreatic weight,171

serum amylase activity [10]. Early studies used high dose, even 50 �g/kg [10, 38]. In our study we aimed172

to investigate a relatively low dose protocol of 5 and 10 �g/kg cerulein, given subcutaneously. We aimed173

to investigate whether these doses induce acute pancreatitis with measurable hemorheological changes.174

We found micro-rheological changes in cerulein-induced acute pancreatitis, showing further dif-175

ferences depending on the cerulein dosage and gender. The presence of acute pancreatitis could be176

confirmed by amylase measurements and histological examinations. Hematological parameters showed177

general inflammatory changes, increase in leukocytes and platelets by 24 hours accompanied by slight178

hemoconcentration.179

Acute pancreatitis is characterized by hyperamylasemia, interstitial edema, pancreas acinar cell180

swelling, increased pancreatic weight, vacuolization, exacerbation of inflammatory processes [6, 12,181

14, 16]. The disturbances of the pancreas microcirculation can be associated with changing of blood182

viscosity and impaired red blood cell deformability and enhanced aggregation [1, 20, 26].183

The worsening red blood cell deformability can be caused by the deliberating oxygen delivered free184

radicals, which play pivotal role in cell and tissue damage [1, 3, 9]. Free radicals may jeopardize the185

red blood cells by different way: on red cell membrane and proteins (lipid peroxidation, cross-linking186

in protein sulfhydril groups), as well as in hemoglobin (methemoglobin, Heinz-body formation). Ery-187

throcytes are known to be very sensitive against free radical attack, because they contain much iron188

(Fenton-reaction) and they have no nucleus, thus, there is no turn-over of damaged cell structure [1, 13].189

Berezina et al. also found significant decrease of erythrocyte elongation index values in their rat190

model. The impaired red blood cell deformability could be partially prevented by mesenteric lymph duct191
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ligation, suggesting that mesenteric lymph may contains factors that cause those cell damages (activated192

leukocytes?) [5].193

During the inflammatory processes the effect of vasodilatator nitric oxide (NO) cannot be neglected.194

In the pancreas neurons in intrapancreatic ganglia, intra- and extrapancreatic nerve endings and vascular195

endothelium are the sources of constitutive NO generation [9, 22]. It was demonstrated that NO may196

improve red blood cell deformability [1, 7]. This could be a reason for the moderate EI increasing in197

AP-5 groups. Supposedly, the higher dose cerulein could cause more serious damage and consequently198

more extended inflammation, where the harmful factors became determinative, resulting in significantly199

decreased red blood cell deformability in AP-10 groups.200

The gender differences in hemorheological response for acute pancreatitis were also observed. Pre-201

viously it was demonstrated that healthy rats show significant gender differences in hemorheological202

parameters [25]. Male rats have lower red blood cell aggregation index values, but with worse deforma-203

bility parameters (lower EI values) compared to females. When evaluating the results of this current study,204

the mortality amongst female animals is not negligible. Although, the case number of this preliminary205

study was low, it is suggested that hemorheological consequences of acute pancreatitis may be more206

severe in female rats. This question has to be further investigated, with increased case number and with207

more sophisticated hemorheological methods.208

In addition, the real background of the magnitude of changes is still unclear. In both AP groups the209

rise in amylase activity was large, histological confirmed acute pancreatitis. However, the red blood cell210

deformability changes were the most expressed in AP-10 group. The changes in red blood cell aggregation211

could not be safely evaluated in our current study. Windberger et al. also found that in rat blood the212

erythrocyte aggregation values are very low and often undetectable by light transmission aggregometry213

[34]. Furthermore, in Control animals the general effects of the anesthesia and blood samplings have to214

be taken into consideration, too. These findings, promising results and limitations together with the open215

questions require further studies.216

5. Conclusion217

Subcutaneously administrated cerulein in dosage of 5 and 10 �g/kg resulted in acute pancreatitis in218

rats, with significant changes in red blood cell deformability and alterations in red blood cell aggregation.219

The earliest impairment of the red blood cell deformability could be observed 1 hour after cerulein220

administration in 10 �g/kg dosage. Female animals had the worst rheological results, and the mortality221

was the highest among them.222

The background of the micro-rheological changes during acute pancreatitis is still controversial in223

the literature and not clarified, yet. Further studies are needed to explore better the pathophysiological224

mechanism, the factors influencing the magnitude of changes, together with evaluation of effective micro-225

circulatory therapeutic agents. For these studies the presented model using 10 �g/kg cerulein in female226

rats seems to be suitable.227
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