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A B S T R A C T   

Examination of circulatory dynamics and autonomic nerve activity in acute hemorrhage in dia
betic (DM) rats revealed that despite decreased receptor sensitivity to arterial blood pressure, the 
DM rats experienced a decline in the heart rate and acceleration of the parasympathetic nerve 
activity at the sympathoinhibitory phase in response to bleeding (Bezold–Jarisch [B–J] reflex). To 
elucidate the involvement of the B–J reflex as a reaction to acute hemorrhage in DM rats by 
assessing c-Fos-positive cell (c-Fos) expression in the nucleus of the solitary tract (SolM), the 
primary relay nucleus of the baroreflex, Streptozotocin-induced DM and non-DM rats underwent 
controlled-graded bleeding or continuous phenylephrine infusion under conscious state. Changes 
in hemodynamics and autonomous nervous system caused by acute hemorrhage and continuous 
phenylephrine infusion were examined by analyzing blood pressure–heart rate variability. 
Furthermore, effects of hemorrhage and phenylephrine infusion on the expression of c-Fos in 
SolM were examined. DM rats showed increased c-Fos expression in response to acute blood loss 
in the SolM. Non-DM rats showed the same phenomenon in response to continuous phenylephrine 
infusion in the SolM. Significant interactions between DM and Non-DM rats were observed among 
hemodynamic and autonomic response to acute hemorrhage and continuous phenylephrine 
infusion. DM rats were sensitive to acute blood loss, and the circulatory system easily collapsed 
with accelerating parasympathetic activity in the form of the B–J reflex.   

1. Introduction 

Neuropathy, a complication of diabetes, occurs at an early stage of diabetes. In particular, cardiovascular autonomic neuropathy 
(CAN) may cause tachycardia at rest, orthostatic hypotension, and exercise intolerance, sometimes resulting in sudden cardiac death 
[1,2]. Acute hemorrhage is a factor that has a significant impact on the circulatory dynamic and is known to be intricately regulated by 
the sympathetic and parasympathetic nervous systems, depending on the degree of hemorrhage [3]. However, diabetic patients with 
CAN may not have adequate autonomic-mediated compensatory mechanisms for acute hemorrhage. In our previous study, we 
examined the circulatory dynamics and autonomic nerve activity in acute hemorrhage in diabetic (DM) rats. Despite decreased re
ceptor sensitivity to arterial blood pressure, the DM rats experienced a decline in the heart rate due to a considerable acceleration of the 
parasympathetic nerve activity at the sympathoinhibitory phase in response to the bleeding (Bezold–Jarisch reflex: B–J reflex). This 
indicated impairment in the compensatory mechanism against hemorrhage at an early stage [4]. 

This study examined the involvement of the B–J reflex [5–7] in response to acute hemorrhage in DM and control rats by comparing 
hemodynamic and autonomic changes and expression of c-Fos-positive cells (c-Fos) in the nucleus of the solitary medial region (SolM), 
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which is the primary relay nucleus of the baroreflex. 

2. Materials and methods 

Ethics approval 

The study protocol for animal-based experimental studies received approval from the Institute of Experimental Animal Sciences, 
Osaka University Graduate School of Dentistry (22-011-0), and performed in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals (NIH Publications No. 80–23), revised in 1996. This study is also carried out according to 
ARRIVE guidelines (https://arriveguidelines.org), including the minimization of the number of animals and their suffering. 

2.1. Animal preparation 

For the experiment, we employed 12-week-old male Wistar–Kyoto (WKY) rats with the weight between 300 and 350 g, which had 
been raised in captivity with full access to nutrition. The animals were stored at a 12-h light/dark cycle and a constant temperature of 
~25 pt. 

After subjecting the rats to 12-h fasting, we administered streptozotocin (STZ), a pancreatic β-cell destruction agent, into their 
abdominal cavity (at 65 mg/kg) to induce type 1 DM [8]. At 5 days after the administration of STZ, blood samples were gathered from 
the caudal vein to determine blood glucose and blood ketone levels using MediSence Xtra™ (Abbott Japan). The rats with a former of 
≥350 mg/Dl and a latter of ≥0.5 mmol/L were considered to have developed DM. Eleven days after STZ administration, each DM rat 
was placed under pentobarbital anesthesia, followed by the insertion of a polyethylene catheter into the femoral artery for measuring 
arterial pressure and blood removal, and another catheter into the jugular vein for drug infusion. Each catheter was placed subcu
taneously to lead out from the dorsal region of the neck. To prevent the occlusion of the catheters, heparin-added physiological saline 
was poured into them at 12-h intervals until the day of the experiment [9]. Rats had 3 days to recover from surgery. 

The control group encompassed WKY rats that had been administered normal saline instead of STZ. These were designated as non- 
DM rats. We also inserted catheters into these animals in the same manner as in the DM group. 

2.2. Measurement of circulatory dynamics and analysis of autonomic nervous system activity 

We connected the catheter inserted into the femoral artery to a pressure transducer and then amplified the resultant waveform of 
the arterial pressure with a blood pressure amplifier (LC210 A/Z, Unipulse). The signals generated from the amplifier were then 
transferred to a computer (VGN-K71B, SONY) via an analog-to-digital converter (KPCMCIA-16AI-C, KEITHLEY) at a frequency of 1 
kHz. With the peak values of the arterial pressure waveform data defined as the systolic blood pressures (SBPs), we calculated the heart 
rate (HR) based on their intervals. To recognize the arterial pressure waveform and analysis of the autonomic nerve activity, we used a 
software product capable of full automatic analysis of circulatory dynamics and autonomic nervous system activity (Fluclet ™, 
Sumitomo Dainippon Pharma). We performed the frequency analysis based on the wavelet methodology, thereby calculating the 
fluctuation of the systolic blood pressure (SBP-LF) in the part with low frequency (0.25–0.75 Hz) and the fluctuation of the heart rate 
(HR–HF) in the high-frequency part (0.75–3.0 Hz). The SBP-LF and HR–HF have been used as indices of the sympathetic [10–14] and 
parasympathetic nervous system activities [15–19], respectively. 

2.3. Measurement of circulatory dynamics and autonomic nervous system activity in acute hemorrhage 

In this experiment, we used eight DM and non-DM rats each. After recording their SBP, HR, SBP-LF, and HR–HF at rest as control 
values, we extracted blood from each animal twice at a 20-min interval at an amount equivalent to ~6% (~1.2 mL) of the entire 
circulating volume. Next, we compared the mean arterial pressure (MAP), HR, SBP-LF, and HR–HF of each animal between the analytic 
and control values immediately after and at 10 min after the blood extraction. 

2.4. Experimental procedure for continuous activation of the baroreflex 

This experiment employed another eight DM and non-DM rats each. After recording their SBP, HR, SBP-LF, and HR–HF at rest as 
control values, each animal was subjected to continuous administration of phenylephrine for 30 min (at 0.75 μg/0.03 mL/min) 
through a syringe pump (CFV-3200™, NIHON KOHDEN) [20]. As a rough indication, a 15–30 mm Hg increase in average blood 
pressure was regarded as a significant increase in blood pressure. The volume was controlled through infusion of 0.9% saline (0.03 
mL/min) for 30 min. We then compared the MAP, HR, SBP-LF, and HR–HF values of each animal between the analytic and control 
values at 10 and 30 min after the start of the phenylephrine administration, as well as at 10 min after the end thereof. 

2.5. Immunohistochemical (c-Fos immunoreaction) 

Two hours after the first blood extraction or 2 h after the end of the phenylephrine administration, we analyzed the immunore
activity of the c-Fos protein [21], an index for neuron excitability, using immunohistochemistry of the circulatory reaction to the blood 
removal and phenylephrine infusion in the SolM. Under anesthesia with pentobarbital sodium (50 mg/kg, i. p.), each animal was 
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exsanguinated from the left ventricle with 100 mL of 0.02-M phosphate-buffered saline (PBS: pH 7.4), followed by perfusion with 500 
mL of 0.1-M phosphate buffer (PB: pH 7.4) having 4% paraformaldehyde. After being removed from the lower brainstem, the upper 
portion of the cervical spinal cord was placed in a fixative solution for 3 h and then immersed in a 30% sucrose solution (at 4 ◦C). 
Subsequently, the removed cervical spinal cord was sliced into continuous transverse 60-μm-thick sections, which were then frozen 
and stored within a PB solution. After washing with PBS for 20 min, the sections were pretreated with 1% normal goat serum (Vec
tastain; Vector Laboratories, Burlingame, CA, USA) for another 20 min before being incubated with a rabbit anti-c-Fos antibody 
(1:7000 dilution; Santa Cruz Biotech, Santa Cruz, CA, USA) for 12 h. After washing with PBS, the samples were saturated with a 
biotinylated goat antirabbit antibody for 2 h, washed again, and finally incubated with an avidin–biotin–peroxidase combination 
solution (Vectastain; VectorLaboratories, Burlingame, CA, USA) for 1 h. To visualize peroxidase, the samples were allowed to react 
with a 0.05-M trishydrochloric acid buffer solution (pH 7.2) having 0.05% diaminobenzidine tetrahydrochloride (DAB), 0.1% 
ammonium nickel sulfate, and 0.01% hydrogen peroxide. Each resultant section was washed with PB and distilled water, placed on a 
gelatin-coated slide, and embedded in a mounting agent (Permount; Fisher Scientific, New Jersey, CA, USA). The specificity of each 
antibody was confirmed by the negativity of the marker when the primary antibody was not applied. 

We observed the c-Fos immunoreaction in the SolM using a macroscopic latch as an anchoring point (with the upper end of the area 
postrema regarded as the latch). In the 360-μm section toward the tail from the latch, we counted the number of visible c-Fos cells using 
a microscope fitted with a × 10 objective lens, thereby calculating the mean value of the eight sections. 

2.6. Statistical analysis 

For statistical analysis, we carried out a paired t-test, two-way analysis of variance, and multiple comparisons in repeated mea
surements using SPSSII for Windows. Dunnett’s method was employed for the multiple comparisons. The results were indicated by 
mean values ± standard deviations, with the significance level of <5% regarded as statistically significant. 

3. Results 

3.1. Hemodynamic and autonomic response to acute hemorrhage 

Significant interactions were observed among MAP, HR, SBP-LF, and HR-HF (Figure. 

Fig. 1. Changes in MAP (a), HR (b), SBP-LF (c), and HR-HF (d) response to acute hemorrhage. Values are shown as mean ± SD (n = 8 in each 
group), ※※ p < 0.01 vs. control, ※ p < 0.05 vs. control, #p < 0.05 significant interaction (different response between DM and non-DM as 
evaluated using repeated measures analysis of variance). 【MAP: p = 0.002, F = 5.34, F (0.95) = 2.75, HR: p = 0.04, F = 3.12, F (0.95) = 2.75, SBP- 
LF: p = 0.04, F = 2.86, F (0.95) = 2.75, HR-HF: p = 0.00003, F = 10.56, F (0.95) = 2.75】. 
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1). In DM rats, MAP and HR continuously decreased during blood loss. However, in non-Dm rats, both MAP and HR were recovered 
to control even in 10 min after 2nd blood loss. SBP-LF increased after 1st time blood loss and 2nd time blood loss in non-DM rats 
but not in DM rats. Conversely, HR–HF increased after 1st time blood loss and 2nd time blood loss in DM rats but not in non-DM 
rats (see Fig. 1). 

3.2. Hemodynamic and autonomic response to continuous phenylephrine infusion 

Significant interactions were observed among MAP, SBP-LF, and HR-HF (Fig. 2). In DM rats, MAP continuously increased after 
phenylephrine infusion. In non-DM rats, HR significantly decreased 30 min after phenylephrine infusion; however, this was not 
observed in DM rats. SBP-LF significantly increased at 10 and 30 min after phenylephrine administration in non-DM rats but not in DM 
rats. HR–HF significantly increased at 10 and 30 min after phenylephrine infusion in non-DM rats and at 30 min after phenylephrine 
infusion in DM rats. 

3.3. Effects of hemorrhage and continuous phenylephrine infusion on c-Fos in the SolM 

C-Fos expression during blood loss and continuous phenylephrine infusion in the SolM are described in Fig. 3. The number of Fos 
expressions during blood loss was 62.8 ± 6.8 in non-DM rats (Fig. 3a) and 84.5 ± 11.7 in DM rats (Fig. 3b), which was significantly 
different. Additionally, the number of Fos expressions during continuous phenylephrine infusion was 104.25 ± 8.1 in non-DM rats 
(Fig. 3c) and 62.0 ± 11.5 in DM rats. (Fig. 3d), which was significantly different. 

4. Discussion 

This study aimed to elucidate the involvement of the B–J reflex as a reaction to an acute hemorrhagic event in DM and non-DM rats 
by comparing the expression of c-Fos in the SolM, the primary relay nucleus of the pressure receptor reflex. Injection of STZ is a well- 
recognized technique for inducing DM in rats. Indeed, this model has been commonly applied to study the pathological mechanisms of 

Fig. 2. Changes in MAP (a), HR (b), SBP-LF (c), and HR-HF (d) response to continuous phenylephrine infusion. Values are shown as mean ± SD (n 
= 8 in each group), ※※ p < 0.01 vs. control, ※ p < 0.05 vs. control, #p < 0.05 significant interaction (different response between DM and non-DM 
as evaluated using repeated measures analysis of variance). 【MAP: p = 0.007, F = 5.72, F (0.95) = 3.28, HR: p = 0.80, F = 0.24, F (0.95) = 3.28, 
SBP-LF: p = 0.02, F = 4.18, F (0.95) = 3.28, HR-HF: p = 0.0001, F = 12.7, F (0.95) = 3.28】. 
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different adverse events, which includes autonomic neuropathy [8]. 
The principal finding was that the expression of c-Fos in the SolM in response to acute blood loss was increased in DM rats. The same 

phenomenon was observed in non-DM rats in response to continuous phenylephrine infusion. 
During blood loss, a significant reduction in MAP was detected in DM rats. This phenomenon indicated on a transient reduction in 

the sympathetic drive. On the contrary, MAP was recovered after blood loss by activating the sympathetic drive in the non-DM rats. 
This result is consistent with our previous study [4]. 

DM rats showed significant bradycardia during blood loss, and this phenomenon was connected with elevated parasympathetic 
drive. This early parasympathetic drive in response to acute hemorrhage differed from our previous study [4]. However, an increase in 
HR was found in non-DM rats, which was linked to a transient deactivation of parasympathetic pathway and sympathetic stimulation. 
This difference in reaction between non-DM and DM rats connected with diabetic autonomic neuropathy may be provoked by the B–J 
reflex. The B–J reflex was originally believed to serve for protection, as it has anti-ischemic action during a severe hypovolemic state by 
decreasing its workload [3,22]. However, a previous report demonstrated that facilitated B–J reflex is observed in severe symptomatic 
hypotension with bradycardia during dialysis and that the patients who were susceptible to dialysis hypotension have a history of 
diabetes [23]. This phenomenon proposes that diabetic neuropathy may be linked to the strengthened B–J reflex and that excessive 
activation of the B–J reflex may cause severe bradycardia hypotension [4]. 

During continuous phenylephrine infusion, the increase in MAP in non-DM rats was associated with a transient increase in the 
sympathetic drive, whereas a significant reduction in HR was simultaneously detected due to the parasympathetic activation. This 
phenomenon can be explained by the baroreflex reaction (BRS). BRS is one of the defense reflexes that form a short-term regulatory 
system for cardiovascular stability [24]. 

Conversely, in DM rats, the MAP and HR response to continuous phenylephrine infusion were not similar to those in non-DM rats. 
We described the reduction of the baseline value of SBP-LF and HR–HF in a previous study [4], and some reports indicated an 
impairment of BRS caused because of diabetes [25–27]. This study showed that in emergencies, such as an elevation of blood pressure, 
the normally functional parasympathetic activity essentially did not function due to diabetic neuropathy. 

In DM rats, c-Fos in the SolM increased in response to hemorrhage compared with non-DM rats. This phenomenon indicated that 
parasympathetic activity was accelerated in a critical situation, such as hemorrhage, without accelerating sympathetic activity, and 
this was distinguished by noticeable parasympathetic activity (HR–HF). This finding says in favor for an enhancement of the B–J reflex 
in DM rats. Moreover, this finding proves that the afferent fibers are affected by autonomic neuropathy. Under normal circumstances, 
the B–J reflex has a stimulative impact on the circulatory system. A previous report indicated that dogs with bradycardia had better 
outcomes than dogs with tachycardia that were experiencing massive hemorrhage [3]. However, the B–J reflex may lead to a critical 
situation under abnormal circumstances such as autonomic neuropathy in this study. This study proved that DM does not equally 
impair all the arterial reflexes. This finding corresponds to the literature that the impairments in vascular reactivity due to DM may be 
different depending on the site of the artery or gender [28,29]. 

A similar c-Fos increase in response to acute blood loss in DM rats was seen in response to continuous phenylephrine infusion in 
non-DM rats. This immunoreaction in non-DM rats indicated the parasympathetic acceleration resulting from the acute elevation of 
BP, which is a defense reflex. 

There are some limitations in this study. First, in DM rats, the reaction to acute blood loss in SBP-LF, HR-HF, and HR differed from 
our previous study [4]. Particularly, the acceleration of HR–HF occurred much earlier. As a result, the HR reaction to blood loss was 
seen at an early stage. Although I could not obtain the same result, this was due to the severity of the autonomic neuropathy. Second, it 
is difficult to directly apply these results in a clinical setting because the activation of DM in rats causes a single insult to the pancreatic 
β-cells and transitory hyperglycemia, whereas in humans, the causes of DM vary and most patients with DM maintain control of their 

Fig. 3. (Left) Effect of hemorrhage and continuous phenylephrine infusion on expression of c-FOS in the SolM. (a) c-Fos to blood loss in non-DM; (b) 
c-Fos to blood loss in DM; (c) c-Fos to continuous infusion of phenylephrine in non-DM; (d) c-Fos IR to continuous infusion of phenylephrine in DM; 
AP: Area postrema; CC: Central canal. (Right) Effect of hemorrhage and continuous phenylephrine infusion on c-Fos. Expression in the SolM. Values 
are shown as mean ± SD (n = 8 in each group), ※※ p < 0.01 WKY vs. DM, ※ p < 0.05 WKY vs. DM. 

A. Sato (Boku)                                                                                                                                                                                                         



Heliyon 9 (2023) e18394

6

blood glucose levels. 

5. Conclusions 

In our previous study showed that DM rats were sensitive to acute blood loss, and the circulatory system easily collapsed with 
accelerating parasympathetic activity. In addition to the previous study, this study elucidated the involvement of the B–J reflex in 
response to acute hemorrhage in DM and control rats by comparing hemodynamic and autonomic changes and expression of c-Fos in 
the nucleus of the solitary medial region SolM. 
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