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Abstract 

Background Sympathetic nerve activity (SNA) plays a central role in the pathogenesis of several diseases such 
as sepsis and chronic kidney disease (CKD). Activation of microglia in the paraventricular nucleus of the hypothala-
mus (PVN) has been implicated in SNA. The mechanisms responsible for the adverse prognosis observed in sepsis 
associated with CKD remain to be determined. Therefore, we aimed to clarify the impact of increased SNA resulting 
from microglial activation on hemodynamics and organ damage in sepsis associated with CKD.

Methods and results In protocol 1, male Sprague–Dawley rats underwent either nephrectomy (Nx) or sham 
surgery followed by cecal ligation and puncture (CLP) or sham surgery. After CLP, Nx-CLP rats exhibited decreased 
blood pressure, increased heart rate, elevated serum creatinine and bilirubin levels, and decreased platelet count 
compared to Nx-Sham rats. Heart rate variability analysis revealed an increased low to high frequency (LF/HF) ratio 
in Nx-CLP rats, indicating increased SNA. Nx-CLP rats also had higher creatinine and bilirubin levels and lower plate-
let counts than sham-CLP rats after CLP. In protocol 2, Nx-CLP rats were divided into two subgroups: one received 
minocycline, an inhibitor of microglial activation, while the other received artificial cerebrospinal fluid (CSF) intrac-
erebroventricularly via an osmotic minipump. The minocycline-treated group (Nx-mino-CLP) showed attenuated 
hypotensive and increased heart rate responses compared to the CSF-treated group (Nx-CSF-CLP), and the LF/
HF ratio was also decreased. Echocardiography showed larger left ventricular dimensions and inferior vena cava 
in the Nx-mino-CLP group. In addition, creatinine and bilirubin levels were lower and platelet counts were higher 
in the Nx-mino-CLP group compared to the Nx-CSF-CLP group.

Conclusions In septic rats with concomitant CKD, SNA was significantly enhanced and organ dysfunction 
was increased. It has been suggested that the mechanism of exacerbated organ dysfunction in these models may 
involve abnormal systemic hemodynamics, possibly triggered by activation of the central sympathetic nervous sys-
tem through activation of microglia in the PVN.
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Background
Sepsis is a global health crisis that affects approximately 
49 million people worldwide and is thought to be respon-
sible for 20% of all deaths annually [1]. Sepsis is now 
defined as life-threatening organ dysfunction resulting 
from an impaired host response to infection, highlighting 
the importance of organ dysfunction in its pathophysiol-
ogy [2]. Infection triggers sepsis, with increased sympa-
thetic nerve activity (SNA) in the early stages leading to 
excessive proinflammatory cytokines, metabolic prob-
lems, cardiac dysfunction, and organ dysfunction [3–6].

Microglia, the primary cells responsible for inflamma-
tion in the central nervous system [7, 8], have received 
considerable attention in the context of organ dysfunc-
tion associated with sepsis. Research has consistently 
reported that microglial activation is a major contributor 
to the pathogenesis of septic encephalopathy, also known 
as sepsis-associated brain dysfunction [9, 10]. In addition, 
microglia closely interact with neurons and play a pivotal 
role in several conditions, including neurodegenerative 
diseases, traumatic brain injury, and mental illness [11, 
12]. In particular, they are actively involved in the regula-
tion of SNA through the release of cytokines, chemokines 
and growth factors, making them critical contributors to 
the regulation of cardiovascular diseases, such as various 
forms of hypertension or heart failure [13–17].

Chronic kidney disease (CKD) comorbidities have 
been identified in epidemiologic studies as significant 
factors affecting the prognosis of sepsis, with individuals 
with CKD experiencing an increased incidence of sep-
sis-induced acute kidney injury and subsequent adverse 
outcomes [18, 19]. Similar to sepsis, sympathetic nerv-
ous system (SNS) activation plays a central role in the 
pathogenesis of CKD [20, 21]. Increased electrical activ-
ity in renal sympathetic afferents, driven by factors such 
as renal ischemia, elevated angiotensin II, renal oxida-
tive stress and reduced nitric oxide production, activates 
cardiovascular control centers, primarily in the para-
ventricular nucleus of the hypothalamus (PVN), thereby 
systemically amplifying the SNS [22–24]. In our previ-
ous study, we used a 5/6 nephrectomy mouse model to 
reproduce CKD with hypertension. We found that this 
model exhibited a decrease in the inhibitory function of 
γ-aminobutyric acid in the PVN, resulting in increased 
central SNS activity [23]. In addition, we proposed that 
increased oxidative stress in the PVN may contribute 
to systemic SNA in the CKD model [25]. These findings 
suggest an important role for central nervous system 
dysregulation in driving increased systemic SNA in the 
pathogenesis of CKD. Taken together, excessive activa-
tion of the SNS is postulated as a potential contributing 
factor to the poor prognosis of sepsis coexisting with 
CKD. In particular, activation of the central SNS resulting 

from regulatory abnormalities in the hypothalamus may 
be intricately involved in this context. In the present 
study, we sought to elucidate the role of microglia in the 
PVN of animal models of sepsis with coexisting CKD and 
selectively administered the microglial activation inhibi-
tor minocycline into the brain ventricles of CKD rats 
prior to induction of sepsis.

Methods
Animals and general procedures
Male Sprague–Dawley (SD) rats, 8 to 16  weeks old and 
weighing 360–480  g (Japan SLC, Inc., Hamamatsu, 
Japan) were used. Rats were fed standard chow and had 
free access to drinking water. The rats were individually 
housed in a room maintained at a constant temperature 
(22–23  °C) and humidity under a 12-h light/dark cycle 
(lights on between 09:00 and 21:00).

Experimental protocol 1: enhanced sympathetic activation 
and end‑organ damage in septic rats with comorbid 
chronic kidney disease
Figure 1A shows the time series for each group in experi-
mental protocol 1. Male SD rats were implanted with a 
telemetry system for electrocardiogram monitoring at 
10 weeks of age. At 12 weeks of age, 5/6 nephrectomies 
(Nx), reproductive models of CKD, or sham surgeries 
(sham) were performed under 2.5% isoflurane anesthesia, 
with depth of anesthesia maintained by isoflurane inhala-
tion (2.0–2.5%). The rats were observed for 4 weeks after 
surgery, and then the operated animals underwent either 
cecal ligation and puncture (CLP), replicated sepsis mod-
els, or sham surgery and were divided into 4 groups. The 
sham-operated group underwent the same surgical pro-
cedures except for CLP. Ketoprofen (5  mg/kg sc) was 
administered before each surgery.

We evaluated the following parameters over a two-day 
period following CLP surgery performed four weeks after 
either Nx or sham procedures. Food and water intake 
and urine output were measured for 24 h using a meta-
bolic cage. Systolic blood pressure (BP) was measured 
using the tail-cuff method, and awake heart rate (HR) 
was assessed using electrocardiographic telemetry. Power 
spectral analysis of heart rate variability was performed 
to assess autonomic activity. Heart rate was continuously 
recorded with a wireless data acquisition system using 
PowerLab and analyzed using LabChart version 8 (ADIn-
struments, New Zealand). Heart rates were recorded 
at a sampling frequency of 1  kHz. Heart rate variability 
was assessed by analyzing the variation in pulse inter-
vals. For frequency domain analysis, 5-min segment data 
were derived from the resting time in the light period. 
Low frequency (LF; 0.2–0.8 Hz) and high frequency (HF; 
0.8–3.0 Hz) were calculated using LabChart. Sympathetic 
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Fig. 1 A Shows experimental protocol 1. Male Sprague–Dawley rats were implanted subcutaneously with electrocardiographic telemetry 
at 10 weeks of age and underwent either 5/6 nephrectomy (Nx) or sham surgery at 12 weeks of age. At 16 weeks of age, they underwent 
either cecal ligation and puncture (CLP) or sham surgery, resulting in four groups. Intraperitoneal (ip) saline was administered after CLP surgery 
and every 8 h thereafter. Several parameters were measured and compared between groups. B Shows protocol 2 for the CLP-induced experiment 
with intracerebroventricular (icv) administration of minocycline or artificial cerebrospinal fluid (aCSF) in Nx rats. Rats were implanted subcutaneously 
with electrocardiographic telemetry at 10 weeks of age, underwent Nx surgery at 12 weeks of age, and had osmotic minipumps implanted 
intracerebroventricularly two days before CLP surgery at 16 weeks of age. Several parameters were measured and compared between the two 
groups
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nerve activity was expressed as LF power in normal-
ized units (LFnu), and parasympathetic nerve activity 
was expressed as HF power in normalized units (HFnu). 
The LF/HF ratio was calculated by dividing LF by HF to 
reflect the sympathovagal balance [26]. In addition, uri-
nary norepinephrine excretion (uNE) was measured by 
24-h urinalysis using a metabolic cage as an indicator of 
sympathetic activity. Cardiac function was evaluated by 
echocardiography by a single operator throughout the 
study. End organ damage was assessed by serum creati-
nine, total bilirubin, and platelet count.

Additional file  1:  Supplemental Methods describes 
detailed methods in this section.

Experimental protocol 2: association between excessive 
sympathetic hyperactivity caused by activation of brain 
microglia and organ damage in septic rats with comorbid 
chronic kidney disease
CLP (Nx-CLP) or sham (Nx-Sham) surgery was per-
formed 4 weeks after Nx surgery to compare differences 
in microglial activation and neuronal activity in the 
hypothalamic PVN of the brain between the two groups. 
An ionized calcium-binding adaptor molecule 1 (Iba-1) 
immunohistochemical staining was performed to evalu-
ate microglial activity in the PVN. Microglial activity in 
the PVN of the two groups was evaluated using ImageJ 
[27]. c-fos immunohistochemical staining was performed 
to evaluate neuronal activity (Additional file  1:  Supple-
mental Methods for details).

To investigate the effects of microglial activity in the 
PVN on the enhancement of systemic SNA and organ 
damage in septic rats with CKD, we administered mino-
cycline (Sigma–Aldrich, Saint Louis, USA), an inhibitor 
of microglial activity, intracerebroventricularly using an 
osmotic minipump prior to CLP (Nx-mino-CLP). As a 
control, an osmotic minipump was filled with artificial 
cerebrospinal fluid (aCSF) and administered before CLP 
(Nx-aCSF-CLP) (Additional file  1:  Supplemental Meth-
ods for details). Figure 1B shows the time course of exper-
imental protocol 2. The amount of minocycline (10 mg/
ml) used was based on previous studies [13, 28]. In both 
Nx-mino-CLP and Nx-aCSF-CLP groups, microglial 
(Iba-1) and neuronal (c-fos) activity, body weight, water 
consumption, food intake, urine output, BP measured by 
tail cuff, awake HR by telemetry, and rectal temperature 
were measured on the first and second day of CLP. Fre-
quency analysis using electrocardiographic telemetry and 
measurement of uNE were performed and compared to 
assess SNA. Various blood tests were performed to assess 
organ damage. Echocardiography was also performed 
to assess hemodynamic status. The results of these tests 
were compared between the two groups.

Effects of intracerebroventricular administration 
of minocycline on sympathetic hyperactivity and organ 
damage induced by CLP in rats without chronic kidney 
disease
We investigated the effects of intracerebroventricu-
lar minocycline administration on SNS activation and 
organ damage in rats without comorbid CKD. Rats 
were implanted with electrocardiographic telemetry 
at 10  weeks of age, underwent sham surgery for 5/6 
nephrectomy at 12 weeks of age, and had osmotic min-
ipumps implanted at 16  weeks of age to initiate con-
tinuous intracerebroventricular administration of 
minocycline or aCSF. Subsequently, after performing 
CLP by the methods described above, we assessed SNS 
activation by heart rate variability analysis with electro-
cardiogram telemetry and assessment of uNE. We also 
monitored changes in BP over time and performed blood 
tests as indicators of organ damage.

Statistical analyses
All results are presented as mean ± standard error of the 
mean. Data were analyzed by t-test or ANOVA followed 
by Bonferroni’s correction for multiple comparisons. 
Statistical significance was considered at p < 0.05. Prism 
9 (GraphPad Software Corp, San Diego, CA, USA) and 
EZR version 1.66 (Saitama Medical Center, Jichi Medical 
University, Saitama, Japan) were used for data analysis. In 
the present study, no a priori statistical sample size cal-
culation was performed because of the difficulty in pre-
dicting the effect size. We used the number of animals 
generally used in the field for each experiment. We per-
formed a post hoc power analysis to better interpret the 
results of experimental protocol 2.

Results
Validation of Nx‑induced CKD characteristics
Table  S1 summarizes the characteristics of the Nx rat 
group compared to the sham rat group 4  weeks after 
surgery. Nx resulted in a gradual increase in SBP that 
plateaued at 4 weeks. At this time point, Nx rats had sig-
nificantly higher SBP and HR compared to age-matched 
controls. Plasma creatinine concentration and CCr 
showed significant increases and decreases, respectively, 
in Nx rats. Nx rats also had higher urinary albumin to cre-
atinine ratio and uNE levels. Telemetry analysis revealed 
higher LFnu and LF/HF in Nx rats, with no significant 
difference in HFnu. Echocardiography showed smaller 
left ventricular end-systolic diameter (LVDs), greater LV 
wall thickness and higher percentage fractional shorten-
ing (%FS) in Nx rats. Inferior vena cava (IVC) diameter 
was smaller and collapsibility index tended to be higher 
in Nx rats. Nx rats had significantly reduced body weight, 
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increased water intake and urine output, with no differ-
ence in food consumption.

Effects of CLP on BP, HR, SNA, and end‑organ damage
Four weeks after Nx or sham surgery, we divided the rats 
into four groups: Sham-Sham, Nx-Sham, Sham-CLP, and 
Nx-CLP. Blood pressure (SBP) was significantly lower 
on days 1 and 2 after CLP compared with sham surgery 
(Fig. 2A). Heart rate (HR) was significantly increased in 
the CLP group on days 1 and 2 after CLP (Fig. 2B), and 
body temperature was higher on days 1 and 2 (Additional 
file 2: Fig. S1). Two days after CLP or sham surgery, the 
CLP group had higher BUN, serum creatinine, total bil-
irubin, and lower platelet count. Nx-CLP rats had even 
higher serum creatinine, total bilirubin, and lower plate-
let counts than sham-CLP rats (Fig. 2C–F).

Telemetry on day 1 after surgery showed higher LFnu 
in the CLP group compared to the corresponding sham 
group, and higher LFnu in Nx-CLP compared to sham-
CLP (Fig.  3A). Nx-CLP had lower HFnu than Nx-sham 
(Fig.  3B). LF/HF was higher in sham-CLP and Nx-CLP 
compared to their respective shams on day 1 and 2, and 
higher in Nx-CLP than sham-CLP (Fig. 3C, E). uNE val-
ues were higher in the CLP group on day 1, and Nx-CLP 
had higher uNE than sham-CLP on day 1 (Fig. 3D).

Echocardiography (Additional file  2: Table  S2) on day 
2 showed smaller left ventricular dimensions (LVDd, 

LVDs) in sham-CLP and Nx-CLP compared to controls, 
with no significant differences between sham-CLP and 
Nx-CLP. Left ventricular wall thickness and %FS were not 
significantly different. IVC diameter was smaller in both 
sham-CLP and Nx-CLP compared to controls.

On day 2, body weight was similar in sham-CLP 
and sham-sham, while Nx-CLP showed a decreas-
ing trend. Urine output was significantly lower in Nx-
CLP compared to Nx-sham, and food intake was lower 
in both sham-CLP and Nx-CLP compared to controls. 
Water consumption decreased in Nx-CLP and showed 
a decreasing trend in sham-CLP (Additional file  2: 
Table S2).

Activation of microglia and neuronal activity 
in the paraventricular nucleus of the hypothalamus in a rat 
model of CKD‑complicated sepsis
Immunohistochemical staining for Iba-1 in the PVN of 
the brain (Localization of the PVN; Additional file 2: Fig. 
S2) showed that the perimeter and cell area of micro-
glia were significantly attenuated and the circularity was 
significantly increased, indicating increased microglial 
activity, in Nx rats compared with the sham group on the 
second day after CLP (Fig. 4A and Additional file 2: Fig. 
S3). In Nx rats, c-fos activity in the hypothalamic para-
ventricular nucleus was significantly increased compared 
to the sham group on the second day after CLP surgery 

Fig. 2 Time course of changes in systolic blood pressure (A) and heart rate (B) after cecal ligation and puncture (CLP) or sham surgery 4 weeks 
after 5/6 nephrectomy (Nx) or sham surgery. Values are mean ± SEM; n = 5 for each group. Two-way ANOVA with multiple comparisons, * p < 0.05, 
compared with each control (i.e., the comparison between the sham-CLP and sham-sham groups), **p < 0.01, compared with each control. Graphs 
C–F show the effects of CLP in Nx or control rats on blood test results. Data are expressed as mean ± SEM; n = 5 for each group. *P < 0.05, compared 
with sham operation of CLPs in each control group, and #P < 0.05, compared with sham-CLP groups. SEM standard error of the mean, ANOVA 
analysis of variance
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(Fig. 4B and Additional file 2: Fig. S3). These results sug-
gest that microglial and neuronal activities in the hypo-
thalamic paraventricular nucleus are activated by CLP in 
Nx rat.

Effects of intracerebroventricular administration 
of microglial inhibitor on BP, HR, SNA, and end‑organ 
damage in a rat model of CKD complicated sepsis
At 4  weeks after 5/6 nephrectomy, Nx rats were 
implanted with osmotic minipumps filled with either 
minocycline or aCSF and divided into two groups for 
subsequent CLP under continuous intracerebroventricu-
lar administration (Nx-mino-CLP; n = 5, Nx-aCSF-CLP; 
n = 5). Immunohistochemical staining for Iba-1 and c-fos 
in the PVN of the brain revealed that microglial activity 
(Fig. 4A and Additional file 2: Fig. S4) and neuronal acti-
vation (Fig. 4B and Additional file 2: Fig. S4) at the same 
site were significantly inhibited in the Nx-mino-CLP 
group compared to the Nx-aCSF-CLP group.

After CLP, Nx-mino-CLP had a significantly attenu-
ated decrease in BP on day 2 compared to Nx-aCSF-CLP. 
The increase in HR after CLP was significantly sup-
pressed on days 1 and 2 in Nx-mino-CLP compared to 

Nx-aCSF-CLP (Table 1 and Additional file 2: Fig. S5). On 
day 2, the increase in rectal temperature was significantly 
suppressed in Nx-mino-CLP (Additional file  2: Fig. S5). 
Blood tests showed significantly lower BUN, creatinine 
and total bilirubin in Nx-mino-CLP and higher plate-
let count in Nx-mino-CLP compared to Nx-aCSF-CLP 
(Table  1). Urinary albumin excretion was not different 
between the two groups (0.26 ± 0.02  mg/g ∙ creatinine 
vs. 0.29 ± 0.03 mg/g ∙ creatinine, n = 5 for each, p > 0.05). 
These results suggest that organ damage after CLP was 
ameliorated in the Nx-mino-CLP group compared with 
the Nx-aCSF-CLP group. Telemetry on postoperative 
day 1 showed significantly lower LFnu and higher HFnu 
in Nx-mino-CLP (Table  1). On days 1 and 2 after CLP, 
the LF/HF ratio was significantly lower in Nx-mino-CLP 
(Additional file 2: Fig. S6). uNE levels were significantly 
lower in Nx-mino-CLP (Table  1). These results indicate 
suppressed SNS and enhanced parasympathetic activ-
ity in Nx-mino-CLP from the early post-CLP period 
compared to Nx-aCSF-CLP. Echocardiography revealed 
significantly larger LVDd, LVDs, and IVC diameter 
in Nx-mino-CLP vs. Nx-aCSF-CLP  (Fig.  5). Interven-
tricular septum thickness, left ventricular posterior 

Fig. 3 Graphs A–C show the effects of cecal ligation and puncture (CLP) in 5/6 nephrectomy (Nx) or control rats on the low-frequency component 
(LFnu), high-frequency component (HFnu), and LF/HF ratio obtained by analysis of heart rate data obtained by electrocardiographic telemetry. 
Graph D shows the effects of CLP in Nx or control rats on the urinary norepinephrine excretion level based on a 24-h urine collection. Data are 
expressed as mean ± SEM; sham-sham (n = 5), sham-CLP (n = 8), Nx-sham (n = 5), and Nx-CLP (n = 9) groups. *p < 0.01 compared with control 
groups, and #p < 0.05 compared with sham-CLP groups. Graph E shows the time course (day1, day2) of the LF/HF ratio in Nx or sham-operated 
rats before and after the CLP procedure. Data are expressed as mean ± SEM. Two-way ANOVA with multiple comparisons, **p < 0.01, compared 
with each control, and †p < 0.05, compared with sham-CLP. SEM standard error of the mean, ANOVA analysis of variance
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Fig. 4 Effect of intracerebroventricular minocycline on microglia and neuronal activity in the paraventricular nucleus of the hypothalamus (PVN) 
of cecal ligation and puncture (CLP)-Induced 5/6 nephrectomy (Nx) rats. At the fourth week after Nx surgery, intracerebroventricular administration 
of minocycline (mino) or artificial cerebrospinal fluid (aCSF) was initiated, followed by CLP surgery (Nx-mino-CLP group and Nx-aCSF-CLP group). 
Graphs A show the results of immunohistochemical staining of macrophages with anti-Iba-1 antibody in the PVN in each group. Low and high 
magnification images are shown. Graphs B show the results of immunohistochemical staining of neurons in the PVN using anti-c-Fos antibody 
in each group. Iba-1 = ionized calcium-binding adaptor molecule 1, 3 V = third ventricle

Table 1 Effects of intracerebroventricular administration of microglial inhibitor in a rat model of CKD complicated sepsis

CLP cecal ligation and puncture, Nx 5/6 nephrectomy, aCSF artificial cerebrospinal fluid, and mino; minocycline, LFnu low-frequency power in normalized units, HFnu 
high-frequency power in normalized units. Values are mean ± SEM

Variables Nx‑aCSF‑CLP rats (n = 5) Nx‑mino‑CLP rats (n = 5) p

Hemodynamics

 Systolic blood pressure (mm Hg) 111 ± 2 120 ± 2 0.02

 Heart rate (per minute) 397 ± 8 362 ± 4 0.008

Blood test

 Blood urea nitrogen (mg/dL) 79 ± 3 61 ± 5 0.02

 Plasma creatinine concentration (mg/dL) 0.95 ± 0.09 0.72 ± 0.03 0.03

 Total bilirubin (mg/dL) 0.20 ± 0.02 0.13 ± 0.01 0.02

 Platelet count (×  103 /μL) 198 ± 25 309 ± 33 0.03

Heart rate variability analysis

 LFnu 43.6 ± 1.7 35.8 ± 2.7 0.04

 HFnu 41.5 ± 1.5 55.0 ± 3.4 0.007

 LF/HF ratio 1.05 ± 0.08 0.76 ± 0.03 0.008

 Urinary norepinephrine (µg/day) 3.7 ± 0.2 2.7 ± 0.2 0.07

Physiological parameters

 Body weight (g) 435 ± 4 441 ± 5 0.55

 Urine volume (ml) 12 ± 2 17 ± 1 0.064

 Water intake (ml) 28 ± 2 35 ± 2 0.095

 Food intake (g) 4 ± 1 5 ± 1 0.83
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wall thickness, and %FS were similar between groups. 
These findings suggest a better preserved blood volume 
in Nx-mino-CLP after CLP. After CLP, Nx-mino-CLP 
showed a trend toward increased urine volume and 
water intake, with no differences in body weight and food 
intake compared to Nx-aCSF-CLP (Table 1). The results 
of the post hoc statistical power analysis of the effects of 
intracerebroventricular administration of a minocycline 
in a rat model of CKD complicated sepsis (a sample size 
of five rats per group) are presented in Supplementary 
Table 4 in Additional file 2.

Effects of intracerebroventricular administration 
of a microglial inhibitor on BP, HR, SNA, and end‑organ 
damage in a rat model of non‑CKD complicated sepsis
Four weeks after sham surgery for 5/6 nephrectomy, 
sham rats were implanted with osmotic minipumps 
filled with either minocycline or aCSF and divided 

into two groups for subsequent CLP under continu-
ous intracerebroventricular administration (sham-
mino-CLP; n = 5, sham-aCSF-CLP; n = 5). Both groups 
showed a decrease in BP and an increase in HR after 
CLP, but no significant difference was observed 
between the two groups. Both groups showed an 
increase in rectal temperature after CLP, but no signifi-
cant difference was observed (Additional file 2: Fig. S7). 
Blood tests showed that BUN, creatinine, total biliru-
bin levels, and platelet count were not statistically dif-
ferent between the two groups (Additional file  2: Fig. 
S8). Heart rate variability analysis using telemetry on 
postoperative day 1 revealed that LFnu, HFnu, and LF/
HF ratio were not statistically different between sham-
mino-CLP and sham-aCSF-CLP groups. In addition, 
uNE levels were not significantly different between the 
two groups (Additional file 2: Fig. S9).

Fig. 5 Effect of intracerebroventricular minocycline on echocardiographic changes in cecal ligation and puncture (CLP)-Induced 5/6 nephrectomy 
(Nx) rats. At the fourth week after Nx surgery, intracerebroventricular administration of minocycline (mino) or artificial cerebrospinal fluid (aCSF) 
was initiated, followed by CLP surgery (Nx-mino-CLP group and Nx-aCSF-CLP group). Graphs A and B show the echocardiographic imaging results 
on the second day after CLP surgery in the Nx-aCSF-CLP and Nx-mino-CLP groups, respectively. In graphs A and B, the upper left panel shows 
M-mode images at the level of the left ventricular papillary muscles, the upper right panel shows short-axis images at end-diastole of the left 
ventricle, and the lower panel shows IVC images. The arrow in the diagram points to the IVC. Graph C shows the echocardiographic measurements 
for both groups. Values are mean ± SEM; n = 6 for each group. **p < 0.01, in comparison with Nx-aCSF-CLP rats. LVDd LV end-diastolic diameter, LVDs 
LV end-systolic diameter, %FS percent fractional shortening, IVS interventricular septum thickness, LVPW left ventricular posterior wall thickness, IVCD 
inferior vena cava diameter, and SEM standard error of the mean
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Discussion
As a novel finding in the present study, we observed an 
enhancement of SNS activity and exacerbation of organ 
damage in septic rats coexisting with CKD compared to 
septic rats without CKD. Septic rats with coexisting CKD 
showed activation of microglia and neurons in the PVN 
of the hypothalamus. Furthermore, when a microglial 
inhibitor was selectively administered to the brain ventri-
cles of rats exhibiting the pathophysiology of CKD, fol-
lowed by induction of sepsis, the increase in SNS activity 
and the degree of organ damage were attenuated. These 
results demonstrate the significant role of central SNS 
activation, originating from microglial activation in the 
brain, in the pathogenesis of sepsis in rats coexisting with 
CKD.

CKD rats undergo CLP surgery
In this study, male SD rats underwent 5/6 nephrec-
tomy to induce the pathological features of CKD. SD 
rats exhibited characteristic features of CKD, including 
a decrease in creatinine clearance along with hyperten-
sion and increased urinary albumin excretion. Further-
more, as previously reported, uNE levels as a marker of 
SNA were significantly elevated in Nx rats [23, 29, 30]. 
CKD is characterized by sympathetic overactivity not 
only in experimental animals but also in patients [21]. In 
CKD patients, cardiovascular events are strongly asso-
ciated with increased sympathetic activity [31–33]. Left 
ventricular enlargement and wall thickening associated 
with hypertension were confirmed by echocardiography 
in Nx rats. As previously reported, this model showed 
increased urine volume and water intake [34, 35]. In 
essence, the CKD model used in this study exhibited 
characteristics similar to those of human CKD patients. 
In addition, we performed CLP surgery to induce sep-
sis. In this study, as presented in the results section, we 
observed hemodynamic changes and organ damage after 
CLP that were indicative of a septic state. These findings 
were consistent with previous research [36, 37].

Brain microglia inhibition attenuates SNA and organ 
dysfunction
Selective inhibition of microglial activity in the cer-
ebral ventricles before CLP in Nx rats demonstrated 
suppression of SNA and organ dysfunction after CLP. 
The role of brain microglia in sepsis has been reported 
to be associated with sepsis-associated encephalopa-
thy (SAE). A study by Michels et  al. demonstrated the 
involvement of microglia in brain inflammation and 
oxidative stress during SAE [38]. Furthermore, pre-
operative intracerebroventricular administration of 
minocycline inhibited oxidative stress and increased 
inflammatory markers in the hippocampus after CLP, 

leading to improved cognitive function [38]. However, 
research on SAE has mainly focused on investigating 
the effects of activated microglia on brain-specific func-
tions such as cognitive function, and their effects on 
organs other than the brain remain unclear. In contrast, 
in pathologies other than sepsis, such as hypertension 
[13–16], myocardial infarction, and heart failure [17], 
microglial activation in the brain has long been reported 
to contribute significantly to systemic sympathetic acti-
vation, leading to organ dysfunction. Shi P et  al. [13] 
demonstrated that intracerebroventricular minocycline 
administration in hypertensive rats suppressed car-
diac hypertrophy, and plasma norepinephrine, while Yu 
XJ et  al. [15] showed that sustained minocycline in the 
PVN region of the brain reduced BP response and sup-
pressed microglial and sympathetic nerve activities in 
rats on a high-salt diet. These studies consistently indi-
cate that brain microglial activation is deeply involved in 
various pathological processes through the enhancement 
of systemic SNS activity in chronic diseases. Further-
more, in the present study, we demonstrated the effects 
of intracerebroventricular minocycline administration 
on systemic organ damage during the acute phase of sep-
sis. In the setting of the acute phase of sepsis, previous 
studies have also reported the organ-protective effects of 
systemic administration of beta-blockers, which inhibit 
sympathetic activity, or alpha-2 agonists, which suppress 
central sympathetic activation [4, 39]. These studies sug-
gest that suppression of increased sympathetic activity 
during the acute phase of sepsis may inhibit the progres-
sion of organ damage through its effects on hemodynam-
ics, the immune system, or the coagulation system. In our 
experimental model, it is plausible that suppression of 
excessive sympathetic activation by intracerebroventricu-
lar minocycline administration during the acute phase of 
sepsis with coexisting CKD may result in such a multiple 
effect leading to attenuation of organ damage.

Rebalancing autonomic nervous system 
toward parasympathetic activation
Another interesting finding in the present study was that 
in septic rats with concomitant CKD, the parasympa-
thetic nervous system component assessed by heart rate 
variability analysis was significantly decreased compared 
with the sham surgery group. However, when CLP was 
performed after prior intracerebroventricular adminis-
tration of minocycline, the decrease in parasympathetic 
component was not observed compared with the con-
trol group pretreated with cerebrospinal fluid. These 
results suggest that suppressing microglial activity in 
the brain in the CKD model may correct the imbalance 
in the autonomic nervous system favoring sympathetic 
dominance induced by CLP. Several previous studies 
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have demonstrated the prognostic benefits of parasympa-
thetic activation in sepsis. Galantamine, a cholinesterase 
inhibitor, administered before lipopolysaccharide (LPS) 
injection, reduced lung injury assessed after 12 h of LPS 
injection and increased survival in mice through cen-
tral acetylcholinesterase inhibition and activation of the 
vagal anti-inflammatory pathway [40, 41]. Classical cho-
linesterase inhibitors, physostigmine and neostigmine, 
also increased survival in endotoxemia or sepsis [42], 
with neostigmine being able to enter the brain due to the 
disruption of the blood–brain barrier in sepsis [43]. In 
addition, previous experimental studies have shown that 
cholinergic or vagal nerve stimulation inhibits cytokine 
production and activity and improves disease end-
points such as reduced norepinephrine requirements or 
end-organ damage in a number of experimental rodent 
models of sepsis [44–46]. Previous reports have shown 
that peripheral vagus nerve stimulation before and after 
administration of a lethal dose of LPS to rats suppressed 
the hypotensive response observed one hour after LPS 
administration, as well as the production of tumor necro-
sis factor (TNF) in serum and liver tissue [44]. Further-
more, in a porcine model of peritonitis-induced sepsis, 
vagus nerve stimulation initiated 6 h after induction of 
peritonitis was associated with a significant reduction 
in multiple organ dysfunction and a decreased need for 
vasopressors and fluids at 24 h [46]. These studies show 
that activation of the parasympathetic nervous system 
from the early stages of sepsis has a suppressive effect on 
the progression of organ damage in sepsis, and our cur-
rent study results may also support this.

Possible mechanisms
The specific mechanisms by which inhibition of central 
SNS activity by suppressing microglia prevents the pro-
gression of organ damage in sepsis are not fully under-
stood. In sepsis, increased sympathetic activity leads to 
increased norepinephrine release, which downregulates 
alpha receptors on arteries and decreases vascular reac-
tivity to released norepinephrine, requiring increased 
vasopressors [47, 48]. Clonidine or dexmedetomidine, 
both alpha 2 agonists, have a potent central sympathetic 
inhibitory effect, potentially restoring norepinephrine 
responsiveness in the peripheral vasculature [47, 48], and 
central sympathetic inhibition by the current approach 
may have had a similar effect. The echocardiographic 
results in our study showed a significant increase in left 
ventricular internal diameter and IVC diameter in the 
sepsis-induced model after minocycline preadministra-
tion, suggesting that vascular volume may be preserved 
by restoring vascular responsiveness to endogenous 
norepinephrine compared with the control CSF-treated 
group. These effects suggest a possible involvement in 

the amelioration of hemodynamic abnormalities and 
organ damage induced by CLP after minocycline intrac-
erebroventricular preadministration in the CKD model. 
Further studies are needed to clarify this issue.

Limitations
The present study has several limitations. First, we did 
not directly assess neural activity as a measure of SNS 
activity. After CLP surgery, the increased inflammatory 
state associated with infection made the assessment of 
highly invasive direct SNS activity challenging. How-
ever, in this study we performed an analysis of autonomic 
heart rate variability during wakefulness using telem-
etry in addition to urinary norepinephrine excretion as 
an indicator of sympathetic nervous system activity (a 
methodology established in previous research). These 
results consistently support the findings of SNS activity 
in the present study and lend robustness to our findings. 
Second, we examined the specific effects of CLP only on 
the PVN. Cardiovascular regulation is controlled by sev-
eral critical nuclei in the brain, including the subfornical 
organ, nucleus tractus solitarii, and rostral ventrolateral 
medulla, which interact with each other. The influence of 
CLP on microglia in the brain may not be limited to the 
PVN. However, the studies have demonstrated the sig-
nificant role of microglia in this region in various patho-
logical processes [13–16]. Given the well-established fact 
that SNS activity is strongly regulated by PVN activa-
tion [23, 25, 49, 50], this study focused on the impact of 
microglial activation in the PVN on systemic SNS activity 
and its contribution to the pathogenesis of sepsis. Third, 
the present study did not evaluate the effects of the CLP 
procedure on the central nervous system and respiratory 
status, the usual clinical indicator of organ dysfunction 
in sepsis, in CKD rats. The evaluation focused on organ 
dysfunction using indicators such as blood pressure, 
echocardiography, serum creatinine levels, serum total 
bilirubin levels, and platelet counts. Sepsis-associated 
encephalopathy, a common complication, was recog-
nized [51] and microglial activation in the central nerv-
ous system was considered [9, 10]. The invasive nature 
of the CLP procedure may have affected consciousness 
and respiratory status, suggesting the need for further 
research. Fourth, in this study, we investigated the rela-
tionship between microglial activation in the PVN and 
sympathetic nervous system activity and organ damage 
in sepsis coexisting with CKD by inhibiting microglial 
activities in the PVN; however, to rigorously investigate 
this relationship, it is necessary to intentionally activate 
microglia in the PVN in this model and evaluate the 
resulting organ damage. In our CKD-complicated CLP 
model, the procedure itself leads to microglial activation 
in the brain, making further activation and evaluation 
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challenging. Further research is needed to clarify this 
point. Lastly, the detailed mechanisms by which micro-
glial activation in the brain stimulates neuronal acti-
vation were not elucidated in this study. We observed 
microglial activation in the brains of CKD coexisting rats 
after CLP surgery. Selective inhibition of microglial acti-
vation also attenuated neuronal activity as indicated by 
c-fos expression, raising the possibility that CLP-induced 
microglial activation leads to subsequent neuronal acti-
vation through some form of interaction. Previous study 
has reported that systemic administration of LPS acti-
vates microglia in the PVN, thereby promoting the pro-
duction of proinflammatory cytokines within the PVN. 
These proinflammatory cytokines have been reported to 
enhance the excitation of presympathetic parvocellular 
neurons in the PVN, resulting in excessive SNS activity 
[52]. In the septic rats with coexisting CKD used in this 
study, it remains to be determined how microglia can 
activate neurons through specific signals and molecular 
pathways, making this a subject for future research. Fur-
ther studies are needed to clarify these important issues.

Conclusion
The results of the present study demonstrate a compel-
ling association between sepsis and increased organ 
damage in rats with CKD compared to those without 
CKD. This increased damage could be attributed, at least 
in part, to abnormal hemodynamics driven by excessive 
sympathetic nervous system activity induced by micro-
glial activation within the PVN of the brain in septic 
rats with comorbid CKD. In this disease model, correct-
ing the imbalance between the sympathetic and para-
sympathetic nervous systems attenuated organ damage, 
suggesting that these autonomic nervous system abnor-
malities are deeply involved in the pathogenesis of sep-
sis with CKD. The specific roles of the sympathetic and 
parasympathetic nervous systems in this disease model 
are not fully understood and remain important topics for 
future research.
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