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Calcium-overloaded sympathetic preganglionic neurons in
a case of severe sepsis with anorexia nervosa

Miyuki Kinebuchi and Akihiro Matsuura

Department of Molecular Pathology, Graduate School of Medicine, Fujita Health University, Toyoake,
Aichi, Japan

Aim: We aimed to show the status of intracellular elements in sympathetic preganglionic neurons in an autopsy case of a 55-year-old
woman with severe sepsis and cardiac dysfunction with anorexia nervosa.

Methods: Our methods include a case report and pathological examinations of autopsied tissues using synchrotron-generated
microbeam X-ray fluorescence analysis.

Results: A case report of severe sepsis and myocardial dysfunction. The patient had sudden short cardiac arrest without arrhythmia
and sequelae, and echocardiogram showed negative inotropic change. The X-ray fluorescence analysis of autopsied tissues indicated an
unusually high concentration of cytosolic calcium in sympathetic preganglionic neurons. However, there were no significant pathological
findings of damage in the heart or the cardiovascular autonomic nuclei in the central nervous system.

Conclusion: The data indicate that dysfunction of the sympathetic preganglionic neurons exists in a patient of severe sepsis and
cardiac dysfunction with anorexia nervosa.

Key words: Anorexia nervosa, autonomic nervous system, cardiac arrest, central nervous system, circulation, cytosolic calcium, severe
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INTRODUCTION Ca*-transients.** The latter was caused by diminished L-type
calcium channels and oxidized sarco(endo)plasmic Ca*-
ATPase.® Although the B-adrenergic receptor agonist isopro-
terenol could reverse the calcium dynamics of septicemic
cardiomyocytes in the experiment,” many severely septic
patients do not respond to multiple vasopressors.

The autonomic nervous system (ANS) reflexively regu-
lates the inflammatory response in real time.® Activation of
efferent vagus nerve decreases proinflammatory cytokine
levels in liver, spleen, heart, and macrophages.® Activation of
efferent sympathetic nerve can increase local catecholamine
level to suppress inflammation.® Furthermore, stimulation of
afferent vagus nerve stimulates the hypothalamic—pituitary—
adrenal axis, that is, the humoral anti-inflammatory pathway
by glucocorticoids.®

Dysregulation of ANS exists in sepsis,? and is supposed to
be crucial to cure patients with severe sepsis. However,
detailed status of the sympathetic nervous system regulating
blood pressure and cardiac function in sepsis has not been
well characterized. For example, lipopolysaccharides
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Cardiac dysfunction contributes to the high mortality of
sepsis.' It is a complex, multifactorial process. There are
many septicemic inflammatory factors involved in nega-
tive inotropic change, resulting in cardiac dysfunction.’
Furthermore, Toll-like receptor signals, through common
myeloid differentiation factor 88 signaling and/or the Toll/
interleukin-1 receptor domain-containing adaptor inducing
interferon-B-mediated transcription factor signaling, involve
cardiac injury.’ However, many clinical trials against these
mediators and receptors have not proven to alter mortality or
outcome of severe sepsis.

Furthermore, several animal experiments of sepsis induced
by gram-negative and/or gram-positive bacteria revealed
that cardiomyocytes with decreased contractility showed
decreased cardiac myofilament sensitivity to Ca** and reduced
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the muscle vascular bed, but do not result in hypotension in
healthy humans."' Furthermore, dysregulation of ANS activ-
ity by N-type Ca** channels can trigger ventricular arrhyth-
mias and sudden death in the mouse model.'? Here we reveal
the intracellular calcium status of sympathetic preganglionic
neurons (SPN) using a synchrotron-generated microbeam
X-ray fluorescence (XRF) analysis in an autopsied patient
with severe sepsis and AN.

METHODS

Case report

HIS STUDY WAS approved by the institutional ethics

committee of the Fujita Health University (Ethical
Review Board for Epidemiological and Clinical Studies: reg-
istration number 06-051, 09-064) and followed ethical guide-
lines. Informed consent was obtained from the patient’s
family member because the patient had died. The key data
were detected using a synchrotron. Synchrotron radiation-
based XRF analysis has been established over the past 30
years to detect elements in materials.”> We show here our
method of a synchrotron-generated microbeam XRF analysis,
which has been published as a SPring-8 user report.'*

Sample preparation

The specimens obtained by autopsy were processed to
the formalin-fixed paraffin-embedded tissue sections with
2-um thickness and placed on to Kapton film (10-pum thick-
ness; Teijin DuPont, Tokyo, Japan). After removal of paraffin
with xylene and rehydration with ethanol, these sections
were stained with hematoxylin—eosin for histological
examination.

Synchrotron radiation experiments

The BL37XU beamline in the SPring-8, a third-generation
synchrotron radiation facility (JASRI, Hyogo, Japan) is for
trace element analysis. The beam was focused to a spot size
of 0.5-1.1 um (vertical) X 0.9—1.5 um (horizontal) with a
measured flux of more than 10" photons/s at 10 keV using
Pt-coated Kirkpatrick—Baez focusing optics at a glancing
angle of 2.8 mrad. A processed sample was mounted on the
XY-scanning stage at a takeoff angle of 10°, and X-ray fluo-
rescence was detected with an energy-dispersive X-ray
detector (single-element silicon drift detector; Roentec,
Berlin, Germany) oriented perpendicular to the incident
beam. The resultant fluorescence X-ray emission was ana-
lyzed with energy dispersive spectrometry. The fluorescence
counts were extracted from energy dispersive spectra by
setting regions about the respective X-ray emission lines (Ca

Ko, 3.7keV, Cu Ko; 8.0keV, and Zn Ko; 8.6 keV). The
pixel size 2.5 um x 2.5 um was used to distinguish the
observation objects at the subcellular level, and the detection
area of 220 wm? was used for experiments. The data were
collected for 0.5 s/pixel. The datasets from each pixel were
calculated. The photon count quantity was expressed accord-
ing to a scale of the rainbow color, and a 2D map was
constructed using LabView (National Instruments Japan,
Tokyo, Japan) and IGOR pro (WaveMetrics, Lake Oswego,
OR, USA).

Quantification of element in thin
tissue sections

The biochemical Ca contents and the averaged fluorescence
yields (photon counts obtained by single-element silicon
drift detector) of the formalin-fixed paraffin-embedded
tissue sections were plotted on a scatter diagram. To compare
results of different beamtimes, the fluorescence X-ray inten-
sity was normalized by the incident beam intensity. The
fluorescence yields (Ir; photon counts) in each pixel was
divided by I (incident X-ray) in the same pixel.

RESULTS

57-YEAR-OLD WOMAN PRESENTED to our hos-
pital with a 2-day history of fever and a 1-day history of
abdominal and back pain, and difficulty with breathing. She
had been diagnosed with anorexia nervosa (AN) (height,
150 cm; weight, 21.5 kg; body mass index [BMI], 9.6) at 55
years of age. At that time she was suffering from right radial
nerve palsy, and was treated first for malnutrition. Then she
developed refeeding syndrome, and electrolyte and fluid
imbalances were corrected. In addition, she was diagnosed
with primary hypothyroidism and began taking levothy-
roxine sodium hydrate. There were no abnormalities in
cardiac function or other endocrine systems. She was then
treated as an outpatient with AN (BMI 10~12), primary
hypothyroidism, and mild renal dysfunction. Throughout the
course of her treatment, the following symptoms were not
observed in the patient: desire to lose weight; fear of weight
gain; and abnormal eating behavior, besides an aversion to
eating rice. The patient’s BMI was extremely low but stable.
She was relatively well, underwent nutritional guidance and
a blood chemistry test once a month, and was supplemented
with oral prosultiamine (100 mg/day).

On admission, she was alert and conscious with peripheral
coldness, hypotension, tachycardia, and fever. Blood analy-
sis and radiograph revealed sepsis with pneumonia and
extensive gas formation in the large intestine (Table 1). On
day 1, despite treatment with i.v. fluid therapy, vasopressor
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Table 1. Time course of physical examination and laboratory data of a 55-year-old woman with severe sepsis and cardiac dysfunc-
tion with anorexia nervosa

On admission Day 2 Day 3
Body temperature, °C 37.9 37.9 34.6
Heart rate, b.p.m. 134 126 110
Pupil size, mm Normal Normal R=6L=4
Pupillary light reflex Normal Normal Poor
Blood pressure, mmHg 78145 Not detected 74139
CVP, mmHg ND 5 8.6
WBC, cells/mm? 1,500 3,600 3.200
RBC, x10° per mm? 4.85 3.08 2.70
Hb, g/dL 14.5 9.0 7.7
Ht, % 43.7 26.8 23.7
Plat, x10° per mm? 140 1.2 2.0
CPK-MB (EIA), IU/L ND 41.7 ND
Blood glucose level, mg/dL 49 231 124
Cardiac troponin I, ng/mL ND 0.07 ND
Total protein, g/dL 5.8 3.6 4.1
Albumin, g/dL 2.4 2.1 2.4
CRP, mg/dL 38.6 12.0 9.1
T. Bil, mg/dL 0.9 1.2 23
D. Bil, mg/dL ND 0.8 1.5
GOT, IU/L 92 143 269
GPT, IU/L 32 41 74
LDH, 1U/L ND 268 557
ALP, [U/L ND 409 611
Y-GTP, IU/L ND 39 45
LAP, IU/L ND 61 84
ChE, IU/L ND 15 69
Amylase, IU/L 162 431 282
CPK, IU/L 195 735 2,359
Neutral fat, mg/dL ND 130 ND
Total cholesterol, mg/dL ND 40 ND
BUN, mg/dL 111.5 85.0 27.4
Uric acid, mg/dL ND 3.7 1.1
Creatinine, 1.33 mg/dL 1.33 1.28 0.42
Serum Na, mEg/L 126 128 136
Serum K, mEg/L 45 43 3.3
Serum Cl, mEg/L 90 101 104
Serum Ca, mg/dL 8.3 5.8 8.3
Serum P, inorganic, mg/dL ND 6.4 29
PH 7.363 7.110 7.161
PaCO, 334 413 53.5
Pa0, 49.6 167.9 54.9
HCO; 18.6 12.8 18.7
BE —5.8 -15.7 -9.5
O,SAT 84.2 98.5 87.0
PT (INR) 1.26 1.52 1.60
APTT, s 25.0 42.3 115.4
FDP, ng/mL 10.4 12.4 16.1
D-dimer (LPIA), pg/mL 3.8 49 54
Antithrombin Ill, % 48 43 74

ALP, akaline phosphatase; APTT, activated partial thromboplastin time; BE, base excess; BUN, blood urea nitrogen; ChE, cholinesterase;
CPK-MB, creatine phosphokinase brain and muscle type; CRP, C-reactive protein; CVP, central venous pressure; D. Bil, direct bilirubin; EIA,
enzyme immuno assay; FDP, fibrin/fibrinogen degradation products; GOT, glutamic oxaloa cetic transaminase; GPT, glutamic pyruvic trans-
aminase; y-GTP, y-gluta myltransferase; Hb, hemoglobin; Ht, hematocrit; L, left; LAP, leucine am inopeptidase; LDH, lactate dehydrogenase;
LPIA, latex coagulating method; O2SAT, oxygen saturation; PH, potential hydrogen; Plat, platelet count; PT (INR), prothrombin time interna-
tional normalized ratio; R, right; RBC, red blood cell count; T. Bil, total bilirubin; WBC, white blood cell count.
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agents (0.45 ng/kg/min norepinephrine infusion), wide-
spectrum antibiotics (1.5 g/day meropenem i.v.), y-globulin
(6 g/day i.v.), and mechanical ventilatory support with a
propofol infusion (1.3 mg/kg/h), she developed severe hypo-
tension. On day 2, blood cultures confirmed the presence of
Escherichia coli, Streptococcus pneumoniae, and Strepto-
coccus bovis. During endotoxin adsorption therapy using
Toraymyxin (Toray Medical Co., Ltd., Tokyo, Japan) and a
continuous hemodiafiltration (volume of blood flow 120 mL/
min) with nafamostat mesilate (1 mg/kg/h) and ulinastatin
(100,000 IU/day), the patient developed cardiac arrest
without arrhythmia or other causes, and recovered after
immediate treatment without sequelae. Echocardiography
showed a diffuse reduction in contractile capacity and
a decreased left ventricular ejection fraction (30%). Despite
additional dopamine hydrochloride (3 pg/kg/min), dobu-
tamine hydrochloride (3 pg/kg/min), and gabexate mesilate
(30 mg/kg/day) infusions, she developed hypothermia, meta-
bolic acidosis, and disseminated intravascular coagulation
(Table 1). Serum K (4.5 mEq/L) and serum P inorganic
(6.4 mg/dL) were within normal ranges, contradictory to the
diagnosis of refeeding syndrome. On day 3, the patient’s
pupils completely dilated with a loss of reflex to light and
loss of doll’s head eye phenomenon, followed by cardiac
arrest and death.

Table 2. Pathological findings of disseminated intravascular
coagulation in an autopsy case of a 55-year-old woman with
severe sepsis and cardiac dysfunction with anorexia nervosa

Fibrinous microthrombi  Several glomerular capillaries

Capillaries of frontal cortex in the
watershed territory

Gastric mucosa

Endometrium

Ovary

Pancreas

Gray matter of spinal cord

Microhemorrhage

Autopsy findings were acute bilateral lobar pneumonia
with pleuritis and pleural effusion, fibrinous pericarditis,
atrophic thyroid without inflammation, contracted kidney
with focal segmental glomerulonephritis, septicemic spleni-
tis, septicemic colitis (neutrophil infiltration in the submu-
cosal layer of the intestine, colon, and upper part of the
rectum), and disseminated intravascular coagulation
(Table 2). The central nervous system (CNS) including auto-
nomic nuclei appeared to be intact, except for fibrinous
microthrombi in the capillaries of the frontal cortex in water-
shed territory. Unexpectedly, the calcium concentration in
SPNs in the lateral horn of spinal cord T1 was remarkably
increased, detected by a synchrotron-generated XRF analysis
(Fig. 1). The other elemental contents, such as zinc and
copper, were not unusual.

We concluded that the patient’s condition progressed from
pneumonia to sepsis, then to septic shock. During treatment
the patient did not respond to any vasopressor agents and
presented with sudden short cardiac arrest without arrhyth-
mia or sequelae. Echocardiogram showed negative inotropic
change, which corresponds to septicemic cardiomyopathy.
Autopsy revealed an unusually high concentration of cyto-
solic calcium in SPNs; these cells did not show any apoptotic
findings by chromatin condensation or cell shrinkage. There
were no significant pathological findings of damage in the
heart or cardiovascular autonomic nuclei in the CNS of this
patient.

DISCUSSION

EPSIS STARTS WITH arterial hypotension and variable

organ dysfunction, subsequently accompanied with
refractory hypotension and multiple organ failure. Kidney,
heart, brain, and liver are often damaged organs. Neuronal
death in cardiovascular autonomic nuclei in the CNS was
previously reported in patients with septic shock, which was
suggested to correlate with vascular iNOS expression.'>!¢
Ours was clearly a case of sepsis with refractory hypotension
and cardiac dysfunction. The patient’s heart and brain areas
regulating cardiovascular function did not show any

Fig. 1. Elemental content of the spinal cord T1 in an autopsy case of a 55-year-old woman with severe sepsis and cardiac dysfunction
with anorexia nervosa. A, Spinal cord T1 level of the patient stained with Luxol fast blue and hematoxylin—eosin. Luxol fast blue dyes
myelin sheath blue. The area analyzed by X-ray fluorescence (XRF) is surrounded by a black line. B, Photograph showing the area
analyzed by XRF, using a stereoscopic microscope. C-E, XRF analysis using the beamline BL37XU at SPring-8. Each element was detected
using specific X-ray energy (Ko). Calcium, copper, and zinc are detected at Ko, 3.7 KeV, Ko 8 KeV, and Ko 8.6 KeV, respectively. Detected
photon counts (2) in a particular X-ray energy at a location (x, y) are expressed according to a scale of the rainbow color (right bar). F,
Spinal cord T1 level of a patient with cardiogenic shock due to cardiomyopathy, showing analyzed area using stereoscopic microscopy.
C, G, Zinc at Ko, 8.6 KeV. D, H, Calcium at Kot 3.7 KeV. E, |, Copper at Ko 8 KeV.
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pathological findings. We then analyzed SPNs that origi-
nated from the lateral horn of spinal cord using synchrotron-
based XRF analysis, which can specifically detect an
element. Unusually, the shape of the cell bodies of SPN was
visualized clearly by highly increased intracellular calcium
([Ca]i) (Fig. 1A—G). As a control example, Figure 1(F-I)
shows another SPN in a patient with cardiogenic shock due
to cardiomyopathy. In the control case, [Ca]i of the SPN was
not increased. The patient’s increased [Cali of SPN sug-
gested the disruption of neuronal calcium homeostasis. In
general, Ca?* enters neuronal cytosol through voltage-gated
Ca* channels, N-methyl-D-aspartate receptors, oi-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic  acid  receptors,
and store-operated channels on the plasma membrane."”
Furthermore, Ca** release from endoplasmic reticulum (ER)
to cytosol through inositol 1,4,5-triphosphate receptors,
ryanodine receptors, and presenilins.' In contrast, Ca**
release from neuronal cytosol to extracellular through the
plasma membrane Ca** ATPases and sodium/calcium
exchangers, and to ER through sarco(endo)plasmic Ca*-
ATPase.'® Mitochondrial calcium homeostasis has not been
fully elucidated. It has been reported that Ca** enters mito-
chondria through voltage-dependent anion channels and the
mitochondrial uniporter.'® If mitochondrial permeability
transitional pores open, large amounts of Ca>" are released
from mitochondria to cytosol.!” Previously, it was shown that
dysregulation of calcium homeostasis led to neuronal cell
death from dysfunction in aging neurons, and the damaged
neurons of the Alzheimer’s disease and amyotrophic lateral
sclerosis have been observed.'"® Vitamin B1 deficiency
leads to oxidative stress in animals and human cultured
cells.” This patient had been taking vitamin B complex for 2
years, since being diagnosed with, and treated for, AN. Beri-
beri heart, caused by lack of vitamin B1, results in high-
output heart failure, but she had no evidence of this
deficiency. Although her cardiac function was normal until
the last admission, there is a possibility that her heart func-
tion reserve was reduced, for example, due to persisting AN.
In patients with AN, several groups have reported that
parasympathetic/sympathetic imbalance exists; there is a
shift in cardiac autonomic function toward parasympathetic
predominance,” and adrenal sympathetic over-activity with
neural sympathetic underactivity.'

In fact, elevated [Ca]i in SPN was observed in this
patient. It was reported that both oxidative stress and tumor
necrosis factor (TNF) stimulate ryanodine receptor on
the membrane of ER to release Ca** from ER to the cyto-
plasm of neurons.”*” We speculated that inflammatory
cytokines and oxidative stress caused by sepsis result in
acutely increased [Cal]i of the SPN cell body, and subse-
quently lead to neuronal dysfunction. Furthermore, a

signal from G-protein-coupled receptors on the plasma
membrane can stimulate inositol 1,4,5-triphosphate recep-
tors on ER to release Ca® from ER to the cytoplasm of
neurons.
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