Eur Respir J 2005; 26: 686-692
DOI: 10.1183/09031936.05.0111004
Copyright©ERS Journals Ltd 2005

Sepsis induces early phrenic nerve
neuropathy in rats

A. Nayci*, S. Atis*, U. Comelekoglu”, A. Ozge®, O. Ogenler”,
B. Coskun® and S. Zorludemir’

ABSTRACT: The aim of the present study was to investigate the electrophysiology of the phrenic
nerve and the diaphragm muscle during sepsis.

In total, 26 rats underwent either sham laparotomy or caecal ligation and puncture (CLP).
Electrophysiology was evaluated via a phrenic nerve conduction study and needle electromyo-
graphy of the diaphragm, prior to CLP, 6 and 24 h post-CLP and on day 7. The histopathology of
the diaphragm muscle and phrenic nerve was also examined on day 7.

In the sepsis group, the phrenic nerve conduction study showed decreased amplitude of
compound action potential (CMAP), and prolongation in the duration and the latency of CMAP.
The diaphragmatic needle electromyography showed decreased amplitude and frequency of the
motor unit action potential (MUP), and prolongation in the duration of MUP, at all time points,
compared with the pre-CLP values. The electrophysiological abnormalities were consistent with
axonal and demyelinating phrenic nerve neuropathy. Electrophysiological abnormalities were
present at 6 h with worsening at 24 h and on day 7. Histopathological examination showed normal
muscular fibres and focally slight myelin degenerations of the phrenic nerve fibres.

In conclusion, sepsis induced phrenic nerve neuropathy as early as the 6th h in rats.
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epsis is a common cause of mortality in
S intensive care units (ICU) and, in many

cases, respiratory failure is a significant
contributor to this mortality [1, 2]. It is now
accepted that respiratory failure is related to
impairment in the gas exchange system and
failure of the pump, the two main components
of the pump being respiratory musculature and
peripheral nerve innervations [3].

It is necessary to understand the pathogenesis of
respiratory failure in sepsis to develop effective
strategies for the prevention and treatment of this
disorder. The vast majority of experimental
sepsis models, demonstrating failure of the
respiratory musculature, have been focused on
the mechanical properties of the striated muscle
of the diaphragm [4-6]. Only a few studies have
investigated the electrophysiology of the dia-
phragm during sepsis. LEON et al. [7] found that
impaired neuromuscular transmission, related
to decreased resting membrane potential, was
an important cause of diaphragm dysfunction in
septic animals. LIN ef al. [8] reported impaired
diaphragm contractility in association with dia-
phragm sarcolemma injury, with attendant
abnormalities of myofibre membrane electrophy-
siology during sepsis. Neither of these studies
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addressed whether sepsis directly affects the
diaphragm muscle or phrenic nerve innervation.

The electrophysiology of the diaphragm during
sepsis, with the exception of a few isolated
reports, has not been fully elucidated and, as
far as current literature shows, a time-course
study has not been carried out. In this regard, the
present study aimed to investigate the electro-
physiology of the diaphragm from the onset to
the late phases of sepsis. In particular, it aimed to
observe whether the respiratory failure observed
in sepsis resulted directly from the diaphragm
muscle and/or phrenic nerve innervation.

MATERIALS AND METHODS

Experimental design

The experimental protocol was approved by the
Animal Care and Use Committee of the
University of Mersin (Mersin, Turkey). The rats
had free access to standard laboratory diet and
water, and were maintained according to the
recommendations of the National Institute of
Health’s guidelines for the care and use of
laboratory animals [9].

In total, 26 Wistar albino rats, weighing 250-
300 g, were used in the study. The rats were
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assigned into one of two groups, sham (n=10) or sepsis
(n=16).

Protocol for the induction of sepsis

Intra-abdominal sepsis was produced using the caecal ligation
and puncture (CLP) procedure [10]. The rats were anesthetised
with ketamine hydrochloride intramuscularly (50 mg-kg body
weight'l; Ketalar; Eczacibasi-WL, Istanbul, Turkey). A mid-line
laparatomy was performed, and the caecum was ligated distal
to the ileocaecal valve to ensure the intestinal continuity was
preserved. The caecum was punctured in two locations on the
anti-mesentheric surface of the caecum, using an 18-gauge
needle. The caecum was gently compressed until faeces were
extruded and then returned to the peritoneum. The incision
was closed in two layers. Animals recovered from anesthesia
and moved about freely in the cages. The sham group
underwent only the laparatomy procedure.

Electrophysiological procedure

Electrophysiological measurements of the diaphragm and the
phrenic nerve were recorded prior to the CLP procedure in
order to obtain control values, and then after 6 and 24 h post-
CLP and on day 7 to evaluate the effect of sepsis.

Phrenic nerve conduction study

Electrophysiological recordings (Biopac-MP 100; Biopac, Santa
Barbara, CA, USA) were performed as described previously
[11]. The active and reference surface Ag/AgCl disc electrodes
were used to record the phrenic nerve compound action
potential (CMAP) using the modified MACLEAN and MATTIONI
[12] technique. The active electrode was placed on the xiphoid
process, the reference electrode was placed on the ipsilateral
eighth intercostal space at the costocondral junction and the
ground electrode was placed on the sternum (Medelec, Oxford,
UK). The phrenic nerve was stimulated at a supramaximal
voltage by pressing deeply along the posterior margin of the
sternocleidomastoid muscle at the level of the cricoid cartilage.
The supramaximal stimulus consisted of a single square pulse
(intensity 10 V; duration 0.5 ms). At regular intervals it was
ensured that stimulation voltage remained supramaximal. The
recorded signals were then rectified and electrically integrated.
The sampling rate was chosen as 20,000 samples-s™. The
amplitude from the baseline to the negative peak, the duration
and the latency of CMAP were measured.

Needle electromyography of the diaphragm

The monopolar needle electrode (Biopac-EL; Biopac) was
inserted under the lower costal margin between the anterior
axillary and mid-clavicular line. The reference electrode was
placed on the adjacent costal margin and the ground electrode
was placed on the sternum (Medelec). Insertional activity,
spontaneous activity (fibrillation potential, positive sharp-
wave and fasciculation), motor unit recruitment pattern, motor
unit action potential (MUP) and morphology (peak-to-peak
amplitude, total duration and MUP n-10 s'l) were evaluated
quantitatively in resting state [13, 14].

Histopathological examination

The diaphragmatic specimens were snap-frozen in isopentane,
cooled in liquid nitrogen and stored at -70°C. Cryostatic
sections were cut at 6 pm and processed using conventional
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histological methods, including haematoxylin-eosin staining,
Gomari’s trichrome, periodic acid-Schiff, oil red O, cytochrome
oxidase, succinate dehydrogenase NADH, adenosine tripho-
sphatase (pH 9.8), acid phosphatase and nonspecific esterase.
The slides were then examined using light microscopy.

The phrenic nerve specimens were immediately fixed in
Karnovsky’s fixative and post-fixed in 1% osmium tetroxide.
Light microscopic analysis was performed using epon-
embedded 1-pum sections stained with toluidine blue.

Statistical analysis

After documenting the normal distribution by Kolmogorov-
Smirnov, data were presented as means +sD, analysed using
ANOVA for the two factors (group and time) repeated
measures and the Tukey post hoc test. Statistical significance
was accepted when p-values were <0.05.

RESULTS

In the sepsis group, the rats manifested malaise, fever, chills,
piloerection, ocular exudates and diarrhoea. The mice in the
sepsis group became progressively more lethargic and moved
about less. The rats were also tachypnoeic, and some had
apparent respiratory distress. One rat died in <24 h and three
rats died in <7 days after CLP, secondary to respiratory arrest.
These animals were excluded from the study. When sacrificed
7 days after CLP, the peritoneal cavity typically contained 1-
2 mL of cloudy fluid. The caecum was inflated and gang-
renous, and the puncture holes were visible. The liver and
kidneys were engorged with blood, but the bowel was not
markedly altered. Each animal had an intra-abdominal
abscess, which was walled off.

Electrophysiology

Phrenic nerve conduction study

In the sham group, the amplitudes, durations and latency of
CMAP remained unchanged throughout the study.

In the sepsis group, the amplitudes of CMAP decreased
significantly to 8.99+0.81, 7.83+0.89 and to 6.15+1.31 mV
(after 6 and 24 h, and on day 7, respectively), compared with
pre-operative values (p=0.012, p=0.0001 and p=0.0001,
respectively; fig. 1a). The duration of CMAP steadily pro-
longed to 2.64+0.39, 3.204+0.69 and to 3.51+0.70 ms (after 6
and 24 h, and on day 7, respectively), compared with pre-
operative levels (p=0.006, p=0.0001 and p=0.0001, respec-
tively; fig. 1b). The latency of CMAP was significantly
prolonged to 0.52+0.13, 0.64+0.15 and to 0.69+0.16 ms (after
6 and 24 h, and on day 7, respectively), compared to pre-
operative levels (p=0.0001 at all time points; fig. 1c).

Diaphragmatic needle electromyography
In the sham group, the amplitudes, durations and the number
of MUP remained unchanged throughout the time-course.

However, in the sepsis group, the amplitudes of MUP
increased significantly to 2.59+0.57 mV and continued to
increase to 3.00+0.97 and 3.24 +1.05 mV (after 6 and 24 h, and
on day 7, respectively), without any significant accompanying
spontaneous activity when compared with the pre-operative
levels (p=0.005, p=0.002 and p=0.001, respectively; fig. 2a).
The corresponding duration of MUP steadily prolonged to
13.32+1.73 and 17.00+2.40 ms (after 6 and 24 h, respectively)
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FIGURE 1. Compound action potential amplitudes of a) amplitude, b) duration
and c) distal latency of the sham (@) and sepsis (H) groups with regard to time.
CLP: caecal ligation and puncture. *: p=0.012; ¥: p=0.0001; /: p=0.006 compared
with pre-CLP values; *: p=0.001; % p=0.0001; *#: p=0.06; ": p=0.005; **:
p=0.037 compared with the sham group.

and then drove to a plateau on day 7 (17.58 +2.43 ms) when
compared with the pre-operative levels (p=0.0001 at all time
points; fig. 2b). The number of the MUP was significantly
decreased to 42.60+1.89 after 6 h, and then sustained up to
24 h (42.0+2.82) and on day 7 (42.6+1.89), when compared
with the pre-operative levels (p=0.004, p=0.004 and p=0.001,
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FIGURE 2. Motor unit action potential amplitudes of a) amplitude, b) duration
and c) number in a 10-s period of the sham (®) and sepsis (W) groups with regard
to time. CLP: caecal ligation and puncture. *: p=0.05; ¥: p=0.002; *: p=0.001; ##:
p=0.0001; **: p=0.004 compared with the pre-CLP values; § p=0.028; ’:

1.

p=0.012; "": p=0.0001 compared with the sham group.

respectively; fig. 2c). The morphological changes in CMAP and
MUP are shown in figure 3.

Histopathology

In the sham group, the diaphragm (fig. 4a) and phrenic nerve
exhibited a normal appearance. However, in the sepsis group,
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FIGURE 3. Morphology of motor unit action potential (MUP) recordings of the
diaphragm muscle (sweep time 40 ms) and compound action potential (CMAP)
recordings of the phrenic nerve in the sham (a, b) and sepsis (c, d) groups on the
7th day.

histopathological examination of the diaphragm showed accu-
mulation of neutrophils and macrophages within the abdom-
inal surface of diaphragm (fig. 4b). Clusters of inflammatory cells
were present adhering to the wall of post-capillary venules and
infiltrating the perivascular space of the muscle. The muscular
fibres appeared normal (fig. 4c). Histopathological examination
of the phrenic nerves revealed normal structure, except focally
slight myelin degenerations, which characterised disruption
and separation of the myelin lamella (fig. 5a). The intramus-
cular nerve fibres appeared normal (fig. 5b).

DISCUSSION

In the present study, sepsis induced electrophysiological
abnormalities of the diaphragm in rats during a time-course
study. Apparently, these electrophysiological abnormalities
were present as early as 6 h after CLP procedure.

The CLP procedure was used to induce sepsis and investigate
the electrophysiology of the diaphragm in these conditions.
The CLP procedure, as well as lipopolysaccharide administra-
tion, is a commonly used model in the study of sepsis [15]. The
CLP procedure involves a focal infection with more sustained
exposure to the biological determinants of sepsis and may be
closer to the clinical situation and, therefore, of greater
relevance. In a previous experimental study, sepsis induced
by either CLP procedure or lipopolysaccharide injection in rats
elicited damage to the respiratory musculature [8].

Electrophysiological investigations, including needle electro-
myography of the diaphragm and phrenic nerve conduction
studies, are useful to characterise and differentiate the
neuropathical and myopathical involvement of the diaphragm.
Here, needle electromyography of the diaphragm and the
phrenic nerve conduction findings were consistent with
phrenic nerve neuropathy. It was interesting to note that
electrophysiology revealed no clear findings consistent with
diaphragmatic myopathy. This is surprising, because it is
generally found that sepsis also predisposes to myopathy. This
can be explained by the similarity of their electophysiological
features and the difficulty in separating the two entities.
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FIGURE 4. Histological slides showing: a) the normal appearance seen in the
sham group; b) accumulation of neutrophils and macrophages on the abdominal
surface of the diaphragm in the sepsis group; and c¢) normal structure of the
diaphragm muscle in the sepsis group. Scale bar=50 um.

The electrophysiological findings presented here show differ-
ent patterns of neuropathy, including axonal neuropathy
and demyelinating neuropathy. An axonal neuropathy is

VOLUME 26 NUMBER 4 689
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FIGURE 5. Histological slides showing: a) the phrenic nerve with focally slight
myelin degenerations indicating disruption and separation of the myelin lamella in
the sepsis group; and b) normal structure of the intramuscular nerve fibres. Scale
bar=20 pm.

characterised by the finding of preserved latency with
diminished action potentials. In demyelinating neuropathy,
the conduction time is prolonged while the action potential
may be reduced or normal in amplitude [16]. The current
findings show reduced CMAP amplitudes and scattered
fibrillation potentials, indicating axonal changes of the phrenic
nerve. In addition, the findings also show prolonged CMAP
durations and latencies combined with reduced MUP numbers
and recruitment patterns, indicating demyelinating changes of
the phrenic nerve. Overall, these electrophysiological findings
strongly suggest a phrenic nerve neuropathy during the time-
course of sepsis. Most strikingly, the electrophysiological
abnormalities were present at 6 h and became worse at 24 h
and on day 7. In fact, no data are available, in the current
literature, which allows comparison between the present
results and others performed in vivo in the diaphragm during
the time-course of sepsis. However, the time-course found
agrees with previous data reported by BoczKOwskI et al. [17].
These authors observed inflammatory cell infiltration at 6 h in
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the diaphragm, and diaphragmatic force reduction at 12 h after
lipopolysaccharide inoculation, in a 48-h time period.

Only a few studies have investigated the electrophysiology of
the respiratory musculature in sepsis [18-21]. ZIFKoO et al. [19]
investigated the respiratory electrophysiology in ICU patients
as part of critical illness polyneuropathy. ZIFko et al. [19] found
axonal degeneration and denervation of the phrenic nerve, and
reported that diaphragmatic involvement was common in ICU
[19]. ZOCHODNE et al. [20] studied respiratory electrophysiology
in ICU patients, but the nature of the phrenic nerve neuropathy
was not described in detail. WITT ef al. [21] documented a
reduction of the compound diaphragm action potential and
primary axonal nerve degeneration. In these studies, most of
the patients had sepsis either as a primary disease or as a
complication during the course of their stay in ICU. However,
it is generally accepted that the aetiology of neuropathy in
critically ill patients is multifactorial and more than one factor
may be responsible in any given patient. For instance, the
neuromuscular blocking agents, steroids and antibiotics, which
are used commonly in ICU, have also been implicated in
inducing polyneuropathy or several types of myopathy [22]. In
fact, it is difficult to compare the present results with the data
published by these authors because the conditions of ICU
patients are quite different and more complex. However, two
lines of evidence are in agreement with the current findings.
First, these studies primarily found phrenic nerve neuropathy.
Secondly, the aetiological factor responsible for the neuropathy
seemed to be sepsis. The present experimental sepsis model
testified sepsis as the only aetiological factor. In this regard, the
current findings reflect a true sepsis model inducing phrenic
nerve neuropathy.

There has been much debate as to the incidence and nature of a
myopathy, which may occur independently or in association
with neuropathy in critically ill patients, and the role that
electrophysiological testing and muscle biopsy may play in
differentiating myopathy from neuropathy [19]. There is
increasing evidence that myopathy may coexist with neuro-
pathy [23-25]. BEDNARIK et al. [26] found significant over-
lapping of several pathogenic components of neuromuscular
involvement, including axonal motor neuropathy, sensory
neuropathy and myopathy in critically ill patients by electro-
physiological and histological examinations. TROJABORG et al.
[27] concluded that myopathy was much more common than
polyneuropathy in critical illness. However, these studies have
relied on electrophysiological measurements of limb nerve and
muscle and have not utilised the techniques of needle electro-
myography of the diaphragm and phrenic nerve conduction
study, which tests the respiratory system more precisely.

In order to ascertain whether the electrophysiological proper-
ties were associated with corresponding alterations in mor-
phological signs of diaphragm muscle and phrenic nerve,
histopathological examinations were also carried out. The
muscle biopsy revealed no definite myopathical changes.
However, the phrenic nerve biopsy showed focally slight
myelin degenerations, indicating disruption and separation of
the myelin lamella. Absence of a clear relationship between
electrophysiological abnormalities and biopsy findings have
also been reported by others [26-28]. Another possible explan-
ation would be the fact that the present histopathological
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findings apply only to a single time point. It can be speculated
that the histopathological abnormalities may not yet appear on
day 7, as biopsies consistent with myopathy and/or neuro-
pathy were taken during the 4-5th week of critical illness [26-
29].

In the present study, the rats became tachypnoeic and some
had respiratory distress following CLP. The symptoms
increased with time and caused respiratory arrest in some
rats. As has been described in animal models, the work of
breathing and energy demands of respiratory muscles remark-
ably increase in sepsis. Energy supply to the respiratory
muscles, however, does not meet the demands. This can be
explained by the reduction of cardiac output and blood
pressure accompanying septic shock, and the inability of
muscles to extract and use energy. Working under excessive
inspiratory load may predispose to muscle fatigue or even
muscle injury [8, 30, 31]. HUssAIN et al. [32] studied the
electromyography of the diaphragm and intercostal muscles,
and concluded that respiratory failure in sepsis was due to the
fatigue of the respiratory musculature. Whether high work
load affects the diaphragm muscle was beyond the scope of
this study, at least there were no definite myopathical
changes.

In conclusion, the development of specific strategies or agents
to decrease damage to respiratory musculature may possibly
become a critical therapeutic modality in the prevention and
treatment of respiratory failure. The current study showed
phrenic nerve neuropathy during sepsis in rats. The study also
showed how rapidly these neuropathical changes developed
during the time-course study. This should be taken into
consideration in the prevention and treatment of respiratory
failure in septic patients.
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