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Summary

Liposomal bupivacaine is a prolonged-release local anaesthetic, the neurotoxicity of which has not yet been deter-
mined. We used quantitative histomorphometric and immunohistochemical analyses to evaluate the neurotoxic effect
of liposomal bupivacaine after perineural and intraneural (extrafascicular) injection of the sciatic nerve in pigs. In
this double-blind prospective randomised trial, 4 ml liposomal bupivacaine 1.3% was injected either perineurally
(n = 5) or intraneurally extrafascicularly (n = 5). Intraneural—extrafascicular injection of saline (n = 5) was used as a
control. After emergence from anaesthesia, neurological examinations were conducted over two weeks. After harvest-
ing the sciatic nerves, no changes in nerve fibre density or myelin width indicative of nerve injury were observed in
any of the groups. Intraneural injections resulted in longer sensory blockade than perineural (p < 0.003) without per-
sistent motor or sensory deficit. Sciatic nerve block with liposomal bupivacaine in pigs did not result in histological
evidence of nerve injury.
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Introduction block and to reduce the risk of systemic and local tis-
Prolonged-release local anaesthetic formulations have sue toxicity/inflammatory reactions [1]. In the last two
been developed to extend the duration of sensory decades, a wide variety of formulations have been
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reported to extend the duration of brachial plexus [2],
intercostal [3] and epidural blocks [4]. However, their
adoption into clinical practice has been slow because
of concerns over potential neurological and tissue
toxicity [5].

Liposomal bupivacaine (DepoFoam bupivacaine;
Exparel, Pacira Pharmaceuticals, Inc., San Diego, CA,
USA) is a recent formulation that contains bupivacaine
encapsulated in multivesicular liposomes. The lipo-
somes consist of non-concentric bilayer lipids that
increase the drug’s stability and extend its duration of
action [6]. To date, liposomal bupivacaine has been
used extensively for soft tissue infiltration [7-9]. A
recent pharmacokinetic study showed that liposomal
bupivacaine exhibited bimodal kinetics with rapid
uptake during the first few hours and prolonged
release over 96 h [10]. Such drug characteristics can be
useful in peripheral nerve blocks as an alternative to
indwelling catheters.

Liposomal bupivacaine’s neurotoxicity is relevant
to clinical practice since new pharmacological agents
must be subjected to toxicity testing before their wide-
spread use. In recent studies of brachial plexus block-
ade in rabbit and dog models, neurotoxicity has not
been demonstrated [11]; however, the haematoxylin-
eosin staining used did not allow a detailed evaluation
of nerve anatomy. A study using a unifascicular rat
nerve model [12], in spite of using high-resolution
light microscopy, was suboptimal because of a paucity
of connective tissue within the epineurium. Therefore,
intraneural injections into these nerves could have a
higher chance of intrafascicular injection. In contrast,
most intraneural injections in humans appear to occur
between the fascicles, as the advancing needle is more
likely to traverse the nerve through the connective tis-
sue between the fascicles of a multifascicular nerve
[13]. To come as close as possible to clinical settings with
standard equipment for regional anaesthesia, we have
chosen a porcine nerve model [14], similar to humans
with respect to its polyfascicular pattern and its ratio of
neural (i.e. axonal tissues, fascicles) to non-neural (i.e.
connective) tissue and consequent susceptibility to
injury.

Our primary aim was to assess the neurotoxic
effect of liposomal bupivacaine on the sciatic nerve

after perineural and intraneural (extrafascicular)

injection, using quantitative histomorphometric and
immunohistochemical analyses. Our secondary aim
was to evaluate sensory and motor dysfunction from
injection of liposomal bupivacaine.

Methods

After approval of the Review Board for Animal
Research (No. U34401-28/2013/77) and in accordance
with Slovenian Governmental regulations and the
ARRIVE guidelines, 15 pigs (13 female and two
castrated male hybrids from landrace and large white,
with mean (SD) weight 20 (2) kg, purchased from a
local farm) were included in the study. All had been
vaccinated against mycoplasmosis 4-6 weeks before
the experiment and were free of swine fever, Aujeszky
disease, porcine respiratory and reproductive syn-
drome, and salmonellosis. The pigs were fed twice a
day with a commercial pig diet. Water was provided
ad libitum. A 12-h light-dark cycle was provided.

The animals were premedicated with intramuscu-
lar midazolam 0.5 mgkg ', butorphanol 0.5 mgkg '
and ketamine 10 mgkg ' in a warmed, straw-bedded
pen. All procedures were performed between 08.00
and 15.00. An intravenous catheter was placed, and
anaesthesia was induced in an operating theatre with
propofol. After jaw relaxation, the trachea was intu-
bated and connected to the breathing system. Anaes-
thesia was maintained with isoflurane in 50:50 oxygen:
air mixture, and non-invasive blood pressure, oxygen
saturation, end-tidal CO, concentration, inspiratory
and expiratory isoflurane concentration, oesophageal
temperature and ECG were continuously monitored.

The animals were placed in the right lateral
recumbent position, then their left sciatic nerves were
exposed between the superficial gluteus and the biceps
femoris muscles (Fig. 1). They were randomly assigned
to one of three groups (5 per group) using a compu-
ter-generated sequence with sealed envelopes. The first
group received an injection of 4 ml liposomal bupiva-
caine 1.3% perineurally, the second group received
4 ml liposomal bupivacaine 1.3% intraneurally—ex-
trafascicularly, whereas the third group (control)
received 4 ml saline intraneurally and extrafascicularly.
The injections were performed under direct vision. For
perineural injections, the needle bevel was placed out-
side the external epineurium to inject liposomal
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Figure 1 Surgical exposure of the sciatic nerve (ScN)
using blunt dissection between the superficial gluteus
(SG) and the biceps femoris (BF) muscles.

bupivacaine around the nerve, whereas for intraneural
injections, the needle was inserted under the external
epineurium. To decrease the risk of intrafascicular
injection and to prevent needle-nerve trauma with
consequent inflammatory reaction [15], injection pres-
sure monitoring and electrical nerve stimulation were
employed. If, during needle insertion, an evoked motor
response was elicited at < 0.3 mA [16] or injection
could not commence with injection pressure
< 104 kPa [17-19], the injection was re-attempted
after the needle was repositioned.

Insulated 22-G, 5-cm-long, short-bevelled, nerve
block needles (Stimuplex A; B. Braun Melsungen AG,
Melsungen, Germany) were used. Drugs were injected
by an automated infusion pump (PHD 2000; Harvard
Apparatus, Holliston, MA, USA), at a speed of
10 ml.min~' [20]. Data were acquired with an in-line
manometer (PG5000; PSI Tronics Technologies, Inc.,
Tulare, CA, USA) coupled to the computer via an ana-
logue-digital conversion board and placed proximal to
the needle in line with a non-distensible high-
durometer polyvinylchloride injection tubing (2.1-m
arterial pressure tubing, Abbott Critical Care Systems;
Abbott Laboratories, North Chicago, IL, USA). The
site of injection was marked with a suture, the muscle
tissue was approximated, and the wound was closed.
Time from induction to extubation was approximately
60 min. Pre-surgical antibiotic prophylaxis with amox-
icillin-clavulanic acid 9 mgkg ' was given intramuscu-
larly 30 min before the procedure and then orally once
a day for the following 10 days. Postoperative analge-

sia was provided with butorphanol 0.5 mgkg '
administered intramuscularly 4 h, 8 h and 12 h after
the end of anaesthesia. Recovery was in a warmed,
straw-bedded pen. Veterinary doctors did not recog-
nise any signs of discomfort and pain (agitation, vocal-
isation, strange behaviour) in the postoperative period.

Gross motor and sensory functions were evaluated
before and after the experiment (at 2-h intervals for
the first 12 h after the injections and daily thereafter).
Neurological examinations were conducted by a
blinded observer using the modified Thalhammer’s
neurological examination [21], including presence and
severity of: paresis (0 absent; 1 slight paresis; 2 moder-
ate paresis; 3 severe paresis; 4 flaccid extremity); ataxia
(0 no ataxia; 1 slight ataxia; 2 moderate ataxia; 3
severe ataxia); and nociception (0 no withdrawal reac-
tion of the pinched extremity (performed with haemo-
static clamp), no vocalisation; 1 barely perceptible
withdrawal reaction, no vocalisation; 2 slow withdrawal
reaction, no vocalisation; 3 slower (weaker) withdrawal
reaction, vocalisation; 4 normal (brisk) withdrawal
reaction, vocalization).

After two weeks, the pigs were killed with T-61
euthanasia solution (1 ml containing embutramid
200 mg, mebezonium iodide 50 mg and tetracaine
hydrochloride 5 mg; Hoechst GmbH, Munich, Ger-
many) under general anaesthesia. Their left sciatic
nerves were excised proximal and distal to the injec-
tion site to obtain 1.5-cm-long specimens. The nerve
specimens were divided into three sections taken: (1)
from the injected region (marked with the suture) and
fixed for high resolution light microscopy; (2) more
distally and placed in liquid nitrogen (at —80°C) for
immunohistochemical analysis; and (3) from the most
distal region and placed in RNA Stabilization Reagent
(RNAlater; Qiagen, Hilden, Germany) for quantitative
polymerase chain reaction (PCR). The contralateral
right sciatic nerves were also resected (1.5-cm-long
section) to yield nerve tissue that was neither exposed
to drug nor traumatised by the needle (negative con-
trol). These were also divided into three parts and pre-
pared in the same way. All specimens were numbered,
and key numbers were kept in sealed envelopes to
ensure blinding.

The nerve samples were processed for Epon-
embedding and fixed in Karnovsky’s KII Solution
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(glutaraldehyde 2.5%, paraformaldehyde 4.0% in 0.1 M
sodium cacodylate buffer, pH 7.4), post-fixed in 1:1
solution of aqueous osmium tetroxide 2% and potas-
sium ferrocyanide 3%, dehydrated in graded ethanol
solutions and propylene oxide, and infiltrated with
Epon mixtures. Cross-sections (0.5 pm) were cut and
stained with toluidine blue and captured by a digital
camera (DXM1200F; Nikon, Tokyo, Japan) connected
to the microscope (Eclipse E800; Nikon).
Morphometric analysis was performed using the
Ellipse program (ViDiTo, version 2.0.7.1, 2004, Kosice,
Slovakia). The entire nerve image and the outer border
of the fascicles were delineated at low magnification.
Next, the inner areas of three randomly selected fasci-
cles were analysed. The outer border of the nerve
fibres and the inner border of myelin were circum-
scribed (Fig. 2a and b). Morphometric software
assessed: (1) percentage of fascicle area per nerve; (2)
number and density of nerve fibres; (3) percentage of
large fibres per nerve; (4) nerve fibre diameter; (5)
axon diameter; and (6) myelin width. A single histolo-
gist blinded to group assignment analysed the images.
Frozen specimens were used to study lymphocytes
with CD45 antibody (CD45RA; AbDSerotec, Oxford,
UK), macrophages with CD14 antibody (MCA1218;
AbDSerotec), and monocytes and granulocytes with
Anti-Monocyte + Granulocyte (ab24991;
Abcam, Cambridge, UK). Cross-sectional nerve areas

antibody

were captured from all stained serial sections. For each
specimen, inflammatory cells were counted in five

sections separated by 1 mm, and expressed as mean of
immunopositive cells per mm?® The numbers of
immunopositive cells from the three stainings were
summed (overall count).

Total RNA, extracted with the TRIzol Reagent
(Ambion, Life Technologies, Paisley, UK), was rever-
sely transcribed with a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Warrington,
UK). Quantitative PCR was performed on an ABI
PRISM SDS 7500 (Applied Biosystems) using TaqMan
chemistry (TagMan Universal PCR Master Mix) and
the following Gene Expression Assays: TNF-o
(Ss03391318_gl1), IL-6 (Ss03384604_ul) and P-actin
(Ss03376081_ul) for the internal control. Starting con-
centrations of target and reference (P-actin) mRNA
were calculated with respect to efficiency of PCR with
the aid of the LinRegPCR computer program [22].

Statistical analysis was performed with the Statisti-
cal Package for the Social Sciences (SPSS, version 19,
2011, Chicago, IL, USA). Four animals per group were
required for power 0.80 to detect a decrease in fibre
density of more than 30% (6000 fibres per mm?) with
a standard deviation of 2000 fibres per mm?* [23]. All
histomorphometric parameters, the overall count of
immunopositive cells, and duration of blockade were
compared between the groups using ANOVA. Statisti-
cally significant differences in sample means were fur-
ther evaluated by Dunnett tests, and the corrected
p values were reported. Due to the small sample size, a
stringent value of < 0.01 was considered as statistically

Axon diameter

Myelin thickness

Figure 2 Histomorphometric analysis of the sciatic nerve. Staining with toluidine blue. Scale bar: 50 pum. (a) Cross-
section of the sciatic nerve 14 days after intraneural (extrafascicular) injection of liposomal bupivacaine demonstrat-
ing no pathological changes of nerve structure. The outer border of large (red) and small (green) nerve fibres were
circumscribed. (b) In large fibres, the inner border of myelin was circumscribed (yellow). Using morphometric soft-
ware, several parameters were assessed: (1) percentage of fascicle area per nerve; (2) number and density of nerve
fibres; (3) percentage of large fibres per nerve; (4) nerve fibre diameter; (5) axon diameter; and (6) myelin width.
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significant in all comparisons. The extent of neurologi-
cal impairment after nerve blockade was presented
with descriptive statistics only.

Results

All animals successfully completed the experiment and
had uneventful post-surgical recovery and weight gain.
There were no signs of local or systemic infection in
any of the animals.

No changes in nerve fibre density or myelin width
indicative of nerve injury were observed (Fig. 2a). The
groups did not differ in any of the histomorphometric
variables (Table 1). The calculated axon-myelin ratio
(G-ratio) was approximately 0.4 in all groups.

The inflammatory response was minimal (Fig. 3).
The predominant types of cells were lymphocytes
(Table 2) observed only interfascicularly with no signs
of perineural infiltration.

The groups did not differ in cytokine mRNA
content (Fig. 4).

Mean (SD) duration of sensory blockade was
longer after intraneural than after perineural injection
of liposomal bupivacaine (12.2 (0.4) h vs 9.2 (1.8) h,
respectively, p = 0.003). Intraneural injection of saline
resulted in sensory deficit lasting 1.6 (0.9) h. Duration
of motor blockade did not differ between intraneural
(10.0 (2.0) h) and perineural injection of liposomal
bupivacaine (7.2 (1.8) h). In one animal that received

an injection of liposomal bupivacaine intraneurally,
slight paresis without sensory deficit was observed
longer than 24 h, with full recovery within 48 h. Thus,
no injections resulted in a persistent motor or sensory
deficit throughout the study period (Fig. 5).

Discussion
Our study found no histological evidence of neurotoxi-
city following sciatic nerve block with liposomal bupi-
vacaine. The G-ratio is species-specific and does not
indicate nerve injury, especially since there was no dif-
ference among the groups. In a rodent model, for
instance, its normal value is 0.6 [24, 25]. A higher
value indicates a decreased amount of myelin and sub-
sequent demyelisation as a predominant type of injury,
while a lower value indicates axon atrophy or axo-
notmesis [25].

A pronounced inflammatory response after intra-
neural injection can occur independently of any struc-
(14],

function by a release of toxic mediators via macro-

tural lesion which may alter neurological
phages [26]. A slight interfascicular accumulation of
inflammatory cells was observed only in the liposomal
mRNA

(TNF-a, IL6) were also detected in non-injected speci-

bupivacaine samples; however, cytokines
mens where no inflammatory cells were observed, per-
haps the result of systemic inflammation or surgery

[27]. Additional studies are indicated using higher

Table 1 Percentage of fascicle area per nerve, total fibres per nerve, fibre density in fascicles, fibre area in fascicles,
percentage of large fibres per nerve, large fibre diameter, axon diameter and myelin width 14 days after intraneural
(extrafascicular) and perineural injections of liposomal bupivacaine and intraneural (extrafascicular) injections of sal-

ine. Values are mean (SD).

Percentage
of fascicle  Total number Fibre density
area of fibres in fascicles;
Type of injection per nerve per nerve fibres.mm?
Intraneural 47.5 (10.6) 29817 (10838) 15074 (7018)
liposomal
bupivacaine
Perineural 54.5 (8.3) 34527 (14516) 15015 (5572)
liposomal
bupivacaine
Intraneural saline  56.3 (7.6) 33051 (20870) 12254 (3008)
Negative control  54.2 (3.7) 37218 (20870) 15212 (7267)
(non-injected)
p value 0.059 0.843 0.214

There was no statistically significant difference among groups.

1422

Percentage Large
Fibre area of large fibre Axon Myelin
in fascicles; fibres diameter; diameter; width;
pm? per nerve  pm pm pm
34.1 (16.2) 50.8 (17.1) 8.9 (2.1) 3.7 (2.0 2.6 (0.5)
24.1 (4.0)  65.4(19.1) 8.3(1.6) 3.1(0.3) 2.6 (0.7)
29.1(9.3) 67.7(15.7) 9.0 (0.9) 3.5 (0.6) 2.7 (0.6)
30.2(13.4) 61.4(21.9) 8.8(1.4) 3.5(1.0) 2.6 (0.4)
0.100 0.450 0.905 0.844 0.990
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Figure 3 Cross-section of the left sciatic nerve 14 days after (a) intraneural (extrafascicular) and (b) perineural injec-
tion of liposomal bupivacaine and (c) intraneural (extrafascicular) injection of saline, demonstrating minimal lym-
phocytes (arrows) infiltration. (d) no lymphocyte infiltration was demonstrated in cross-section of right sciatic nerve
(negative control). Immunoreactivity for CD45 (lymphocytes) is presented. Scale bar: 100 pm.

Table 2 Number of immunopositive cells 14 days after intraneural (extrafascicular) and perineural injections of
liposomal bupivacaine and intraneural (extrafascicular) injection of saline. Values are mean (SD).

Total number of

immunopositive cells; Lymphocytes; Macrophages; Granulocytes;
per mm? per mm? per mm? per mm?
Intraneural liposomal 23 (6) 12 (5) 7 (3) 5@3)
bupivacaine
Perineural liposomal 23 (7) 13 (4) 8 (3) 3(2)
bupivacaine
Intraneural saline 10 (6) 8 (5) 2 (1) 1(1)
p value* 0.012 0.158 0.011 0.008
p valuet 0.008 0.135 0.003 0.190

*Comparison between intraneural liposomal bupivacaine and intraneural saline.
+tComparison between perineural liposomal bupivacaine and intraneural saline.

liposomal bupivacaine dosages, as these may be rele-
vant for patients with poor peripheral circulation
where longer exposure to higher concentrations may
result in more inflammatory changes.

We found that sensory block was longer for intra-
neural injections compared with perineural injections;
however, none of the animals developed persistent
neurological deficit. This is consistent with previous
results using a canine model [28, 29], where pro-
longed sensory block without residual functional
impairment was observed after intraneural injection
under low injection pressure. Longer duration of neu-

ral blockade after intraneural injections [30-33] can
be explained by longer exposure of nerve fascicles to a
relatively higher concentration of local anaesthetic
[34] distributed in anatomical space with lower sys-
temic absorption and slower dilution by interstitial
fluid.

The average duration of sensory block after liposo-
mal bupivacaine injection of approximately 12 h was
shorter in our study than in preliminary clinical studies
[35, 36]. In a recent case report, a prolonged intercostal
block duration of 96 h was observed after liposomal
bupivacaine administration [37]. A dose-dependent
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Figure 4 Mean transcript levels (QPCR) of TNF-a (black bars) and IL-6 (white bars) following intraneural (extrafasci-
cular) and perineural injection of liposomal bupivacaine and intraneural injection (extrafascicular) of saline. B-Actin
was used as the endogenous control. Error bars = SD. No statistically significant difference between groups.
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Figure 5 (a) Motor block after intraneural (extrafascicular) (black bars) and perineural injection (grey bars) of lipo-
somal bupivacaine and intraneural (extrafascicular) injection of saline (white bars). 0 no paresis; 1 slight paresis; 2
moderate paresis; 3 severe paresis; 4 flaccid extremity. (b) Sensory block after intraneural (extrafascicular) (black
bars) and perineural injection (grey bars) of liposomal bupivacaine and intraneural (extrafascicular) injection of sal-
ine (white bars). 0 no withdrawal reaction of the pinched extremity, no vocalisation; 1 barely perceptible withdrawal
reaction, no vocalisation; 2 slow withdrawal reaction, no vocalisation; 3 slower (weaker) withdrawal reaction, vocali-
sation; 4 normal (brisk) withdrawal reaction, vocalisation.
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study of femoral blocks revealed partial sensory and
motor blocks lasting longer than 24 h after the high-
est doses of liposomal bupivacaine used, with sizeable
inter-subject variability [35]. Epidurally administrated
liposomal bupivacaine in doses up to 266 mg resulted
in a sensory block of 69 h [36] with an acceptable
mean plasma concentration of < 250 ng.r1 [38, 39].
As our focus was on neurotoxicity and not on the
characteristics of the sensory-motor blockade, gross
sensory-motor testing was performed to detect overt
neurologic deficit rather than subtle sensory blockade.
Also, we used a lower dose of liposomal bupivacaine
(approximately 2.6 mgkg ' or 53 mg) compared with
doses used in studies in humans [35, 36]. Most
importantly, we used an open surgical model where
retraction of the surrounding tissue for adequate nerve
exposure resulted in some spillage of liposomal bupiva-
caine into the surrounding tissue. Longer exposure of
the nerve in a closed model may be essential for
prolonged blockade.

Our study has several important limitations. First,
although our surgical approach was minimised to pre-
vent nerve tissue trauma, disruptions of anatomical
relationships after dissection were inevitable. Second,
the open model we used resulted in drug leakage
around the surrounding muscles and fascia, decreas-
ing the exposure to liposomal bupivacaine, which
could also account for the shorter block duration.
Third, subtle neurological impairment and/or symp-
toms such as transient paresthesia/dysesthesia in ani-
mals may be difficult to detect. Fourth, avoidance of
intrafascicular injection was essential in our study to
avoid iatrogenic fascicular injury. To decrease the risk
of an intrafascicular injection, we avoided injections
when nerve stimulation occurred at < 0.3 mA
(0.1 ms) or when injection could not be initiated with
opening injection pressure < 104 kPa. However, nerve
stimulation may not be entirely predictable in defin-
ing intraneural versus extraneural injection [40]. Like-
wise, the sensitivity of the opening injection pressure
to detect an intrafascicular injection in this model is
now known. Finally, our data do not mean that
higher doses of liposomal bupivacaine do not carry a
risk of neurological damage, or that similar doses will
not cause neurological damage in a much larger
study.
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