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Abstract
The effect of local anesthetics, particularly those which are hydrophilic, such as tetrodotoxin, is impeded by tissue barriers that
restrict access to individual nerve cells. Methods of enhancing penetration of tetrodotoxin into nerve include co-administration
with chemical permeation enhancers, nanoencapsulation, and insonation with very low acoustic intensity ultrasound and
microbubbles. In this study, we examined the effect of acoustic intensity on nerve block by tetrodotoxin and compared it to
the effect on nerve block by bupivacaine, a more hydrophobic local anesthetic. Anesthetics were applied in peripheral nerve
blockade in adult Sprague-Dawley rats. Insonation with 1-MHz ultrasound at acoustic intensity greater than 0.5W/cm2 improved
nerve block effectiveness, increased nerve block reliability, and prolonged both sensory and motor nerve blockade mediated by
the hydrophilic ultra-potent local anesthetic, tetrodotoxin. These effects were not enhanced by microbubbles. There was minimal
or no tissue injury from ultrasound treatment. Insonation did not enhance nerve block from bupivacaine. Using an in vivo model
system of local anesthetic delivery, we studied the effect of acoustic intensity on insonation-mediated drug delivery of local
anesthetics to the peripheral nerve. We found that insonation alone (at intensities greater than 0.5 W/cm2) enhanced nerve
blockade mediated by the hydrophilic ultra-potent local anesthetic, tetrodotoxin.
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Abbreviations
TTX Tetrodotoxin
S1SCB Site-one sodium channel blocker
PBS Phosphate-buffered saline
CPE Chemical permeation enhancer

Introduction

Administration of anesthetics locally to peripheral nerves (i.e.,
peripheral nerve blocks) can be an effective adjunct to periop-
erative pain management and can significantly reduce the use
of systemic therapies, such as opioids [1]. The effect of local
anesthetics on the function of axons is impeded by tissue
barriers, which are ill-defined but can include the surrounding
connective tissues, the various nerve sheaths (e.g., epineuri-
um), and the perineural cells connected by tight junctions that
limit cellular permeability [2]. The effect of these barriers is
much more marked on hydrophilic than amphiphilic local
anesthetics [3], such as site-one sodium channel blockers
(S1SCBs). S1SCBs, which include tetrodotoxin (TTX) and
the saxitoxins, are ultra-potent hydrophilic local anesthetics
[3–5] and are beginning to be introduced into clinical use [6,
7]. The local anesthetic properties of S1SCBs are limited by
their hydrophilicity, such that only a very small fraction of a
perineurally injected dose penetrates to the surface of nerve
cells in a peripheral nerve. Methods of enhancing penetration
of TTX into nerve can greatly improve the frequency and
duration of successful nerve block. Such methods have
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included co-administration with chemical permeation en-
hancers [8, 9] or nanoencapsulation [10]. Here, we have hy-
pothesized that insonation may enhance the flux of local an-
esthetics, particularly hydrophilic ones, into the nerve and
therefore improve the resulting nerve blockade. We further
hypothesize that less hydrophilic local anesthetics would ben-
efit less from insonation. This study could inform our under-
standing of the differential effects of insonation on local drug
delivery to the peripheral nerve based on hydrophilic/
hydrophobic balance.

Ultrasound is acoustic waves at frequencies above the
range of human hearing. Both low (< 100 kHz) and high (>
1MHz) frequency ultrasound, or the combination of both, can
enhance drug delivery through biological barriers [11, 12].
While low frequency is the most widely studied (particularly
in the field of transdermal drug delivery), it may not be safe for
all applications [13].We have previously shown that high-
frequency (1 MHz) ultrasound at very low acoustic intensity
(0.0016 W/cm2) did not enhance TTX-mediated nerve block
unless the TTX is co-injected with lipid-based microbubbles
[14]. However, it has been reported that higher intensities of 1-
MHz ultrasound alone can improve diffusion of molecules
across skin in vitro [15]. Therefore, we investigated whether
increasing acoustic intensity could affect diffusion to the pe-
ripheral nerve, using nerve block as a metric.

Here, we explore whether at higher acoustic intensities
insonation can enhance nerve blockade with TTX, and the role
of microbubbles at higher ultrasound intensities. Using 1-MHz
frequency ultrasound, we examined the effect of increasing
acoustic intensity with and without microbubbles on TTX-
mediated nerve blockade and systemic side effects, including
local toxicity to the peripheral nerve and surrounding muscle.

Materials and methods

Animal care

Young adult male Sprague-Dawley rats (350–420 g) were ob-
tained from Charles River Laboratories (Wilmington, MA,
USA) and housed in groups of two per cage on a 7 A.M. to
7 P.M. light/dark cycle. All institutional and national guidelines
for the care and use of laboratory animals were followed.
Animals were cared for in compliance with protocols approved
by the Animal Care and Use Committee at Boston Children’s
Hospital, as well as the Guide for the Care and use of
Laboratory Animals of the US National Research Council.

Microbubble preparation

Microbubbles were prepared as described previously [14].
DSPC and DSPE-PEG2k (90:10, molar ratio) were combined
and then dissolved in chloroform. Chloroform was then

removed by evaporation under vacuum for 2 h. The lipids
were dissolved in a 100 mMTris buffer (pH 7.4) with glycerol
to propylene glycol (80:10:10, volume ratio) to create a lipid
concentration of 1 mM. The suspension was mixed well and
sonicated with a bath sonicator (20 kHz for 3 min), followed
by sonication by a probe sonicator (40 kHz, 16 s).
Fluorobutane gas was then slowly injected into a glass vial
for 20 s, and the glass vial was immediately capped.
Microbubble size and number-weighted size distribution were
determined using a Coulter counter as described [14]. Prior to
injection, microbubbles were diluted with phosphate-buffered
saline (PBS) to a final concentration of 1 × 107 per milliliter.

The microbubbles used in this study were larger (6.54 μm
± 3.35) than commercially available products (range 2–
4.9 μM) which are small because they are usually used as
intravenous ultrasound contrast agents (e.g., definity,
sonazoid, optison, perfluorocarbon-exposed sonicated dex-
trose albumin microbubbles (PESDA)). Larger commercially
available microbubbles, such as PESDA microbubbles, have
better enhancement of in vitro and in vivo gene delivery at
1MHz compared to smaller microbubbles [16].While the size
of microbubbles used as ultrasound contrast agents are limited
by capillary diameter (7–10 μm), this is not the case for local
delivery to the sciatic nerve.

Insonation

Two clinical ultrasound devices were used, both at a res-
onant frequency of 1 MHz in continuous mode. For
acoustic intensities of 0.1 W/cm2 or 0.5 W/cm2, an
Intelect Transport Ultrasound therapy unit model 2782
(Chattanooga Group Chattanooga, TN, USA) with a
2.52 cm diameter transducer was used. For 3 W/cm2, a
Newage Pocket Sonovit Portable ultrasound with a 4.5 cm
diameter transducer (New Age Medical Devices, Castel
Maggiore, Italy) was used. The acoustic pressure profiles
were calibrated using a needle hydrophone (HNC-200;
Onda). Transverse scans at 0.7 cm away from the probe
centers were acquired in degassed water to estimate the
pressure fields of the treated areas.

For the Chattanooga transducers, the highest acoustic peak
negative pressures measured in the field were 2.8 and
6.2 MPa, for Mode 0.1 W/cm2 and 0.5 W/cm2, respectively.
The acoustic profile at the treated plane is shown in SI
Figure 1A. The spatial average acoustic intensity was then
calculated as 0.1 and 0.5 W/cm2 (for Modes 0.1 W/cm2 and
0.5 W/cm2). The Newage probe at the operated parameters
produced a more focused field (SI Figure 1B) with a slightly
higher pressure at the peak (6.8 MPa, peak negative pressure).
The spatial average acoustic intensity was calculated as 0.6W/
cm2 (for Mode 3 W/cm2). Ultrasound parameters used for
experimentation are listed in Table 1.
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Determining device heating and change in skin
temperature following ultrasound treatment

To determine the potential for thermal effects secondary to
ultrasound treatment, we sought to estimate ultrasound probe
heating at 0.1, 0.5, and 3 W/cm2. The temperature of the
ultrasound probe was measured immediately prior to and im-
mediately after 5 min of continuous use. We measured the
temperature with an infrared visible thermometer (Grainger
Infrared Visible Thermometer, Model No.: TG165-NIST,
Lake Forest, IL, USA).

To determine change in skin temperature at or near the
sciatic nerve, rats were anesthetized using isoflurane in oxy-
gen and shaved to provide an adequate coupling surface for
ultrasound application. A flexible probe (Temperature K-Type
Thermocouple Probe Model HI766F, Hanna Instruments,
Woonsocket, RI, USA) of a thermocouple thermometer (K-
Type Thermocouple Thermometer Model HI935005, Hanna
Instruments, Woonsocket, RI, USA) was inserted 0.7 cm be-
low the surface of the skin, positioned near the greater tro-
chanter, at the level of the sciatic nerve. The probe diameter
was 1.5 mm.We then applied the ultrasound probe, directly to
the surface of the skin, and applied ultrasound as follows:
1 MHz at 0.1, 0.5, or 3 W/cm2, for 5 min. Please note that
the ultrasound probe used to deliver 0.1 and 0.5 W/cm2 was
2.52 cm in diameter, and the ultrasound probe used to deliver
3 W/cm2 was 4.5 cm in diameter. The temperature output at
the level of the greater trochanter was measured prior to and
immediately following continuous ultrasound application (at
either 0.1, 0.5, or 3 W/cm2) for 5 min. Six temperature mea-
surements were obtained at each acoustic intensity.

Preparation of test solutions

TTX (C11H17N3O8) stock solutions were made by dissolving
1 mg (> 98% purity, Abcam, Cambridge, MA, USA) in 10mL
of 20 mM citrate solution (pH 4.5). TTX was diluted in
300 μL of PBS to a concentration of 30 μM. Stock solutions
of bupivacaine hydrochloride (C18H28N2O) (Sigma Aldrich
St. Louis, MO, USA) were made in PBS to a concentration
of 1.23, 3.08, or 15.4 mM. Stock solutions of sulforhodamine

B, C27H30N2O7S2 (Sigma Aldrich St. Louis, MO, USA), were
made in PBS to a concentration of 10 mg/mL.

Sciatic nerve blockade technique

Rats were anesthetized using isoflurane in oxygen. The ani-
mal’s fur was removed from the entire left leg/hindquarter by
shaving. The skin surface was not degassed prior to experi-
mentation. The ultrasound transducer was held posteromedial
to the greater trochanter of the femur pointing in an
anteromedial direction for 5 min. Treatment duration varies
throughout the literature, and 5 min of continuous ultrasound
was chosen based on previous studies [14, 17]. Ultrasound gel
was used for coupling.

Injections were performed at the left sciatic nerve as de-
scribed [3, 18]. A 23-gauge needle was introduced
posteromedial to the greater trochanter of the femur pointed
in an anteromedial direction; 0.3 mL of test solution (drug,
saline, and/or microbubbles) was injected upon contacting
bone, depositing the drug over the sciatic nerve.

Groups of rats (N = 8) were injected at the sciatic nerve
with 30 μM TTX or PBS and then treated with ultrasound at
1 MHz for 5 min at differing acoustic intensities (0.1 W/cm2,
0.5 W/cm2, or 3 W/cm2). The concentration and dose of TTX
were selected so as to provide minimal nerve block (to max-
imize the potential to detect improvement) with minimal sys-
temic toxicity. PBSwas used as a control to assess the effect of
insonation in the absence of drug. The intensity of ultrasound
was limited to 3W/cm2 or less, the FDA limit to avoid thermal
injury [19, 20]. After treatment, rats underwent neurobehav-
ioral testing (see “Assessment of sciatic nerve blockade” sec-
tion) to determine the frequency of successful nerve block, the
duration of sensory (thermal nociception; perception of pain),
and motor (weight bearing) nerve block. Metrics of systemic
toxicity were assessed.

Assessment of sciatic nerve blockade

In all experiments, the person assessing sciatic nerve block
duration was blinded to what treatment the rat had re-
ceived. Neurobehavioral testing of nerve blockade was

Table 1 Ultrasound parameters used for experimentation

Ultrasound Acoustic intensity
(W/cm2)

Mode Probe diameter
(cm)

Measured peak
negative pressure
(MPa)

Spatial average
acoustic intensity
(W/cm2)

Figure

Not applicable 0 1, 3

Intelect Transport Model 2782 0.1 Continuous 2.52 2.8 0.1 1, 3

Intelect Transport Model 2782 0.5 Continuous 2.52 6.2 0.5 1, 3

Newage Pocket Sonovit 3 Continuous 4.5 6.8 0.6 1, 2, 3, 4, 5
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performed at a distal site in dermatomes innervated by the
sciatic nerve (left foot), while the right leg (uninjected)
served as an untreated control.

Assessment of sensory blockade (thermal nociception,
perception of pain) was performed by a modified hotplate
test, as described [3, 18]. This is a well-accepted method of
testing analgesic responses of a single extremity. In brief,
hind paws were exposed in sequence (left then right) to a
56 °C hot plate (Model 39D Hot Plate Analgesia Meter,
IITC Inc., Woodland Hills, CA, USA). The time until paw
withdrawal was measured with a stopwatch. This test was
repeated three times, and the average time in seconds was
calculated. If the animal did not remove its paw from the
hot plate within 12 s, it was removed by the experimenter
to avoid injury to the animal or the development of
hyperalgesia. Testing was conducted every 30 min until
the nerve blockade resolved. Latencies longer than 7 s,
the midpoint between baseline thermal latency 2 s and
maximum latency 12 s, were considered to represent effec-
tive blocks. The duration of thermal sensory block was
calculated as the time for thermal latency to return to a
value of 7 s.

Motor nerve block was assessed by a weight-bearing test to
determine the motor strength of the rat’s hindpaw, as described
[3, 21]. In brief, the rat was positioned with one hindpaw on a
digital balance and was allowed to bear its weight. The max-
imum weight that the rat could bear without the ankle touch-
ing the balance was recorded. Motor block was considered
achieved when the motor strength was less than half-maximal,
as described [3, 21].

Any animal that died following injection and treatment was
not included in the calculation of the percentage of animals
blocked, duration of sensory/motor block, or assessment of
contralateral block but was included in the estimation of sys-
temic toxicity and death.

Lateral tail vein blood draws

Animals were injected at the sciatic nerve with 50 μL of
sulforhodamine B (10 mg/mL) then treated with or without
insonation at 3W/cm2 for 5 min. At predetermined time points
(15 min, 30 min, and 60 min) following injection, blood was
sampled from the lateral tail vein using a heparinized 23 gauge
butterfly catheter and syringe. Time frames of testing were
determined by serial blood draws and measurement of
sulforhodamine levels as described previously [22], resulting
in levels being drawn every 15 min. Samples were kept on ice
and were centrifuged at 4000×g for 15 min. To extract the
sulforhodamine B, the supernatant was collected, methanol
was added in a 1:1 volumetric ratio, samples were left at
4 °C overnight, and then centrifuged at 16000×g for 15 min.
The supernatant was collected, and the concentration of
sulforhodamine B dye was analyzed by fluorescence

(excitation/emission 560/580 nm) (Agilent Varian Cary
Eclipse Fluorescence Spectrophotometer, Santa Clara, CA,
USA). For each animal, all data points are presented and the
area under the curve was calculated (using built-in analysis
Graph Pad Prism Software, San Diego, CA, USA).

Sciatic nerve homogenization

Animals were injected at the sciatic nerve with 50 μL of
sulforhodamine B (10 mg/mL) then treated with or without
insonation at 3 W/cm2 for 5 min. Animals were sacrificed 1 h
after injection, and both the left and right sciatic nerves were
harvested, cut to a length of 1 cm, and weighed. Sciatic nerves
were sonicated for 2 min on ice in 500 μL 5% Triton X-100
(Sigma Aldrich St. Louis, MO, USA). To extract the
sulforhodamine B, 500 μL of methanol was then added and
the samples were sonicated using a Vibra-Cell Processor and
20 kHz probe (CV334) (Sonics Newtown, CT, USA) contin-
uously for 2 min. Samples were then centrifuged at
14,000 rpm for 15 min (Microfuge 22R Centrifuge,
Beckman Coulter, CA, USA). Supernatants were collected
and analyzed by fluorescence spectrometry (excitation/emis-
sion: 560/580 nm) (Agilent, CA, USA). The fluorescence in-
tensity per nerve segment was measured and expressed as the
intensity per mass of nerve (a.u./μg).

Tissue harvesting and histology

Animals were euthanized with carbon dioxide, and the sciatic
nerves and adjacent tissues were harvested for histology.
Tissues were fixed in 10% formalin, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin using stan-
dard techniques. Tissues were harvested 4 days or 14 days
after injections. Muscle samples were scored for inflammation
(0–4 points) and myotoxicity (0–6 points) as described [23].

Statistical analysis

Neurobehavioral data, fluorescence intensity, and histology
data are reported as medians with interquartile ranges (i.e.,
25th to 75th percentile) and compared using the Mann-
Whitney U test. This method was selected because the data
are ordinal (inflammation scores, myotoxicity scores) or
showed departures from a normal distribution, as judged by
the Kolmogorov-Smirov goodness-of-fit statistic (neurobe-
havioral data). The effect of treatment on systemic effects
and death were compared with the two-tailed Fisher’s exact
test for comparing independent binary proportions. Statistical
analyses were performed using Stata 11 SE (StataCorp
College Station, Texas) software.
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Results

Effect of acoustic intensity on nerve blockade
from TTX

Rats injected with 30 μM TTX without insonation had a sen-
sory nerve block success rate of 50% and a median duration of
sensory nerve blockade of 25 [0–50] minutes (median [inter-
quartile range]) (Fig. 1 and SI Figure 2A). Insonation at
0.1 W/cm2 did not statistically significantly improve the per-
centage of successful sensory blocks nor did it result in a
prolongation of sensory nerve blockade (Fig. 1 and SI
Figure 2A). Insonation at 0.5 W/cm2 and 3 W/cm2 after injec-
tion of TTX resulted in a greater percentage of successful
sensory nerve blocks compared to animals injected with
TTX without insonation. For example, injection with TTX
and insonation at 3 W/cm2 resulted in 100% success rates
for sensory nerve block, a two-fold higher rate than animals
without insonation (SI Figure 2A). Insonation with an inten-
sity greater than 0.5 W/cm2 also resulted in a statistically sig-
nificant prolongation of sensory nerve block (Fig. 1a).
Insonation at 3 W/cm2 ultrasound resulted in a sensory nerve
block of 116 [47–160] minutes, 4.6-fold longer than in

animals treated with TTX without insonation (p = 0.0025 by
Mann-Whitney U test).

No animal injected with PBS (no TTX) then insonated at
any intensity exhibited sensory or motor nerve block (Fig. 1).

There was less variability in the durations of sensory nerve
blockade in animals insonated at 0.5 and 3W/cm2, as assessed
by the ratio of the interquartile range to median nerve block
(SI Figure 2B). This ratio is analogous to the coefficient of
variation (standard deviation/mean): the larger the ratio, the
more variability.

Effect of acoustic intensity on drug spread

In rats injected with local anesthetics, contralateral hindlimb
deficits, respiratory distress, and/or death suggest systemic
distribution. Animals treated with TTX and insonated at either
0.5 or 3W/cm2 had a statistically significantly greater percent-
age of contralateral deficits than those animals injected with
TTX without ultrasound (Fig. 1b) (0.5 W/cm2, p = 0.0011;
3 W/cm2, p = 0.0011, by two-tailed Fischer’s exact test). The
incidence of respiratory distress or mortality was low in all
groups, without statistically significant differences (Fig. 1b).

Ultrasonication can promote drug delivery by several
mechanisms. One such mechanism is derived from the oscil-
latory motion of the insonated fluid and can occur in the ab-
sence of cavitation. The oscillating fluid increases the effec-
tive diffusivity of molecules, thus the transport of any drug,
whether free or bound to a carrier within blood, cells, or ex-
tracellular fluids [24]. The increased incidence of contralateral
block following insonation suggested that ultrasound was
causing the spread of TTX to the peripheral nerve, but also
possibly to nearby blood vessels and other structures. To test
this hypothesis, sulforhodamine B, a hydrophilic dye, was
injected at the sciatic nerve and animals were treated with or
without insonation at 3 W/cm2 for 5 min (N = 6). Peripheral
blood was obtained, and the concentration of sulforhodamine
Bwas assessed. The time course for fluorescence in blood was
plotted, and the area under the curve (AUC) was calculated.
Insonation with 3 W/cm2 resulted in a three-fold increase in
fluorescence detected 30 min after injection compared to an-
imals not treated with ultrasound (p = 0.0079 by Mann-
Whitney U test) and 1.8-fold greater AUC compared to ani-
mals that were not insonated (Fig. 2a, p = 0.034 by two-tailed
unpaired t test). One hour after injection, sciatic nerves were
harvested and homogenized, and fluorescence was measured
and expressed as fluorescence per nerve tissue mass (a.u./μg;
Fig. 2b). Insonation at 3 W/cm2 resulted in significantly more
fluorescence detected compared to animals without insonation
(p = 0.0152 by Mann-Whitney U test).

To determine the potential for thermal effects secondary to
ultrasound treatment, we sought to estimate ultrasound probe
heating and changes in skin temperature at or near the sciatic
nerve after 5 min of continuous ultrasound treatment at 0.1,

Fig. 1 Effect of ultrasound (US) acoustic intensity on a duration of sen-
sory and motor nerve blockade from 30 μM tetrodotoxin (TTX) or
phosphate-buffered saline (PBS). Data are medians with interquartile
ranges. b Effect of ultrasound (US) acoustic intensity on percentage of
incidence of systemic side effects from 30 μM TTX. *p < 0.05,
**p < 0.001 comparing to the group injected with TTX and without ul-
trasound treatment (acoustic intensity 0 W/cm2)
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0.5, and 3 W/cm2. Ultrasound probe heating, as well as small
increases in skin temperature, were appreciated following
treatment with each ultrasound device, with the 3 W/cm2

probe resulting in the greatest increase in both probe heating
(SI Figure 3A) and skin temperature increase (SI Figure 3B, SI
Table I).

Effect of acoustic intensity and microbubbles
on nerve blockade from TTX

We have previously demonstrated that at very low acoustic
intensity (0.0016 W/cm2), microbubbles markedly improved
TTX block frequency and duration of nerve blockade [14]. To
study the effect of higher acoustic intensity on microbubble-
enhanced nerve blockade, rats were injected at the sciatic
nerve with 30 μM TTX with or without microbubbles then
treated with or without insonation at 0.1, 0.5, or 3 W/cm2 for
5 min (N = 8). Microbubbles were made by the thin-film
method and had a mean size of 6.8 μm± 1.9 μm.

At 0.1W/cm2, co-injectionwith microbubbles significantly
increased sensory (Fig. 3a) and motor (Fig. 3b) nerve block-
ade durations over those from TTX alone. At 0.5 W/cm2 and

3 W/cm2, the presence of microbubbles did not have a statis-
tically significant effect on the durations of sensory or motor
nerve block durations. Animals injected with TTX and
microbubbles without insonation had a sensory nerve block
duration of 0 [0–46] minutes, similar to durations observed in
the TTX only group. Animals injected with microbubbles on-
ly did not develop nerve block (0 [0–0] minutes).

Tissue reaction to high-intensity high-frequency
ultrasound

Rats (N = 6) injected with 30 μM TTX and treated with or
without insonation at 3 W/cm2 (the highest acoustic inten-
sity) were examined for evidence of local tissue toxicity.
Four or 14 days after injection, animals were euthanized
and tissue reaction was assessed by examination of hema-
toxylin and eosin–stained sections of the injection site
(Fig. 4). The two time points can reflect acute and chronic
inflammation, respectively. Inflammation and myotoxicity
were scored as described [23] (Table 2). Treatment with
TTX with or without insonation at 3 W/cm2 both resulted
in no or minimal inflammation and myotoxicity on days 4
and 14. There was no statistically significant difference in
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Fig. 2 Effect of 3 W/cm2 ultrasound (US) on distribution of fluorescence
after injection of sulforhodamine B at the sciatic nerve. a Time course of
fluorescence in peripheral blood at 15, 30, and 60 min after injection.
Data are medians with interquartile ranges. **p < 0.01 comparing US to
No US at each time point. b Fluorescence in homogenized sciatic nerve
1 h after injection. Data are medians with interquartile ranges
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Fig. 3 Effect of ultrasound (US) acoustic intensity and microbubbles
(MB) on duration of a sensory and b motor nerve block from 30 μM
tetrodotoxin (TTX). Data are medians with interquartile ranges.
*p < 0.05, **p < 0.001, comparing TTX+US+MB to TTX+US group at
each acoustic intensity
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inflammation or myotoxicity scores between animals with
or without insonation at either time point (Table 2).

All animals (whether treated with TTX, microbubbles,
or ultrasound) had complete resolution of both sensory and
motor nerve blockade. In addition, we did not observe
clinical evidence of nerve damage (e.g., abnormal ambula-
tion) following treatment during the 14-day observation
period following injection, suggesting permanent nerve
damage was unlikely.

High-intensity high-frequency ultrasound does not
enhance nerve block mediated by bupivacaine

We tested the hypothesis that a less hydrophilic local anesthet-
ic would be less affected by insonation than would the very
hydrophilic TTX. We tested bupivacaine, which is a potent
amino-amide local anesthetic in common clinical use, an am-
phiphilic small molecule with a tertiary amine, and an aromat-
ic group. There is an equilibrium between the state where the
tertiary amine is protonated (and the molecule is hydrophilic)
and not (hydrophobic). In the latter from, bupivacaine can
cross cell membranes (e.g., to reach its receptor site on the
cytosolic side of a sodium channel) [25], and other biological
barriers [26]. Animals (N = 6) were injected at the sciatic
nerve with 1.23, 3.08, or 15.4 mM bupivacaine, with or with-
out insonation at 3 W/cm2, the highest acoustic intensity used
here. The concentrations of bupivacaine used correspond to
0.4, 0.1, and 0.5% w/v, respectively (the units in which they
are used clinically). Insonation did not extend sensory or mo-
tor nerve blockade (Fig. 5).

Sensory vs. motor nerve block

The relative preponderance of sensory and motor nerve block
is a clinically important parameter. There were no statistically
significant differences in the incidence or duration of sensory
or motor nerve block in any group of animals.

1
0
0
x

2
0
0
x

Fig. 4 Representative (of four
separate samples per group)
photomicrographs of hematoxylin
and eosin–stained tissues at the
site of injection 4 days after in-
jection with 30 μM tetrodotoxin
and treatment with and without
3 W/cm2 ultrasound, shown at ×
100 and × 200 magnification. M,
muscle; N, nerve; Infl, inflamma-
tion. Scale bars are 50 μm

Table 2 Perineural myotoxicity and inflammation scores

Days following injection

4 14

Inflammation

TTX 0 (0–1) 0 (0–1)

TTX+US 1 (1–1) 0 (0–1)

p value 0.48 >0.99

Myotoxicity

TTX 0 (0–0) 0 (0–0)

TTX+US 0 (0–1) 0 (0–1)

p value 0.5 >0.99

TTX tetrodotoxin, 30 μM; US ultrasound, 3 W/cm2

Data are medians with interquartile range. The range of scores is 0–4 for
inflammation and 0–6 for myotoxicity. p values were determined by
Mann-Whitney U test
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Discussion

Ultrasound-mediated drug delivery disrupts vascular and cell
membranes and creates changes in local fluid flow patterns,
which can propel substances across biological barriers [24,
27] including through the sclera [28], the blood brain barrier
[29, 30], and transdermally [31, 32]. Many groups have dem-
onstrated the value of microbubbles [33–35] or stable cavita-
tion agents [36] to enhance ultrasound-mediated delivery of
many drugs including chemotherapeutics [30, 37, 38] and
therapeutic plasmids [39]. It is known that flux across barriers
is proportional to the intensity of ultrasound delivered [15,
24]. Here, we found that increasing acoustic intensity alone
was sufficient to enhance TTX-mediated nerve block at the
peripheral nerve. We observed that at higher acoustic intensi-
ties, microbubbles did not further enhance nerve block. The
most likely explanation is that at a sufficient ultrasound inten-
sity penetration of TTX to the axonal surface has been maxi-
mized with insonation alone, and so microbubbles would not
be expected to have any effect. There are analogous situations,
where chemical permeation enhancers (CPEs) and vasocon-
strictors both enhance the duration of effect of TTX (also
presumably by enhancing TTX to the axonal surface), but at
high enough doses of each, the two together are not better than
each individually [9].

In contrast, insonation did not enhance nerve block from
the amino-amide local anesthetic bupivacaine. We hypothe-
size that this difference relates to the fact that TTX is very
hydrophilic (Log P − 6.21 [40]), while bupivacaine is in a
pH-dependent equilibrium between the cationic protonated
form (which is water soluble) and a neutral form (which is
hydrophobic) (with a Log P of 3.4 [41]). These findings are
congruent with previous findings that CPEs enhance nerve
block from TTX but not bupivacaine [8, 9]. Both with CPEs
and sonication, we postulated that enhancement of TTX oc-
curs because hydrophilic drugs have difficulty crossing bio-
logical barriers, whereas hydrophobic or amphiphilic drugs do
not and, therefore, are not enhanced by CPE or sonication.
The current study suggests that the effect of sonication on

local drug delivery to the peripheral nerve also depends on
hydrophilic/hydrophobic balance.

In this study, insonation increased the incidence of contra-
lateral nerve deficits from TTX, suggesting systemic drug
distribution. The view that insonation increased systemic dis-
tribution was supported by the fact that insonation increased
the blood levels of sulforhodamine injected at the sciatic
nerve. This finding is in contrast to the effects of CPEs, which
were not associated with increased systemic toxicity at the
concentrations of TTX and CPEs tested [8, 9]. The increased
systemic drug distribution with insonation may be attributable
to the drug being physically spread, so that the surface area
from which it is absorbed is increased. Alternatively, ultra-
sound may enhance flux of drug across blood vessel walls
into the circulation, or increase uptake from tissue by increas-
ing local blood flow [42]. It is likely that the systemic toxicity
associated with TTX, with or without insonation, would be
reduced in larger animals/humans, since the systemic toxicity
of a given dose of a drug tends to be inversely related to the
size of the animal, while the local effect of a given dose of
anesthetic is not [3].

Applying 1-MHz ultrasound (at acoustic intensities
greater than 0.5 W/cm2) was associated with pressures ex-
ceeding 6 MPa, in which cavitation in the absence of
microbubbles and tissue damage may occur [43]. We have
shown previously that insonation using these parameters
did not cause nerve damage [22]. However, the potential
for tissue damage should be considered and closely moni-
tored with longer insonation times or at higher pressures.
Very high acoustic intensities (> 35 W/cm2) can cause se-
vere tissue injury (e.g., complete axonal degeneration) and
can have intrinsic effects on neuronal function (e.g.,
neuromodulation through neuronal suppression) [44–46]).

The use of imaging ultrasound to guide injection of lo-
cal anesthetics for peripheral nerve blocks is common-
place. Clinical imaging is typically performed using ultra-
sound at acoustic intensities of 0.05 to 0.5 W/cm2, similar
to acoustic intensities tested in these experiments [47].
Therefore, it is possible that the ultrasound devices and
parameters already used when performing peripheral nerve
injections may enhance permeation of hydrophilic medica-
tions, with or without microbubbles.

This proof-of-principle study did not seek to determine the
mechanism of how acoustic intensity enhances TTX-mediated
nerve block. In this model, it is possible that both thermal and
non-thermal effects contribute to enhanced drug flux. We
found evidence of device self-heating and small increases in
tissue temperature following treatment with each device. It is
conceivable that local tissue heating from insonation could
increase regional blood flow [42, 48, 49]. We, therefore, can-
not rule out the possibility of thermal effects. We note, how-
ever, that it is vasoconstriction, not vasodilation (the typical
response to heating) that usually results in prolongation of
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nerve block with TTX. Local heating also could have in-
creased lipid membrane permeability and therefore enhanced
drug flux into nerve [50]. Non-thermal effects (cavitation,
microstreaming, altered membrane permeability, pore forma-
tion or endocytosis) may also be contributing to increased
drug flux and therefore enhanced nerve blockade [51, 52].

Using an in vivo model system of local anesthetic delivery,
we studied the effect of acoustic intensity on insonation-
mediated drug delivery of local anesthetics to the peripheral
nerve. We found that at ultrasound intensities (≥ 0.5 W/cm2),
insonation alone enhanced nerve blockade mediated by the
hydrophilic ultra-potent local anesthetic, TTX.
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