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Background: Postoperative pain caused by trauma to nerves and tissue 
around the surgical site is a major problem. Perioperative steps to reduce 
postoperative pain include local anesthetics and opioids, the latter of which 
are addictive and have contributed to the opioid epidemic. Cryoneurolysis 
is a nonopioid and long-lasting treatment for reducing postoperative pain. 
However, current methods of cryoneurolysis are invasive, technically demand-
ing, and are not tissue-selective. This project aims to determine whether 
ice slurry can be used as a novel, injectable, drug-free, and tissue-selective 
method of cryoneurolysis and resulting analgesia.

Methods: The authors developed an injectable and selective method of cry-
oneurolysis using biocompatible ice slurry, using rat sciatic nerve to investi-
gate the effect of slurry injection on the structure and function of the nerve. 
Sixty-two naïve, male Sprague-Dawley rats were used in this study. Advanced 
Coherent anti-Stokes Raman Scattering microscopy, light, and fluorescent 
microscopy imaging were used at baseline and at various time points after 
treatment for evaluation and quantification of myelin sheath and axon struc-
tural integrity. Validated motor and sensory testing were used for evaluating 
the sciatic nerve function in response to ice slurry treatment.

Results: Ice slurry injection can selectively target the rat sciatic nerve. Being 
injectable, it can infiltrate around the nerve. The authors demonstrate that 
a single injection is safe and selective for reversibly disrupting the myelin 
sheaths and axon density, with complete structural recovery by day 112. This 
leads to decreased nocifensive function for up to 60 days, with complete 
recovery by day 112. There was up to median [interquartile range]: 68% [60 
to 94%] reduction in mechanical pain response after treatment.

conclusions : Ice slurry injection selectively targets the rat sciatic nerve, 
causing no damage to surrounding tissue. Injection of ice slurry around the 
rat sciatic nerve induced decreased nociceptive response from the baseline 
through neural selective cryoneurolysis.
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ediTOR’S PeRSPecTiVe

What We Already Know about This Topic

• Achieving long-lasting surgical site anesthesia can be problematic
• Cryoneurolysis is effective in providing long-lasting analgesia, but 

current techniques are nonselective for neural tissue

What This Article Tells us That Is New

• Using a rat sciatic nerve block model, an injectable biocompatible 
ice slurry preparation was shown to provide analgesic effects for 
at least 60 days

• Disruption of myelin sheaths recovered by 112 days after injections, 
suggesting that the slurry-induced cryoneurolysis is reversible

• Providing sustained analgesia using injected ice slurries may be 
possible

Prolonged postoperative pain is a major problem after 
common surgical procedures such as total knee arthro-

plasty, thoracotomy, and herniorrhaphy.1–3 Most prolonged 
postoperative pain includes a neuropathic component 
caused by damage to peripheral nerves in the surgical 
field.4,5 Current treatments include local anesthetics, which 
are short acting, and opioids, which have side effects includ-
ing addiction.6 As opioid addiction has become an epidemic, 

developing nonaddictive pain management has become a 
top medical priority.7 Here we describe a novel method for 
prolonged nerve block that could be used preemptively to 
reduce acute postoperative pain and potentially prevent the 
development of chronic postoperative pain.

Cryoneurolysis describes a process that uses direct cool-
ing to reversibly inhibit peripheral nerve function for weeks 
to months. Cryoneurolysis has emerged as an addition to 
multimodal analgesic regimen for postoperative pain con-
trol.8–11 The technique typically uses a needle or cryo-
probe for contact cooling of the target peripheral nerve, at 
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temperatures of –60°C or below.9 This extremely cold tem-
perature is destructive to any tissue, making the treatment 
nonselective.9,12,13 This method is invasive, operator-depen-
dent, and time-consuming, thus limiting the use as a pain 
treatment modality.9,12 However, given the potential of cry-
oneurolysis, a better approach is needed to increase its use 
for pain.

We developed an injectable ice slurry for the selective 
cryoneurolysis of peripheral nerves that overcomes some 
of the limitations of the currently available methods. Ice 
slurry injection was developed after our observation that 
controlled topical skin cooling causes a prolonged, revers-
ible reduction of sensation to painful mechanical stimuli.14 
We created a novel method of local tissue cooling, using 
the phase change properties of ice particles in an ice slurry 
suspension, and showed that it can safely, selectively, and 
effectively target lipid-rich tissue in a porcine model.15 
Ice slurries can absorb high quantities of heat, owing to 
ice’s large heat of fusion (334 J/g). In the current study, a 
biocompatible ice slurry at moderately cold temperatures 
(around −5°C) and consisting of sterile ice particles sus-
pended in normal saline and glycerol was used to selectively 
cool a peripheral nerve. We had previously shown that such 
moderately cold temperatures can affect sensory function 
when delivered topically in humans,14 and can selectively 
target lipid-rich tissue in swine when injected as an ice 
slurry.15

In this study we aimed to determine whether ice slurry 
can be used as a novel, injectable, drug-free, and tissue-se-
lective method of cryoneurolysis that can reduce pain. We 
hypothesized that injection of ice slurry around the rat sci-
atic nerve will change the nociceptive response from the 
baseline through neural selective cryoneurolysis. The pri-
mary outcome of this study was the magnitude of the noci-
ceptive response. We quantitatively evaluated the effect of 
ice slurry treatment on myelin sheath and axon structural 
integrity, and on neurologic functions mediated by the sci-
atic nerve. Finally, we sought associations between struc-
tural changes and functional losses at different times after 
injection.

Materials and Methods
Animals

Adult male Sprague-Dawley rats (200–250 g, 7 to 8 weeks 
old) were purchased from the Charles River Laboratories 
(USA). Animals were housed under pathogen-free con-
ditions in an animal facility at the Massachusetts General 
Hospital (Boston, Massachusetts) in accordance with 
animal care regulations. Sixty-two animals were used 
in total in this study. Massachusetts General Hospital 
Institutional Animal Care and Use Committee approved 
the animal studies. All Experiments in animals in test and 
control groups were performed at similar times of the 
day (10 am to 4 pm).

Animal Cooling Procedure and Experimental Design

Ice slurry composed of normal saline (0.9% sodium chlo-
ride) plus 10% glycerol by volume was made as described 
previously.15 Briefly, sterile normal saline with 10% glycerol 
solution was added into a sterile slush maker (Vollrath Frozen 
Beverage Dispenser; Vollrath Co., LLC, USA) to produce the 
slush. This was then blended in a sterile blender (HGB150, 
Waring Commercial, USA) to create an injectable slurry. Ice 
particle size was controlled by blending to produce slurry 
that was consistently injectable through the needle. Slurry 
temperature was measured with a thermocouple (Omega, 
USA). Rats were injected with ice slurry (treatment group) 
or room temperature solution (control group) around the 
sciatic nerve. The room temperature control solution was 
made of the same composition (0.9% sodium chloride with 
10% glycerol) as the liquid phase of the slurry only with-
out ice particles. We used a 15-gauge hypodermic needle 
for the injections. Under brief anesthesia with inhalational 
isoflurane (1 to 3% with 1 to 1.5 l/minute oxygen), using 
standard method of injection,16 the needle was introduced 
into the sciatic notch posteromedial to the greater trochan-
ter of the femur pointed in an anteromedial direction. Once 
bone was contacted, the needle was withdrawn approxi-
mately 1 mm, and 15 ml of ice slurry at around −3.5°C to 
−5°C was injected around the sciatic nerve in animals in the 
Treatment group. This volume of injection was chosen based 
on preliminary studies of the temperature and duration of 
cooling needed for biologic effect. Age and weight matched 
control rats were injected with the same method and vol-
ume of room temperature control solution. Histological and 
functional changes were monitored at baseline and at var-
ious time points postinjection. For histologic and imaging 
data, nerve samples were collected from three to four rats 
per group on days 7, 14, 28, 56, and 112 postinjection. A 
total of 28 rats were used for imaging and histologic studies. 
Functional studies were done every 1 to 3 days postinjec-
tion. All functional studies were repeated in two independent 
experiments, and for each experiment the control group 
contained n = 8 to 10 rats and the test group contained n = 
8 rats. A total of 34 rats were used for functional studies.

Toe Spread Test

Physiologic toe spread reflex was assessed using a modified 
toe spread test to identify changes in muscle function after 
treatment with slurry.17 Each rat was lifted by the base of the 
tail with the legs hanging freely. The toe spread reflex was 
scored with the following rating system: normal toe spread 
reflex with all of the toes spreading out was given a score of 
0; weak reflex with partial spreading of some toes got a score 
of 1; and lack of toe spread reflex received a score of 2.

Walking Test

Motor function was also assessed by walking behavior.18 In 
this scoring system normal walking function was scored as 
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0, normal dorsiflexion ability while walking with curled 
toes received a 1, moderate dorsiflexion ability with curled 
toes during walking was scored as a 2, and no dorsiflexion 
ability with curled toes during walking was scored as a 3.

Mechanical Nocifensive Test (Von Frey Assay)

Rats were habituated by handling in the experiment room 
and were tested for 6 to 7 days before the start of exper-
iment to avoid stress (training period). Rats were placed 
on an elevated plastic mesh floor and allowed to habituate 
for 30 to 40 min before testing was initiated. Paw with-
drawal frequency, as a measure of sensitivity to punctate 
mechanical stimulation, was determined using calibrated 
von Frey hairs. Von Frey hairs were applied perpendicular 
to the lateral third plantar surface of the hind paw through 
the mesh. Each von Frey hair (4 g, 8 g, 10 g, and 15 g) was 
applied 10 times, for 3 s or until paw withdrawal, separated 
by a 3-s interval. Testing started with the 4-g force and con-
tinued with increasing forces. The number of paw with-
drawals (range 0 to 10) in response to 10 trials was marked 
as paw withdrawal frequency for each force, as previously 
described.19 For comparison between treatment and control 
groups, paw withdrawal frequency values at each time point 
were normalized by dividing the value by that in the same 
animal at baseline, and results were shown as a percentage 
of the baseline value.

Thermal Test

The sensitivity of the plantar paw to noxious radiant heat 
was determined using Hargreaves Apparatus (Ugo Basile, 
Italy).20 Animals were habituated and tested in the enclo-
sure on the glass platform for about a week before the start 
of experiment to avoid stress. Animals were placed in the 
enclosure and allowed to habituate for 20 to 30 min before 
testing was initiated. Paw withdrawal latency in response 
to heat stimulation was defined by the time between the 
beginning of the radiant heat and the withdrawal move-
ment of the paw. A cut-off time of 20 s was set to avoid 
test-induced sensitization. A series of three to four with-
drawal latencies were measured alternately on left and right 
hind paws. Tests on the same hind paw were separated by 
3- to 4-min intervals.

Light Microscopy

Sciatic nerve samples were harvested from rats and fixed 
in 10% formalin. Subsequently, tissue was processed and 
embedded in paraffin, and sectioned at 5 μm, deparaffinized, 
and stained with hematoxylin and eosin (H&E).

Coherent Anti-Stokes Raman Scattering Microscopy

The Coherent anti-Stokes Raman Scattering microscope 
was built over a customized confocal microscope (Olympus 
FV1000, USA). The illumination source consisted of a 

dual output femtosecond pulsed laser system (Spectra-
Physics Insight DeepSee, USA), where one output can be 
tuned from 680 to 1,300 nm, whereas the second is fixed at 
1,040 nm. For all Coherent anti-Stokes Raman Scattering 
experiments, tunable output was set to 803 nm to probe the 
2845cm−1 symmetric stretching vibrational mode of CH

2
, 

thereby generating an anti-Stokes signal at 654 nm, detected 
by a photomultiplier tube (Hamamatsu H7422PA-50, Japan). 
A 60× 1.20 NA water immersion objective (Olympus 
UPLSAPO 60XW, USA) was used as the objective lens for 
all Coherent anti-Stokes Raman Scattering experiments. 
Images were 512 × 512 pixels in size, collected with a dwell 
time of 4 µs per pixel using approximately 25 mW of pump 
power and 25 mW of Stokes power at the focus. Depth 
stacks were acquired from the surface of the nerve to 20 
µm within the tissue at 1-µm intervals, resulting in 21-frame 
image stacks. The volumetric image sets were projected to 
two-dimensional images, where the color corresponds to 
the depth within the stack: cyan features are most superficial, 
whereas red features are deeper within the tissue. A series of 
three images were acquired from each sample. The corrected 
correlation parameter was used to assess myelin structure fol-
lowing the methodology described by Bégin et al.21 Briefly, 
each Coherent anti-Stokes Raman Scattering image was 
subdivided into 16 adjacent domains (i.e., a 4×4 grid). Each 
domain is transformed by a two-dimensional Fourier trans-
form to assess the fiber orientation and integrity within each 
domain. These values, together with their mutual correlation 
across all 16 image domains, are combined to quantitatively 
describe the average fiber orientation and collinearity across 
the entire imaging field of view, characterized by the cor-
rected correlation parameter metric.

Immunofluorescence

Sciatic nerve samples processed and embedded in paraffin, 
and sectioned at 5 μm, were deparaffinized in CitriSolv 
(Fisher Scientific, USA), rehydrated through graded alco-
hol washes, incubated in Cytomation Target Retrieval 
solution (DAKO, USA) at 98°C for 30 min for antigen 
retrieval, permeabilized with 0.1% Triton X-100 in Tris-
buffered saline for 15 min, blocked with a solution of 10% 
goat serum, 3% bovine serum albumin, 0.1% Tween-20 
in Tris-buffered saline for 30 min, and treated overnight 
at 4°C with primary anti-rat antibodies (Supplemental 
Digital Content 1 describes antibodies, http://links.lww.
com/ALN/C158). Sections were washed in 0.01M phos-
phate-buffered saline and fluorescent secondary antibod-
ies were applied for 2 hours at room temperature. Sections 
were washed in 0.01M PO

4
− phosphate-buffered saline, and 

VECTASHIELD Mounting Medium (Vector Labs, USA) 
was applied. An Olympus Fluoview FV1000 (Olympus, 
USA) laser scanning confocal microscope with IX81 
inverted microscope base was used, with ×40 0.80NA 
(UPLSAPO) objective lens for imaging. To determine the 
axon density, the number of NF200-positive axons was 
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quantified in 10 random areas of 1,000 μm2 in each sample 
using ImageJ software. Research Randomizer software was 
used for randomization.22

Histomorphometry

Sciatic nerve samples were fixed in a mixture of 2% glu-
taraldehyde and 2% paraformaldehyde solution at 4°C for 
24 h. Specimens were washed in sodium cacodylate buf-
fer and postfixed in 1% osmium tetroxide for 2 h. Samples 
were dehydrated in ethanol, washed with propylene oxide, 
and embedded in epoxy resin. Semi-thin sections (0.5 μm 
thickness) of nerves were cut using a diamond blade micro-
tome (Donsanto, USA). Samples were stained with tolui-
dine blue in preparation for light microscopy and scanned 
using a Hamamatsu NanoZoomer slide scanner (Meyer 
Instruments, USA). Using ImageJ software, the number of 
myelinated nerve fibers were counted in 10 random areas of 
1,000 μm2 in each sample. Research Randomizer software 
was used for randomization.22 For each of these fibers, fiber 
diameter and axon diameter were measured, and myelin 
thickness was derived from the difference between fiber 
diameter and axon diameter.

Statistics

No statistical power calculation was conducted before the 
study. Our sample size selection was based on our pre-
vious unpublished experience with similar experimental 
protocols with this rat model and tests. There were no 
missing data. Rats were randomly assigned to test or con-
trol groups. The observer for the behavioral testing was 
not present for the administration of treatments. Motor 
weakness in slurry-treated animals prevented full blinding 
of the behavioral observer. Investigators performing the 
Coherent anti-Stokes Raman Scattering imaging were 
blinded to the treatment groups until image acquisition 
was completed. The initial assessment of the histologic 
data was performed by a board-certified neuropathologist, 
blinded to the treatment groups. Statistical analysis was 
conducted using Prism 8 (GraphPad Software, Inc., USA). 
Data were tested for normality using the D’Agostino & 
Pearson normality test. Corrected correlation parameter 
outcome measures followed normal distribution, and all 
other outcome measures did not show normal distribu-
tion. Degree of organization in the myelin structure was 
quantified with corrected correlation parameter index in 
images associated with each animal as the unit of analysis. 
Ordinary one-way ANOVA followed by Dunnett’s mul-
tiple comparisons test was used as the test of significance 
between groups for interval corrected correlation parame-
ter index values, comparing each follow-up time point for 
each group to the baseline. Axon density was calculated in 
high-power fields within an image as the unit of analysis. 
Myelin thickness was calculated for each nerve fiber as 
the unit of analysis. Kruskal–Wallis followed by Dunn’s 

multiple comparisons test was used for continuous data 
of immunofluorescence axon density and histomorphom-
etry axon density, and for myelin thickness, to compare 
each follow-up time point for each group to the base-
line. Toe spread score, walking score, and paw withdrawal 
frequency were examined in each animal as the unit of 
analysis. Friedman’s test followed by Dunn’s multiple 
comparisons test was used to determine whether ordinal 
data of toe spread score and walking score and integer paw 
withdrawal frequency values were significantly different 
compared with baseline after ice slurry injection. Two-
tailed Mann–Whitney U test was also performed to com-
pare paw withdrawal frequencies between treatment and 
control groups at each time point. All collected data were 
included in the study and none were excluded. P < 0.05 
was considered significant. Data are presented as mean ± 
SD or median with interquartile range.

Results
Ice Slurry Safely and Selectively Targets the Sciatic 
Nerve

We monitored the temperature using a thermocouple in the 
same needle used to inject ice slurry into the compartment 
containing the sciatic nerve. Injection of slurry induced a 
rapid decrease from the initial tissue temperature, near 33°C, 
to about −5°C; the subzero temperature lasted for a period of 
at least 6.5 min, during which the ice was melting (fig. 1A). 
Animals were checked immediately postprocedure and daily 
thereafter for skin necrosis or ulceration, neither of which 
were observed at any time. Injection of the ice slurry did not 
cause gross or microscopic damage to muscle and skin tissue 
(fig. 1B). In addition, on histologic analysis no fibrosis or evi-
dence of scarring was observed in the skin, muscle, or nerve 
tissue taken 7 days after injection of ice slurry.

Ice Slurry Induces Reversible Disruption of Myelin 
Sheaths

The effect of ice slurry injection on myelin morphology 
and nerve architecture was examined using Coherent 
anti-Stokes Raman Scattering microscopy. Coherent anti-
Stokes Raman Scattering microscopy uses the endogenous 
contrast provided by vibrational modes of lipids.23,24 This 
technique can easily visualize the myelin sheath around 
axons, and also quantify the local tissue architecture. Using 
a two-dimensional Fourier transform method to analyze 
Coherent anti-Stokes Raman Scattering images, the aver-
age fiber orientation and directional anisotropy within the 
image can be extracted and used to calculate the correlation 
between orientation of neighboring nerve fibers. This met-
ric, defined as the corrected correlation parameter index, 
can be used to quantify the degree of organization in the 
myelin structure.21 Injection of the ice slurry induced dis-
ruption of the myelin sheaths of sciatic nerve fibers, seen as 
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swelling and disorganization on day 7 posttreatment (fig. 2). 
From the images acquired on days 7, 14, and 28 posttreat-
ment, cells morphologically identified as macrophages 
appear to engulf the lipid droplets from disrupted myelin. 
Remyelination and reorganization of the nerve structure are 
apparent between days 14 and 28, and by day 112 posttreat-
ment there was complete recovery of the nerve organiza-
tion and myelination (fig. 2A). None of these changes were 
observed when room temperature solution was injected 
in control rats (fig 2B and Supplemental Digital Content 
2, panel A, that shows myelin structure at baseline and 7 
days post-injection of room temperature control solution, 

http://links.lww.com/ALN/C159), indicating that cooling 
per se was responsible for the changes. The corrected cor-
relation parameter index was used to quantify the degree of 
organization in the myelin structure as previously reported 
by Bégin et al.,21 where a corrected correlation parame-
ter value of 0 indicates complete disorganization, whereas 
a value of 1 indicates complete organization of the myelin. 
The corrected correlation parameter index decreased sig-
nificantly from 0.83 ± 0.10 at baseline to the lowest level of 
0.34 ± 0.19 (a 60% reduction, P = 0.0001) at day 14, and 
gradually returned to normal level of 0.86 ± 0.10 at day 
112 posttreatment (fig. 2B).

Fig. 1. Ice slurry is safe and selective for targeting the sci-
atic nerve. (A) Temperature recording shows rapid decrease in 
the compartment around the sciatic nerve followed by gradual 
warming. (B) Representative images of skin (upper panels), and 
muscle tissue (lower panels) at the injection site stained with 
H&E at 7 days after ice slurry injection; scale bar, 25 μm. There is 
no evidence of injury to skin or muscle.

Fig. 2. Ice slurry induces reversible disruption of myelin 
sheaths. (A) Coherent anti-Stokes Raman Scattering microscope 
imaging shows loss of myelinated nerve fibers and presence 
of lipid droplets in macrophages, which recovers by day 112 
posttreatment. (B) Graph shows corrected correlation parameter 
(CCP) index at day 7, 14, 28, 56, and 112 after injection of slurry 
and at day 7 after injection of control room temperature solution 
(RT control). Data are presented as mean ± SD. n = 9 images 
from three animals per group for days 7, 14, 28, and for RT con-
trol group. n = 12 images from four animals per group for base-
line, and for days 56 and 112. *P < 0.05, **P < 0.001 compared 
with baseline by ordinary one-way ANOVA followed by Dunnett’s 
multiple comparisons test; scale bars, 20 μm. 
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Ice Slurry Induces Reversible Decrease in Axon Density 
and Myelin Thickness

To examine the effect of slurry on nerve structure, axon 
density, Schwann cells and myelin sheaths, we used immu-
nofluorescence of nerve samples collected at baseline and at 
various time points after slurry injection (days 7, 14, 28, 56, 
and 112), and stained with antibodies to specific proteins. 
Samples for immunofluorescence staining were collected 
from the same nerve tissues used for Coherent anti-Stokes 
Raman Scattering imaging. Staining of the axons with 
NF200 antibody, Schwann cells with S100 antibody, and 
myelin sheaths with Myelin Basic Protein antibody showed 
that there was, respectively, decreased axon density, disrup-
tion of normal nerve architecture, and loss of the myelin 
sheath as early as day 7 posttreatment (fig. 3A). The axon 
density decreased from median [interquartile range]: 14 [12 
to 16] axons per 1,000 μm2 at baseline to 10.5 [9 to 11] 
axons per 1,000 μm2 at day 7 (a 25% reduction P < 0.0001) 
and had fully recovered by day 112 (fig.  3B). Similar to 
Coherent anti-Stokes Raman Scattering imaging, immu-
nofluorescence of myelin sheaths showed reversible recov-
ery by day 112 (fig. 3A). Histomorphometric analysis was 
performed on nerve thin sections stained with toluidine 
blue to quantify the changes in myelinated nerve fibers 
post-treatment. Degenerating axons were noted as early 
as day 7 posttreatment (fig. 3C). There was marked loss of 
myelin around the axons, and demyelinated naked large 
axons on day 14 posttreatment. Quantification of axon 
density in these sections showed that slurry injection led to 
decreased axon density from 14.5 [13 to 15.75] axons per 
1,000 μm2 at baseline to 10 [9 to 11] axons per 1,000 μm2 
at day 7 (a 31% loss P < 0.0001) with full recovery by day 
112 (fig. 3D). Moreover, histomorphometic analysis for the 
fiber and axonal diameters, from which the myelin thick-
ness was calculated, showed significant decrease in myelin 
thickness from a baseline value of 1.47 [1.25 to 1.69] μm 
to 0.76 [0.59 to 0.92] μm at day 7 (a 48% reduction) with 
gradual and full recovery to 1.50 [1.21 to 1.72] μm at day 
112 (fig.  3E). Notably, the thinning of the myelin sheath 
was proportionally greater (48% vs. 25%) and its restoration 
to pretreatment value slower (achieved at 112 days vs. 56 
days) than that of the density of nerve axons. Control ani-
mals injected with room temperature slurry solution did 
not show any abnormalities on immunofluorescence imag-
ing or with toluidine blue staining (fig 3, B, D, and E and 
Supplemental Digital Content 2, panels B and C, http://
links.lww.com/ALN/C159).

Ice Slurry Injection Leads to Long-lasting, Reversible 
Loss of Nerve-mediated Functions

To evaluate the effect of ice slurry injection on motor func-
tion, toe spread and walking assays were conducted. After ice 
slurry injection, the toe spread reflex was lost by day 1, and 
later returned to nearly normal levels by day 27 (fig. 4A). 

Deficits of walking function also were maximum by day 1, 
with full recovery by day 22 (fig. 4B). Statistical significance 
of differences from baseline disappeared at about day 10 
to 14 posttreatment. No changes in walking behavior were 
observed in rats injected with room temperature control 
solution (data not shown).

To evaluate the effects of ice slurry injection on sensory 
nociceptive function, von Frey hair testing for mechani-
cal pain and Hargreaves testing for thermal pain were per-
formed. Eight days after injection of ice slurry there was a 
significant decrease in mechanical pain response to a 15 g 
von Frey hair applied to the lateral plantar aspect of the ipsi-
lateral hind paw, measured by Paw Withdrawal Frequency  
(P = 0.001 compared with baseline). This ice slurry-induced 
mechanical hyposensitivity lasted through day 60 posttreat-
ment with peak reduction at day 22 of 68% [60 to 94%], 
compared with baseline (fig. 4C). Half-recovery occurred 
at 9 to 10 weeks. The same general pattern of reduction in 
mechano-sensitivity was observed for von Frey hair test-
ing with lower force (10 g; Supplemental Digital Content 
3, panel A, http://links.lww.com/ALN/C160). Rats in the 
control group receiving room temperature solution injec-
tion did not show any significant changes from baseline in 
mechanical pain sensation when tested with any von Frey 
hair force (see Supplemental Digital Content 3, panel B, 
http://links.lww.com/ALN/C160). There was a significant 
difference in mechanical pain sensation between the treat-
ment and control (room temperature) groups starting from 
day 8 and continuing up to day 60 (fig. 4D).

Thermosensitivity testing of the plantar hind paw to 
noxious radiant heat did not show significant changes, 
unlike those to mechanical stimulation. No thermosensitiv-
ity changes were present in hind limbs injected with room 
temperature control solution at all time points post-treat-
ment (Supplemental Digital Content 4, http://links.lww.
com/ALN/C161). All functional studies were repeated in 
two independent groups of (n = 8) rats.

discussion
In summary, this study demonstrated the feasibility of safely 
using injectable ice slurry for tissue-selective cryoneurolysis 
of a peripheral nerve in rats, to reduce mechanical nocicep-
tion. A single injection of −5°C slurry around the sciatic 
nerve reversibly disrupted the myelin structure for at least 
8 weeks, decreased the axon density for 2 to 4 weeks, and 
inhibited motor and punctate nociceptive (sharp pain) func-
tions for 3 to 4 and 8 weeks, respectively. One limitation of 
our study is that blinding was not used for the functional 
studies (toe spread test, walking test, mechanical nocifensive 
test, and thermal test). Valid experimental blinding of the 
observer for the behavioral testing was not possible because 
of the immediate physical appearance of the treated hind 
paw, as the slurry-treated animals were unable to stand or 
walk for several weeks using that hind paw. The control 
treated rats appeared physically unaffected and had normal 
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stance and locomotor function. The association between 
structural changes and functional losses are noteworthy. 
Motor function deficits (both toe spreading and walking) 
were maximum at the first day of testing (day 1 postinjec-
tion) and had recovered by day 27, whereas a significant 
reduction in mechanical nociception was not detected until 
day 8 posttreatment and lasted up to day 56 (fig. 4C). The 
delayed reduction of nociceptive response will be taken 
into consideration when designing pilot human studies to 
test whether this therapy is safe and effective. Depending on 
the outcome of the human studies, the timing of the treat-
ment can be adjusted to optimize postsurgical pain reduc-
tion. As noted above, the loss of axon density was maximum 

at 7 days (25 to 31%) and lasted for at least 28 days, whereas 
loss of myelin structure and thickness was greater (50 to 
60%) at 7 days and lasted for at least 56 days. The relatively 
rapid recovery time of motor functions more closely par-
alleled that of axon density, whereas the slower recovery 
of mechanical nociception followed that of remyelination. 
Thermal hyperalgesia, traditionally considered to be medi-
ated by unmyelinated C-fibers, appears to be unaffected by 
ice slurry injection.25 Further studies, measuring structural 
changes during the first week after injection and examin-
ing unmyelinated nerve fibers, are necessary to refine these 
structure-function relationships.

Fig. 3. Ice slurry induces reversible decrease in axon density and myelin thickness. (A) Immunofluorescence staining shows preservation of 
S100-positive Schwann cells (green) and loss of Myelin Basic Protein positive myelin (blue) and NF200-positive axons (red). (B) Graph shows 
quantification of axon density as shown in (A), expressed as axons per 1,000 μm2 at day 7, 14, 28, 56, and 112 after injection of slurry and 
at day 7 after injection of control room temperature solution (RT control). n = 20 high-power fields (hpf) from two animals per group per time 
point. (C) Representative image of nerve sections stained with toluidine blue. (D) Graph shows quantification of axon density as shown in (C), 
expressed as axons per 1,000 μm2. n = 20 hpf from two animals per group per time point. (E) Graph shows myelin thickness of axons stained 
with toluidine blue. n = 292 nerve fibers in 20 hpf from two animals at baseline, n = 285 nerve fibers in 20 hpf from two animals in RT control 
group, n = 203 nerve fibers in 20 hpf from two animals at day 7, n = 214 nerve fibers in 20 hpf from two animals at day 14, n = 245 nerve 
fibers in 20 hpf from two animals at day 28, n = 287 nerve fibers in 20 hpf from two animals at day 56, n = 287 nerve fibers in 20 hpf from two 
animals at day 112. Data are presented as median with interquartile range. *P < 0.05, **P < 0.001 compared with baseline by Kruskal–Wallis 
followed by Dunn’s multiple comparisons test; scale bars, 20 μm. IF, immunofluorescence; RT, room temperature; TB, toluidine blue.
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The broad mechanisms of cryoneurolysis by ice slurry 
injection appear to be similar to those described in previous 
reports of cryoneurolysis, with histological changes consis-
tent with Wallerian degeneration. However, an important 
novel observation from this study is that cryoneurolysis of 
the rat sciatic nerve can occur at the temperature of −5°C, 
making this a selective treatment that targets nerve without 
damage to surrounding tissue. A second novel observation 
is that selective cryoneurolysis can be achieved via an inject-
able biocompatible slurry in rats. Being a fluid suspension, 
the slurry can infiltrate by flowing around the target nerve, 
leading to uniform cooling and consequent structural 
changes in the nerve. Although there is selectivity of inter-
action between injected ice slurry and a target nerve, the 
use of electrical or ultrasound image guidance will be war-
ranted to reduce the risk of neural trauma from the needle.

The use of cryoneurolysis to block peripheral nerves has 
been known for many years. More recently, a focused cold 
therapy using 27G needles capable of delivering −60°C 
for 1 min was introduced as a transcutaneous cryoneurol-
ysis method.12 The demyelination and axonal degeneration 
we report here after injection of ice slurry are similar to 
previous reports of cryoneurolysis treatments.26 Using the 

same sciatic nerve rat model in a preclinical study with the 
focused cold therapy device, cooling the nerve by direct 
contact with a probe at −55°C for 1 min, it was shown that 
after a single treatment the motor function was inhibited for 
up to 30 days,26 similar to what we observed after injection 
of ice slurry. However, the use of such extremely low tem-
peratures and the requirement for direct nerve contact have 
limited the clinical use of such cryoneurolysis devices. These 
limitations are overcome using an injectable, biocompatible 
ice slurry. Melting of ice can extract large amounts of tis-
sue heat, owing to the large heat of fusion (334 J/g), much 
more efficiently than a cold aqueous solution. Furthermore, 
by controlling ice particle size, the slurry may be injected 
through a small hypodermic needle or cannula.

In summary, the injectable ice slurry has multiple advan-
tages over the currently used methods of cryoneurolysis for 
analgesia. These include: (1) the ability to inject the slurry 
using a hypodermic needle and syringe; (2) infiltration of 
the slurry into tissue increases the likelihood of cooling the 
target nerve; (3) ice slurry is nerve-selective because of its 
temperature, and although cold enough to cause cryoneu-
rolysis, it is not destructive to other tissue with the exception 
of adipose tissue.15 For these reasons, the use of injectable ice 

Fig. 4. Ice slurry injection leads to long-lasting and reversible functional loss. (A) Toe spread and (B) walking scores of hind limbs injected 
with slurry. Data are presented as median with interquartile range. n = 8 per group; *P < 0.05, **P < 0.001 compared with the baseline by 
Friedman test followed by Dunn’s multiple comparisons test. (C) The graph shows paw withdrawal frequency (PWF) in response to plantar 
stimulation with 15 g von Frey hair. n = 8 per group; *P < 0.05, **P < 0.001 compared with the baseline by Friedman test followed by Dunn’s 
multiple comparisons test. (D) Comparison of the effects of slurry and room temperature control solution on mechanical pain with 15 g von 
Frey hair in treated hind limbs. Paw withdrawal frequency values at each time point are normalized by dividing it by the value in the same 
animal at baseline and results are shown as percentage of the baseline value. n = 8 per group; *P < 0.05, **P < 0.001 compared with the 
room temperature solution control group by two-tailed Mann–Whitney U test. RT, room temperature.
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slurry to target peripheral nerves has the potential to offer 
a long-lasting, nonaddictive, and drug-free treatment for 
blocking conduction and thus reducing postoperative pain.
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