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Abstract Remote ischemic preconditioning (rIPC) induced

by transient limb ischemia (li-rIPC) leads to neurally depen-

dent release of blood-borne factors that provide potent car-

dioprotection. We hypothesized that transcutaneous electrical

nerve stimulation (TENS) is a clinically relevant stimulus of

rIPC. Study 1: seven rabbits were subjected to lower limb

TENS; six to li-rIPC, and six to sham intervention. Blood was

drawn and used to prepare a dialysate for subsequent analysis

of cardioprotection in rabbit Langendorff preparation. Study

2: 14 healthy adults underwent upper limb TENS stimulation

on one study day, 10 of whom also underwent li-rIPC on

another study day. Blood was drawn before and after each

stimulus, dialysate prepared, and cardioprotective activity

assessed in mouse Langendorff preparation. The infarct size

and myocardial recovery were measured after 30 min of

global ischemia and 60 or 120 min of reperfusion. Animal

validation: compared to control, TENS induced marked car-

dioprotection with significantly reduced infarct size (TENS

vs. sham p \ 0.01, rIPC vs. sham p \ 0.01, TENS vs. rIPC

p = ns) and improved functional recovery during reperfu-

sion. Human study: compared to baseline, dialysate after rIPC

(pre-rIPC vs. post-rIPC, p \ 0.001) and TENS provided

potent cardioprotection (pre-TENS vs. post-TENS p \ 0.001)

and improved myocardial recovery during reperfusion. The

cardioprotective effects of TENS dialysates were blocked by

pretreatment of the receptor heart with the opioid antagonist

naloxone. TENS is a novel method for inducing cardiopro-

tection and may provide an alternative to the limb ischemia

stimulus for induction of rIPC clinically.

Keywords Ischemic preconditioning � Ischemia �
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Introduction

Ischemic preconditioning (IPC) is a potent innate mechanism

of protection that can reduce myocardial infarction size by

over 50 % in experimental models [30]. Preconditioning can

result from both local and remote (rIPC) ischemic stimuli

[33], the most clinically relevant of which is transient limb

ischemia (li-rIPC). In the original study by Kharbanda and

colleagues, transient ischemia of the hindlimb using a tour-

niquet was shown to reduce subsequent myocardial infarction

(MI) size in pigs, and in the same study rIPC induced by

transient ischemia of the arm (using a standard blood pressure

cuff) protected against endothelial dysfunction after pro-

longed ischemia of the contralateral arm in human volunteers

[19]. Subsequently, there have been many experimental

studies using the technique [3, 19, 35], and translation to

randomized clinical trials [5, 20, 50] has been rapid. While the

exact nature of the signal transduction within the limb and

between the limb and the heart remains to be fully elucidated,

it is known that li-rIPC leads to the release of blood-borne

cardioprotective factors. We have shown previously that these

cardioprotective factors are small (dialyze across a 15 kDa

membrane) and hydrophobic (elute from a C18 column), and

when plasma dialysate from preconditioned animals or

humans is used to treat naı̈ve hearts in Langendorff prepara-

tion, of fresh isolated cardiomyocytes, provide potent car-

dioprotection [42]. Furthermore, in animal models, we and
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others have shown that the release of these factors can be

induced by intra-arterial adenosine [10, 45], or by local

adenosine release [9, 25], direct femoral nerve stimulation

[35, 45], and nociceptive stimulation via topical capsaicin [18,

35]. Conversely, these effects can be abrogated by adenosine

receptor blockade [32, 49], femoral nerve section [10, 45],

pretreatment with intra-arterial infusion of the NO-donor

SNAP [45] which is neuro-inhibitory to small sensory nerve

fibers, and topical DMSO (a sensory fiber-blocking agent)

prior to capsaicin treatment [12]. Interestingly, in a recent

clinical study, li-rIPC in diabetic patients led to release of

blood-borne cardioprotective factors in those without, but not

those with, peripheral neuropathy [17], further emphasizing

the importance of the peripheral nerves in the mechanism of

release of blood-borne cardioprotective factors.

We hypothesized that other forms of peripheral nerve

stimulation may provide a clinically relevant method to

cause release of the cardioprotective factor(s). Transcuta-

neous electrical nerve stimulation (TENS) is simple to

apply, is used widely clinically [4, 43], and has an excellent

safety profile. Given our prior observations showing

induction of RIPC by direct nerve stimulation [35], we

studied the use TENS as a possible peripheral nerve

stimulus of rIPC in animal studies, and subsequently in

human volunteers, using our previously described method

of preparing blood dialysate, which we test in Langendorff

heart preparation [42]. Although the exact nature of the

circulating cardioprotective factor(s) remains to be identi-

fied, this system provides a facile bioassay for the release

of such factors that can be tested in naı̈ve hearts, not

subjected directly to preconditioning stimuli.

Materials and methods

All animal protocols were approved by the Animal Care

and Use Committee of the Hospital for Sick Children in

Toronto and conformed to the Guide for the Care and Use

of Laboratory Animals, published by the National Institutes

of Health (NIH Publication No. 85-23, Revised 1996). The

human studies were approved by the institutional clinical

research ethics board, and written informed consent was

obtained from each subject.

Experimental design

Study 1: Transcutaneous electrical nerve stimulation

(TENS) as a novel method of remote preconditioning

in a rabbit model

The donor rabbits were premedicated with 0.25 mg/kg

akmezine (containing ketamine, acepromazine and atro-

pine). After 10 min, pentobarbital sodium (30 mg/kg) was

injected via a cannula placed in a marginal ear vein and the

animal was intubated and ventilated. All rabbits were an-

ticoagulated with heparin (100 IU/kg) via a marginal ear

vein. The left carotid artery of sham and treated rabbits was

exposed and cannulated with a 5-Fr catheter to collect

blood for dialysate preparation.

The 31 New Zealand white rabbits (male: weight

3–3.5 kg) were randomly allocated to five groups: group 1

(sham, n = 6), animals were anesthetized for 50 min;

group 2 (li-rIPC, n = 6), remote ischemic preconditioning

was induced through four cycles of 5 min of hindlimb

ischemia (via a tourniquet), followed by 5 min of reper-

fusion as previously described [36]; group 3 (TENS,

n = 7), transcutaneous electrical nerve stimulation was

delivered using the Nicolet Endeavour TENS machine

(Nicolet Endeavor CR, CareFusion, Madison, WI, USA)

via applied electrode pads directly onto the medial side of

the hindlimb, with a stimulus of 500 ls pulse width,

3.1 Hz, 2–3 mA, four cycles of 5 min of stimulation fol-

lowed by 5 min of rest. Blood was taken at the end of the

intervention protocol (see below).

Study 2: TENS as a novel method of remote

preconditioning in human study

Fifteen healthy human subject volunteers (7 males, 8

females, all Caucasian) between the ages of 25–32 years

were recruited. Potential subjects were excluded if affected

by recent (within 1 month) inter-current or chronic illnesses

(e.g., diabetes mellitus, hypertension). Informed consent was

obtained before enrollment in the study. The subjects were

required to abstain from vigorous exercise, coffee and

alcohol consumption for 24 h prior to each study; all were

non smokers. Nine subjects underwent rIPC and TENS with

the order of the stimulus randomly assigned, and with at

least 1 week separating each study intervention (see below).

Five subjects underwent only TENS. One subject underwent

only rIPC due to scheduling difficulties. Samples of 30 ml of

whole blood were stored in lithium-heparin tubes before and

after each intervention to prepare dialysate for study in

mouse Langendorff preparation.

Induction of li-rIPC

Li-rIPC was performed on another study day separated by

at least 1 week from the TENS study. Decision as to which

intervention was performed first was made by a coin toss.

Li-rIPC was administered in the usual protocol, whereby

four cycles of 5 min of ischemia, induced by blood pres-

sure cuff to the upper arm inflated to 200 mmHg, was

followed by 5 min of reperfusion [19]. Blood samples for

preparation of dialysate were collected at baseline and

following li-rIPC.
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Transcutaneous electrical nerve stimulation (TENS)

preconditioning

Using the same TENS machine as in rabbit experiments,

subjects received a therapeutic stimulus via an upstream

and downstream electrode pair placed on the skin of the

upper arm coinciding with the C5 dermatome. The stimulus

was set to the same pulse width and frequency as in rabbits

(500 ls pulse width, 3.1 Hz), with amplitude titrated to

tolerance of discomfort for each subject (range of

8–20 mA). In all cases, this was associated with mild

muscle twitch. Four cycles of 5 min of stimulation fol-

lowed by 5 min of rest was performed.

Dialysate preparation

Approximately, 80 ml of rabbit blood was obtained from

the donor rabbit at the end of treatment. Bleeding was

limited to \2 min to minimize secondary hemodynamic

effects. Blood gases and electrolyte measurements were

taken at the end of the blood draw to confirm that each

rabbit remained well oxygenated and neither acidotic nor

hyperkalemic.

Human samples of 30 ml of whole blood were obtained

before and after (within 15 min) each intervention.

Laboratory staff were blinded to treatment allocation

and timing of sampling. Both human and rabbit blood

plasma were obtained by centrifugation (3,000 rpm for

20 min) of the whole blood. To prepare the dialysate,

50 ml rabbit plasma or 15 ml human plasma was placed in

dialysis tubing with a 12–14 kDa cutoff membrane

(Spectra/Por; Spectrum Laboratories, Inc.; Rancho Do-

minguez, CA, USA) and dialyzed against a 20-fold volume

of Krebs–Henseleit buffer while stirring overnight at 4 �C

and then stored at -80 �C. Before perfusion of the rabbit

donor hearts (Study 1), D-glucose and NaHCO3 were added

to the final concentration of 11 and 10 mmol/l, respec-

tively, to the dialysate and then filtered through a 0.2 lm

filter.

Prior to perfusion of the mouse hearts (Study 2),

D-glucose, NaHCO3 and EDTA were added to a final

concentration of 15, 25 and 0.5, respectively, to the human

dialysate. All perfusates were equilibrated with 95 %

oxygen–5 % CO2 and adjusted to a pH of 7.35–7.4.

Langendorff preparation

Rabbit dialysate was studied using a rabbit-heart Lange-

ndorff preparation (one heart studied per dialysate sample).

Human blood samples were smaller in volume due to the

practicality of taking large amounts of blood from volun-

teers and thus human dialysate from human plasma was

studied using a mouse-heart Langendorff. A total of 45

mice (male, C57BL6, 9–11 weeks old) were used for li-

rIPC pre- and post-groups (10 human dialysates in each

group); 61 mice were used for TENS pre- and post-groups

(14 human dialysates in each group), each dialysate was

used to perfuse two to three mouse hearts and the infarct

size data averaged as one data point (see Tables 1 and 2).

Rabbit Langendorff

The thirty-one New Zealand white rabbits (male: weight

3–3.5 kg) were used for rabbit Langendorff. A heart from

an untreated rabbit was quickly excised (anesthesia proce-

dures same as above), mounted on a Langendorff perfusion

apparatus, and perfused under non-recirculating conditions

at constant pressure (80 mmHg) at 37 �C. Krebs–Henseleit

buffer contained (in mM) 119 NaCl, 4.7 KCl, 1.2 MgSO4,

1.8 CaCl2, 1.2 KH2PO4, 25 NaHCO3, and 11 glucose,

gassed with 95 % oxygen–5 % CO2. The solution was

continuously oxygenated with 95 % oxygen–5 % CO2 to

maintain a final pH of 7.4. The buffer was vacuum filtered

with a 0.2-lm nitrocellulose filter to remove particulates.

Once placed onto the perfusion apparatus, each heart was

submerged in 37 �C Krebs–Henseleit buffer for the duration

of the experiment. A water-filled balloon, custom made

with thin plastic Saran Wrap on PE-160 polyethylene tub-

ing, was inserted into the left ventricle (LV) through the

mitral valve and connected to a pressure transducer

(ML844; AD Instruments; Colorado Springs, CO, USA).

The balloon was inflated with water to adjust LV end-dia-

stolic pressure (LVEDP) to 6–8 mmHg at the beginning of

the experiment, and the volume was kept constant for the

duration of the study.Each heart was allowed to stabilize for

20 min and then perfused with 1,000 ml dialysate for

15–22 min, depending on the coronary flow. Then, standard

buffer was added for the remaining 8–15 min of a total of

30 min of pretreatment after stabilization. The hearts were

then subjected to 30 min of global ischemia (37 �C) and

120 min of reperfusion.

Mouse Langendorff

One hundred and six C57BL6 mice (male, 10–11 weeks

old) were used. Mice received heparin (200 IU, i.p. Sigma)

and were anesthetized with pentobarbital (60 mg/kg, i.p.

Ceva Sante animale) and then intubated and ventilated.

Hearts were rapidly excised by bilateral thoracotomy,

placed in ice-cold buffer and the aorta cannulated with a

20-gauge metal cannula. Isolated hearts were mounted on

the Langendorff perfusion apparatus (Radnoti Technolo-

gies Inc., Monrovia, CA, USA) and perfused with dialysate

for 30 min under non-recirculating conditions at a constant

pressure of 80 mm Hg (*2 ml/min) with 37 �C Krebs–

Henseleit buffer (KHB) (consisting of the following in
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mmol/L: NaCl 120.0, NaHCO3 25.0, KCl 4.7, MgSO4 1.2,

KH2PO4 1.2, CaCl2 2.5, EDTA 0.5 and glucose 15). The

left auricle was removed and a balloon, made with saran

wrap and PE60 polyethylene tubing, was inserted into the

left ventricle (LV) through the mitral valve and connected

to a pressure transducer. The balloon was inflated with

water to adjust left ventricular end-diastolic pressure

(LVEDP) to 7–10 mmHg at the beginning of the experi-

ment and the volume was kept constant for the duration of

the study.

After a 20-min stabilization period, isolated hearts were

perfused for 30 min using dialysate, then washed out for

5 min, and then subjected to 30 min of no-flow global

ischemia followed by 60 min of reperfusion.

Hemodynamic measurements, including heart rate (HR),

peak left ventricular pressure (LVP), maximum rate of

contraction (?dP/dtmax), maximum rate of relaxation

(-dP/dtmin), and LVEDP, were recorded on a data acqui-

sition system (PowerLab, ADInstruments) throughout the

procedure. The LV developed pressure (LVDP) was cal-

culated as the difference between the systolic and end-

diastolic LV pressures.

Opioid antagonist naloxone treatment

Twenty-six C57BL/6 mice were divided into five groups

for mouse Langendorff. Group 1 (pre-TENS, n = 3) used

stored frozen Pre-TENS dialysate to perfuse mouse heart

for 30 min before global ischemia; procedure was the same

as described above. Group 2 (post-TENS, n = 3) used

frozen post-TENS dialysate to perfuse mouse heart for

30 min before global ischemia. In Group 3 (naloxone

Table 1 Infarct size data for each experiment performed using dialysate from each participant using blood samples obtained before and after

rIPC

Pre li-rIPC Post-li-rIPC

Human

dialysate

Gender Mouse heart perfused

with one human dialysate

Infarct

size (%)

Average Mouse heart perfused

with one human dialysate

Infarct

size (%)

Average

#1 F #1 41.1 #1 38.7

#2 43.0 #2 26.3

#3 50.9 45.0 32.5

F

#2 #1 54.5 #1 25.6

#2 41.8 48.2 #2 23.2 24.4

#3 M #1 47.3 #1 29.0

#2 31.4 39.4 #2 17.5 23.3

#4 #1 35.1 #1 24.6

F #2 45.8 #2 21.0

#3 43.8 41.6 22.8

#5 M #1 50.7 #1 28.5

#2 51.3 51.0 #2 20.0 24.3

#6 #1 46.2 #1 43.2

F #2 38.6 #2 20.9

#3 31.2 38.7 32.1

#7 M #1 31.4 #1 36.2

#2 37.4 #2 27.0

#3 40.8 36.5 #3 38.9 34.0

#8 M #1 44.4 #1 20.9

#2 47.5 46.0 #2 32.9 26.9

#9 M #1 28.9 #1 28.6

#2 40.2 34.6 #2 22.6 25.6

#15 M #1 38.9 #1 22.2

#2 33.6 36.3 #2 17.0 19.6

Average 41.7 26.5

SD 5.6 4.8

SE 1.76 1.51
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alone, n = 8), after a 20-min stabilization period, hearts

were perfused with opioid antagonist naloxone (10 lm/l)

for 10 min, changed to Krebs–Henseleit buffer for 35 min,

then subjected to 30 min of no-flow global ischemia fol-

lowed by 60 min of reperfusion. Naloxone infusion

resumed at the onset of reperfusion and continued

throughout the reperfusion period. Group 4 (nalox-

one ? pre-TENS, n = 6) and Group 5 (naloxone ? post-

TENS, n = 6) hearts were perfused with opioid antagonist

naloxone (10 lm/l) for 10 min before perfusing pre- or

post-TENS human dialysate, then hearts were perfused for

30 min using human TENS dialysate, washed out for 5 min

and then subjected to 30 min of no-flow global ischemia

followed by 60 min of reperfusion. Naloxone infusion

resumed at the onset of reperfusion and continued

throughout the reperfusion period. The naloxone dose

regime was used based on an established protocol previ-

ously reported by Gross et al. [31].

Table 2 Infarct size data for each experiment performed using dialysate from each participant using blood samples obtained before and after

TENS

Pre-TENS Post-TENS

Human

dialysate

Gender Mouse heart perfused

with one human dialysate

Infarct

size (%)

Average Mouse heart perfused

with one human dialysate

Infarct

size (%)

Average

#1 F #1 41.1 #1 28.5

#2 30.6 35.9 #2 25.7 27.1

#2 F #1 36.4 #1 39.8

#2 37.5 #2 17.5

#3 44.6 39.5 28.7

#3 M #1 47.6 #1 36.4

#2 30.2 #2 34.5

38.9 #3 32.2 34.4

#4 F #1 27.6 #1 19.3

#2 36.0 31.8 #2 29.0 24.2

#5 M #1 32.2 #1 21.5

#2 29.2 #2 17.2

#3 24.3 28.6 19.4

#6 F #1 39.4 #1 38.2

#2 40.0 39.7 #2 22.1 30.2

#7 M #1 70.8 #1 50.1

#2 42.3 #2 38.6

56.6 #3 53.7 47.5

#8 M #1 39.1 #1 34.7

#2 38.4 38.8 #2 23.3 29.0

#9 M #1 22.4 #1 19.8

#2 24.7 23.6 #2 20.2 20.0

#10 F #1 35.6 #1 34.4

#2 31.8 #2 21.3

33.7 #3 18.1 24.6

#11 F #1 45.8 #1 36.1

#2 37.4 41.6 #2 28.9 32.5

#12 F #1 56.0 #1 32.0

#2 54.3 55.2 #2 54.1 43.1

#13 F #1 52.2 #1 25.5

#2 48.3 50.3 #2 37.9 31.7

#14 M #1 40.1 #1 25.5

#2 45.9 43.0 #2 17.5 21.5

Average 39.78 29.54

SD 9.40 8.14

SE 2.51 2.17

Basic Res Cardiol (2014) 109:406 Page 5 of 13

123



Measurement of infarct size

At the end of the reperfusion period, hearts were weighed

and frozen at -80 �C. The frozen rabbit heart was cut

transversely into 2-mm-thick slices using a rabbit Heart

Slicer Matrix. The mouse hearts were cut into 1-mm-thick

slices using a Mouse Heart Slicer Matrix (Zivic Instru-

ments; Pittsburgh, PA, USA) and stained with 1.25 % TTC

in 200 mm Tris/HCl (pH 7.4) for 15 min in a 37 �C water

bath. After fixation for 2 h in 10 % neutral-buffered

formaldehyde, each slice was photographed by electronic

scanning (CanoScan 4400F). The viable myocardium

stained brick red, and infarct tissues appeared pale. The

infarct and LV areas were measured via automated pla-

nimetry using Adobe Photoshop CS2 software, with infarct

size expressed as a percentage of the total LV area.

Statistical analysis

Statistical significance was determined for most compari-

sons by using one-way ANOVA, followed by post hoc

testing (Newman–Keuls) where appropriate. Values of

p B 0.05 were considered to be statistically significant.

Data are shown as mean ± S.E.M. (standard error).

Results

There were no statistically significant differences in baseline

hemodynamic functional parameters between any of the

groups. No rabbit hearts were excluded from the study. 16

mice heart were excluded from the study after the initial

20-min stabilization period if they met one of the following

functional criteria: (1) coronary flow [5 ml/min, (2) heart

rate lower than 300 beats/min, (3) left ventricular systolic

pressure below 80 mmHg, or significant cardiac arrhythmias.

Study 1: Transcutaneous electrical nerve stimulation

(TENS) is a novel method of remote preconditioning

in a rabbit model

As shown in Fig. 1, perfusion with li-rIPC dialysate signifi-

cantly decreased the infarct size in comparison to the sham

dialysate (28.1 ± 5.3 % in rIPC vs. 45.4 ± 3.4 % in sham,

p \ 0.01). Comparison of TENS dialysate with sham also

showed significantly decreased infarct size (27.2 ± 2.9 % in

TENS vs. 45.4 ± 3.4 % in sham, p \ 0.01).

As shown in Fig. 2, perfusion with li-rIPC and TENS

dialysate improved post-ischemic cardiac performance

in isolated perfused hearts. Recovery of post-ischemic

contractile function (assessed by LVDP) was greater in

li-rIPC and TENS dialysate-perfused hearts than in sham

hearts. By the end of the 120-min reperfusion period, a

significantly greater functional recovery was observed in li-

rIPC and TENS hearts (44.3 ± 2.4 % in rIPC and

50.6 ± 3.0 % in TENS, of pre-ischemic value) compared

with sham (32.0 ± 3.5 % of pre-ischemic value, p \ 0.05

and p \ 0.01 respectively, Fig. 2a). Maximal rates of

contraction (dP/dtmax) and maximal rates of relaxation

(dP/dtmin) were also significantly increased (improved) in

li-rIPC and TENS compared to sham hearts (dP/dtmax

49.7 ± 4.9 % in li-rIPC and 57.25 ± 6.3 % in TENS vs.

35.0 ± 4.6 % in sham, p \ 0.05; dP/dtmin 45.9 ± 2.2 % in

rIPC and 48.6 ± 5.3 % in TENS vs. 36.5 ± 4.7 %,

Fig. 2b, c); these results indicated that post-ischemic con-

tractile function was improved by li-rIPC and TENS.

Fig. 1 Transcutaneous electrical nerve stimulation releases blood-

borne cardioprotection that reduces infarct size in rabbit Langendorff

model. Both li-rIPC and TENS reduced infarct size expressed as

percentage of LV area for each of the treatment groups. Values are

mean ± SEM. *p \ 0.01 vs. sham
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Diastolic recovery was also improved by li-rIPC and TENS

(Fig. 2d), In rIPC and TENS groups, LVEDP was signifi-

cantly lower than that of sham at the beginning of reper-

fusion and decreased steadily throughout the reperfusion

period. At the end of the reperfusion period, LVEDP was

lower in li-rIPC and TENS dialysate-perfused hearts

(24.9 ± 4.8 mmHg in rIPC and 21.7 ± 3.8 mmHg in

TENS) than in sham dialysate-perfused hearts

(37.4 ± 6.8 mmHg, Fig. 2b).

Study 2: Human transcutaneous electrical nerve

stimulation dialysate reduces infarct size and improves

post-ischemic cardiac performance in perfused mouse

hearts

In humans, perfusion with li-rIPC dialysate significantly

decreased the infarct size when compared with baseline

blood dialysate (26.6 ± 1.5 % post-rIPC vs. 41.7 ± 1.8 %

pre-rIPC p \ 0.001). Comparison of TENS dialysate with

baseline dialysate decreased the infarct size to a similar

degree (29.5 ± 2.2 % post-TENS vs. 39.8 ± 2.5 % pre-

TENS, p \ 0.001) (Fig. 3).

As shown in Fig. 4, perfusion with either the rIPC or

TENS dialysates significantly improved the post-ischemic

cardiac performance in isolated perfused mouse hearts. The

recovery of LVDP was significantly greater in hearts per-

fused with post-li-rIPC (87.6 ± 3.8 % of preischemic

value) and post-TENS dialysate (86.8 ± 2.3 %) than in

hearts perfused with the pre-rIPC (72.7 ± 2.8 %, p \ 0.05)

and pre-TENS dialysate (73.9 ± 3.6 %, p \ 0.01; Fig. 4a).

Both dP/dtmax and dP/dtmin were significantly improved

with post-rIPC dialysate compared to pre-rIPC (p \ 0.01,

and p \ 0.05 respectively). The improvement in dP/dtmax

was also statistically significant after TENS (p \ 0.01)

(Fig. 4b, c). Diastolic recovery was also improved by li-

rIPC and TENS (Fig. 4d). The LVEDP was lower in the

post-li-rIPC and TENS compared to the pre-rIPC group

(18.9 ± 1.9 % in post-rIPC vs. 26.3 ± 2.1 % in pre-rIPC,

p \ 0.05) and TENS groups (17.6 ± 1.6 % in post-TENS

vs. 24.2 ± 2.9 % in pre-TENS, p = 0.059) (Fig. 4d).

Opioid antagonist naloxone blocked

the cardioprotection induced by human TENS dialysate

in perfused mouse hearts

Administration of the opioid antagonist naloxone abrogated

the cardioprotective effect of TENS dialysate (infarct size

58.6 ± 4.4 % naloxone ? post-TENS vs. 56.4 ± 4.0 %
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b Fig. 2 Transcutaneous nerve stimulation improves post-ischemic

cardiac performance in isolated rabbit perfused hearts. The time

course of LVDP (a), dP/dtmax (b), dP/dtmin (c) and LVEDP (d) for all

groups are shown. Haemodynamic parameters in a–c are expressed as

a percentage of the pre-ischemic values, whereas LVEDP values (d)
are shown in mmHg. Values are mean ± SEM, n = 6–7 per group.

Hearts perfused with dialysate after li-RIPC and TENS showed

improved functional recovery compared to sham dialysate (e.g., for

LVDP p \ 0.05, p \ 0.01 respectively) (see text for details).

*p \ 0.01 vs. sham; #p \ 0.05 vs. sham
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naloxone ? pre-TENS) (Fig. 5a). Naloxone also abrogated

the improvement in post-ischemic cardiac performance by

either the TENS dialysates. The recovery of LVDP was

same in hearts perfused with pre- and post-TENS

(60.6 ± 3.9 % of preischemic value in naloxone ? post-

vs. 64.8 ± 4.0 % in naloxone ? pre-TENS) (Fig. 5b).

Similarly, LVEDP was unchanged in the TENS dialysate-

perfused hearts compared to the pre-TENS groups

(37.9 ± 1.8 % in naloxone ? post-TENS vs. 32.4 ± 3.3 %

in naloxone ? pre-TENS) (Fig. 5c). To confirm the effec-

tiveness of human dialysate after being stored for a pro-

longed period, stored frozen pre- and post-TENS dialysates

were used in additional studies. Perfusion with TENS

dialysate significantly decreased the infarct size when

compared with baseline blood dialysate (29.0 ± 1.8 %

post-TENS vs. 42.47 ± 1.8 % pre-TENS p \ 0.01). While

there was an apparent trend toward increased infarct size

in the naloxone-treated hearts, there was no statistically

significant difference between pre-TENS dialysate (no
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Fig. 3 Transcutaneous nerve stimulation in humans invokes cardio-

protection in dialysate-perfused mouse hearts. Dialysate obtained

after either li-rIPC (n = 10) or TENS (n = 14) reduced infarct size

expressed as percentage of LV area, compared to dialysate obtained

prior to either stimulus. Values are mean ± SEM. *p \ 0.01
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Fig. 4 Human transcutaneous nerve stimulation dialysate improves

post-ischemic cardiac performance in mouse perfused hearts The time

course of LVDP (a), dP/dtmax (b), dP/dtmin (c) and LVEDP (d) for all

groups are shown. Hemodynamic parameters in a–c are expressed as

a percentage of the pre-ischemic values, whereas LVEDP values d are

shown in mmHg. Values are mean ± SEM, n = 10 in li-rIPC group

and n = 14 in TENS group. Compared to baseline (untreated

dialysate) hearts perfused with dialysate after li-RIPC and TENS

showed improved functional recovery (see text for details).

*p \ 0.01; #p \ 0.05 vs. baseline (untreated dialysate)
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naloxone) and naloxone ? pre-TENS groups (Fig. 5a). As

shown in Fig. 5b, c, perfusion with the stored untreated

TENS dialysates significantly improved the post-ischemic

cardiac performance in isolated perfused mouse hearts.

Subjective experience of discomfort in TENS and rIPC

Subjects were asked to grade the discomfort during the

stimulus on a 1–10 scale (1 no discomfort, 10 extreme

discomfort). There was no statistically significant differ-

ence between the TENS (median 6/10, IQR 4–6) and rIPC

(median 4.5, IQR 2–6) (p = 0.42) for the entire cohort or

when the analysis was restricted to subjects who were

subjected to both methods (p = 0.44).

Discussion

We have shown for the first time that peripheral nerve

stimulation using transcutaneous electrical nerve stimula-

tion evokes the release of dialyzable factors into the

bloodstream in both rabbits and healthy human volunteers

that result in potent cardioprotection in isolated hearts. The

importance of these findings lay not only in the potential
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Fig. 5 The opioid antagonist naloxone blocks the cardioprotection

induced by human TENS dialysate in perfused mouse hearts. Stored

dialysate obtained after TENS reduced infarct size compared to

dialysate obtained prior to stimulus, but administration of the opioid

antagonist naloxone abrogated the cardioprotective effect of TENS

dialysate (a). Naloxone also abrogated the improvement in post-

ischemic cardiac performance (b and c) by TENS dialysates. The end

of points LVDP (b) and LVEDP (c) are shown. n = 3 in TENS

groups, n = 8 in naloxone alone group, n = 6 in naloxone ? TENS

groups. The right hand panels (pre-/post-TENS data, without

naloxone, show data on similarly stored dialysate analyzed to exclude

an adverse effect of storage on cardioprotective capacity of the

dialysate. Values are mean ± SEM. *p \ 0.01, #p \ 0.05 vs. baseline

(untreated dialysate)
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utility of TENS as a novel preconditioning stimulus, but

also in revealing that TENS may share some characteristics

to the signal transduction previously demonstrated for rIPC

induced through transient limb ischemia.

The exact nature of the mechanisms by which a

peripheral stimulus can lead to cardioprotection remains

somewhat controversial. It is clearly a complex phenome-

non, with recent data showing that its effects in humans, at

least in terms of intracellular signaling, may be different to

those described in smaller animals [15]. Similarly, clinical

studies in patients have yielded, perhaps unexpected, but

mechanistically relevant observations that potentially cast

light on the mechanisms of the remote preconditioning

response, for example the observation that RIPC may be

abrogated by the use of propofol [23, 24]. Several studies

have suggested that a direct neural connection is required

between the peripheral organ and the heart [9, 11, 13, 25,

27, 32, 38, 49, 52]. We [42, 45] and others [7, 8, 22, 39, 51]

have shown that cardioprotection is induced, at least in

part, via the release of blood-borne factors resulting from

the remote stimulus. Although it remains to be fully elu-

cidated, not least in terms of their exact identification and

characterization, several recent studies have improved our

understanding of the signal transduction within the limb

that leads to the release of these blood-borne cardiopro-

tective factor(s). We have previously shown that li-rIPC

results in release of a dialyzable (\15 kDa), hydrophobic

factor(s) that provides cross-species (human dialysate–

rabbit heart, human dialysate–mouse heart) cardioprotec-

tion [42]. Our model, whereby blood sampled from an

animal or subject before and after a rIPC stimulus is used to

prepare a dialysate that can be tested in a naı̈ve heart in

Langendorff preparation, allows dissection of direct neural

from indirect humoral effects of the rIPC stimulus that may

confound in vivo assessments. Subsequent studies using

this model have shown that other stimuli within the limb

can lead to release of blood-borne cardioprotective factors,

with similar physical characteristics and effectiveness as li-

rIPC. These studies have not only obviated the dependence

of cardioprotection upon a direct neural connection

between limb and heart, but have also provided strong

evidence for dependence on intact neural pathways within

the limb itself. Most relevant to the current study are our

prior observations that direct femoral nerve stimulation and

topical capsaicin invoke blood-borne cardioprotection, and

that femoral nerve transection prior to li-rIPC [42] and

pretreatment of the skin with DMSO (to block non-mye-

linated peripheral nerve transmission) prior to topical

capsaicin abrogate cardioprotection [35].

While our proof-of-principle study was not designed to

study the exact nature of the neural signal transduction by

which TENS might induce release of blood-borne cardio-

protective factors, our data clearly show that TENS is

equally effective to li-rIPC, both in terms of infarct size

reduction and post-ischemic myocardial recovery after

reperfusion, and is similarly blocked by pretreatment with

naloxone. This suggests that both li-rIPC and TENS release

endogenous opioids, and its downstream effect involves

stimulation of opiate receptors within the myocardium. We

have previously shown that naloxone abrogates the car-

dioprotective effect of dialysate obtained from human

subjects after li-rIPC in an isolated cardiomyocyte model

[41], and it appears from the current observations that

TENS may liberate substances with similar properties.

Figure 5 shows that co-administration of naloxone abro-

gated the effect of dialysate from TENS-treated animals.

These experiments were performed post hoc, on stored

dialysate, and for that reason we repeated experiments with

stored dialysate, without naloxone, to ensure that cardio-

protection was not lost by storage alone. Nonetheless, there

does appear to be a trend toward increased infarct size with

naloxone alone and, while not statistically significant, we

cannot completely exclude a type 2 error on the basis of the

study numbers used. However, this would not alter our

findings that naloxone does reverse the cardioprotective

effect of post-TENS dialysate. The previous observation

that 30 min of TENS stimulation to the hand or leg in

patients differentially increases either Met-enkephalin

(MEAP) or dynorphin A (depending on stimulation fre-

quency, 2 vs. 100 Hz respectively) in CSF is interesting in

this regard [14].

Although the li-rIPC stimulus is a mature, safe, and

facile technique that has been used in multiple clinical

trials, TENS represents an alternative stimulus of rIPC that

may have some clinical advantages (e.g., avoiding the need

to render a limb ischemic, maintain access to the limb for

infusions and monitoring). However, more studies are

required to establish the clinical utility of TENS under

these circumstances, not least because the li-rIPC is a

complex stimulus that induces other effects such as mod-

ification of ischemia-induced platelet reactivity [26],

alteration of protein phosphorylation [2, 44, 48], altered

protein expression [28, 46, 53] and modification of gene

expression, [6, 16, 21, 34, 40, 46, 47] and functional

activity of circulating neutrophils [37, 41] that may be

important contributors to the clinical benefits of the tech-

nique and may or may not be invoked by TENS.

Study limitations

This was a proof of principle study, and while the obser-

vations are unique, the TENS protocol we used was idio-

syncratic. We chose settings commonly used clinically in

our practice and used the same pulse width and frequency,

albeit at lower amplitude in rabbits. Future experiments

should be designed to address the mode of stimulation,
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optimal TENS settings, and biology of the stimulus. In

terms of the latter, we are unable to exclude the possibility

that the TENS stimulus was not, at least in part, effective

via direct muscular stimulation and possible ‘exercise-

induced’ ischemia. We have previously shown that vigor-

ous exercise also releases blood-borne cardioprotective

agents [29], and in both our animal and human studies

TENS stimulation was associated with underlying muscle

stimulation manifest as twitch. Furthermore, in the first

study examining the limb as a possible site for inducing

rIPC, Birnbaum and colleagues showed in rabbits that

direct electrical gastrocnemius muscle stimulation in

association with partial limb ischemia, but neither muscle

stimulation nor partial ischemia alone, was cardioprotec-

tive [1]. Further studies are clearly required to establish the

mechanisms underlying the release of cardioprotective

factors by TENS, the optimal stimulus, and the time course

of the portfolio of downstream effects that may occur in

target tissues.

We have already mentioned significant caveats

regarding the relative clinical utility regarding rIPC

stimulated by limb ischemia or TENS. For example, at a

practical level TENS stimulation should not be applied,

for example, in those with pacemakers. From a mecha-

nistic viewpoint, while our model does allow demon-

stration of stimulation of blood-borne cardioprotection

and allows us to report that TENS works, at least in part,

by release of humoral factors, we do not have data

showing the effectiveness in an entirely in vivo system.

This is particularly important in terms of the ability of

TENS to confer cardiac and other organ protection in

humans, as our current data only provide indirect evi-

dence in an in vitro ‘bio-assay’. Clearly, future studies

should address the potential for TENS to provide pro-

tection in vivo and compare directly the effects of the

TENS stimulus with the increasing data, showing a broad

range of effects of li-rIPC. Furthermore, a more sophis-

ticated analysis of pain and discomfort, using appropriate

visual analog tools, would be required in larger numbers

of subjects before superiority of either technique could be

established definitively, in this regard.

In summary, we have shown that TENS is a novel

stimulus of remote ischemic preconditioning that is equally

effective to that induced by transient limb ischemia in

isolated heart preparation. Further studies will be required

to establish the optimal delivery and clinical utility of this

novel method of cardioprotection.
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