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Catecholaminergic 
(sympathetic) acceleration 

of heart rate

Cholinergic 
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of heart rate



Levy & Zieske. Journal of applied physiology, 1969.

Stimulate right stellate ganglion 
(sympathetic)

Stimulate left vagus nerve 
(parasympathetic)

CANINE	innervated	isovolumic	
LV	preparations	(“in-situ”)
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Ng, …., Coote. Exp Physiology, 2001

RABBIT	innervated	isovolumic	
LV	preparations	(ex-vivo)



Stimulate right and left 
stellate ganglion Right vagus nerve stimulation

Ng, …., Coote. Exp Physiology, 2001
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Myles, …. Ripplinger, Circulation Research, 2012.

Can we stimulate the post-ganglionic cardiac 
fibers in conventional perfused heart 

preparations?

norepinephrine



Boyden E, et. al, Nature Neuroscience, 2005.

Hippocampal neurons



light pulse duration

ChR2 transmembrane 
current kinetics

Light intensity and membrane voltage 
determines ChR2 current.

Williams, J. C., … Entcheva, E. PLoS Computational Biology, 2013.

Entcheva, E., AJP Heart 2013.

470nm

Cell-specific non-contact stimulation 
of cardiac neurons is needed.

ChR2



Choline Acetylcholine
Choline 

acetyltransferase

Acetyl-CoA CoA

Neurons	of	the	parasympathetic	system	make	
choline	acetyltransferase	(ChAT)

Neurons	of	the	sympathetic	system	make	
tyrosine	hydroxylase	(TH).



Rysevaite, …., Pauza. Heart Rhythm, 2011.

Choline	acetyltransferase		
(ChAT)	:	red

Tyrosine	hydroxylase	
(TH)	:	green
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Transgenic Cre-Lox system for neuron 
specific ChR2 expression

Tyrosine hydroxylase 
promoter of Cre expression

ChR2 expression dependent 
upon Cre expression

Offspring express ChR2 in cells 
having tyrosine hydroxylase 
(NE/E producing neurons).

Choline acetyltransferase 
promoter of Cre expression

Offspring express ChR2 in cells 
having choline acetyltransferase 
(ACh producing neurons).

“Cre” “Cre”“Lox”

Axon varicosities



Cardiac sympathetic nerve fibers selectively express EYFP/
ChR2. Blue: EYFP/ChR2, Red: tyrosine hydroxylase. 

Cardiac parasympathetic nerve fibers selectively express 
EYFP/ChR2. Green: EYFP/ChR2.

SYMPATHETIC mouse model: 
Tyrosine hydroxylase (TH) 
promoter 

PARASYMPATHETIC mouse 
model: Choline acetyltransferase 
(ChAT) promoter



Acute optical stimulation of cardiac nerves in conventional 
Langendorff-perfused hearts.
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Electrical Function

Heart Rate Optical mapping

Whole-heart force 
(grams) development

Mechanical Function

Acute optical stimulation of cardiac nerves in conventional 
Langendorff-perfused hearts.

• Optical	
• Acute	
• Local



•Optical	
• Acute	
• Local

Sympathetic nerves



Optical activation of sympathetic nerve 
fibers instantly and dramatically increases 
sinus rate and ventricular contractile force.

Wengrowski, … Kay. Cardiovascular Research, 2015.
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Increased incidence of arrhythmia was observed immediately after optical activation of 
sympathetic nerve fibers.

Wengrowski, … Kay. Cardiovascular Research, 2015.

Pre-light Post-light



ECG

ECG

ECG

Apex

Aortic 
cannula

RA
LA

PDMS

LED

Illumination approach in on-going 
studies: microLED placed on the 
right atrium

Angel Moreno, MSc Matthew Skancke, MD



Longer duty cycle increases HR 
response during optical stimulation 
of  sympathetic (TH) cardiac 
neurons

Light pulse rate (Hz)



Pulse configuration: 5 Hz, 20% Duty cycle

Heart rate response of optical 
stimulation of  sympathetic (TH) 

cardiac neurons

**

Heart rate kinetics are likely dominated by cyclic AMP and PKA 
activation and deactivation of depolarizing membrane currents.



Functional response of optical stimulation of  
sympathetic (TH) cardiac neurons

HR response is lost during long-term optical 
stimulation of sympathetic neurons.

Vesicles depleted of NE? 
Rate of vesicle loading and docking is slower than the rate of NE release?

Pulse configuration: 5 Hz, 20% Duty cycle



How does optical stimulation of  
sympathetic (TH) cardiac neurons compare 

to a bolus dose of norepinephrine?



Norepinephrine dose-response for wild-type mouse hearts

200nM

HR response during 
optical stimulation of 
sympathetic neurons

Response to 200-300nM 
bolus dose of norepinephrine 

**
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630nM

Cholinergic activation balances optical stimulation of 
sympathetic (TH) cardiac neurons.

630nM

Optical stimulation

200nM circulating NE

Optical stimulation of post-ganglionic sympathetic axons 
recapitulates sinus node agonistic and antagonistic response 
to beta activation.



•Optical	
• Acute	
• Local

Parasympathetic nerves



Electrical stimulation 
of the vagus nerve: 
20 Hz 
3 Vpp 
1% duty cycle

Parasympathetic activation: In-vivo electrical 
stimulation of the right vagus nerve

ECG Lead ECG Lead

ECG Lead

Salivary Gland
(Retracted)

Salivary Gland
(Retracted)

Strap Muscles
(Retracted)

Strap Muscles
(Retracted)

Thyroid Gland

Thyroid Cartilage

Tracheal Rings

Carotid Artery

Vagus Nerve

Jugular VeinMouse

**



20 Hz, 3 Vpp, 1% duty cycle

R-R interval prolongation resulting from electrical 
stimulation of right vagus nerve



Pulse configuration: 5 Hz, 5 % Duty cycle

ECG

ECG

ECG

Apex

Aortic 
cannula

RA
LA
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LED

Acetylcholinesterase

No overshoot

R-R interval prolongation resulting from optical 
activation of parasympathetic (ChAT) cardiac neurons



R-R interval prolongation resulting from optical 
activation of parasympathetic (ChAT) cardiac neurons

Bethanechol (60 uM)



Long-term optical stimulation of  
parasympathetic (ChAT) cardiac neurons

HR response is maintained during long-term optical stimulation.

Pulse configuration: 5 Hz, 5 % Duty cycle



How does optical stimulation of  
parasympathetic (ChAT) cardiac neurons 
compare to a bolus dose of acetylcholine?



HR response during 
optical stimulation of  

parasympathetic neurons
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Acetylcholine dose-response 
for wild-type mouse hearts.

1.8mM

Response to a 1.8mM bolus 
dose of acetylcholine
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Atropine blocks muscarinic receptor 
activation when cardiac parasympathetic 
nerves are optically stimulated.

Atropine blocks the response

Optical stimulation of post-ganglionic parasympathetic neurons 
recapitulates sinus node agonistic and antagonistic response 
to muscarinic activation.

**



Spatial localization of neural activation



Optical stimulation of parasympathetic (ChAT) 
cardiac neurons also slows AV conduction.

[ACh] AV delay Optical AV delay

8 msec

6 msec



Optical AV BLOCK



Summary
• Selective expression of ChR2 in either catecholaminergic (TH) 

or cholinergic (ChAT) cells provides: 
• Temporal activation of cardiac post-ganglionic nerves 
• Spatial activation of cardiac post-ganglionic nerves 

• Specific structures can be selectively activated for NEURO-
CARDIAC FUNCTIONAL MAPPING. 

• Optical activation of post-ganglionic neurons recapitulates the 
chronotropic and inotropic response of pre-ganglionic 
stimulation. 

• Can be blocked by adrenergic and muscarinic 
antagonists
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