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Short Abstract: A protocol was developed to simultaneously record two clock neurons in a Drosophila whole-brain explant preparation. Synchronous membrane potential oscillation was discovered using this simultaneous dual recording method.  This method enables us to study the neural activity and synaptic connectivity of an intact circadian control network.  
Long Abstract: Drosophila circadian rhythms are controlled by ~150 clock neurons, among which neuropeptide Pigment-Dispersing Factor (PDF)-secreting lateral ventral neurons (LNvs) play an essential role in controlling rhythmic locomotor activity and sleep/arousal.  In order to study how clock neurons coordinate and interact with each other, we developed a protocol to simultaneously record two large LNvs (lLNvs).  Each side of the fly brain contains 5 lLNvs, which can be identified by the expression of red fluorescent protein using genetic labeling (pdf-GAL4>UAS-DsRedII or pdf-red3).  The fly brain is dissected out and placed in the brain slice recording chamber with the anterior side up. Individual lLNv soma are exposed by focal application of protease solution, which removes cells and connective tissues covering lLNvs.  After two lLNv soma from either the ipsilateral or contralateral sides of the fly brain are exposed by focal digestion, two whole-cell patch-clamp recordings are obtained.  After dual whole-cell voltage-clamp recordings are established, both cells are switched to whole-cell current-clamp mode configuration, lLNv membrane potential oscillation and spontaneous action potentials are monitored in both cells to examine synchrony among clock neurons.  Furthermore, positive or negative current can be injected into either one of the two cells to investigate the interactions between two lLNvs.  Using this method, we discovered that two lLNvs from either the ipsilateral or contralateral sides of the fly brain exhibit synchronous membrane potential oscillation and action potential bursting1

. This method can also be used to obtain dual recordings on two different types of clock neurons from different brain regions, which will provide an important tool for dissecting the neural circuitry and synaptic connectivity of the clock neuron network.  
Protocol 
1.  Prepare external solution, intrapipette solution.

The external solution consists of (in mM): 101 NaCl, 3 KCl, 1 CaCl2, 4 MgCl2, 1.25 NaH2PO4, 5 Glucose, 20.7 NaHCO3, pH 7.2, osmolarity 250 mmol/kg.  The intrapipette solution consists of (in mM): 102 potassium gluconate, 17 NaCl, 0.085 CaCl2, 4 Mg-ATP, 0.5 Na-GTP, 0.94 EGTA, 8.5 HEPES, pH 7.2, osmolarity 235  mmol/kg.  The pH is adjusted using 1N HCl or 0.1N NaOH.  Both solutions are filtered with 0.22μm filters.  External solution is stored at 4oC refrigerator, and is warmed up to room temperature before use.  The intrapipette solution is stored in -80oC freezer in aliquots of 50μl per vial, and is kept in ice during the day of use.   
2.  Prepare protease XIV solution.


Protease XIV (Sigma-Aldrich) stock solution (50mg/ml) is prepared with the external solution, filtered with 0.22μm syringe filter, and stored in aliquots of 20μl each in 0.5ml Eppendorf tubes in -80oC freezer.  When it is needed, the final concentration is adjusted to 2mg/ml by adding 480μl external solution to each tube. 

3.  Drosophila stocks maintenance.  

Flies were maintained at 25°C in a 12 h light/dark (LD) cycle. pdf-gal4;UAS-DsRedII fly lines are used as PDF-expressing lateral ventral clock neurons (LNvs) can be readily identified by their red fluorescent expression using a fluorescence microscope (Olympus, BX50WI) , the large LNvs (lLNvs) and small LNvs (sLNvs) can be distinguished by their size and anatomical position.  Three to 7 days posteclosion female flies were collected for electrophysiological recordings. 
4.  Fly whole brain explant preparation. 


Fly was anesthetized with CO2 and then immersed in 70% alcohol for ~20s before being transferred to a dissection chamber filled with external solution under a dissection microscope. After head cuticle, eyes, proboscis, and trachea were removed with fine forceps, the brain was dissected out and placed on the floor of the recording chamber, frontal side up. A mammalian brain slice “harp” holder with a single nylon fiber was placed on top of the fly brain to secure it during recording. The recording chamber was then transferred to the recording rig, and was continuously perfused with external solution bubbled with 95% O2/5% CO2 at room temperature.
5.  Expose 2 lLNv soma using focal digestion. 


One glass pipette electrode was pulled, and the tip of the electrode was slightly broken by gently poking a piece of kimwipe twice.  About 10μl 2mg/ml protease solution was filled into the pipette.  Protease solution was focally applied to remove cells and tissues covering the intended lLNv soma using micromanipulator and 10-40mmHg positive pressure.  After one lLNv soma was exposed, the protease solution filled electrode was moved close to another lLNv soma and the same procedure was repeated.      


6.  Dual whole-cell patch clamp recording.


Electrodes were pulled with borosilicate standard wall capillary glass pipettes and fire-polished using a microforge.  Signals were acquired with a Multiclamp 700B amplifier, a Digidata 1440A digitizer, and pClamp Clampex 10 software (Molecular Devices).  Two recording electrodes were positioned near their intended target lLNvs, respectively.  Regular whole-cell patch clamp recording procedure was performed on one lLNv.  A set of voltage steps was applied to validate the quality of the first whole-cell patch clamp.  A similar procedure was performed on the other lLNv. After that, both lLNvs were switched to whole-cell current-clamp configurations for subsequent recordings.  

7.  Data analysis.


One phenomena we noticed in dual recordings of two lLNvs was that the membrane potential oscillations of two cells were highly synchronized.  To analyze the degree of synchrony, the whole-cell current clamp recording data was filtered with a low-pass Gaussian filter and then the analyzed with the cross-correlation between 2 cells using Clampfit 10 software.  

Representative data


Simultaneous dual whole-cell patch clamp recordings were performed in two lLNvs from the same side of fly brain.  As shown in Figure 1, two lLNvs from the same side of fly brain were recorded simultaneously.  Synchronous membrane potential oscillations were found.  During the depolarized phase of membrane potential oscillations, spontaneous action potential firings were observed, and the firings were synchronous in those two lLNvs.  
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Figure 1.  Synchronous membrane activity of two lLNvs. Representative simultaneous whole-cell current-clamp recordings of two lLNvs. 
Discussion


It is critical to form a gigaohm seal for a good whole-cell patch clamp recording.  For neurons in mammalian brain slice, such as rat hippcampal CA1 pyramidal neurons, a positive flow of intrapipette solution will remove some cell layers and clean up the surface of cell body, and then a good gigaohm seal can be formed.  However, fly clock neuron lLNvs are covered by several layers of cells and connective tissue, which cannot be removed solely by physical pressure such as a liquid flow.  Accordingly an enzymatic treatment with protease is needed to render lLNv soma accessible

The biggest obstacle for a successful dual recording is the mechanical interference between two patch-clamp procedures, especially the vibration caused by the second one.  After the completion of the first patch clamp, adjusting the microscope or moving the second electrode for the second patch-clamp procedure may introduce vibration that damages the first whole-cell patch clamp.  Extra care is needed to reduce the vibration as much as possible.  Furthermore, positioning the second electrode to its supposedly final location will also help to reduce the risk of vibration.    
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