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Abstract

Presynaptic inhibition is one of the most powerful inhibitory mechanisms in the spinal cord. The underlying physiological mechanism is a
depolarization of primary afferent fibers mediated by GABAergic axo-axonal synapses (primary afferent depolarization). The strength of
primary afferent depolarization can be measured by recording of volume-conducted potentials at the dorsal root (dorsal root potentials, DRP).
Pathological changes of presynaptic inhibition are crucial in the abnormal central processing of certain pain conditions and in some disorders
of motor hyperexcitability. Here, we describe a method of recording DRP in vivo in mice. The preparation of spinal cord dorsal roots in the
anesthetized animal and the recording procedure using suction electrodes are explained. This method allows measuring GABAergic DRP and
thereby estimating spinal presynaptic inhibition in the living mouse. In combination with transgenic mouse models, DRP recording may serve
as a powerful tool to investigate disease-associated spinal pathophysiology. In vivo recording has several advantages compared to ex vivo
isolated spinal cord preparations, e.g. the possibility of simultaneous recording or manipulation of supraspinal networks and induction of DRP by
stimulation of peripheral nerves.

Video Link

The video component of this article can be found at http://www.jove.com/video/51473/

Introduction

Presynaptic inhibition is one of the most powerful inhibitory mechanisms in the spinal cord. It inhibits excitatory postsynaptic potentials (EPSPs)
in monosynaptically excited motoneurons without changing the postsynaptic membrane potential and the excitability of the motoneurons1-3.
Primary afferent depolarization (PAD) induced by GABAergic axo-axonal synapses onto sensory presynaptic fibers is the underlying
mechanism4-7 (see also Figure1a). These synapses contain GABAA- and GABAB-receptors (GABAAR and GABABR). GABAAR activity leads
to an increase in chloride conductance which elicits PAD due to the local ion distribution. This depolarization blocks the propagation of action
potentials into the axon terminals and reduces their strength leading to a decreased Ca2+-influx and a reduction of transmitter release. Activation
of GABAB receptors does not contribute to PAD but leads to a reduction of Ca2+-influx thereby enhancing presynaptic inhibition. While the
activation of GABAAR seems to be involved in short term inhibition, GABABR are involved in long-term modulation8-10. In addition to GABA,
which accounts for the major part of PAD and presynaptic inhibition, other transmitters systems might also modulate and contribute to this
mechanism11,12.

Pathological changes in presynaptic inhibition seem to be crucial in several disease states e.g. peripheral inflammation and neuropathic
pain13,14, as well as abnormal central pain processing15, spinal cord injury16, and CNS disease with motor hyperexcitability mediated by defective
GABAergic transmission17,18. Thus, estimating presynaptic inhibition is worthwhile to investigate experimental pathological conditions on the
spinal cord level in vivo. PAD gives rise to volume conducted potentials providing a direct measure of the presynaptic inhibition in the spinal cord.
Those potentials are called dorsal root potentials (DRP) and can be measured from spinal cord dorsal roots after stimulation of adjacent dorsal
roots7.

First measurements of DRP have been reported in cats and frogs19 and were intensively studied in cats by Eccles, Schmidt, and others in
the early 1970s3,4,20,21. While in vivo recordings of DRP in cats22 and rats23 have been widely used, measurements in mice have been almost
exclusively performed in ex vivo isolated spinal cord preparations15,24. Here, we describe a method to record DRP in anesthetized mice in vivo
allowing a direct measure of presynaptic inhibition in the intact organism.
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Protocol

All experimental procedures mentioned in the following protocol were approved by the Thuringian state authorities (Thüringer Landesamt für
Verbraucherschutz, Reg.-Nr. 02-044/12).

1. Preparations for Experiment

1. Fabrication of suction electrodes
1. Pull a micropipette using a standard borosilicate glass capillary with a micropipette puller, e.g. a standard patch electrode.
2. Brake the electrode to tip diameter of 0.5-1 mm (slightly larger than the diameter of the dorsal roots) using a diamond file.
3. Heat polish the tip so it will not harm the dorsal root when it is sucked in. A standard lab torch will be suitable.
4. Mount the glass filament on an electrode holder connected to a syringe through which negative pressure can be applied.

2. Preparation of solutions
1. Injection anesthesia for mice: Mix 0.75 ml ketamine 10%, 0.24 ml xylazine 2% and 5 ml 0.9% saline. 10 µl/g bodyweight (BW) of the

solution will be injected intraperitoneally (i.p.).
2. Artificial cerebrospinal fluid (aCSF): Dilute in double distilled water the following salts (in mM): NaCl 134; KCl 3; KH2PO4 1.25;

MgSO4•H2O 2; NaHCO3 25; CaCl2 2; D-glucose 10. Add H2O2 to a final concentration of 0.003%. Use always freshly prepared solution.

3. Preparation of the recording setup (Figure 2)
1. Connect the amplifier to a PC interface for digitizing data.
2. Use a PC-based program or an analogue timer to trigger a square pulse stimulator and data acquisition on PC hard drive.
3. Use chlorided silverwires connected to standard glass electrode holders as for stimulation and recording.
4. Assemble three manipulators for stimulation, recording and reference electrode respectively around a stereotactic frame for mice, so

that all electrodes have access to the prepared spinal cord later on.
5. Connect tubings and syringes to the electrode holders to be apple to apply negative pressure.

2. General Comments for Animal Experiments and Animal Preparation for Recording
Procedure

1. Perform all experiments using mice according to the guidelines of the respective institutional animal care and use committee. Perform all
surgery and recordings under deep anesthesia ensuring that animal suffering is minimized.

2. Anesthetize the animal by i.p. injection of ketamine/xylazine (125mg and 8mg per g BW of ketamine and xylazine, respectively; 10 µl/g BW of
the prepared solution as described above). If necessary during long-term recordings, additional injections can be made i.p. or i.m.
 
Note: Repetitive i.m. injections of 0.05-0.1 ml of ketamine/xylazine solution in the upper thighs have proven to be suitable to keep the animal
in deep anesthesia for up to 3 hr.

3. Use vet ointment on eyes to prevent dryness while under anesthesia.
4. Fix the head of the animal in a stereotactic frame and use a heating pad with rectal probe and reflex loop to control body temperature of the

animal during the experiment. Fixation of the spinal cord in a stereotaxic frame is not necessary.
5. Before starting the preparation, check depth of narcosis by eyeblink reflex and twitching between toes of the mice. Reflexes should be

abolished.
6. Open the skin along the midline above the spinal cord from the upper thoracic level to lower lumbar areas to get a clear operational field

using a scalpel. Do not use scissors to make skin incisions. Carefully loose the skin from the underlying tissue. During subsequent steps keep
the wound moistened by 0.9% saline.

7. Cut tendons and connective tissue on both side of the vertebrae from lumbar to thoracic levels using scalpel and scissor.
8. Remove the spinous processes and rest of connective tissue around the vertebrae using a small nipper.
9. Carefully crack vertebrae with the nipper starting from lumbar levels (L4/L5) under a dissecting microscope. Shove the tip of the nipper in the

space between the vertebrae and the spinal cord and lift bone pieces apart. Do not harm the dura and avoid pressure to the spinal cord. Both
are critical for success. Keep the spinal cord moistened during the whole procedure. Proceed to mid-thoracic levels.

3. Separating of Dorsal Roots and DRP Recording (Figure 2)

1. Open the dura mater carefully using a thin needle (30 G) with a bent tip. Use aCSF for moistening from now on.
2. Separate the dorsal roots as far as possible using the gauge and cut two adjacent roots as distal as possible. Vigorous pulling on the roots

during separation affects the success of the experiment.
3. Lower the suction electrode down to the dorsal roots. Add as much aCSF to the spinal cord as possible because liquid helps to suck in the

dorsal roots.
4. Suck the cut end of one dorsal root into one glass pipettes by applying negative pressure through a syringe. If needed, move the dorsal root

in front of the electrode opening using a fine needle.
5. If the dorsal root lies dry within the suction electrode, add some aCSF to its tip while carefully sucking until the pipette is sufficiently filled with

aCSF.
6. After the dorsal root is sucked in, raise the electrode tip from the spinal cord. Take care that no “water bridge” between the pipette tip and the

spinal cord short-circuit the recording/stimulation electrode.
7. Repeat steps 3.3-3.6 for an ipsilateral adjacent root.
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8. Position the reference electrode as close as possible to the dorsal roots and keep it moistened by applying aCSF.
9. By establishing the recording setup, one root is already chosen for stimulation, the other for recording. Increase voltage stepwise while

recording from the second dorsal root is done in current clamp mode. One may notice a short downward deflection which is followed by a
slow, long-lasting upward deflection representing the DRP.

10. Adjust the stimulus voltage to supramaximal levels and record several sweeps (at least 20 - 30 sweeps/dorsal root at 0.1 Hz, filter between
0.3 Hz-3 kHz).

11. Record short trains of three stimuli (100 Hz) to get information about the time-dependent summation of the DRP.
12. Switch recording and stimulation site for additional contralateral recordings.
13. Animals are not intended to survive the procedure. Sacrifice animals after last recording by decapitation while still under deep anesthesia

(ketamine/xylazine, see above, step 2.2).

4. Data Analysis

1. Transfer data to analysis program (e.g. Sigma Plot, Igor Pro, or MATLAB).
2. Calculate average traces from 20-30 sweeps.
3. Take the maximal amplitude of the voltage deflection (from baseline; DRP peak amplitude) for further analysis (Figure 3).
4. Calculate the ratio of the DRP peak amplitude after three pulses and single pulse to gain a measure of the time dependent summation of

subsequent potentials.

Representative Results

Typical DRP traces are shown in Figure 3. The prominent stimulation artifact is usually followed by a short downward deflection. Thereafter a
slow, long-lasting upward deflection, representing the DRP is clearly distinguishable. In a subset of recordings, dorsal root reflexes are visible
as small spikes on top of the DRP. In normal wild-type mice, dorsal root reflexes appear most often when stimulation voltage is excessive. As
the dorsal root reflexes cannot be elicited with a high reproducibility in this preparation, they were not taken for analysis and care was taken to
reduce stimulation voltage to lowest, but still supramaximal strength. For analysis of DRP peak amplitudes, averaged traces of 20-30 subsequent
sweeps are used (Figure 3a). The DRP peak amplitudes can be calculated in comparison to baseline levels prior to the stimulation artifact.
 
The time-dependent summation of the DRP can be analyzed from repetitive stimulations (3 stimuli; 100 Hz; Figure 3b). The peak amplitude is
calculated according to the single stimulation experiment. The ratio of the amplitudes after a single and three stimulations at high frequency gives
an estimate of the time-dependent summation of PAD.

 
Figure 1. Schematic drawings of PAD-associated spinal cord pathways and recording setup. a. Diagram shows the schematic pathway of
presynaptic inhibition in the spinal cord after stimulation of a dorsal root (3). Primary afferent depolarization (PAD) is mediated through activation
of a pool of first-order neurons (1) and consecutively GABAergic inhibition by an inhibitory interneuron with an axo-axonal synapse on Ia afferent
fibers (2). Dorsal root potentials (DRP) reflect the PAD, spread electronically along the dorsal root and were recorded near its entry to the spinal
cord (4). b. Data acquisition is done by a personal computer running patchmaster software (1) using an LIH 8+8 computer interface (2). Voltage
signals from the ELC universal amplifier (7) are digitized at 10 kHz. Stimulation is triggered by a TTL signal controlling a S88 dual output square
pulse stimulator (3). Voltage pulses are applied through a suction electrode (4). The recording electrode is connected to a preamplifier (6). A
chlorided silver wire is used for grounding (5). Please click here to view a larger version of this figure.
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Figure 2. DRP recording in situ. a. The spinal cord of the anesthetized mouse is exposed, the dura mater removed, and moistened with
artificial cerebrospinal fluid. The suction electrodes (1: stimulating electrode; 2: recording electrode,) are positioned on the spinal cord. The
inset shows the spinal cord (black arrow) and the dorsal roots (blue arrows). The dorsal roots are separated, cut, and sucked into the tips of the
electrodes (1,2). b. The tips of the pipettes containing the dorsal roots (inset, yellow arrows) have to be carefully elevated from the spinal cord
surface, so that they are not in contact with the surrounding fluid. Stretching of the dorsal roots and touching the spinal cord should be avoided
(in a and b: stimulation electrode 1; recording electrode 2; reference electrode 3). Please click here to view a larger version of this figure.
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Figure 3. Representative results. a. Averaged recording (left panel) of 28 consecutive traces (right panel) from one pair of dorsal roots. The
stimulation artifact (1) is followed by a prolonged negative potential (2, upwards), which reflects the DRP. In some recordings, heartbeat (ECG) is
seen as an artifact (right panel, red arrows) but can be clearly differentiated from the DRP. Traces with overlapping ECG artifacts superimposed
to the DRP have to be excluded from the analysis. b. Repetitive stimulation (3 stimuli, 10 Hz) leads to a time-dependent summation of the DRP
(abscissa is enlarged to clarify temporal summation). c. Example recordings of DRP before (black line) and 5 min after (red line) local application
of the GABAergic blocker bicucullin (0.5 mM, 500 µl) onto the exposed spinal cord. Blocking of local GABAergic interneurons leads to a marked
decline of DRP peak amplitude confirming GABAergic origin of the recorded potential (note the artifact of 50 Hz sine wave in the red curve which
occasionally occurs during DRP in vivo recording and sometimes cannot be prevented even by proper grounding and shielding).

Discussion

Extra- and intracellular electrophysiological recordings of neuronal activity and synaptic potentials in vivo are state of the art techniques in
investigating CNS neuronal functions and pathophysiology. Spinal integration is critical for motor function, e.g. limb movement and for multimodal
sensory perception. Presynaptic inhibition is one critical mechanism in this computational process ensuring appropriate responses to sensory
inputs. GABAergic synapses on Ia afferent fibers inhibit the excitation of motoneurons by PAD. Dorsal root potential-recording in vivo opens
the possibility to directly measure PAD in the intact animal. This technique might be of particular interest for research related to disease states
in which abnormal spinal inhibition is relevant such as pain, spinal cord injury, peripheral nerve injury, or inflammation. In combination with the
use of genetically modified mouse models this technique can be powerful to investigate mechanisms underlying disturbed spinal inhibition.
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The method here overcomes some limitations of the alternative form of DRP recordings in mice using isolated spinal cord preparations. So,
pathways to supraspinal networks are preserved and also combined analysis of spinal and supraspinal neuronal activity is possible. The effect
of supraspinal activity on PAD can be investigated by parallel electric stimulation of respective brain centers. In addition, DRP can be evoked by
stimulation of peripheral nerve directly, which might be of relevance in animal models of peripheral nerve lesion or inflammation. Using proper
anesthesia, vigilance and temperature control, recordings can be performed for hours in the intact animal under physiological conditions.

In contrast, in comparison to the use of isolated spinal cord preparations, in vivo recording of DRP is to some extend limited regarding controlled
local drug application and perfusion of bath solution. Drugs can be applied topically but due to the uncertain diffusion into surrounding tissue,
the variable solution exchange and amount of solution in the recording preparation it is not possible to control the drug concentration within
the spinal cord and the recording site. When acute effects of surface application are studied, these limitations can be partly resolved by local
application through pipettes.

The spinal cord of mice is small, highly sensitive to pressure and torsion, and surgery is difficult. Therefore, preparation of mouse spinal cord
for in vivo electrophysiology needs some training. There are certain critical points. It is essential that during preparation the dura mater is not
harmed and that preferably no or at least very few pressure is applied to the spinal cord. The spinal cord must be kept moistened during the
whole procedure, before and after the opening of the dura with NaCl and aCSF, respectively. The signal to noise ratio of DRP recordings can be
increased by stimulating and recording as close as possible to the entry point of the respective dorsal root. Diligent grounding and shielding of
the recording setup helps to reduce unspecific noise, lamps of the dissection microscope should be turned off or removed during recording.
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