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SUMMARY:  25 
The combined use of microelectrode array technology and 4-aminopyridine-induced chemical 26 
stimulation for investigating network-level nociceptive activity in the spinal cord dorsal horn is 27 
outlined. 28 
 29 
ABSTRACT:  30 
The roles and connectivity of specific types of neurons within the spinal cord dorsal horn (DH) 31 
are being delineated at a rapid rate to provide an increasingly detailed view of the circuits 32 
underpinning spinal pain processing. However, the effects of these connections for broader 33 
network activity in the DH remain less well understood because most studies focus on the activity 34 
of single neurons and small microcircuits. Alternatively, the use of microelectrode arrays (MEAs), 35 
which can monitor electrical activity across many cells, provides high spatial and temporal 36 
resolution of neural activity. Here, the use of MEAs with mouse spinal cord slices to study DH 37 
activity induced by chemically stimulating DH circuits with 4-aminopyridine (4-AP) is described. 38 
The resulting rhythmic activity is restricted to the superficial DH—stable over time, blocked by 39 
tetrodotoxin, and can be investigated in different slice orientations. Together, this preparation 40 
provides a platform to investigate DH circuit activity in tissue from naïve animals, animal models 41 
of chronic pain, and mice with genetically altered nociceptive function. Furthermore, MEA 42 
recordings in 4-AP-stimulated spinal cord slices can be used as a rapid screening tool to assess 43 
the capacity of novel antinociceptive compounds to disrupt activity in the spinal cord DH. 44 
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 45 
INTRODUCTION:  46 
The roles of specific types of inhibitory and excitatory interneurons within the spinal cord DH are 47 
being uncovered at a rapid rate1-4. Together, interneurons make up over 95% of the neurons in 48 
the DH and are involved in sensory processing, including nociception. Furthermore, these 49 
interneuron circuits are important for determining whether peripheral signals ascend the 50 
neuroaxis to reach the brain and contribute to the perception of pain5-7. To date, most studies 51 
have investigated the role of DH neurons at either the single-cell or whole-organism level of 52 
analysis using combinations of in vitro intracellular electrophysiology, neuroanatomical labeling, 53 
and in vivo behavioral analysis1,3,8-14. These approaches have significantly advanced the 54 
understanding of the role of specific neuron populations in pain processing. However, a gap 55 
remains in understanding how specific cell types and small microcircuits influence large 56 
populations of neurons at a microcircuit level to subsequently shape the output of the DH, 57 
behavioral responses, and the pain experience. 58 
 59 
One technology that can investigate macro-circuit or multicellular-level function is the 60 
microelectrode array (MEA)15,16. MEAs have been used to investigate nervous system function 61 
for several decades17,18. In the brain, they have facilitated the study of neuronal development, 62 
synaptic plasticity, pharmacological screening, and toxicity testing17,18. They can be used for both 63 
in vitro and in vivo applications, depending on the type of MEA. Furthermore, the development 64 
of MEAs has evolved rapidly, with different electrode numbers and configurations now 65 
available19. A key advantage of MEAs is their capacity to simultaneously assess electrical activity 66 
in many neurons with high spatial and temporal accuracy via multiple electrodes15,16. This 67 
provides a broader readout of how neurons interact in circuits and networks, under control 68 
conditions and in the presence of locally applied compounds.  69 
 70 
One challenge of in vitro DH preparations is that ongoing activity levels are typically low. Here, 71 
this challenge is addressed in spinal cord DH circuits using the voltage-gated K+ channel blocker, 72 
4-aminopryidine (4-AP), to chemically stimulate DH circuits. This drug has previously been used 73 
to establish rhythmic synchronous electrical activity in the DH of acute spinal cord slices and 74 
under acute in vivo conditions20-24. These experiments have used single-cell patch and 75 
extracellular recording or calcium imaging to characterize 4-AP-induced activity20-25. Together, 76 
this work has demonstrated the requirement of excitatory and inhibitory synaptic transmission 77 
and electrical synapses for rhythmic 4-AP-induced activity. Thus, the 4-AP response has been 78 
viewed as an approach that unmasks native polysynaptic DH circuits with biological relevance 79 
rather than as a drug-induced epiphenomenon. Furthermore, 4-AP-induced activity exhibits a 80 
similar response profile to analgesic and antiepileptic drugs as neuropathic pain conditions and 81 
has been used to propose novel spinally-based analgesic drug targets such as connexins20-22. 82 
 83 
Here, a preparation that combines MEAs and chemical activation of the spinal DH with 4-AP to 84 
study this nociceptive circuitry at the macro-circuit, or network level of analysis, is described. This 85 
approach provides a stable and reproducible platform for investigating nociceptive circuits under 86 
naive and neuropathic ‘pain-like’ conditions. This preparation is also readily applicable to test the 87 
circuit-level action of known analgesics and to screen novel analgesics in the hyperactive spinal 88 



   

cord. 89 
 90 
PROTOCOL: 91 
 92 
Studies were carried out on male and female c57Bl/6 mice aged 3–12 months. All experimental 93 
procedures were performed in accordance with the University of Newcastle’s Animal Care and 94 
Ethics Committee (protocols A-2013-312, and A-2020-002). 95 
 96 
1. In vitro electrophysiology 97 
 98 
1.1. Preparation of solutions for spinal cord slice preparation and recording 99 
 100 
1.1.1. Artificial cerebrospinal fluid  101 
 102 
NOTE: Artificial cerebrospinal fluid (aCSF) is used in an interface incubation chamber, where slices 103 
are stored until recording commences and during experiments as both perfusate and diluent for 104 
drugs. See Table 1 for the detailed composition. 105 
 106 
[Place Table 1 here] 107 
 108 
1.1.1.1. Prepare aCSF containing (in mM) 118 NaCl, 25 NaHCO3, 10 glucose, 2.5 KCl, 1 109 
NaH2PO4, 1 MgCl2, and 2.5 CaCl2 by adding the required quantities of the above, excluding CaCl2, 110 
to 2 L of distilled water. 111 
 112 
1.1.1.2. Bubble the above solution with carbogen (95% O2, 5% CO2) for 5 min and add 113 
CaCl2.  114 
 115 
NOTE: This step prevents CaCl2 precipitation, i.e., the solution should not turn cloudy. For drug 116 
application during experiments, dilute the drug stock solutions in aCSF to desired final 117 
concentrations. 118 
 119 
1.1.2. Sucrose-substituted artificial cerebrospinal fluid  120 
 121 
NOTE: Sucrose-substituted aCSF is used during dissection and spinal cord slicing. As indicated by 122 
the name, sucrose is substituted for NaCl to reduce neuronal excitation during these procedures 123 
while maintaining osmolarity. See Table 1 for the detailed composition. 124 
 125 
1.1.2.1. Prepare sucrose-substituted aCSF containing (in mM) 250 sucrose, 25 NaHCO3, 10 126 
glucose, 2.5 KCl, 1 NaH2PO4, 1 MgCl2, and 2.5 CaCl2 by adding the required quantities of all of the 127 
above, excluding CaCl2, to 300 mL of distilled water. 128 
 129 
1.1.2.2. Bubble the solution with carbogen for 5 min and then add CaCl2. 130 
 131 



   

1.1.2.3. Store the solution in a -80 °C freezer for approximately 40 min or until the solution 132 
forms a slurry. Avoid freezing solid and use while in slurry consistency. 133 
 134 
1.2. Microelectrode array preparation 135 
 136 
NOTE: The contact surface of the MEA requires a pretreatment to make it hydrophilic. 137 
 138 
1.2.1. Before the experiment, fill the MEA well with either fetal bovine serum (FBS) or horse 139 
serum (HS) for 30 min. 140 
 141 
1.2.2. Remove the FBS or HS and thoroughly rinse MEA with approximately five washes of 142 
distilled water until the distilled water is no longer foamy. Fill the well with aCSF, ready for use. 143 
 144 
1.3. Acute spinal cord slice preparation 145 
 146 
NOTE: The mouse spinal cord slice preparation is as previously described by Smith et al.2. Ideally, 147 
removal of the lumbosacral enlargement should take no more than 8–10 min (steps 1.3.2–1.3.11 148 
below). 149 
 150 
1.3.1. Deeply anesthetize the mouse with 100 mg/kg ketamine (i.p.) and then decapitate it using 151 
large surgical scissors. 152 
 153 
1.3.2. Remove the skin over the abdominal region by making a small cut in the skin at the level 154 
of the hips. Pull the skin on either side of the cut rostrally until all the skin is removed, i.e., from 155 
the top of the rib cage to the top of the pelvis (both ventrally and dorsally). 156 
 157 
1.3.3. Place the body on ice and use a ventral approach to expose the vertebral column by 158 
removing all the viscera and cutting through the ribs lateral to the sternum. 159 
 160 
1.3.4. Remove the ventral rib cage, both scapulae (cut off at approximately T2), and the lower 161 
limbs and pelvis (cut off at approximately the top of the sacrum). 162 
 163 
1.3.5. Transfer the vertebral column and rib preparation to a dissecting bath containing ice-cold 164 
sucrose aCSF. Pin all four corners of the preparation (ventral surface upwards) by placing pins 165 
through the lower back muscles and the attached upper ribs. 166 
 167 
1.3.6. Remove all muscle and connective tissue overlying the ventral surface of the vertebrae 168 
with rongeurs and identify the vertebral region over the lumbosacral enlargement, which lies 169 
approximately beneath the T12 to L2 vertebral bodies. 170 
 171 
1.3.7. Remove a vertebral body that is caudal to the lumbosacral enlargement region to provide 172 
access to the spinal cord as it sits in the vertebral canal. 173 
 174 



   

1.3.8. Using curved spring scissors, cut through the vertebral pedicles bilaterally while lifting and 175 
pulling the vertebral body rostrally to separate the ventral and dorsal aspects of the vertebrae 176 
and expose the spinal cord. 177 
 178 
1.3.9. Once the vertebral bodies are removed to reveal the lumbosacral enlargement, carefully 179 
clear the remaining roots that anchor the spinal cord with spring scissors until the cord floats 180 
free.  181 
 182 
1.3.10. Isolate the spinal cord with rostral and caudal cuts well above and below the lumbosacral 183 
enlargement, allowing the target region of the cord to ‘float free.’ 184 
 185 
NOTE: The preferred slice orientation will determine how the cord is subsequently mounted for 186 
sectioning (Figure 1). 187 
 188 
1.3.11. For transverse slices, lift the lumbosacral segment by an attached root and place it on a 189 
pre-cut polystyrene (Styrofoam) block (1 cm x 1 cm x 1 cm) with a shallow channel cut in the 190 
center. Use cyanoacrylate adhesive (see the Table of Materials) to attach the block and cord to 191 
the sectioning platform and place it in the cutting bath containing ice-cold sucrose aCSF (slurry). 192 
 193 
NOTE: The shallow channel helps secure and orient the spinal cord, with the dorsal side exposed 194 
and the thoracic end of the cord at the bottom of the block. 195 
 196 
1.3.12. For sagittal slices, lay a thin line of cyanoacrylate adhesive on the sectioning platform, lift 197 
the lumbosacral enlargement by an attached root, and place the cord along the line of glue, 198 
ensuring one lateral surface is in the adhesive and the other faces upwards. Place it in the cutting 199 
bath containing ice-cold sucrose aCSF (slurry). 200 
 201 
1.3.13. For horizontal slices, put a thin line of cyanoacrylate adhesive on the sectioning platform. 202 
Lift the lumbosacral enlargement by an attached root, and place the lumbosacral enlargement 203 
along the line of adhesive, ensuring the ventral surface is in the adhesive and the dorsal surface 204 
faces upwards. Use attached roots to position the cord. Place it in the cutting bath containing ice-205 
cold sucrose aCSF (slurry).  206 
 207 
[Place Figure 1 here] 208 
 209 
1.3.14. Obtain 300 μm thick slices (L1-L5, same thickness regardless of orientation) using a 210 
vibrating microtome with the following settings: speed 0.06 mm/s, amplitude 2.50 mm, and 211 
calibrated to within ±0.02 height amplitude deviation.  212 
 213 
1.3.15. Transfer the slices to an air interface incubation chamber containing oxygenated aCSF. 214 
 215 
1.3.16. Before recording, allow the slices to equilibrate for 1 h at room temperature (20–24 °C). 216 
 217 
 218 



   

1.4. Microelectrode array recordings  219 
 220 
NOTE: The following steps detail how to use record data from MEA-based experiments on spinal 221 
cord slices. Several MEA designs can be used depending on the experiment. Design details for 222 
MEAs used in these experiments are shown in Table 2 and Figure 2. Detailed design information 223 
has been published by Egert et al.26 and Thiebaud et al.27 for planar and 3-dimensional (3D) MEAs, 224 
respectively. Both MEA types are composed of 60 titanium nitride electrodes, with a silicon 225 
nitride insulating layer and titanium nitride tracks and contact pads. 226 
 227 
1.4.1. Experimental setup  228 
 229 
1.4.1.1. Turn on the computer and interface board, and start the recording software.  230 
 231 
1.4.1.2. Load the pre-assembled recording template (Figure 3A). Name the files for the 232 
day in the recorder tab. 233 
 234 
1.4.1.3. Continuously bubble aCSF with carbogen (5% CO2, 95% O2) for the duration of the 235 
experiment. 236 
 237 
1.4.1.4. Turn the perfusion system on, which is controlled by a peristaltic pump. Place the 238 
inlet line into aCSF and the inlet end in a waste beaker. Prime the perfusion lines with aCSF. 239 
 240 
1.4.1.5. Prepare 4-AP and any other drug solutions by diluting stocks in 50 mL of aCSF to 241 
the required final concentration (e.g., 200 μM for 4-AP). 242 
 243 
1.4.1.6. Place the drug solutions in drug pots and bubble them with carbogen. 244 
 245 
1.4.2. 4-AP activity 246 
 247 
1.4.2.1. Following incubation, transfer a single slice from the incubator using a large-tip 248 
Pasteur pipette filled with aCSF. 249 
 250 
1.4.2.2. Place the slice in the MEA well and add additional aCSF. 251 
 252 
1.4.2.3. Position the slice over the 60-electrode recording array using a fine short hair 253 
paintbrush. Avoid contacting the electrodes with the paintbrush or dragging the tissue across the 254 
electrodes, especially if using 3D arrays.  255 
 256 
NOTE: Depending on the MEA layout, this can be done with or without the assistance of a 257 
microscope for accurate positioning. 258 
 259 
1.4.2.4. After positioning the slice, place a weighted net over the tissue to hold it in place 260 
and promote good contact with MEA electrodes.  261 
 262 



   

NOTE: The slice may need repositioning following net placement.  263 
 264 
1.4.2.5. Place the MEA in the recording headstage (Figure 2A,B).  265 
 266 
1.4.2.6. Check the position of the tissue over the electrodes using an inverted microscope 267 
(2x magnification) to confirm that as many electrodes as possible are under the superficial DH 268 
(SDH). Ensure that at least 2–6 electrodes do not contact the slice as these electrodes are 269 
important for subtracting noise and recording artefacts during analysis (Figure 2E). 270 
 271 
1.4.2.7. Turn on the camera, connect it to the device, and take a reference image of the 272 
slice relative to the MEA for use during analysis. 273 
 274 
1.4.2.8. Press Start DAQ in the recording software, and confirm that all electrodes are 275 
receiving a clear signal. 276 
 277 
NOTE: If the signal is noisy, unclip the headstage, and clean both the MEA contact pads and gold 278 
spring contacts with 70% ethanol (use a laboratory wipe to ensure that the pads and contacts are 279 
dry after cleaning). If the signal is still noisy, turn off the malfunctioning electrodes in the 280 
recording software or note down for exclusion later during analysis.  281 
 282 
1.4.2.9. Attach the perfusion inlet and outlet lines to the MEA-well (previously filled with 283 
aCSF) and turn the perfusion system on. Check the flow rate, ideally 4–6 bath volumes per 284 
minute, and ensure that the outflow is sufficient to prevent overflow of the superfusate.  285 
 286 
1.4.2.10. Allow the tissue to equilibrate for 5 min and then record 5 min of raw, unfiltered 287 
baseline data. 288 
 289 
1.4.2.11. Move the perfusion inlet line from aCSF to a 4-AP solution and wait for 12 min for 290 
the 4-AP-induced rhythmic activity to reach steady state (2 min for drugs to reach the bath and 291 
10 min for the activity to peak and then plateau). 292 
 293 
1.4.2.12. Record 5 min of 4-AP-induced activity. Be prepared for subsequent recordings to 294 
test the drugs or to check the stability of 4-AP. 295 
 296 
[Place Table 2 and Figure 2 here] 297 
 298 
1.4.3. Changing slices 299 
 300 
1.4.3.1. Following each recording session, rinse the lines with aCSF. 301 
 302 
1.4.3.2. Remove the MEA from the headstage. 303 
 304 
1.4.3.3. Remove the net and the tissue from the MEA well, rinse them well with aCSF, and 305 
repeat the above steps with a new slice. 306 



   

 307 
2. Data processing and analysis 308 
 309 
NOTE: The following steps detail how to use the analysis software for MEA experiments on spinal 310 
cord slices. One of the 60 electrodes serves as an internal reference (marked by a trapezoid in 311 
Figure 2 C,D), while between four and twenty-five of the remaining 59 are positioned under the 312 
SDH in an adult mouse spinal cord slice. Subsequent analysis detects extracellular action potential 313 
(EAP) and local field potential (LFP) waveforms (see Figure 3B for examples) from the raw signal 314 
in this region. 315 
 316 
2.1. Raw data processing  317 
 318 
2.1.1. Open the analysis software and load the pre-made analysis layout (Figure 3B). 319 
 320 
2.1.2. Open the file of interest and deselect the reference electrode (electrode 15 in 8 x 8 MEA- 321 
or electrode E1 in 6 x 10 MEA-configuration) and any electrodes deemed to be excessively noisy. 322 
 323 
2.1.3. Set the time window for analysis (0:00  5:00 min). 324 
 325 
2.1.4. Move to the Cross-channel filter tab. Select Complex reference and select the Reference 326 
Electrodes based on the image taken and notes made during the experiment (i.e., those 327 
electrodes not under tissue). To apply and check this, press Explore before continuing.  328 
 329 
2.1.5. Move to the EAP filter tab and apply a 2nd order high pass Butterworth filter (200 Hz cut 330 
off) to remove LFP activity. 331 
 332 
2.1.6. Move to the LFP filter tab and apply a 2nd order band pass Butterworth filter (delta 333 
frequencies of 0.5-4 Hz) to remove EAP activity. 334 
 335 
2.1.7. Move to the EAP detector tab and select Auto threshold. Tick Rising and Falling edge 336 
boxes and set the Dead time to 0.5 ms. 337 
 338 
2.1.8. Set Positive and Negative thresholds based on the data. Inspect the data by returning to 339 
the Raw data analyzer screen, moving the time marker, and then returning to the EAP detector 340 
tab and pressing Explore. Repeat until satisfied that the set detection threshold is capturing EAPs 341 
without capturing noise/non-physiological activity. Use the reference electrodes to identify 342 
noise/non-physiological activity. 343 
 344 
NOTE: It is necessary to ensure a minimal number of EAPs are detected in reference electrodes 345 
where physiological activity will not be occurring. However, rather slight deviations in baseline 346 
might be falsely detected as EAPs. This is while still aiming to maximize the number of real events 347 
detected in the active electrodes.  348 
 349 



   

2.1.9. Move to the LFP detector tab, select the Manual threshold, tick Rising and Falling edge 350 
boxes, and set the Dead time to 3 ms. 351 
 352 
2.1.10. Repeat step 2.1.8 for one electrode by selecting an electrode with LFP activity. Once 353 
satisfied, select Apply to all as thresholds will only be applied to a single electrode when 354 
undertaking manual thresholding. 355 
 356 
2.1.11. While examining LFP data in the Detector tab, note the maximum number of threshold 357 
crossings for the one LFP waveform and maximum time separation of threshold crossings for the 358 
one LFP waveform for use in later analysis.   359 
 360 
2.1.12. Press Start analysis. 361 
 362 
2.1.13. When the analysis is complete, move to the EAP analyzer tab and export the data. Do the 363 
same on the LFP analyzer tab. 364 
 365 
2.1.14. Repeat this process for all other files from the same slice.  366 
 367 
2.1.15. Following data export, convert the files to xlsx format so they can be read by the 368 
programming script used. Name the files according to the following convention for the provided 369 
script to read them: experiment name (e.g., sample data) – slice number (e.g., S1) – recording 370 
number (e.g., R1) – activity type (e.g., spikes or SPs, corresponding to EAPs or LFPs, respectively).  371 
 372 
NOTE: The EAP analysis described here treats spiking from individual channels as a single 373 
population, even though this activity would commonly arise from multiple neurons in close 374 
proximity to the recording electrode. If the number of neurons contributing to EAPs in a channel 375 
is desired, multispike sorting techniques described elsewhere can be applied to distinguish 376 
distinct populations of spikes based on waveform characteristics28. 377 
 378 
[Place Figure 3 here] 379 
 380 
2.2. Synchronicity analysis  381 
 382 
NOTE: Synchronicity, or the number of ‘coincident’ events between two electrodes, was 383 
determined using the coincidence criterion within the A-SPIKE-synchronization method outlined 384 
by Satuvuori et al.29. The script used here only compares electrodes adjacent to one another for 385 
efficiency (i.e., horizontal, vertical, and diagonal neighbors); however, the script could be 386 
rewritten to compare all electrodes if required.  387 
 388 
2.2.1. Perform data analysis using a custom programming script, which extracts latency 389 
timestamps for each electrode from the .xlsx files. 390 
 391 
NOTE: This can be done manually. 392 
 393 



   

2.2.2. In step 2.1.10, record the maximum number of threshold crossings and maximum time 394 
separation of threshold crossings for the one LFP waveform. Modify the script for inputting these 395 
LFP-defining parameters for each slice before running the script. 396 
 397 
NOTE: Thresholding previously performed in analysis software clearly captures EAPs as a single 398 
event. However, LFPs are composed of a variable number of peaks depending on the shape of 399 
the waveform and the subsequent number of threshold crossings by the one event. 400 
 401 
2.2.3. Modify the script to input the electrodes of interest before analysis. 402 
 403 
2.2.4. To determine synchronicity (defined in the script by modifiable time frames for 404 
synchronous activity to occur within), separate and analyze the extracted latencies to detect 405 
coincident events.  406 
 407 
NOTE: The script allows the maximum time between coincident events to be set. These are set 408 
at 20 ms for EAPs and 200 ms for LFPs. 409 
 410 
2.2.5. Run the script to extract latency timestamps.  411 
 412 
NOTE: The .xlsx output file contains the interpretations of latency data, which are EAP and LFP 413 
counts, frequencies, and coincident event counts for individual electrodes and whole slices. 414 
These data are used to assess the frequency, EAP/LFP counts, number of active electrodes, 415 
number of coincident events, number of linked electrodes, and the average strength of these 416 
linkages. 417 
 418 
REPRESENTATIVE RESULTS:  419 
 420 
Model of network activity in the spinal cord dorsal horn 421 
Application of 4-AP reliably induces synchronous rhythmic activity in the spinal cord DH. Such 422 
activity presents as increased EAPs and LFPs. The later signal is a low-frequency waveform, which 423 
has previously been described in MEA recordings30. Changes in EAP and/or LFP activity following 424 
drug application reflect altered neural activity. Examples of EAPs and LFPs are shown in Figure 425 
3B and Figure 4. The focus here is on the following parameters or features of the EAP/LFP data: 426 
frequency, total counts, active electrode counts, synchronicity as characterized by the number of 427 
coincident events detected across multiple electrodes, number of linked adjacent electrodes, and 428 
the strength of linkages between adjacent electrodes. Representative results are shown in Table 429 
3 and Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, and Figure 8. They show a significant increase 430 
in all the parameters measured (all p<0.001 by paired t-test or the Wilcoxon Signed-Rank non-431 
parametric equivalent test) for both EAPs (Figure 5 and Figure 6) and LFPs (Figure 7 and Figure 432 
8) following 4-AP stimulation and then relative stability for the remainder of the recordings. Data 433 
were tested for normality prior to statistical analysis. In summary, 4-AP induces EAP and LFP 434 
activity in the spinal cord DH, and various features of the data can be extracted from the MEA 435 
recordings. The activity is reproducible, and much of the activity, particularly for LFPs, is rhythmic 436 
and synchronous.  437 



   

 438 
[Place Table 3 + Figure 4 here] 439 
 440 
Slice orientation 441 
The DH circuitry activated by 4-AP is connected in all three dimensions. Thus, slice orientation is 442 
an important consideration for in vitro preparations. Sagittal or horizontal slicing may be 443 
preferential to observe intersegmental signaling, whereas transverse slices better preserve 444 
mediolateral and dorsoventral connectivity. Given these considerations, it can be seen that 4-AP 445 
stimulation induces similar rhythmic activity in the SDH, regardless of slice orientation (see Figure 446 
9).  447 
 448 
Long-term stability of 4-AP induced activity  449 
The stability of 4-AP-induced activity is obviously crucial when studying the effects of applied 450 
drugs. Therefore, the stability of 4-AP-induced activity parameters was characterized, and this is 451 
presented in Figure 5, Figure 6, Figure 7, and Figure 8 and Table 4. All activity characteristics, 452 
plus the coincidence of activity for LFPs, were stable based on the similarity of 4-AP-induced 453 
activity at 12 min after 4-AP application and 15 min later (p>0.05). Other LFP synchronicity 454 
characteristics, the number of linked adjacent electrodes, and linkage strength between adjacent 455 
electrodes decreased over 15 min (p=0.016 and p=0.033, respectively), though the difference 456 
was modest. This gradual change could easily be distinguished from the more immediate actions 457 
of a test drug during pharmacological studies (see below). Data were tested for normal 458 
distribution before statistical comparisons and then assessed using paired t-tests or non-459 
parametric Wilcoxon Signed-Rank tests as appropriate. 460 
 461 
[Place Table 4 here] 462 
 463 
Pharmacological investigation of activity characteristics  464 
To demonstrate that MEA-recorded 4-AP-induced activity is readily amenable to pharmacological 465 
manipulations, the dependence of these signals on action potential discharge was highlighted. 466 

Bath application of the voltage-gated sodium channel antagonist, tetrodotoxin (TTX, 1 M), 467 
abolished both EAP and LFP activity, confirming spike dependency of these signals. Example 468 
traces are shown in Figure 3A. This result also provides an example of the utility of the 469 
preparation for future pharmacological investigations, where novel compounds and established 470 
analgesics can be assessed for their action in activated spinal DH circuits. Finally, to shed further 471 
light on the relevance of 4-AP activation of the DH networks, an alternative approach was trialed 472 
to achieve modest depolarization of the DH network. In this approach, an elevated potassium 473 
(4.5 mM) aCSF solution (Table 1) was bath-applied and shown to evoke a similar DH response to 474 
4-AP stimulation. This manipulation evoked LFP activity that featured the same synchronous 475 
characteristics as 4-AP-induced responses (Figure 10), suggesting a similar mechanism and 476 
underlying circuitry. 477 
 478 
[Place Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 here] 479 
 480 
 481 



   

FIGURE AND TABLE LEGENDS:  482 
 483 
Figure 1: Spinal cord slice orientations, mounting and cutting methods. (A) Transverse slices 484 
require a Styrofoam cutting block with a supporting groove cut into it. The spinal cord is rested 485 
against the block in the support groove, the dorsal side of the cord facing away from the block. 486 
The block and cord are glued onto a cutting stage with cyanoacrylate adhesive. (B) Sagittal slices 487 
are prepared by placing a thin line of cyanoacrylate adhesive on the cutting stage and then 488 
positioning the spinal cord on its side on the glue. (C) Horizontal slices are prepared by placing a 489 
thin line of cyanoacrylate adhesive on the cutting stage and then positioning the spinal cord 490 
ventral side down on the glue. 491 
 492 
Figure 2: Tissue positioning on the microelectrode array. (A) Image shows an open MEA 493 
headstage with an MEA placed in position. (B) Same as A with MEA headstage closed for 494 
recordings and tissue perfusion system in place. (C) Image shows an MEA as supplied by the 495 
manufacturer. Contact pads, which interface with the gold springs of the headstage, and the MEA 496 
tissue bath that holds the tissue bathing solution and tissue slice are shown. The area highlighted 497 
by the red square in the center is the location of the electrode array. (D) Schematics show the 498 
two MEA electrode configurations used in this study, with further details presented in Table 2. 499 
The reference electrode is denoted by the blue trapezoid. The left MEA electrode layout shows 500 
a 60-electrode square configuration, used most in the presented work—models 60MEA200/30iR-501 

Ti with 30 m diameter electrodes spaced 200 m apart, or 200 m spaced and 100 m spaced 502 

3-dimensional MEAs (60MEA200/12/50iR-Ti and 60MEA100/12/40iR-Ti) with electrodes 12 m 503 

in diameter and either 50 m or 40 m high, respectively. The left MEA electrode layout shows 504 
a 6 x 10 electrode rectangular layout—60MEA500/30iR-Ti. (E) High-magnification image of a 505 
60MEA100/12/40iR-Ti square MEA with transverse spinal cord slice positioned for recording. The 506 
slice sits on electrode rows 3–8. The top row of electrodes, which do not contact any tissue, serve 507 
as reference electrodes. The SDH area appears as a semitransparent band. In this case, the SDH 508 
overlies electrodes in rows 4, 5, and 6 and columns 2, 3, 4, 5, and 7 of the MEA. Scale bar = 200 509 
µm. Abbreviations: MEA = microelectrode array; SDH = superficial dorsal horn.  510 
 511 
Figure 3: Data recording and analysis tool layouts and example microelectrode array recordings 512 
showing extracellular action potential and local field potential waveforms. (A) Schematic shows 513 
preconfigured recording template used for the acquisition of MEA data. Linking the MEA2100 514 
and the recording (headstage/amplifier) tool enables the data to be named and saved. Four 515 
example traces of raw data (right, 5-min epochs) were collected by one MEA channel showing 516 
activity at baseline, 12 min after 4-AP application, a further 15 min after established 4-AP activity, 517 
and following bath application of TTX (1 μM). Note, the addition of 4-AP (second trace) produces 518 
a clear increase in background noise and EAP/LFP activity. Importantly, the activity remains 519 
relatively stable for at least 15 min after 4-AP-induced activity is established (third trace). 520 
Addition of TTX (1 μM) abolishes all activity (bottom trace). (B) Schematic (left) shows analyzer 521 
software configuration for data analysis. The raw data explorer tool is used to import recordings 522 
collected by recording software. These data are then run through a cross-channel filter tool that 523 
subtracts the selected reference electrode(s) signal(s) from other electrodes to remove 524 
background noise. Data pass through the EAP filter and the LFP filter tools to optimize signal-to-525 



   

noise relationships for each waveform. Following this step, the EAP path data enter the EAP 526 
detector tool, where thresholds are set. EAPs are detected and then sent to the EAP analyzer tool 527 
where the latencies of each event are recorded and exported as a txt. file. An identical workflow 528 
occurs for LFP data using a corresponding LFP toolkit. Right traces show data from a single MEA 529 
channel containing various extracellular waveforms. Location of EAP and LFP signals are 530 
highlighted in the above ‘count rasters.’ Lower traces are epochs from upper recording (denoted 531 
by red bars) showing waveforms on an expanded timescale, including various LFP signals (note 532 
the variety of appearances) and individual extracellular EAPs (red circles). Note, LFP/EAP 533 
waveform and polarity vary relative to the number of neurons producing these signals, their 534 
proximity to the recording electrode, and their location in relation to the nearby electrode(s). 535 
Abbreviations: MEA = microelectrode array; EAP = extracellular action potential; LFP = local field 536 
potential; 4-AP = 4-aminopyridine; TTX = tetrodotoxin. 537 
 538 
Figure 4: Exemplar baseline extracellular action potential activity. Panels show EAP activity 539 
(recordings are from different slices). Most electrodes in a given slice recording did not show 540 
baseline EAP activity (upper panel). Low-frequency sporadic EAPs were occasionally observed at 541 
baseline, potentially containing multiple spike waveforms (middle panel). High-frequency EAP 542 
activity was rarely observed in recordings at baseline (lower panel). Insets show individual EAPs 543 
from corresponding recordings on an expanded timescale. Abbreviation: EAP = extracellular 544 
action potential.  545 
 546 
Figure 5: Example 4-aminopyridine-induced extracellular action potential activity. (A) Raster 547 
plots show EAP activity from active channels, detected at baseline (upper) and two timepoints 548 
(12 min – established, and 27 min) following bath addition of 4-AP (middle and lower). Vertical 549 
blue windows highlight periods of synchronous (close latency) activity in more than 5 recording 550 
electrodes. (B) Panels summarize EAP activity map analysis of MEA data. Left schematic shows 551 
the orientation of spinal cord slice relative to the electrode array. Middle left panel summarizes 552 
activity at baseline (active electrodes colored red) and EAP frequency indicated by white shading 553 
around active electrodes (shading intensity denotes increased activity). Middle right panel shows 554 
activity in the same slice after 12 min of 4-AP exposure. Note, the number of active electrodes 555 
(red) increased along with EAP frequency. In addition, synchrony between adjacent electrodes is 556 
indicated by red connecting lines, producing a network map of activity (line thickness denotes 557 
the degree of EAP similarity between electrodes). Right panel shows activity in the same slice 558 
following a further 15 min of 4-AP exposure. Note the number of active electrodes (red), degree 559 
of EAP activity (white), and network structure (red lines) have remained stable over this period. 560 
Abbreviations: 4-AP = 4-aminopyridine; EAP = extracellular action potential; MEA = 561 
microelectrode array. 562 
 563 
Figure 6: Group data summary of 4-aminopyridine-induced extracellular action potential 564 
activity. (A–F) Group data plots summarizing EAP properties from several experiments identical 565 
to the EAP data presented in Figure 4 (data also summarized in Table 3 and Table 4). EAP 566 
frequency (A), count (B), coincident events (C), active electrodes (D), linked electrodes (E), and 567 
average linkage strength (F) rose after bath application of 4-AP and were then stable for 15 min 568 
following the establishment of 4-AP-induced activity. Data are from 11 experiments (data in red 569 



   

is from the experiment in Figure 5). Abbreviations: 4-AP = 4-aminopyridine; EAP = extracellular 570 
action potential.  571 
 572 
Figure 7: 4-Aminopyridine-induced local field potential activity. Data are presented as in Figure 573 
5 except for LFP data. (A) Raster plots show LFP activity from multiple channels, detected at 574 
baseline (upper) and two timepoints (12 min – established, and 27 min) following bath addition 575 
of 4-AP (middle and lower). Vertical blue windows highlight periods of synchronous (close 576 
latency) activity in more than 5 recording electrodes. (B) Panels summarize LFP activity map 577 
analysis of MEA data. Left schematic shows the orientation of spinal cord slice relative to the 578 
electrode array. Middle left panel summarizes activity at baseline (active electrodes colored red), 579 
with minimal LFP frequency indicated by white shading around active electrodes (shading 580 
intensity denotes increased activity). Middle right panel shows activity in the same slice after 12 581 
min of 4-AP exposure. The number of active electrodes (red) and LFP frequency are substantially 582 
increased. In addition, synchrony between adjacent electrodes (red connecting lines) shows a 583 
strong network map of LFP activity (line thickness denotes the degree of similarity between 584 
electrodes). Right panel shows LFP activity in the same slice following a further 15 min of 4-AP 585 
exposure. Note the number of active electrodes (red), degree of LFP activity (white), and network 586 
structure (red lines) are relatively stable over this period. Abbreviations: 4-AP = 4-aminopyridine; 587 
MEA = microelectrode array; LFP = local field potential.  588 
 589 
Figure 8: Group data summary of 4-aminopyridine-induced local field potential activity. (A–F) 590 
Group data plots summarizing LFP properties from several experiments identical to the EAP data 591 
presented in Figure 7 (data also summarized in Table 3 and Table 4). LFP frequency (A), count 592 
(B), coincident events (C), and active electrodes (D) were stable for 15 min after the 4-AP effect 593 
peaked (data in red is from the experiment in Figure 7). However, linked electrodes (E) and the 594 
average LFP linkage strength (F) decreased over time (both p<0.05). Data are from 11 595 
experiments (data in red is from the experiment in Figure 7). Abbreviations: 4-AP = 4-596 
aminopyridine; LFP = local field potential.  597 
 598 
Figure 9: 4-Aminopyridine-induced extracellular action potential and local field potential 599 
activity in sagittal and horizontal slices. Panels summarize EAP and LFP activity in MEA network 600 
map analysis of 4-AP-induced signaling in sagittal (A) and horizontal (B) spinal cord slices. 601 
Schematics (far left) show the orientation of spinal cord slices relative to rectangular electrode 602 
arrays. Left network maps show baseline EAP and LFP activity in sagittal (A) and horizontal (B) 603 
spinal cord slices (active electrodes are red, frequency indicated by white shading intensity, and 604 
synchrony between adjacent electrodes by red connecting lines with thickness denoting the 605 
degree of synchrony). Right network maps show EAP and LFP activity in the same slice after 12 606 
min of 4-AP exposure in sagittal (A) and horizontal (B) spinal cord slices. Note the substantial 607 
increase in the number of active electrodes, frequency of activity, and synchrony of these signals 608 
following 4-AP exposure, unmasking networks in both slice orientations. Abbreviations: MEA = 609 
microelectrode array; EAP = extracellular action potential; LFP = local field potential; 4-AP = 4-610 
aminopyridine. 611 
 612 
Figure 10: Elevated potassium (high K+)-induced local field potential activity. Panels summarize 613 



   

high K+ (4.5 mM) aCSF-induced LFP activity. (A) Example traces from one MEA channel at baseline 614 
and following bath addition of high K+ aCSF (5-min epochs). Elevation of K+ concentration 615 
produced clear LFP activity that was absent at baseline, similar to that seen with 4-AP application 616 
(Figure 3). Inset shows an LFP waveform on an expanded timescale. (B) Panels summarize LFP 617 
network activity induced by high K+ aCSF. Left schematic shows orientation of spinal cord slices 618 
relative to rectangular electrode arrays. Network maps compare baseline and high K+-evoked LFP 619 
activity (active electrodes red, frequency indicated by white shading intensity, and synchrony 620 
between adjacent electrodes by red connecting lines with thickness denoting degree of 621 
synchrony). Note the substantial increase in the number of active electrodes, frequency of 622 
activity, and synchrony of these signals following high K+ aCSF exposure, unmasking the 623 
underlying network in a similar manner to 4-AP. Abbreviations: aCSF = artificial cerebrospinal 624 
fluid; MEA = microelectrode array; EAP = extracellular action potential; LFP = local field potential; 625 
4-AP = 4-aminopyridine. 626 
 627 
Table 1: Artificial Cerebrospinal Fluid compositions. Abbreviation: aCSF = artificial cerebrospinal 628 
fluid. 629 
 630 
Table 2: Microelectrode array layouts. 631 
 632 
Table 3: 4-Aminopyridine-induced activity. All presented as means ± SEM. 633 
 634 
Table 4: 4-Aminopyridine activity stability. All presented as means ± SEM. 635 
 636 
DISCUSSION:  637 
Despite the importance of the spinal DH in nociceptive signaling, processing, and the resulting 638 
behavioral and emotional responses that characterize pain, the circuits within this region remain 639 
poorly understood. A key challenge in investigating this issue has been the diversity of neuron 640 
populations that comprise these circuits6,31,32. Recent advances in transgenic technologies, led by 641 
optogenetics and chemogenetics, are beginning to unravel these important connections and 642 
define the microcircuits that process sensory information1-4,8-14. Reconciling how these 643 
microcircuits come together to shape activity in larger networks of DH neurons remains 644 
challenging, especially for developing new and more effective pain treatments. Here, a functional 645 
model of DH activity monitored on MEAs and using 4-AP-stimulated rhythmic activity to study 646 
broader network connectivity is described. This model reveals local extracellular spiking (EAPs) 647 
and larger network-based LFPs, which depend on action potential discharge and can be used to 648 
map changes in network properties. By combining the use of MEAs to facilitate circuit 649 
investigation and 4-AP to uncover the underlying circuits, this preparation allows DH circuit 650 
function to be studied at a regional or ‘macroscopic’ level. 651 
 652 
Advantages of the MEA/4-AP spinal cord slice model include tight experimental control of an in 653 
vitro preparation, which is amenable to detailed pharmacological investigation and provides high 654 
spatial and temporal resolution of neural activity—individual EAPs and LFPs across a large tissue 655 
region and multichannel data—that can assess signaling across networks and regions. 656 
Importantly, 4-AP-induced rhythmic activity is reliable, reproducible, and can be studied in 657 



   

different spinal cord slice orientations. This preparation helps bridge the gap between single-cell 658 
and whole-animal investigations and can reveal changes within these circuits under both normal 659 
and pathological conditions. The effects of various drugs on network activity can also be 660 
determined. Thus, this platform could act as a screening tool for investigating the actions of 661 
existing and novel analgesics on DH circuits. 662 
 663 
There are several critical steps in this protocol. First, careful tissue preparation is key to producing 664 
slices that are viable for experiments and sensitive to 4-AP, regardless of slice orientation. A 665 
number of resources are highlighted here that provide detailed information and troubleshooting 666 
advice. Briefly, accuracy in making solutions, rapid but meticulous dissection of the spinal cord, 667 
optimized slicing parameters to minimize tissue compression and damage, and care when 668 
transferring slices at any point are all important factors in the preparation phase. Careful handling 669 
of MEAs, particularly when in close proximity to the electrodes, is key to maintaining the function 670 
of these components. The optimal position of the DH over the maximum number of MEA 671 
electrodes is important for increasing the recording yield of each experiment. When using 3D 672 
MEAs, more care and practice are required, especially when positioning and removing slices. It is 673 
easy to drag the tissue across protruding MEA electrodes and compromise future use. 674 
 675 
There are some caveats to the approach described here. Unlike in single-cell recordings, where 676 
the identity of neurons being studied can be determined using either genetic labeling or post hoc 677 
immunolabeling, the exact source of the electrical signals detected by MEAs cannot be 678 
determined. Another challenge is the level of baseline activity in spinal cord slices. Although some 679 
reports describe tonically active DH neurons at baseline, the most recent work is in young 680 
neonatal tissue33,34. Furthermore, tonic activity reported in adult tissue is typically recorded using 681 
a searching strategy where electrodes are advanced to first identify and then study this activity35. 682 
When an unbiased sampling approach is used, establishing recording before assessing activity, 683 
less than 20% of adult DH neurons exhibit ongoing spiking (28/150 recordings), and regular 684 
discharge was only observed in 2% of these cells (3/150)36.  685 
 686 
Given this ratio and the fixed nature of electrodes relative to a tissue slice, it is unsurprising that 687 
few MEA electrodes (~2 electrodes/slice in these MEAs) exhibit activity at baseline. This lack of 688 
activity is the primary reason the method described here involves stimulating slices with 4-AP to 689 
enhance EAPs and evoked LFP activity. This approach is based on the use of 4-AP to activate 690 
rhythmic circuit activity in many in vitro preparations, from studying epileptiform mechanisms in 691 
the cortex and hippocampus through to fictive locomotor activity in the ventral horn of the spinal 692 
cord37-39. An extensive literature also highlights that 4-AP induces activity confined to superficial 693 
DH circuits in spinal slices and depends on excitatory and inhibitory synaptic transmission as well 694 
as electrical synapses 20-22. Furthermore, in vivo 4-AP administration produces a dose-dependent 695 
increase in DH neuron receptive fields without altering responses to graded stimulation in the 696 
central receptive zone or causing degenerate responses24. Finally, it can be seen that a modest 697 
depolarization of these circuits by elevating extracellular potassium ion concentration also 698 
produces comparable LFP activity. Together, these observations support the view that 4-AP 699 
unmasks functionally relevant networks within the superficial DH that can be studied with MEAs. 700 
Finally, the exact source of LFP activity is unclear, though these waveforms are thought to 701 



   

represent a summation of activity detected from multiple neurons surrounding an electrode. 702 
They may relate to or result from bursting activity in neurons or correspond to synaptic 703 
potentials30. Regardless of their origins, the characteristics of LFPs can be compared within and 704 
between slices (multiple recordings/drug applications), providing a valuable readout of circuit 705 
and network function. 706 
 707 
The nature of in vitro slice preparations also warrants consideration, with the potential disruption 708 
of neuronal circuits and damage to cells on the slice surface. Despite this, slicing the tissue 709 
provides more direct electrical access to the relevant DH circuits and uninterrupted 710 
pharmacological access. These experimental advantages and disadvantages should be carefully 711 
considered, with emphasis on the importance of considering slice orientation to maximally 712 
preserve connectivity in the networks of interest. For the vast majority of data presented in this 713 
paper, medial-lateral spread of activity within the dorsal horn and the intrinsic connectivity of 714 
the neurons in this region are presented. To investigate rostro-caudal activity spread, the use of 715 
sagittal or horizontal slices preferentially maintains connectivity between spinal segments, as 716 
highlighted in Figure 9.  717 
 718 
Additionally, it is unavoidable that sectioning the spinal cord will result in some degree of damage 719 
at the surface of slices. Minimizing this damage comes back to the careful preparation of tissue, 720 
slicing parameters—including slow advance speed and high-frequency blade oscillations—and 721 
solutions and conditions that are neuroprotective during this process. A detailed assessment of 722 
the benefit of different conditions for spinal cord slice health has been published previously40. 723 
Notwithstanding the potential impact of slice health on MEA recordings, internal consistency in 724 
slice preparation procedures ensures that this factor impacts results across a dataset equally. It 725 
should also be noted that that MEA electrodes are thought to pick up signals arising 726 
approximately 30–100 µm away from the activity source. As the damaged slice surface is likely 727 
to span the top cell layer, approximately 15–30 µm, the effects of slicing-related damage on MEA 728 
recordings can be managed and mitigated to still yield valuable datasets and insights on DH 729 
network activity15,41.  730 
 731 
In summary, the MEA/4-AP spinal cord slice approach described here provides a platform for 732 
understanding the connectivity of DH circuits and how the networks they form drive spinal pain 733 
processing. There is also potential for further methodological expansion in terms of analysis 734 
parameters, network stimulation source, and its capacity to be used as a platform for 735 
pharmacological screening or use with models of pathological pain.  736 
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Table 1. 

Chemical aCSF (mM) aCSF (g/100 mL)
Sucrose-substituted 

aCSF (mM)

Sucrose-substituted 

aCSF (g/100 mL)

High-potassium 

aCSF (mM)

Sodium chloride (NaCl) 118 0.690 - - 118

Sodium hydrogen carbonate (NaHCO3) 25 0.210 25 0.210 25

Glucose 10 0.180 10 0.180 10

Potasium chloride (KCl) 2.5 0.019 2.5 0.019 4.5

Sodium dihydrogen phosphate (NaH2PO4) 1 0.012 1 0.012 1

Magnesium cloride (MgCl2) 1 0.01 1 0.01 1

Calcium chloride (CaCl2) 2.5 0.028 2.5 0.028 2.5

Sucrose - - 250 8.558 -
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High-potassium 

aCSF (g/100 mL)

0.690

0.210

0.180

0.034

0.012
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Table 2

Microelectrode 

Array Model

60MEA 200/30iR-

Ti

60-3DMEA 

100/12/40iR-Ti

60-3DMEA 

200/12/50iR-Ti

60MEA 

500/30iR-Ti

Planar or 3-

Dimensional (3D)
Planar 3D 3D Planar

Electrode Grid 8 x 8 8 x 8 8 x 8 6 x 10

Electrode Spacing 200 µm 100 µm 200 µm 500 µm

Electrode Diameter 30 µm 12 µm 12 µm 30 µm

Electrode Height

(3D)
N/A 40 µm 50 µm N/A

Experiments Transverse slice Transverse slice
Sagittal + 

Horizontal

Sagittal + 

Horizontal

Microelectrode Array Layouts
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Table 3

Activity Feature Baseline 4-Aminopyridine Significant Difference

Extracellular Action Potentials (EAPs)

Frequency 0.07 ± 0.01 0.88 ± 0.09 p<0.001

Total Spike Count 261.41 ± 70.62 3289. 57 ± 484.38 p<0.001

Active Electrode Count 2.36 ± 0.34 8.95 ± 0.68 p<0.001

Number of Coincident Spikes 9.26 ± 4.01 966.94 ± 189.21 p<0.001

Number of Linked Electrodes 2.03 ± 0.42 24.06 ± 1.96 p<0.001

Strength of Linkages Between Electrodes 1.97 ± 0.58 29.13 ± 4.60 p<0.001

Local Field Potentials (LFPs)

Frequency 0.00 ± 0.00 0.28 ± 0.03 p<0.001

Total Spike Count 4.79 ± 0.82 688.47 ± 121.16 p<0.001

Active Electrode Count 0.41 ± 0.16 7.64 ± 0.73 p<0.001

Number of Coincident Spikes 0.43 ± 0.23 108.06 ± 278.22 p<0.001

Number of Linked Electrodes 0.24 ± 0.15 22.91 ± 2.46 p<0.001

Strength of Linkages Between Electrodes 0.34 ± 0.19 29.20 ± 3.59 p<0.001
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Table 4

Activity Feature 4-Aminopyridine 4-Aminopyridine (15 min) Significant Difference

Extracellular Action Potentials (EAPs)

Frequency 0.8 ± 0.13 0.85 ± 0.10 p>0.05 (no dif.)

Total Spike Count 2706.36 ± 510.96 2838.09 ± 447.73 p>0.05 (no dif.)

Active Electrode Count 9.32 ± 0.70 10.09 ± 0.56 p>0.05 (no dif.)

Number of Coincident Spikes 1037.63 ± 306.84 1013.09 ± 269.80 p>0.05 (no dif.)

Number of Linked Electrodes 22.00 ± 3.37 22.41 ± 2.56 p>0.05 (no dif.)

Strength of Linkages Between Electrodes 30.44 ± 6.27 31.88 ± 7.68 p>0.05 (no dif.)

Local Field Potentials (LFPs)

Frequency 0.25 ± 0.03 0.17 ± 0.03 p>0.05 (no dif.)

Total Spike Count 792.32 ± 155.83 546.32 ± 120.93 p>0.05 (no dif.)

Active Electrode Count 9.50 ± 1.11 7.86 ± 1.00 p>0.05 (no dif.)

Number of Coincident Spikes 1631.27 ± 734.77 1073.00 ± 490.85 p>0.05 (no dif.)

Number of Linked Electrodes 26.68 ± 4.58 20.95 ± 3.68 p<0.05

Strength of Linkages Between Electrodes 33.35 ± 6.19 24.81 ± 5.41 p<0.05
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RESPONSE TO REVIEWS 
 
JoVE editors and reviewers, we appreciate the opportunity to address the feedback provided on our 
submission and believe the process has further improved our manuscript. Below we provide a 
detailed a point-by-point response to this input with amendments highlighted by red text in our 
manuscript. This revision has addressed all reviewer and editors comments as requested.  
 
 
Editorial Comments 
Point 1) Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. Please define all abbreviations at first use. 
Response: Manuscript thoroughly read with all identified spelling, grammar and abbreviation issues 
addressed. 
 
Point 2) Please consider providing reaction set-ups and solution composition as Tables in separate 
.xls or .xlsx files uploaded to your Editorial Manager account. These tables can then be referenced in 
the protocol text. 
Response: Solution composition tables uploaded to editorial manager account and referenced in 
protocol text. See page 4, lines 141, 143, 157, and page 12 lines 498 and 508; and new Table 1. 
 
Point 3) JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 
remove all commercial language from your manuscript and use generic terms instead. All commercial 
products should be sufficiently referenced in the Table of Materials and Reagents. 
Response: All commercial language removed for manuscript and figure legends and commercial 
products only referred to in table of materials and reagents. 
 
Point 4) Please revise the text, especially in the protocol, to avoid the use of any personal pronouns. 
Response: Text revised, and all personal pronouns removed.  
 
Point 5) Please ensure that all text in the protocol section is written in the imperative tense. 
Response: Text revised and where required changed to imperative tense. 
 
Point 6) Please note that your protocol will be used to generate the script for the video and must 
contain everything that you would like shown in the video. Please ensure you answer the “how” 
question, i.e., how is the step performed? Alternatively, add references to published material 
specifying how to perform the protocol action. There should be enough detail in each step to 
supplement the actions seen in the video so that viewers can easily replicate the protocol. 
Response: Text revised and where needed clarification on how the step should be performed was 
made more direct. 
 
Point 7) Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: 
none, Line spacings: single. Please include a single line space between each step, substep and note 
in the protocol section. Please use Calibri 12 points and one-inch margins on all the side. Please 
include a ONE LINE SPACE between each protocol step and then HIGHLIGHT up to 3 pages of 
protocol text for inclusion in the protocol section of the video. 
Response: Text revised and formatted according to guidelines. 
 
Point 8) Please add limitations of the technique to the discussion. 
Response: More extensive treatment of limitations added to discussion. See page 16, 17 and 18, 
lines 689-701, 706-708 and 716-736. 
 
Point 9) Do not abbreviate journal titles 
Response: Text revised, and journal title abbreviations removed.  
 
 
 
REVIEWER #1 
Major Concerns 
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Point 1) While the notion of a neuropharmacological assay where spontaneous activity driven by K 
channel inhibition may have some utility, it is not clear whether or not other compounds typically used 
to promote rhythmic firing (GABA_A receptor blockers) might have a similar effect. 
Response:  Our decision to use 4-AP to induce spontaneous activity in the dorsal horn of spinal 
slices is now more clearly justified, while also acknowledging that alternative methods have also been 
used in various CNS regions. We now cite this literature, which includes chemically induced rhythmic 
epileptiform behaviour in brain slices, and fictive locomotor behaviour in the ventral horn of the spinal 
cord. We also justify our choice of 4-AP as it has been used in several dorsal horn studies and been 
assessed pharmacologically, including its sensitivity to a range of antiepileptics and analgesics. 
Finally, we now show that modifying potassium ion concentration can also induce a similar pattern of 
spontaneous activity, providing a complementary ionic approach to drug mediated induction of 
activity. See page 3, lines 107-115; page 12; lines 491-497; page17, lines 697-701; and Figure 10.  
 
Point 2) The claim that the assay could support the discovery of antinociceptive compounds is not 
compelling since TTX is far from a compelling model. Why not lidocaine or carbamazepine? 
Response: Application of TTX in our manuscript is used to simply highlight the preparation is 
amenable to pharmacological studies, while at the same time confirming that rhythmic LFP activity is 
a network signal that is dependent on spiking. Justification for use of 4-AP to assess antinociceptive 
compounds is now better supported citing previous patch clamp work that screened the effects of 
both analgesics and antiepileptic drugs on 4-AP induced activity in dorsal horn neurons. These results 
suggested that drug sensitivity of the 4-AP assay was similar to the pharmacological profile in 
neuropathic pain patients. Finally, we note the JoVE does not require experimental data comparisons 
and thus a more detailed pharmacological screen was not undertaken. See page 3, lines 107-115. 
 
Point 3) How long can the slices be maintained acutely? If it is only 15 min, this is far from long-term 
stability such that the utility as described is highly limited. 
Response: Apologies for the misunderstanding. Following preparation, spinal cord slices can be 
maintained for approximately 6 hours in the incubator. Once a recording begins and 4-AP applied, we 
confirmed that rhythmic activity is maintained for at least 15 minutes. This was considered sufficient 
time for an in vitro drug assay, allowing 4-AP induced activity to be assessed prior to and following 
drug application. The average duration that spinal cord slices remain viable, and clarification of how 
long stable 4-AP induced activity was assessed, are now more clearly described in our revision. 
 
 
 
REVIEWER #2 
Major Concerns 
Point 1) An important issue is related to the lack of rhythmic activity showed by the authors under 
control conditions, their interpretation and the use of 4-AP. There are several works that have shown 
spontaneous spiking activity and intrinsic rhythmicity in the spinal cord under in vivo conditions (Pain. 
1976 Mar;2(1):5-24. doi: 10.1016/0304-3959(76)90042-7, Neuroscience. 1994 Aug;61(4):991-1006. 
doi: 10.1016/0306-4522(94)90419-7), and hence spontaneously active neurons are likely present in 
the spinal cord under physiological conditions. In spinal cord preparations in vitro, there are also 
works that had reported considerable rhythmic activity (J Neurosci. 2011 Jun 15;31(24):9010-22. doi: 
10.1523/JNEUROSCI.6555-10.2011; J Physiol. 2014 Apr 1;592(7):1519-34. doi: 
10.1113/jphysiol.2013.269472). Although the proportion of neurons with rhythmic activity can be low, 
the use of multiple electrodes must facilitate the recording of spontaneously active neurons and 
enable its study. This seems to be successfully done using a similar slice approach and 
multielectrode arrays (Sci Rep. 2018 Jun 27;8(1):9735. doi: 10.1038/s41598-018-27993-y; Pflugers 
Arch. 2016 Nov;468(11-12):2017-2030. doi: 10.1007/s00424-016-1886-6). Its appears that the age of 
the animals in these in vitro studies was lower than in the present ms (3-12 months here vs animals 
under 2 months), and that the proportion of spontaneously active neurons may decrease with age (J 
Neurosci. 2011 Jun 15;31(24):9010-22. doi: 10.1523/JNEUROSCI.6555-10.2011). However seems 
difficult to justify an impossibility to work with non-pharmacologically-induced rhythmic activity only by 
the age of the animals.  
Response: These points are now clarified in the manuscript. Of course we don’t dispute that some 
cells are spontaneously active (and sometimes rhythmically) in the dorsal horn. The work referred to 
is now cited, with the caveat that studies reporting such activity are predominantly limited to young 
neonatal tissue. We have also added note of literature on spontaneous activity in the spinal cord of 
adult animals. Importantly, this work is done using a search strategy where electrodes are advanced 



into tissue to identify active cells, a very different approach to the static sampling that is achieved 
when a slice is placed on a fixed array of electrodes. In fact, the examples provided by the reviewer of 
spontaneous activity (Sci Rep. 2018 Jun 27;8(1):9735. doi: 10.1038/s41598-018-27993-y; Pflugers 
Arch. 2016 Nov;468(11-12):2017-2030. doi: 10.1007/s00424-016-1886-6) use single shaft MEAs that 
are advanced through the preparation until activity is detected. Furthermore, this work reports very 
low levels of activity when patch clamp recording, which does not afford a prospective search for 
active cells, is used. This detail is now added to the manuscript and is consistent with our report of 
low baseline activity levels and use of an approach (4-AP stimulation) to enhance activity in the slice 
and unmask regional networks. See page 16 and 17, lines 689-701. 
 
Point 2) The slicing procedure made can be affecting the results obtained. First, it is likely that the 
portions close to the cut border have been damaged by the blade, and hence may have low 
functionality. Although the authors used 3D electrodes these have a low size and may still be located 
in a partially damaged portion. Second, as slices seem to be cut in both sides, this could have 
severed many connections reducing the active contacts within the circuits. This is also important 
given the claim of the authors that this approach may be useful for studying spinal circuits' activity.  
Response: It is certainly widely accepted by slice electrophysiologists that some level of cell damage 
occurs at the cut surface of slices. This has not hampered the field from making substantial progress 
in mapping dorsal horn circuits, including the use of optogenetics. Furthermore, the same method is 
used for every experiment which enables consistency in data collection and any damage related 
impact is unlikely to skew results.  It should be noted that previous work suggests MEA electrodes 
pick up signals from approximately 30-100 µm away from the activity source, conversely it is 
estimated that cell damage on the cut slice surface spans approximately 15-30 µm. Together, these 
parameters support the utility of the preparation as described in our manuscript. Importantly, we also 
highlight the potential to make recordings from multiple slice orientations, accounting for the 
orientation of DH circuits. These consideration and caveats are now added to our expanded 
discussion. See page 16 and 17, lines 716-736. 
 
Point 3: The use of 4-AP inevitably alters the operation of spinal circuits and reduce the relevance of 
the data obtained. In a methodological ms like this, I consider that at least a discussion of these 
issues (if the authors do not find an experimental way to deal with them), together with sufficient and 
unbiased citation of the literature may give the reader a complete vision of the possibilities of this 
procedure and additional alternatives that may enhance its applicability.  
Response: Literature describing the background and existing understanding of 4-AP induced activity 
in the dorsal horn was cited in our original manuscript (i.e., studied using patch clamp, extracellular 
recording and calcium imaging; requires intact excitatory and inhibitory synaptic transmission; 
expands receptive fields when applied in vivo). Nevertheless, and expanded treatment of this 
literature is now included in our revision. We also note that other pharmacological and ionic strategies 
can be used to evoke spontaneous activity in slice preparations. Much of this literature is developed in 
the field of epilepsy using brain slices, though similar strategies are also used to induce fictive 
locomotor activity in the ventral spinal cord. This work is now cited, but we also take the opportunity to 
emphasise that use of 4-AP to induce activity in the dorsal horn has the greatest evidence and 
background information. In addition, we have added data showing that modest elevation of potassium 
concentration in the bathing (aCSF) solution can also evoke rhythmic activity with the same 
characteristics as 4-AP. This reinforces the utility and biological relevance of the methodology 
described in our manuscript. See page 3, lines 107-115; page 12; lines 491-497; page17, lines 697-
701; and Figure 10. 
 
Point 4: The use of slices with attached roots will also increase the options for these studies. This 
may enable the activation of primary afferent terminals to activate intrinsic circuits and neurons, 
perhaps avoiding the pharmacological intervention with 4-AP. 
Response: There are many methods descriptions that detail preparation of dorsal root attached slice 
preparation, including our own. This is outside our intended scope, and we therefore simply 
acknowledge that this alternative would be possible.  
 
Point 5: It is quite surprising that the authors do not shown any example of an extracellular action 
potential in which was possible to judge the quality of the recording. In figures 3B, 4A and 5 there are 
some fragments of the recording in a time scale that impedes to identify the characteristics of the 
action potential. Considering the analysis itself, it is currently more common to analyse extracellular 
recordings using spike sorting than simply a threshold-based criterion. There are multiple possibilities 



of analysis programs (some of them free access) that can be used in order to classify the recorded 
activity and obtain more precise information from the experiments. Have the authors tried to perform 
this type of analysis? This also may help to obtain a more accurate analysis, since it seems strange to 
read "less than 10 EAPs should be detected in reference electrodes where physiological activity won't 
be occurring", and such activity will probably be excluded with an adequate analysis.  
Response: We now provide a new figure that shows a series of recordings spanning the range of 
extracellular action potential activity, as well as examples on an expanded timescale to show the 
quality of obtained recordings. We also add a note to highlight our pooling of extracellular action 
potentials as a single population for each electrode, and a reference a detailed review of spike sorting 
strategies and analysis for readers that wish to pursue this analysis. See page 9, lines 370-374; page 
10; lines 396-403; and Figure 4. 
 
Point 6: To study synchronicity, the authors indicate that they have used a method described in a 
previous work from Satuvuori, et al. However, I'm not sure if they use the same tool or an adapted 
version, this need to be clarified, and also if this tool is available or not, and where get it, if it was 
possible. 
Response: We used equations published in the Satuvuori, et al. paper to undertake our synchronicity 
analysis, not a method or tool. These details are available in section 2.3 of the Satuvuori, et al. paper, 
equation 20, for readers that wish to access this information.  
 
Minor Concerns 
Point 1) It seems for the examples in figs 4B and 6B that EAPs and LFPs in the presence of 4-AP 
may occur in slightly different areas of the cord, LFPs in deeper regions. Have the authors seen any 
relation between the type of activity elicited and the area of the cord? 
Response: Data presented in figures 4B and 6B is example data from two different slices leading to 
the difference in location. The schematic of MEA electrode location under the DH, shown in panel B 
on the left for both figures, is an estimate location and subsequently the difference in activity partially 
stems from the DHs of each slice sitting in a slightly different location on the MEA. Additionally, the 
area of activity does differ between slices, however, no obvious pattern of difference is evident 
between activity types, and this has not been investigated further.  
 
Point 2) Looking at figure 8B it seems that there is more synchronization between left and right sides 
than inside the right side, is this possible? 
Response: Figure 8B shows activity recorded in a horizontal slice. Activity is predominantly in the left 
dorsal horn as shown by the thicker connecting lines. Some activity is also resolved in the right side, 
though much less than left. Coincident activity between side is possible, although many other factors 
such as slice depth and subtle off axis orientations could contribute. This is not a significant feature in 
the data. 
 
Point 3) In section 1.1.2 indicate that sucrose aCSF was introduced in a -80ºC freezer, but then in 
section 1.3 seems that "ice-cooled" aCSF was used. At first glance, -80ºC seems a rather low and 
perhaps uncommon temperature for living tissues, that could affect the viability of the preparation. 
Please explain and justify if necessary. 
Response: The -80ºC freezer was used to freeze the solution to an ice-cold consistency quickly. The 
temperature of the solution when used to cool the tissue was below 0º but much higher than -80ºC as 
the solution was removed from the freezer, vigorously shaken and stirred to achieve a ‘slurry’ 
consistency and held at room temperature prior to use. This is now clarified in the text. See page 4, 
line 166. 
 
Point 4) Although the authors used carbanox, perhaps other 95% O2, 5% CO2 gas mixtures could 
also be adequate and easier to obtain?. 
Response: Carbanox is simply one trade name for the common 95% O2, 5% CO2 gas mixture used 
in electrophysiological procedures across the literature, also referred to as Carbogen. We now clarify 
this and refer to the gas mixture by composition. 
 
Point 5) In Fig 1, sagittal slice picture shows a line of white matter in the centre that may not 
correspond to the position indicated with the blade. 
Response: This image depicts a lateral sagittal slice where the lateral fasciculus is interposed 
between the dorsal and ventral horns. We can confirm that the depiction is accurate with several 
years of experience preparing this tissue.   



  
Point 6) In figure 2E it is difficult to appreciate the borders of the cord and the semi-transparent band 
that correspond to SDH. 
Response: This image is a realistic reflection of the likely appearance of the preparation. 
Superimposed outlines highlight the spinal cord slice positioning. We believe this gives the reader 
sufficient landmarks to correctly orient the tissue on an MEA.  
 
Point 7) Raster plots in figures 4A and 6A. How were these graphs constructed? Is each row a 
different channel? How are ordered the channels? Only "active" channels are included? How can be 
compared the same channel under different conditions using this graph? Are the bins 1 second long? 
Response: In terms of the construction of the raster plots, each channel represents a different 
electrode, and the bins are 1 second long. Previously only active channels were shown, however, to 
clarify confusion previously excluded inactive channels have now been included. This means 
channels now correspond between conditions, i.e. channel 1 in baseline corresponds to channel 1 in 
4-AP and 4-AP 15 minutes. See Figures 5 and 7. 
 
Point 8) The authors must indicate the parameters used for slicing. Although is likely that the 
parameters must be adjusted for each vibratome, an indication will be useful for other researchers. 
Response: Details on the vibratome settings have been added to the manuscript. See page 6, lines 
242-243. 
 
Point 9) Please correct line 469 (traces are at the right), and line 484 (in). 
Response: Corrected. 
 
 
 
REVIEWER #3 
Point 1) There is a mention about a MATLAB script, but the code is not given. 
Response: MATLAB script now included in manuscript. We note that provision of this code 
necessitated a new author (Augustus Elton) be added to our manuscript. Author details are updated 
accordingly. 
 
Point 2) Replace excel with Excel. 
Response: All mentions of Excel have been removed at the editor’s request (no commercial 
language should be used in the manuscript). 
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