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Abstract 34 

The spinal dorsal horn is the first relay structure coding for pain transmission and modulation. Previous 35 

anatomical and electrophysiological studies have examined spinal dorsal horn circuitry, functional studies 36 

of circuit connections and network activity.  Further work is required to understand spinal cord sensory 37 

information processing that underlies pathological neuropathic pain states.  Our previous studies suggest 38 

that peripheral nerve injury enhances presynaptic excitatory input onto spinal superficial dorsal horn 39 

neurons, which in turn contributes to pathologic nociception. The potential changes in local postsynaptic 40 

circuits in the dorsal horn that lead to pathologically heightened behavioral responses to pain remain 41 

largely unexplored. We combined whole cell electrophysiological recordings with laser scanning 42 

photostimulation (LSPS) to test whether the spinal nerve ligation (SNL) mouse model of neuropathic pain 43 

leads to alterations in the functional connectivity of spinal cord circuits including lamina II excitatory 44 

interneurons. Here we show that SNL enhances excitation and decreases inhibition to lamina II excitatory 45 

interneurons along with their increased glutamate-evoked excitability. The enhanced excitatory 46 

postsynaptic input and connectivity evoked by SNL eventually return to normal levels concurrently with 47 

the resolution of the neuropathic pain states. The physiological pattern highly correlates with mouse pain 48 

behaviors following SNL, supporting a neurophysiological mechanism of central sensitization and 49 

neuropathic pain that is functionally localized to the spinal dorsal horn. Together, these data support that 50 

SNL induces functional changes in synaptic input and connectivity to lamina II excitatory interneurons 51 

that code for pain perception, and thus provide new insights into the mechanism and locus of pain 52 

hypersensitivity. 53 

 54 

Key words: Synaptic connections, excitatory, inhibitory, electrophysiology, photostimulation, 55 

glutamate uncaging  56 
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 59 

Significance Statement 60 

Neuropathic pain presumably results from alterations in neuronal circuits that process nociception. This 61 

form of pain is often maladaptive.  The contribution of circuit connections and detailed local spinal cord 62 

circuits underlying neuropathic pain are not well understood. Here, we apply laser-scanning 63 

photostimulation (LSPS) combined with whole cell recordings to investigate local circuit connectivity 64 

onto the lamina II interneurons during and after recovery following spinal nerve ligation that causes 65 

pathological neuropathic pain. The present study sheds light on local circuit organization in spinal dorsal 66 

horn and shows that reciprocal changes occur in local excitatory interneurons during both peak and after 67 

the gradual normalization of neuropathic pain. This elucidates nociceptive processing changes during and 68 

after neuropathic pain conditions and suggests new treatments. 69 

 70 

  71 

  72 
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Introduction 73 

The spinal cord is a major sensory information-processing hub between the peripheral and the 74 

central nervous system (Willis and Coggeshall, 2004; Todd, 2010; Gong et al., 2017; Gatto et al., 2019). 75 

The spinal cord dorsal horn is organized by the pattern of central projections of functionally distinct 76 

primary afferents in different laminae (Rexed, 1952; Light, 1992).  Lamina II of the dorsal horn, also 77 

called substantia gelatinosa, is the major spinal relay area for small diameter (Aδ and C-fiber) primary 78 

afferents carrying noxious, thermal, itch and innocuous tactile information (Todd, 2010; Braz et al., 79 

2014).  Lamina II neurons are defined as interneurons since virtually all cells have axons that remain 80 

within the spinal cord (Willis and Coggeshall, 2004). Lamina II interneurons are mostly excitatory 81 

(glutamatergic, over 70%), but a significant subset are inhibitory (GABAergic, less than 30%).  Both 82 

subsets receive synaptic inputs from higher brain centers and other local interneurons as well as from the 83 

periphery (Todd and Sullivan, 1990; Polgar et al., 2003; Todd et al., 2003; Maxwell et al., 2007; Todd, 84 

2010; Polgar et al., 2013).  Therefore, lamina II interneurons and their intrinsic circuitry play a crucial 85 

role in the maintenance of sensory function by setting the overall ‘excitability level’ and thus, the output 86 

of the superficial dorsal horn neurons (Willis and Coggeshall, 2004).  This implies that pathologic pain 87 

perception may be modulated in the spinal cord as well as higher brain areas. 88 

         Previous anatomical and electrophysiological studies have been performed in an effort to 89 

delineate the functional neural circuitry of the superficial dorsal horn (Todd, 2010; Zeilhofer et al., 2012).  90 

Lu and co-workers identified an inhibitory pathway in lamina II (Lu and Perl, 2003), an excitatory 91 

pathway in lamina I-II (Lu and Perl, 2005), and a normally silent pathway in lamina II-III (Lu et al., 92 

2013).  A major limitation of paired recordings in the spinal dorsal horn slices is the low probability of 93 

encountering coupled neurons that yields relatively small data sets (often fewer than 20 pairs) (Graham et 94 

al., 2007).  More recently, whole cell patch-clamp recordings combined with photostimulation in slice 95 

preparations successfully map the locations of neurons that project locally to an identified single neuron 96 

in lamina II of the spinal dorsal horn (Kato et al., 2007; Kato et al., 2009; Kosugi et al., 2013).  This 97 

method uses light-induced uncaging of caged glutamate to activate presynaptic neurons to map the 98 
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synaptic input field to morphologically identified single postsynaptic neurons (Callaway and Katz, 1993; 99 

Kuhlman et al., 2013; Sun et al., 2016).  Here, we apply an improved approach of glutamate uncaging to 100 

understand sensory information processing that underlies pain state development following peripheral 101 

nerve injury and subsequent recovery processes. 102 

         Neuropathic pain is often maladaptive (Todd, 2010).  Sensory circuit alterations may involve 103 

plastic changes that lead to abnormal pain sensations, such as hyperalgesia (exacerbated pain perception) 104 

and allodynia (painful perception to an innocuous stimulus) (Cohen and Mao, 2014; Gong et al., 2017).  105 

One advance in understanding peripheral nerve injury-induced neuropathic pain is the role of potential 106 

changes in the balance of excitation and inhibition in local spinal cord circuits.  Pharmacological blockade 107 

of GABAergic inhibitory transmission in the spinal cord reveals a normally silent linkage that when 108 

unmasked, facilitates polysynaptic A fiber-mediated excitatory transmission to the recorded lamina II 109 

interneurons (Baba et al., 2003) and allodynia (Sivilotti and Woolf, 1994).  The potential selective loss of 110 

GABAergic interneurons in lamina II spinal dorsal horn may lead to reduced inhibitory tone after spinal 111 

nerve injury, causing loss of GABA-A–mediated inhibitory postsynaptic currents (IPSCs) in lamina II 112 

neurons (Moore et al., 2002; Kohno et al., 2003; Scholz et al., 2005) (however see Polgar et al., 2005).  113 

This disinhibition may lead to an acquired increase in net excitation, which in turn triggers increased 114 

action potential firing rate that may code for neuropathic pain (Zeilhofer et al., 2012).  Spinal nerve injury 115 

enhances presynaptic excitatory input onto spinal dorsal horn neurons, which contributes to the 116 

development of nociception (Zhou and Luo, 2014, 2015).  However, dynamic changes in the detailed 117 

local postsynaptic circuits in the dorsal horn that drive heightened behavioral pain responses remain 118 

largely unexplored. 119 

         In the present study, we use laser-scanning photostimulation (LSPS) and whole cell recordings to 120 

characterize and compare local circuit connectivity of the lamina II excitatory interneurons in mouse 121 

spinal dorsal horn slice preparations under non-injury control conditions, following spinal nerve ligation 122 

(SNL) that induces neuropathic pain, and then following functional recovery.  Starting with our 123 

assessment of detailed maps of excitatory and inhibitory synaptic inputs impinging onto lamina II 124 
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excitatory interneurons, we show quantitatively how the input strength of excitatory and inhibitory 125 

connectivity onto excitatory interneurons in lamina II changes dynamically during the initiation and after 126 

the recovery of neuropathic pain states.  Our data indicate that the balance of excitatory and inhibitory 127 

synaptic connectivity onto lamina II excitatory interneurons is altered following SNL, which leads to 128 

neuropathic pain conditions and show that this imbalance resolves coinciding with behavioral recovery 129 

from neuropathic pain states.  130 

  131 

 Materials and Methods 132 

Animals 133 

All experiments were performed in accordance with the regulations of the Institutional Animal 134 

Care and Use Committee of the University of California, Irvine and the National Institutes of 135 

Health guidelines for animal care and use. All efforts were made to reduce the number of 136 

animals used, to minimize their suffering, and to use alternatives to in vivo techniques, if 137 

available. Male mice (3-15 weeks old) were purchased from Charles River Laboratories, Inc. 138 

(San Diego, CA) for sham and SNL procedures. To genetically label excitatory neurons, 139 

vesicular glutamate transporter 2 (vGlut2)-Cre mice (Vong et al., 2011) (Jackson Laboratories, 140 

West Grove, PA, stock #016963) were crossed with Cre reporter Ai9 tdTomato mice (Madisen et 141 

al., 2010) from Jackson Laboratories (stock #007909). The vGlut2 expressing cells were 142 

visualized in the offspring vGlut2-Cre; Ai9 mice. All experimental mice were hemizygous for 143 

both transgenes (vGlut2-Cre; Ai9). The animals were housed in a room with a 12-h light/dark 144 

cycle with ad libitum access to food and water. 145 

  146 

Spinal nerve ligation (SNL) 147 
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Unilateral SNL was performed as described by Kim and Chung (Kim and Chung, 1992). Briefly, 148 

mice (3-4 weeks old) were deeply anesthetized with air-mixed isoflurane (4% for induction, and 149 

1.5% for maintenance). The left L4 spinal nerve, which is anatomically equivalent to the L5 150 

spinal nerve in rat (Rigaud et al., 2008), was exposed and tightly ligated, using a 6.0 silk suture, 151 

between the dorsal root ganglion and the junction where spinal nerves form the sciatic nerve. 152 

Sham operations were performed as described above, except that the L4 spinal nerve was left 153 

intact. 154 

  155 

Von Frey filament stimulation 156 

Paw withdrawal thresholds were determined by the up-down method (Dixon, 1980) using a set 157 

of von Frey monofilaments (Stoelting Co., Wood Dale, IL, USA). Briefly, each mouse was 158 

habituated in a test compartment with a mesh floor for at least 30 min until exploratory behavior 159 

had stopped or decreased to a minimal level. The first von Frey filament (0.41 g) was applied to 160 

the plantar surface of the hindpaw until it buckled slightly.  If a withdrawal response was 161 

observed within 5 s, the next lower weight filament was used. Conversely, if the filament failed 162 

to elicit a withdrawal response, the next filament with a higher weight was applied. After the first 163 

change in response occurred, this process continued until a total of six responses were recorded, 164 

starting from the one preceding the change in response. In the event of four consecutive positive 165 

responses to filaments with decreasing weight, or three consecutive negative responses to 166 

filaments with increasing weight, a score of 0.01 or 2.0 g, respectively, was assigned. These 167 

responses were used to calculate the 50% withdrawal threshold as described previously (Luo et 168 

al., 2001). 169 

  170 
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Spinal cord slice preparations 171 

Mice (4-5 weeks old for general recording and 13-15 weeks for recovery recording) were 172 

anesthetized with Uthasol (sodium pentobarbital, 100 mg/kg, administered intraperitoneally) and 173 

decapitated. The L4 lumbar region of the spinal cords were removed and cut transversely with a 174 

vibratome (VT-1200s, Leica Biosystems, Buffalo Grove, IL) into 400-μm slices in ice-cold 175 

modified, sucrose-containing artificial cerebrospinal fluid (SACSF) saturated with 95% O2/5% 176 

CO2 (carbogen). The SACSF contained (in mM) 85 NaCl, 75 sucrose, 2.5 KCl, 25 glucose, 1.25 177 

NaH2PO4, 4 MgCl2, 0.5 CaCl2, and 24 NaHCO3. The slices were first incubated in SACSF, 178 

then transferred to carbogenated ACSF containing (in mM) 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 179 

CaCl2, 2 MgCl2, 1.25 NaH2PO4, and 10 glucose at 32°C for at least 30 min before we began the 180 

experimental recordings. 181 

  182 

Slice electrophysiology and laser scanning photostimulation 183 

Electrophysiological recordings and photostimulation via glutamate uncaging were performed as 184 

previously described (Kuhlman et al., 2013). Whole cell recordings were performed under a 185 

DIC/fluorescent Olympus microscope (BX51WI, Olympus, Japan). Oxygenated ACSF at room 186 

temperature was perfused into the slice recording chamber through a custom-designed flow 187 

system driven by pressurized 95% O2–5% CO2 (3 PSI) at approximately 2 mL/min. Slices were 188 

examined under a 4x objective for proper targeting of laminae II superficial dorsal horn 189 

interneurons that express the red fluorescent protein (RFP), tdTomato. To target whole cell 190 

recordings, cells were visualized at high magnification (60X objective, 0.9 NA; LUMPlanFl/IR, 191 

Olympus). Cell bodies of recorded neurons were at least 50 μm below the surface of the slice. 192 

Patch pipettes (4 – 6 MΩ resistance) made of borosilicate glass were filled with an internal 193 
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solution containing (in mM) 126 K-gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, and 194 

10 phosphocreatine (pH 7.2, 300 mOsm). In separate recordings in which IPSCs were measured, 195 

potassium was replaced with cesium. Electrodes also contained 0.1% biocytin for post-hoc cell 196 

labeling and further morphological identification. Once stable whole cell recordings were 197 

achieved with good access resistance (usually <30 MΩ), basic electrophysiological properties 198 

were examined through hyperpolarizing and depolarizing current injections. Electrophysiological 199 

data were acquired with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), data 200 

acquisition boards (models PCI MIO 16E-4 and 6713, National Instruments, Austin, TX), and a 201 

custom modified version of Ephus software (Suter et al., 2010). Data were digitized at 10 kHz. 202 

Any recordings in which the access resistance changed by >20% during the course of the 203 

experiment were excluded from the analysis. 204 

Spinal dorsal horn superficial lamina II vGlut2+ excitatory neurons were targeted based 205 

on RFP expression. The final cell type classification was determined by the combined 206 

characterization of RFP expression and electrophysiological properties of the recorded cells. 207 

Spinal slices were fixed in 4% paraformaldehyde and transferred to a 30% sucrose solution in 208 

PBS. Neurons filled with biocytin during recordings were labeled with Alexa Fluor 488-209 

conjugated streptavidin (1:500 dilution; Jackson ImmunoResearch). Cell morphology and RFP 210 

expression were visualized using laser scanning confocal microscopes (LSM 700 and LSM 780, 211 

Carl Zeiss Microscopy, Germany). 212 

LSPS was performed under a 4x objective lens. A stock solution of MNI-caged-l-213 

glutamate (Tocris Bioscience, United Kingdom) was added to 20 ml of ACSF for a final 214 

concentration of 0.2 mM caged glutamate. The spinal slice image, acquired through the 4x 215 

objective, was visualized using a high-resolution digital CCD camera and this image, in turn, 216 
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was used to guide and register photostimulation sites. Photostimulation (1.5 ms duration, 15-25 217 

mW pulses) from a 350 nm UV laser generator (DPSS Lasers, Santa Clara, CA) was delivered to 218 

the sample, controlled via an electro-optical modulator and a mechanical shutter. Focal laser 219 

spots approximated a Gaussian profile with a diameter of 50-100 μm. Under our experimental 220 

conditions, LSPS evoked action potentials were recorded from stimulation locations within 88 ± 221 

11 μm (n = 16) of targeted somata of excitatory neurons and occurred within 150 ms post 222 

photostimulation. Together with control experiments, our calibration analysis indicates that 223 

LSPS allows for mapping direct synaptic inputs to recorded neurons. Synaptic currents in 224 

patched neurons were detected under voltage clamp. By systematically surveying synaptic inputs 225 

from hundreds of different sites across a large spinal dorsal horn region, aggregate synaptic input 226 

maps were generated for individual neurons. For our mapping experiments, a standard stimulus 227 

grid (16×16 stimulation sites, 3600 μm2 spacing) was used to tessellate the spinal dorsal horn 228 

from laminae I to V. The LSPS site spacing was empirically determined to capture the smallest 229 

predicted distance in which photostimulation differentially activates adjacent neurons. Glutamate 230 

uncaging was delivered sequentially in a no raster, nonrandom sequence following a “shifting-231 

X” pattern designed to avoid revisiting the vicinity of recently stimulated sites (Shepherd et al., 232 

2003). Because glutamate uncaging agnostically activates both excitatory and inhibitory neurons, 233 

we empirically determined the excitatory and inhibitory reversal potentials in spinal dorsal 234 

lamina II cells to properly isolate excitatory postsynaptic currents (EPSCs) and inhibitory 235 

postsynaptic currents (IPSCs). We voltage clamped spinal dorsal lamina II cells at -70 mV to 236 

determine LSPS-evoked EPSCs. The holding potential (0–5 mV) was used for IPSC detection 237 

with the cesium-containing internal solution. 238 
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Photostimulation data analyses were performed as described in detail (Shi et al., 2010; 239 

Sun et al., 2014). Two major forms of excitatory responses can be induced by photostimulation: 240 

1) direct glutamate uncaging responses from direct activation of the glutamate receptors of the 241 

recorded neuron within the seven-millisecond window from laser onset and 2) synaptically 242 

mediated responses (EPSCs/IPSCs) resulting from the suprathreshold activation of presynaptic 243 

excitatory neurons. To exclude the direct response, candidate EPSCs with arrival times occurring 244 

within the direct response window were dismissed. For individual map construction, input 245 

measurements from different stimulation sites were assigned to their corresponding anatomical 246 

locations in the spinal dorsal horn; color-coded maps of average input amplitude and the number 247 

of events per site were plotted to illustrate the overall input pattern to the recorded cells. The 248 

input amplitude/strength of each stimulation site was measured by the sum of individual EPSCs 249 

or IPSCs from each photostimulation site with the baseline spontaneous response subtracted, and 250 

then normalized by the analysis window of 150 ms after photostimulation. This average 251 

integrated value was expressed in picoamperes (pA) for the analysis window. To quantitatively 252 

compare input strength and connections, we measured the total EPSC/IPSC inputs and the 253 

numbers of EPSCs/IPSCs across specific spinal dorsal horn subfields for individual cells. 254 

For certain sets of experiments (i.e., vGlut2-expressing neurons and the "putative 255 

excitatory neurons" from wild-type mice 1-2 weeks after SNL), the mapping results were 256 

qualitatively similar but there are substantial quantitative differences of the glutamate uncaging 257 

results (photostimulation-evoked EPSC sites and average EPSC input strength) between the 258 

vGlut2-expressing neurons and the "putative excitatory neurons". This could be due to 259 

differences in technical parameters for these two different sets of experiments. On possibility is 260 

that wild-type and VGLUT2 mouse experiments were performed at two different 261 
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photostimulation and electrophysiology rigs, which had differing uncaging laser power at several 262 

months apart.  While the mapping precision of LSPS was maintained, VGLUT2 mouse 263 

experiments had a higher laser power than WT mouse slice mapping. Another possibility is that 264 

the recording access resistance differed between these two cohorts of mice. While the results are 265 

qualitatively consistent, they are not quantitatively comparable. 266 

  267 

Immunohistochemistry 268 

After physiological assays, spinal slices were fixed in 4% paraformaldehyde overnight and then 269 

transferred to 30% sucrose solution in PBS. Slices were stained against biocytin with 1:500 270 

Alexa Fluor 488-conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA, USA) to 271 

visualize the morphology of the recorded cells. Slices were also stained for 4’-6-diamidino-2-272 

phenylindole (DAPI) (Sigma-Aldrich, St Louis, MO, USA) to identify laminar boundaries. 273 

  274 

Statistical analysis 275 

Data are expressed as means ± SEM. For statistical comparisons between two independent 276 

groups, normally distributed data were analyzed using the Student’s t-test. When data were not 277 

normally distributed, a Mann-Whitney U test was used. For statistical comparisons across more 278 

than two groups, we used the Sidak’s multiple comparisons test (non-parametric One-Way 279 

ANOVA) and the Mann-Whitney U-test for group comparisons. Probability values were two-280 

tailed, and the statistical significance criterion p value was 0.05. 281 

  282 

Results 283 

LSPS mapping of local synaptic inputs to dorsal horn neurons 284 
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Surgical ligation at the L4 spinal nerve in mice (~4 weeks old) generates neuropathic pain, as 285 

measured by increased sensitivity to thermal or mechanical stimuli (Kim and Chung, 1992; 286 

Rigaud et al., 2008). This experimental manipulation mimics the major features of clinical 287 

neuropathic pain. As shown in Figure 1, unilateral L4 spinal nerve-ligated mice developed tactile 288 

allodynia within one week after the surgery, as indicated by reduced paw withdrawal thresholds 289 

to mechanical stimulation in the injury (ipsilateral) side. Tactile allodynia was not observed in 290 

the non-injury (contralateral) side. This behavioral hypersensitivity lasted for at least six weeks 291 

followed by a gradual recovery. 292 

         To map the local spinal cord circuits that code for pain hypersensitivity and to identify 293 

the circuit-level changes that underlie chronic pain we used a LSPS approach combined with 294 

whole cell patch clamp recordings (Fig. 2A). This approach has been widely applied for 295 

analyzing cortical circuits (Shepherd et al., 2003; Xu and Callaway, 2009; Xu et al., 2010; 296 

Kuhlman et al., 2013; Sun et al., 2014; Xu et al., 2016a; Xu et al., 2016b). Physiological 297 

mapping experiments were performed on both the non-injury (contralateral) and injury 298 

(ipsilateral) sides of the spinal cord slices to compare neural circuit connectivity. We measured 299 

the connectivity strength and distribution of presynaptic excitatory inputs onto lamina II 300 

interneurons in the transverse L4 lumbar region of spinal cord slices. We map the broad spatial 301 

pattern of synaptic inputs to recorded lamina II excitatory interneurons at 1-2 weeks after L4 302 

spinal nerve ligation. We also mapped local circuit connectivity in the non-injury contralateral 303 

side. Note that this study is technically challenging as we need to overcome technical issues to 304 

perform mapping experiments of mature spinal cord circuits in mice (4-5 weeks old for general 305 

recording and 13-15 weeks old for recovery recording).   306 
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The LSPS approach involves first recording from a single lamina II interneuron, then 307 

sequentially stimulating at hundreds of potential presynaptic sites within the LSPS spatial grid 308 

(Fig. 2A,B) via UV uncaging of caged glutamate. Glutamate uncaging generates action potentials 309 

from potential presynaptic neurons in uncaging sites, and postsynaptic neuronal recordings 310 

provide a quantitative measurement of the spatial distribution and strength of presynaptic 311 

excitatory (EPSCs, downward deflecting by convention) or inhibitory (IPSCs, upward deflecting 312 

by convention) inputs from lamina I-V spinal dorsal horn to the recorded lamina II interneuron. 313 

With subsequent anatomical characterization of the postsynaptic neurons (local excitatory 314 

interneurons, Fig. 2C-E), as well as its intrinsic electrophysiological firing properties (Fig. 2F), 315 

the cell type can be classified, allowing a map of input sources to be generated for an identified 316 

cell type. Further, subsequent photostimulation data analysis can be performed, which 317 

distinguishes direct uncaging responses and synaptic input responses of recorded neurons (Fig. 318 

2A,G-I). 319 

         Excitatory interneurons are genetically labeled through a Cre-directed approach by 320 

crossing the vGlut2-Cre mouse (Vong et al., 2011) to the Ai9 tdTomato reporter mouse (Madisen 321 

et al., 2010). Recordings of excitatory interneurons are facilitated by identification of red 322 

fluorescence in the tdTomato expressing vGlut2-Cre; Ai9 mice (Fig. 2D,E). These excitatory 323 

cells display intrinsic properties of regular firing patterns (Fig. 2F; Fig. 3A,B), largely consistent 324 

with previous findings in rats (Maxwell et al., 2007; Yasaka et al., 2010). However, a potential 325 

caveat is noted that the tonic firing can also often be seen in inhibitory interneurons in rat 326 

superficial dorsal horn (Yasaka et al 2010). Under our experimental conditions, 327 

photostimulation-evoked neuronal excitability profiles indicated that LSPS has sufficient spatial 328 

resolution for spinal lamina II circuit mapping (see below). 329 
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  330 

Enhanced local excitation and decreased inhibition to lamina II excitatory interneurons 331 

contribute to neuropathic pain states 332 

Since the intrinsic excitability of lamina II neurons could potentially influence the induction of 333 

plasticity, we investigated the intrinsic electrophysiology of the recorded excitatory interneurons 334 

under neuropathic pain conditions (1-2 weeks) and after recovery (≥ 10 weeks). These excitatory 335 

neurons exhibited relatively uniform and linear properties of spiking frequency, adaptation, and 336 

spike shapes in response to intrasomatic current injection. While recorded neurons in the non-337 

injury (contralateral) side of the spinal cord slices show a higher spiking rate than those recorded 338 

in the injury (ipsilateral) side of slices (p = 0.04) within 1-2 weeks post SNL, there was no 339 

significant difference in evoked spike frequency between the groups of recorded neurons over 340 

other current injection strengths (Fig. 3). This shows that the intrinsic membrane excitability of 341 

recorded neurons does not show dramatic changes during the initial response to injury between 342 

1-2 weeks following injury which coincides with neuropathic pain conditions or at 10 weeks 343 

following injury which is marked by functional recovery from pain states. Thus, intrinsic 344 

neuronal properties in response to injury do not largely account for post-injury neuropathic pain 345 

or recovery. 346 

LSPS mapping reveals a striking difference in the synaptic inputs to recorded lamina II 347 

excitatory interneurons 1-2 weeks following spinal nerve ligation (Figs. 4-6). When compared to 348 

the control non-injured contralateral side, excitatory neurons from the injured ipsilateral side 349 

have much stronger and more intensive excitatory inputs, indicated by both the average 350 

integrated input amplitude and EPSC event frequency. Specifically, we find that under 351 

neuropathic pain conditions at 1-2 weeks following SNL injury lamina II excitatory interneurons 352 
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on the ipsilateral side receive stronger and more extensive local excitatory synaptic inputs and 353 

also have more direct uncaging responses compared to the non-injured contralateral side (Fig. 354 

4A,D). The strength of integrated input (Fig. 4B,E) and numbers of EPSC events (Fig. 4C,F) 355 

within the analysis window reveal that the frequency and strength of excitatory input received by 356 

the recorded excitatory neurons on the ipsilateral side increase by 2.6 (21.0 ± 2.3 events vs. 8.1 ± 357 

1.1 events) and 2.7 (356.7 ± 68.1 pA vs. 130.3 ± 28.6 pA) times that of the control contralateral 358 

side, respectively (Fig. 4G,H). These findings are replicated by our recordings from putative 359 

excitatory interneurons in lamina II of spinal dorsal horn in a cohort of wild type mice at 1-2 360 

weeks following SNL injury (Fig. 5). We determined putative excitatory neurons using 361 

visualizing their relatively uniform morphology in live slices and their action potential firing 362 

characteristics guided by our recorded data from vGlut2-expressing cells (Figs. 2-3). Note that 363 

while enhanced local excitatory synaptic circuit connections to superficial dorsal horn vGlut2-364 

expressing excitatory neurons and putative excitatory neurons are qualitatively similar, there are 365 

substantial quantitative differences of the glutamate uncaging results (photostimulation-evoked 366 

EPSC sites and average EPSC input strength) between the vGlut2-expressing neurons and the 367 

"putative excitatory neurons" from wild-type mice. This is likely due to the potential effects of 368 

differences in laser power and recording access resistance difference between the cohorts (see 369 

the Methods). Based on these factors, we report the results as being qualitative in nature rather 370 

than being quantitatively comparable. 371 

Disinhibition of spinal excitatory interneurons is an important mechanism underlying 372 

neuropathic pain (Scholz et al., 2005; Meisner et al., 2010; Lu et al., 2013; Todd, 2015). This 373 

may contribute to increased excitatory inputs received by the recorded lamina II excitatory 374 

interneurons following injury. We employed the LSPS strategy to directly map inhibitory inputs 375 
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to the recorded excitatory neurons. Inhibitory inputs are distinguished by their holding properties 376 

at different membrane potentials (see methods for details). As shown in Figure 6, recorded 377 

lamina II excitatory interneurons on the ipsilateral injured side display weak and sparse 378 

inhibitory circuit connections (Fig. 6A-C). In contrast, local inhibitory connections to the 379 

recorded lamina II excitatory interneuron on the contralateral non-injured control side are strong 380 

and extensive (Fig. 6D-F). The average IPSC event frequency and integrated input amplitude on 381 

the ipsilateral injured side decreased by 85.7% (0.7 ± 0.2 events vs. 4.9 ± 0.9 events) and 85.6% 382 

(37.7 ± 26.3 pA vs. 262.0 ± 89.1 pA) compared to the contralateral control side at 1-2 weeks post 383 

SNL injury, respectively (Fig. 6G,H). Thus, superficial dorsal horn hyperexcitability following 384 

injury is due to changes in both excitatory and inhibitory input integration in lamina II excitatory 385 

interneurons. The imbalance of stronger excitatory connections and weaker inhibitory 386 

connections on the ipsilateral injured side versus the contralateral control side temporally 387 

correlates with the behavioral neuropathic pain response following injury as shown in Figure 1. 388 

Please note that our recorded cells received strong excitatory and inhibitory input mainly 389 

from positions that were close to their soma, a pattern that is relatively invariant for all excitatory 390 

interneurons throughout lamina II. Supporting our finding, Kato et al also found that the synaptic 391 

inputs to lamina II islet cells arose almost entirely from within lamina II, and no inputs were 392 

found from the deep dorsal horn (Kato et al., 2007). It remains to be investigated whether other 393 

classes of lamina II neurons might preserve such input patterns under neuropathic pain 394 

conditions. 395 

         A component of the imbalanced excitatory and inhibitory inputs to ipsilateral lamina II 396 

excitatory interneurons following injury is due to stronger glutamate-evoked excitability of the 397 

recorded putative excitatory interneurons on the ipsilateral side relative to the contralateral 398 
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control side as shown in Fig. 7. We assessed the neuronal excitability profiles of lamina II 399 

putative excitatory interneurons from wild-type mice. These neurons were recorded in whole cell 400 

current clamp mode and their excitability profiles were assessed by the number of 401 

photostimulation-evoked spiking sites and total evoked spikes at 1-2 weeks following SNL 402 

injury. Compared to the contralateral control side, the number of photostimulation-evoked 403 

spiking sites on the ipsilateral injured side increases by 109.0% (4.1 ± 0.5 sites vs. 2.0 ± 0.4 sites) 404 

and total evoked spikes per map increases by 265.6% (15.7 ± 2.8 spikes vs. 4.3 ± 1.1 spikes) 405 

(Fig. 7E,F). Since photostimulation-evoked spiking occurred upon direct stimulation, the broad 406 

changes in evoked hypersensitivity are consistent with the postsynaptic change in spinal dorsal 407 

horn neuron hyperexcitability post SNL. The resulting increase in lamina II neuronal excitability 408 

after spinal nerve ligation likely accounts for enhanced activation following peripheral 409 

stimulation thus contributing to post-injury neuropathic pain states. 410 

  411 

“Normalized” local circuit excitation correlated with behavioral recovery from pain states 412 

        The analysis of pain behavior in Figure 1 shows a gradual recovery from abnormal pain 413 

hypersensitivity to mechanical stimulation that resolves at 8-10 weeks post-injury, consistent 414 

with previous reports (Kim and Chung, 1992; Hogan et al., 2000; Luo et al., 2001; Li et al., 415 

2004; Rigaud et al., 2008; Guan et al., 2010; Kim et al., 2012). The mechanism of this recovery 416 

is still unclear. To test if normalization of heightened excitability of lamina II excitatory 417 

interneurons correlates with the recovery of SNL-induced behavioral hypersensitivity, we 418 

examined the glutamate-evoked excitability profiles and excitatory connections to lamina II 419 

putative excitatory interneurons in both the ipsilateral and contralateral sides of the spinal cord 420 

slices at least ten weeks after spinal nerve ligation. As shown in Fig. 8, there was no significant 421 
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difference in the recorded putative excitatory interneurons between the ipsilateral and 422 

contralateral sides in terms of the number of photostimulation-evoked spiking sites and total 423 

evoked spikes, and the average EPSC numbers and integrated excitatory input. Compared with 424 

the mapping data from vGlut2-expressing excitatory neurons and "putative excitatory neurons" at 425 

1-2 weeks after SNL (Figs. 4, 5 and 7), lamina II putative excitatory interneurons recorded in the 426 

ipsilateral side of the spinal cord slices show a strong tendency of reduced local circuit excitation 427 

and decreased glutamate-evoked excitability. Interestingly, a closer look indicates that the cells 428 

recorded in the contralateral side of the spinal cord slices seem to have increased their 429 

excitability at ≥ 10 weeks after spinal nerve ligation when compared with those of 1-2 weeks 430 

after SNL (Figs. 5 and 7). This suggests a possibility that behavioral recovery with long post-431 

SNL intervals can potentially result from both ipsilateral and contralateral circuit connection 432 

changes. The quantitative degree of these differences requires further work. Taken together, 433 

functional changes of local excitatory connections at lamina II indicates that circuit plasticity 434 

within this structure likely contributes to both early stage post-injury neuropathic pain responses 435 

and their eventual recovery. 436 

  437 

Discussion 438 

Neuropathic pain following injury and recovery is a complex phenomenon whose neural 439 

mechanism is not entirely understood. In this study, we used whole cell electrophysiological 440 

recordings combined with LSPS to quantitatively and spatially map the local excitatory and 441 

inhibitory synaptic inputs into lamina II excitatory interneurons at post-injury time points 442 

marking peak neuropathic pain states and subsequent recovery. SNL injury does not significantly 443 

affect the intrinsic membrane excitability of recorded excitatory lamina II interneurons on either 444 
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the ipsilateral injured side or the contralateral control side. In contrast to injury-induced changes 445 

in intrinsic membrane excitability in DRG neurons following nerve injury (Hong et al., 2004; 446 

Kirita et al., 2007; Wang et al., 2007), our data show that the intrinsic membrane excitability of 447 

recorded lamina II excitatory interneurons does not show major changes post SNL. Instead, the 448 

glutamate-evoked neuronal excitability on the ipsilateral side is dramatically enhanced following 449 

SNL injury. 450 

SNL injury enhances local excitatory synaptic circuitry inputs and decreases local 451 

inhibitory synaptic circuitry inputs to excitatory lamina II interneurons.  This coincides with peak 452 

neuropathic pain states 1-2 weeks following injury.  Further evidence that input integration at 453 

lamina II excitatory neurons accounts for post-injury neuropathic pain state development is 454 

shown by the finding that reduced excitatory postsynaptic connectivity and decreased glutamate-455 

evoked excitability of ipsilateral lamina II excitatory neurons occur when the nerve-injured mice 456 

functionally recover from neuropathic pain states (Fig. 1).  The superficial dorsal horn circuitry 457 

changes strongly correlate with the behavioral sensitivity to stimuli, thus indicating their 458 

mechanistic contribution to injury-induced neuropathic pain processing and recovery.   Our 459 

conclusions are also supported by earlier work in vivo (Peirs et al., 2015; Saloman et al., 2015; 460 

Bourane et al., 2015; Gatto et al., 2019).  A DREADD approach was used in which hM3Dq 461 

receptors were selectively expressed in lamina III of the dorsal horn of Vglut3-Cre mice. 462 

DREADD-induced activation of these VGLUT-containing neurons evoked mechanical 463 

hypersensitivity and allodynia (Peirs et al., 2015).   The present study addresses neural 464 

mechanisms based on in vitro circuit mapping experiments.  In the future we plan to perform 465 

genetically targeted manipulation of lamina II excitatory interneurons in vivo to pinpoint 466 

neurophysiological mechanism of central sensitization and neuropathic pain post SNL.     467 
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         We demonstrate that glutamate-evoked excitability of excitatory interneurons on the 468 

injured side coincides with the onset of peak tactile allodynia 1-2 weeks following SNL injury. 469 

The increase of glutamate-evoked excitability occurs specifically in neurons recorded on the 470 

injury side in contrast to the absence of hyperexcitability responses on the control non-injured 471 

side of the superficial dorsal horn.  This argues strongly against a non-specific effect from 472 

surgical procedures or tissue harvesting.  We consider that SNL-induced sensory pathway 473 

hyperexcitability can result from both peripheral and central sensitization, including sensitized 474 

dorsal root ganglion neurons (Hogan et al., 2000; Tang et al., 2012) that can modulate primary 475 

afferent inputs (Xie et al., 2010; Zhou and Luo, 2014, 2015; Li et al., 2016). Furthermore, 476 

interneuron firing rates may increase in response to noxious or innocuous stimuli (Cui et al., 477 

2016; Patel and Dickenson, 2016).  Our dynamic mapping of excitatory and inhibitory synaptic 478 

circuitry input into lamina II excitatory interneurons supports our hypothesis that overall 479 

superficial dorsal horn hyperexcitability changes following SNL injury are at least partially due 480 

to both enhanced excitatory synaptic excitation and reduced inhibition onto excitatory 481 

interneurons.  These results are consistent with a recent study (Kopach et al., 2017) that shows 482 

increased activity of superficial dorsal horn excitatory interneurons and reduced excitability of 483 

inhibitory interneurons in spinal cord injured animals that exhibit pain states and spasticity.  It 484 

remains to be determined whether other classes of lamina II neurons also account for neuropathic 485 

pain state development following injury. 486 

         Normalization of synaptic circuitry input into lamina II excitatory interneurons coincides with the 487 

recovery of neuropathic pain.  However, the mechanisms underlying the resolution of neuropathic pain 488 

states following nerve injury are still unclear.  Recent findings suggest that successful axon regeneration 489 

contributes to the functional recovery following nerve injury (Mar et al., 2014; He and Jin, 2016).  Injured 490 

fibers can measurably regenerate as early as four weeks after SNL injury.  The regenerating nerve fibers 491 
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generate abnormal spontaneous activity during the period of heightened behavioral hypersensitivity. 492 

Perhaps successful regeneration with correct target reinnervation contributes to the recovery of pain states 493 

(Xie et al., 2017) through normalization of local circuit excitation in the spinal dorsal horn. 494 

In summary, our data show that enhanced neuron excitability and imbalanced excitatory and 495 

inhibitory synaptic connectivity to lamina II excitatory interneurons coincides with the peak of behavioral 496 

hypersensitivity following injury and that their resolution to control baseline levels coincides with 497 

functional recovery from injury-induced tactile allodynia.  Together, the results support our hypothesis 498 

that SNL induces maladaptive changes in synaptic input and connectivity to lamina II excitatory 499 

interneurons  in the dorsal horn and provide a new insight for understanding spinal local circuitry 500 

modulation/reorganization under neuropathic pain conditions. 501 

  502 

  503 
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Figure Legends 700 

 Figure 1. Time course of tactile allodynia development after unilateral L4 spinal nerve ligation 701 

(SNL) in mice (~4 weeks old). Unilateral L4 SNL injury caused a time-dependent reduction in 702 

paw withdrawal thresholds on the ipsilateral injury side when compared to the contralateral non-703 

injury side. The hypersensitivity fully developed in one week and recovered gradually after six 704 

weeks of post-ligation injury. Data presented are the means ± SEM of 12 mice. ****p<0.0001 705 

compared with the contralateral side by Sidak’s multiple comparisons test. Based on this tactile 706 

allodynia profile, electrophysiological recordings and circuit mapping were performed on spinal 707 

cord slices at two post-injury time points (1-2 weeks and at ≥10 weeks post-injury) marking peak 708 

neuropathic pain states and subsequent recovery post-ligation injury, using different cohorts of 709 

mice. 710 

  711 

Figure 2. Whole cell recordings combined with LSPS to map local synaptic inputs to 712 

individually recorded lamina II excitatory neuron in L4 spinal cord slices. A, Schematic showing 713 

that LSPS maps the broad spatial pattern of synaptic inputs to the neuron of interest in lamina II. 714 

Based on response amplitude and latency, we can distinguishe direct uncaging responses (1) at 715 

perisomatic locations and synaptically mediated responses (2) to assess circuit inputs from 716 

presynaptic neuronal spiking. B, LSPS allows for extensive and quantitative analysis of synaptic 717 

inputs to recorded cells from laminar circuits in the whole spinal dorsal horn. The slice image is 718 

superimposed with photostimulation sites (cyan circles) spaced at 60 μm × 60 μm. The red circle 719 

indicates the tip of a recording electrode and the cell body location of a recorded neuron. Scale 720 

bar = 200 μm. C, The morphology of the recorded neuron is revealed post-hoc by intracellular 721 

biocytin staining (red). Scale bar = 50 μm. D, The confocal image shows red fluorescence of 722 
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vGlut2 cell bodies in a post-fixed vGlut2-Cre:Ai9 mouse slice. The recorded neuron is also 723 

identified post-hoc based on its intracellular biocytin staining (Green, E). The arrow indicates the 724 

recorded vGlut2 expressing neuron. F, Example of the intrinsic electrophysiological responses of 725 

a recorded vGlut2 expressing neuron to intrasomatic current injections from the ipsilateral side 726 

of the spinal cord slice. The resting membrane potential is -56 mV. G-I, Example plot of EPSC 727 

responses to photostimulation via glutamate uncaging from the recorded neuron (red circle) in 728 

the ipsilateral injury side of a spinal dorsal horn slice, within the region shown by the white 729 

rectangle in H-I. The response traces are plotted for 200 ms beginning at the onset of 730 

photostimulation. The raw data shown in G are quantified and used for the construction of color-731 

coded quantitative input maps (H-I). The color scale indicates the average integrated input 732 

strength (H) and average EPSC numbers (I) at individual map sites. The warmer colors indicate 733 

stronger input strength (H) and larger EPSC numbers (I), respectively. The white circle indicates 734 

the cell body location of the recorded neuron. Each map site (color pixel) is spaced at 60 μm × 735 

60 μm. 736 

  737 

Figure 3. Intrinsic membrane excitability of recorded neurons does not show major changes 738 

under SNL conditions or after recovery. A and B show intrasomatic current-injection evoked 739 

response traces of example lamina II excitatory neurons recorded from the non-injury 740 

(contralateral) side and the injury (ipsilateral) side of spinal cord slices, respectively. C. The 741 

relationship between spiking rates and current injection strengths of recorded neurons from the 742 

contralateral (n=11-12 cells) and ipsilateral (n=18-19 cells) side of mouse L4 superficial dorsal 743 

horn during the initial response to injury between 1-2 weeks following injury. Except the 744 

difference at the current injection of 25 pA (p=0.041), there is no significant difference between 745 



 

 34 

the plotted data points at other current injection strengths. D. The relationship between spiking 746 

rates and current injection strengths of recorded neurons from the contralateral (n=6-10) and 747 

ipsilateral (n=8-10) side of mouse L4 superficial dorsal horn at ≥10 weeks following injury. Data 748 

presented are the means ± SEM. 749 

 750 

Figure 4. Enhanced local excitatory synaptic circuit connections to superficial dorsal horn 751 

vGlut2-expressing excitatory neurons 1-2 weeks after SNL in mouse L4 spinal cord slices. 752 

Example plot of EPSC responses to photostimulation via glutamate uncaging from the selected 753 

excitatory neuron (red circle) on the ipsilateral (A) or contralateral (D) side within the region 754 

shown by the red rectangle in B-C and E-F, respectively. The response traces are plotted for 200 755 

ms beginning at the onset of photostimulation. The raw data shown in A and D are quantified and 756 

used for the construction of color-coded quantitative input maps (B-C and E-F, respectively). 757 

The color scale indicates the average integrated input strength (B and E) and average EPSC 758 

numbers (C and F) at individual map sites. The warmer colors indicate stronger input strength (B 759 

and E) and increased EPSC numbers (C and F), respectively. The white circle indicates the cell 760 

body location of the excitatory neuron. Each map site (color pixel) is spaced at 60 μm × 60 μm. 761 

G and H, Summary data showing the number of photostimulation-evoked EPSC sites per map 762 

(G) and the average EPSC input strength around the soma (H) measured from excitatory neurons 763 

on the ipsilateral (n=11) and contralateral (n=10) sides. Data presented are the means ± SEM. 764 

*p<0.05 and ***p<0.001 compared with the contralateral side by Student’s t test. 765 

 766 

Figure 5. Increased local excitatory synaptic circuit connections to putative excitatory neurons in 767 

superficial dorsal horn at 1-2 weeks after SNL in mouse L4 spinal cord slices. Summary data 768 
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showing the number of photostimulation-evoked EPSC sites per map (A) and the average EPSC 769 

input strength around the soma (B) measured from putative excitatory neurons on the ipsilateral 770 

(n=11) and contralateral (n=16) sides. Data presented are the means ± SEM. **p<0.01 compared 771 

with the contralateral side by Student’s t test. 772 

  773 

Figure 6. Decreased local inhibitory synaptic circuit connections to superficial dorsal horn 774 

excitatory neurons 1-2 weeks after SNL in mouse L4 spinal cord slices. Example plot of IPSC 775 

responses in response to photostimulation from the selected excitatory neuron (red circle) on the 776 

ipsilateral (A) or contralateral (D) side within the region shown by the red rectangle in B-C and 777 

E-F, respectively. The response traces are plotted for 200 ms beginning at the onset of 778 

photostimulation. The raw data shown in A and D are quantified and used for the construction of 779 

color-coded quantitative input maps (B-C and E-F, respectively). The color scale indicates the 780 

average summed IPSC input strength (B and E) and average IPSC numbers (C and F) at 781 

individual map sites. The warmer colors indicate stronger input strength (B and E) and increased 782 

IPSC numbers (C and F), respectively. The white circle indicates the cell body location of the 783 

excitatory neuron. Each map site (color pixel) is spaced at 60 μm × 60 μm. G and H, Summary 784 

data showing number of photostimulation-evoked IPSC sites per map (G) and the average 785 

summed IPSC input strength around the soma (H) measured from excitatory neurons on the 786 

ipsilateral (n=11) and contralateral (n=10) sides. Data presented are the means ± SEM. *p<0.05 787 

and ***p<0.001 compared with the contralateral side by Student’s t test. 788 

  789 

Figure 7. SNL increases glutamate-evoked excitability in superficial dorsal horn putative 790 

excitatory neurons 1-2 weeks after injury. A-D, Spiking activities through laser scanning 791 
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photostimulation via glutamate uncaging are used to assess evoked excitability of recorded 792 

neurons in L4 spinal cord slices. L4 spinal dorsal horn slice images superimposed with 793 

photostimulation sites (cyan circles) are spaced at 60 μm × 60 μm. The red circle indicates the tip 794 

of a recording electrode and the cell body location of the recorded neurons from the ipsilateral 795 

(A) and contralateral (B) side of the spinal cord. The plots of photostimulation responses from 796 

the recorded neurons within the blue square in A and B are shown in C and D, respectively. 797 

Current clamp recording was used to examine suprathreshold spiking activities in recorded 798 

neurons. E-F, Plots of photostimulation-evoked spiking sites (E) and total evoked spike number 799 

(F) per map for neurons recorded from the contralateral (n=14) and ipsilateral (n=18) side of the 800 

spinal cord. Data presented are the means ± SEM. *p<0.05 compared with the contralateral side 801 

by Student’s t test. 802 

  803 

Figure 8. Measurements of local synaptic circuit connections in superficial dorsal horn at ≥10 804 

weeks after SNL. Plots of photostimulation-evoked spiking sites (A) and total evoked spike 805 

number (B) per map for neurons recorded from the contralateral (n=9) and ipsilateral (n=11) side 806 

of the L4 spinal slices. Plots of photostimulation-evoked EPSC sites per map (C) and average 807 

EPSC input strength around the soma of recorded neurons (D) measured on the ipsilateral (n=7) 808 

and contralateral (n=7) sides. There is no significant difference between the recorded neurons on 809 

the contralateral and ipsilateral sides of L4 spinal slices. 810 


















