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Abstract 47 
Inflammatory pain is thought to arise from increased transmission from nociceptors and 48 
recruitment of “silent” afferents.  To evaluate inflammation-induced changes, mice expressing 49 
GCaMP3 in cutaneous sensory neurons were generated and neuronal responses to mechanical 50 
stimulation in vivo before and after subcutaneous infusion of an “inflammatory soup” (IS) were 51 
imaged in an unanesthetized preparation.  Infusion of IS rapidly altered mechanical 52 
responsiveness in the majority of neurons.  Surprisingly, more cells lost, rather than gained, 53 
sensitivity and “silent” afferents that were mechanically insensitive and gained 54 
mechanosensitivity after IS exposure were rare.  However, the number of formerly silent 55 
afferents that became mechanosensitive was increased 5-fold when the skin was heated briefly 56 
prior to infusion of IS.  These findings suggest that pain arising from inflamed skin reflects a 57 
dramatic shift in the balance of sensory input, where gains and losses in neuronal populations 58 
results in novel output that is ultimately interpreted by the CNS as pain. 59 
 60 
  61 
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Impact Statement 62 
Inflammatory pain, previously thought to result from increased activity in “pain” neurons, may in 63 
fact be due to wholesale changes in afferent output that includes increased and decreased 64 
activity that the brain interprets as pain. 65 66 
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Introduction 67 
Increased pain from stimulation of inflamed tissues is generally thought to arise from 68 
nociceptors that have become more responsive to mechanical stimuli as a result of exposure to 69 
inflammatory mediators released at the site of injury.  In addition, inflammation may also recruit 70 
“silent” afferents that are normally unresponsive to mechanical stimuli but gain mechanical 71 
sensitivity de novo in the presence of chemical mediators, providing novel input to pain 72 
pathways (Davis et al., 1993; Feng and Gebhart, 2011; Habler et al., 1990; Meyer et al., 1991; 73 
Neugebauer et al., 1989; Schmelz et al., 1994; Schmidt et al., 1995; Xu et al., 2000).  Through 74 
positive feedback, the enhanced transmission of sensory information from both populations 75 
triggers a host of peripheral and central changes that can lead to chronic pain (Gold and 76 
Gebhart, 2010; Koltzenburg, 1995; McMahon and Koltzenburg, 1990).   77 
 The sensitization of nociceptors by inflammatory mediators has been well documented 78 
(Bevan and Yeats, 1991; Fjallbrant and Iggo, 1961; Grigg et al., 1986; Schaible and Schmidt, 79 
1988; Steen et al., 1992; Steranka et al., 1988).  Nevertheless, many questions remain with 80 
regard to silent afferents, including their frequency of occurrence, whether activation by 81 
inflammatory mediators initiates their unmasking, and how quickly this unmasking can occur.  82 
Previous studies based on single cell electrophysiological approaches have been limited in their 83 
ability to assess the development of sensitization within a population of neurons due to spatial 84 
and temporal restrictions.  These limitations may explain the conflicting results regarding 85 
peripheral sensitization of cutaneous afferents to mechanical stimuli, as well as the 86 
disagreement in the relative proportions of silent afferent populations in various tissues (Lynn, 87 
1991; Michaelis et al., 1996).  By contrast, the use of genetically encoded calcium indicators, 88 
such as members of the GCaMP family of molecules, provides the unique ability to 89 
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simultaneously monitor the activity of a population of cells in real time (Akerboom et al., 2009; 90 
Park and Dunlap, 1998; Tian et al., 2009).  In living cells, the fluorescent signal generated by 91 
GCaMP molecules is determined by the level of GCaMP expression and the calcium 92 
concentration within a cell that dynamically regulates the three-dimensional conformations of the 93 
GCaMP molecule and its green fluorescent protein (GFP) light emission characteristics.  94 
Therefore, GCaMP allows non-invasive, quantitative analyses of neural activity over time and is 95 
an ideal approach to detect changes in mechanical sensitivity across primary afferent 96 
populations in vivo.   97 
 Here, the generation and characterization of a transgenic mouse line that ubiquitously 98 
expresses the genetically encoded calcium indicator, GCaMP3 (third generation GCaMP), in 99 
dorsal root ganglion (DRG) neurons is described.  Expression of GCaMP3 enabled the 100 
observation of calcium transients in the somata of A- and C-fiber afferents, in vivo and ex vivo, 101 
primarily in neurons with broad somal action potentials, indicating that these represented 102 
populations of nociceptors. To determine the effects of a cocktail of inflammatory mediators on 103 
the mechanical sensitivity of a large population of sensory neurons, mechanically-evoked 104 
intracellular calcium transients in cutaneous primary afferents were optically recorded in an 105 
unanesthetized, in vivo preparation before and after a subcutaneous infusion of “inflammatory 106 
soup” (IS).  IS caused some primary afferents to acquire sensitivity to mechanical stimulation de 107 
novo and the number of such afferents increased 5-fold if the IS was preceded with 3 s of 108 
noxious heat stimulation; these neurons fit the definition of “silent” afferents.  Moreover, IS 109 
infusion altered the sensitivity of the majority of mechanically sensitive afferents.  Some 110 
displayed increased calcium responses to mechanical stimulation; however, a surprisingly large 111 
population of neurons showed decreased responses to mechanical stimulation or stopped 112 
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responding altogether after IS.  This indicates that acute inflammation causes a profound 113 
imbalance of sensory input to the spinal cord compared to normal conditions. 114 
 115 
Results 116 
 117 
GCaMP3 immunofluorescence and calcium signaling in DRG neurons in vitro 118 
To facilitate detection of emergent activity in diverse and potentially rare cell populations, a 119 
mouse line was generated that expressed GCaMP3 ubiquitously across all neurons by crossing 120 
Ai38 mice containing a loxP-flanked GCaMP3 construct within the Gt(ROSA)26Sor locus (The 121 
Jackson Laboratory, catalogue #014538) with mice that express Cre recombinase under the 122 
EIIa adenovirus promoter (The Jackson Laboratory, catalogue #003724); the latter strain 123 
expresses Cre recombinase in the embryo prior to implantation, producing a mosaic pattern that 124 
often includes germ cells.  Mice were bred until germline expression of GCaMP3 was achieved 125 
as determined by 100% transmission of GCaMP3 to all offspring from crosses involving one 126 
GCaMP3-positive male and wild-type females.   127 
 DRG neurons in paraformaldehyde-fixed sections exhibited variable levels of native 128 
GCaMP3 fluorescence (Figure 1A).  This variable GCaMP3 signal raised the question as to 129 
whether there was variable expression of GCaMP3 protein in different sensory neurons.  130 
Immunostaining with an anti-GFP antibody revealed that virtually all DRG neurons exhibited a 131 
detectable level of GCaMP3-like staining that was at least five standard deviations above 132 
background (Figure 1B,C); individual satellite or endothelial cells could not be distinguished.  As 133 
with native GCaMP3 signal, the level of the immunofluorescent signal was variable, with small 134 
somata giving the brightest signal. 135 
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 To determine whether GCaMP3 was expressed at sufficient levels to report neuronal 136 
activity, freshly excised DRG neurons were enzymatically treated to facilitate dissociation, plated 137 
on coverslips, and imaged during depolarization evoked by brief application of 50 mM K+.  Prior 138 
to K+ exposure, there was a wide range of baseline GCaMP3 signals similar to that seen in fixed 139 
tissue.  Application of K+ produced a rapid and robust calcium transient, measured by a change 140 
in GCaMP3 fluorescence (F), in the vast majority of neurons (462/474, 97.5%; mean ΔF/F0 = 141 
1.61 ± 0.03).  In neurons that exhibited a change in GCaMP3 signal, the peak amplitude of 142 
evoked calcium transients significantly decreased with repeated (×3) application of K+ (mean 143 
ΔF/F0 as a percentage of K+ #1: K+ #1 = 100 ± 2.07; K+ #2 = 92.95 ± 1.82; K+ #3 = 87.98 ± 1.75; 144 
P<0.0001) (Figure 2A).  The decay time (T50) of evoked transients, measured in 274/474 145 
neurons that returned to baseline after K+ #1, also significantly decreased with repeated K+ 146 
application (P<0.0001; Figure 2B).  The decreases in amplitude and decay most likely reflect an 147 
engagement of intracellular calcium buffering mechanisms as a result of the initial depolarization 148 
(Berridge, 2003; Berridge et al., 2003).  A small subset of neurons (12/474; 2.5%) with large 149 
diameters exhibited no detectable transient (Figure 2C).  In vivo, the percent of neurons that did 150 
not exhibit a GCaMP3 signal is probably higher than the 2.5% reported here; dissociation and 151 
culture of DRG neurons is accompanied by a loss of up to 50% of all cells in the ganglia and 152 
neurons with large diameters are particularly susceptible to death and/or loss during processing 153 
(Malin et al., 2007).   154 
 155 
GCaMP3 signal in DRG ex vivo 156 
To evaluate the reliability of GCaMP3 to report individual action potentials in DRG neurons in 157 
situ, controlled electrical stimuli were delivered to the dorsal cutaneous nerve (DCN) and/or 158 
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spinal (i.e., intercostal) nerve of intact thoracic ganglia in ex vivo preparations (n=4) using 159 
suction electrodes.  A large subset of DRG neurons, that included both A- and C-fiber afferents, 160 
exhibited clearly detectable phase-locked GCaMP3 signals that slowly summated in response to 161 
stimulation at 1 Hz (Figure 3A).  Higher stimulation frequencies revealed additional cells, 162 
although individual spikes could not be resolved above 10 Hz (Figure 3A).  In most cases, the 163 
greatest recruitment of cells was seen between 10-20 Hz, with some cells exhibiting a decrease 164 
in the intensity of the GCaMP3 response at 100 Hz, presumably reflecting their inability to 165 
reliably follow this stimulation frequency.  Most GCaMP3-responding cells appeared to have 166 
small- to medium- sized somata and exhibited baseline fluorescence in the absence of 167 
stimulation, paralleling observations in fixed tissue sections (described above).  All responding 168 
cells that were examined with intracellular recording techniques had broad, inflected somal 169 
action potentials (APs) and peripheral conduction velocities (CVs) in either the C- (n=10) or Aδ-170 
fiber (n=3) range (Figure 3B, C).   171 
 Interestingly, electrical stimulation failed to elicit a detectable GCaMP3 signal in some 172 
medium- to large-sized cells regardless of stimulation frequency or intensity, even when stimuli 173 
were applied to dorsal roots instead of peripheral nerves.  This lack of GCaMP3 signaling was 174 
consistently seen across every DRG in all animals examined and was foreshadowed by findings 175 
in dissociated cells (described above).  On closer inspection, it was noted that most of these 176 
non-responders also lacked baseline fluorescence in the absence of stimulation, unlike 177 
GCaMP3-responding neurons.   178 

Many medium- to large-sized DRG neurons exhibit narrow APs that have been proposed 179 
to reduce calcium entry (Koerber, 1992; Lu et al., 2006), which may account for the lack of 180 
GCaMP3 signal.  To investigate this possibility, non-responders were targeted with intracellular 181 
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recordings in some experiments (Figure 4A).  Notably, these studies revealed that GCaMP non-182 
responders reliably follow high frequency trains of stimulation with high fidelity and exhibited 183 
narrow, uninflected APs (8/8, Figure 4B).  Surprisingly, even driving these cells with a train of 184 
spikes at 100 to 200 Hz failed to produce a GCaMP3 signal (Figure 4C).  Compared to 185 
GCaMP3-responding neurons, non-responders had significantly narrower APs (0.85 ± 0.12 ms 186 
vs. 2.5 ± 0.25 ms; P<0.001) (Figure  4D), larger somata (34.1 ± 1.1 μm vs. 23.6 ± 1.3 μm; 187 
P<0.001), and faster CVs (5.3 ± 1.6 m/s vs. 0.92 ± 0.29 m/s; P=0.031).  Because most DRG 188 
cells exhibiting narrow, uninflected somal spikes at 30-31°C are either tactile or proprioceptive 189 
afferents (Boada and Woodbury, 2007; Malin et al., 2007), these data suggest that GCaMP3 190 
may not be optimal for the study of fast conducting, low-threshold, DRG neurons.  191 

One caveat to these conclusions comes from the report by Lu et al. (Lu et al., 2006) that 192 
found whereas small diameter sensory neurons exhibited large transients (imaged with Fura-2) 193 
similar to the results here, cells with large diameter somata had small, but detectable calcium 194 
transients.  The difference between observing small transients in large cells (Lu et al.) and no 195 
signal at all (the present report) could in part be due to the higher Kd for Ca2+ of GCaMP3 196 
relative to Fura-2 (350nM vs. 140nM).  However, in transgenic mice expressing GCaMP6s (that 197 
has a similar Kd to Fura-2 (144nM)), no signal could be detected in many large diameter DRG 198 
neurons during dorsal root stimulation at 100 Hz (ex vivo preparations) or in spindle afferents 199 
during maintained muscle stretch (in vivo preparations; Smith-Edwards and Woodbury, 200 
unpublished data), another population of large cells with narrow spikes.  It should also be noted 201 
that the absence of calcium transients was rare in dissociated neurons in the present report 202 
(seen in only 2.5% of neurons (Figure 2)) and thus, does not represent a major conflict between 203 
the two reports.   204 
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 205 
GCaMP3 signal in DRG in vivo 206 
The utility of GCaMP3 for studies of sensory neuron activity in vivo was initially evaluated by 207 
imaging lumbosacral DRG during application of electrical stimuli to peripheral targets (n=7 208 
mice).  As in fixed, dissociated, and intact ex vivo DRG (described above), baseline GCaMP3 209 
fluorescence was evident in many neurons in the absence of stimulation.  Similar to ex vivo 210 
preparations, electrical stimulation through bipolar electrodes inserted at the base of the tail 211 
revealed that individual phase- locked fluorescent transients could be detected at 1 Hz in vivo 212 
(Figure 5). 213 

The GCaMP3 signal from individual spikes tended to be slightly noisier in vivo than ex 214 
vivo due to movement artifact during imaging, but at lower stimulation frequencies (e.g., 0.5 Hz) 215 
the signal intensities from individual spikes were found to remain remarkably stable over time, 216 
with no obvious change in peak intensity when examined at 30-min intervals (average percent 217 
change in response at 30 min was -0.082 ± 0.15, P=0.53; n=2 mice, 5 cells).  Also as in ex vivo 218 
preparations, signal intensity increased with higher stimulation frequency but again, individual 219 
APs could not be resolved above 10 Hz (Figure 5).  Unlike ex vivo findings, however, 220 
electrically evoked GCaMP3 signals in DRG somata showed a less-than-monotonic increase 221 
with increasing frequencies of electrical stimulation, presumably reflecting reduced fidelity of 222 
activation with bipolar vs. suction electrodes.   223 

Next, the ability of GCaMP3 signaling to reliably report variations in the intensity of an 224 
ascending series of controlled mechanical forces to the skin was assessed in order to address 225 
the utility of GCaMP3 for visualizing changes in physiologically relevant activity of sensory 226 
neurons over time (i.e., plasticity).  As shown in Figure 6A and B, mechanically-evoked 227 
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fluorescent signals in small- and medium-sized somata were proportional in amplitude to 228 
stimulus intensity, a finding that remained stable upon repeated stimulation at 30-min intervals 229 
for up to 90 min (Figure 6C, D; average percent change in response across 32 cells in 3 mice = 230 
-0.026 ± 0.054, P=0.754).   231 
 232 
Inflammation-induced plasticity  233 
In light of the observed stability in GCaMP3 signaling in response to repeated mechanical 234 
stimulation, GCaMP3-expressing mice were then used to examine nociceptor plasticity in real 235 
time.  In particular, one of the long-standing issues in the development of inflammatory pain has 236 
been the role of “silent” nociceptors (Gold and Gebhart, 2010; Koltzenburg, 1995; McMahon and 237 
Koltzenburg, 1990).  Such chemosensitive afferents have been deduced to constitute up to 30% 238 
of all sensory neurons in the DRG (Davis et al., 1993; Feng and Gebhart, 2011; Habler et al., 239 
1990; Kress et al., 1992; Meyer et al., 1991; Neugebauer et al., 1989; Schmelz et al., 1994; 240 
Schmidt et al., 1995; Xu et al., 2000), yet their contribution to inflammatory pain remains 241 
unclear.  Toward this end, changes in responsiveness to mechanical stimulation were analyzed 242 
across populations of cutaneous sensory neurons after infusing a cocktail of inflammatory 243 
mediators (i.e., IS, consisting of bradykinin triacetate, histamine dihydrochloride, serotonin 244 
hydrochloride, and prostaglandin E2, dissolved in carbogen-gassed aCSF and titrated to 6.0 245 
(see Drug Preparation for details)) into the skin.  Compared to mechanical (i.e. uninjected) and 246 
vehicle-injected controls, infusion of IS produced surprisingly diverse changes in sensitivity to 247 
mechanical stimuli in sensory neurons across our sample.   248 

Of 45 mechanically sensitive afferents in L6 DRG (n = 5 mice), 23 cells (51%) exhibited 249 
no change in GCaMP3 signaling in response to controlled mechanical stimuli following exposure 250 
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to IS.  In contrast, 10 cells (22%) showed significant increases, whereas 12 (27%) showed 251 
significant decreases in GCaMP3 signal after IS exposure; indeed, some cells lost mechanical 252 
sensitivity entirely.  This post-IS change in proportions of responsive neurons was dramatically 253 
different than those seen in mechanical and vehicle-injected controls (Figure 7D, n=6 mice, 83 254 
cells; P=0.004 for increased response, P<0.001 for decreased responses).  In cells showing a 255 
post-IS increase in GCaMP3 signaling indicative of sensitization, the increase in responsiveness 256 
was greatest at the highest force tested (500 mN: P<0.001; post-IS increases at lower forces 257 
were evident but not significant, Figure  7A).  In cells showing decreased mechanical sensitivity 258 
post-IS (i.e., desensitization), the change was also most apparent at the highest force (500 mN: 259 
P<0.001; Figure  7B).   260 

 In addition to cells that were mechanically sensitive pre-IS (described above), two newly 261 
mechanically sensitive cells appeared de novo following infusion of IS (Figure 7C).  Exhaustive 262 
post-hoc analyses confirmed that these newly emerged cells showed no GCaMP3 signal to 263 
mechanical stimulation at any force tested prior to infusion of IS.  Importantly, de novo 264 
responders were not observed in mechanical or vehicle-injected controls at any time point 265 
examined (30, 60, or 90 min post-IS).  Because new cells would have been expected in these 266 
controls if mechanical stimuli were not consistently delivered to the same skin regions over time, 267 
the two cells with emergent mechanical sensitivity post-IS clearly fit the definition of “silent” 268 
afferents.    269 
 270 
Properties of silent afferents 271 
To obtain more information on the functional identity of silent afferents before IS exposure, a 272 
separate series of experiments was performed wherein radiant heat was briefly applied (3 s) to 273 
the skin after recording baseline responses to mechanical stimulation but before IS infusion 274 
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(n=5 mice, 39 cells).  Surprisingly, briefly heating the skin before infusing IS in these 275 
experiments was found to recruit even greater numbers of silent afferents than seen in 276 
experiments using IS alone, accounting for 21% of the post-IS changes observed (n=8; 277 
P=0.018, Chi-square; Figure 8).  By contrast, the proportion of mechanically sensitive cells 278 
showing increased and decreased responses to mechanical stimuli post-IS remained essentially 279 
unchanged (increased: n=6, 15%, P=0.473; decreased: n=14, 36%, P=0.299).  This unexpected 280 
effect of heat on the conversion of silent afferents appeared to depend on IS, since no silent 281 
afferents were detected in a separate series of controls that received heat stimuli only (i.e., 282 
without subsequent IS; n=3 mice).  These findings suggest, therefore, that brief noxious heat 283 
exposure may be necessary for the conversion of silent afferents in the skin, but is not sufficient 284 
by itself.   285 

Interestingly, 50% (4/8) of all silent afferents identified in this set of experiments 286 
responded to heat prior to IS exposure.  However, it should be noted that heat was applied to a 287 
folded-over flap of skin positioned between a metal support and the computer controlled 288 
mechanical stimulator (Figure 6-figure supplement 1; see Experimental Procedures) and that 289 
thermocouple measurements indicated that only the top layer of skin was heated to the 290 
threshold predicted to activate heat-sensitive nociceptors (46.7 ± 0.48 oC; n=3); temperatures in 291 
the shielded bottom layer remained well below threshold (36.9 ± 0.12 oC; n=3).  Thus, if it was 292 
possible to heat both layers of the tissue to ca. 46oC, all heat-sensitive nociceptors in the tested 293 
skin portion would have been activated, potentially yielding results showing that 100% of the 294 
silent afferents were mechanically insensitive heat nociceptors that gained mechanical 295 
sensitivity only after IS exposure.  By contrast, the percentages of heat sensitive cells across 296 
populations that were mechanically sensitive pre-IS were lower for those exhibiting increased, 297 



 15

decreased and no change in responses post-IS (33%, 14% and 18%, respectively).  Taken 298 
together, these findings reveal that while IS exposure produced the full range of effects on 299 
polymodal nociceptors, it tended to confer mechanical sensitivity upon heat nociceptors that 300 
were previously mechanically insensitive.   301 

In evaluating other properties of silent nociceptors, their acute chemical sensitivity during 302 
and up to 20 s after IS infusion was examined.  Interestingly, only 2 of 10 (20%) silent afferents 303 
across our total sample responded directly to IS during this time window, compared to 50%, 304 
31% and 44% of cells that exhibited an increased, decreased, or no change, respectively, in 305 
mechanical sensitivity following IS exposure.  Hence, unlike heat, activation by inflammatory 306 
mediators was not predictive of the conversion of silent afferents. 307 

Overall, converted silent afferents showed responses across all forces tested (P<0.05 for 308 
all), and de novo mechanical sensitivity post-IS was evident at the lowest forces tested in the 309 
majority of neurons examined (88%).  It is important to note that the above results were 310 
obtained 30 min after IS exposure.  However, in a separate series of experiments aimed at 311 
narrowing down the time course of these changes, silent afferents (along with cells that showed 312 
significantly increased and decreased responsiveness to subsequent mechanical stimuli) were 313 
observed as early as 10 min post-IS (n=3 mice, 37 cells, data not shown).   314 
 315 
  316 
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Discussion 317 
One of the major limitations to our understanding of plasticity in the somatosensory system has 318 
been the inability to monitor activity across multiple populations of primary afferents 319 
simultaneously using conventional approaches.  To overcome this obstacle, transgenic mice 320 
that expressed GCaMP3 in all sensory neurons were utilized to help detect changes in activity 321 
levels across diverse and potentially rare cell populations in an unbiased manner.  Importantly, 322 
the experimental preparation used allows for in vivo, anesthesia-free observation of primary 323 
afferent responses.  Anesthesia has multiple effects on neurons in the somatosensory pathway 324 
and its absence makes it more likely that the observed responses are representative of normal 325 
neuronal activity.  Although GCaMP3 reliably reported action potentials in virtually all DRG 326 
neuron classes with small diameter somata, a subset of putative non-nociceptive afferents 327 
lacked fluorescent signals regardless of the amount of evoked activity.  It appears likely, 328 
therefore, that certain neuronal populations may be refractory to study using GECIs due to 329 
insufficient calcium entry during action potentials and/or potent internal buffering mechanisms, 330 
and thus interpretation of negative findings with GECIs requires caution.   331 
 332 
Nociceptor plasticity and silent afferents 333 
The primary goal in developing mice with ubiquitous GCaMP expression was to evaluate global 334 
changes in nociceptor sensitivity following acute inflammation in vivo.  Surprisingly, exposure to 335 
inflammatory soup (IS) produced rapid and highly divergent effects overall, with pronounced 336 
decreases in mechanical sensitivity in addition to anticipated increases evident across diverse 337 
populations of nociceptors.  In addition, IS conferred mechanical sensitivity upon a few cells that 338 
were previously unresponsive to mechanical stimulation and thus displayed hallmarks of silent 339 
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afferents (Davis et al., 1993; Kress et al., 1992; Meyer et al., 1991; Schmelz et al., 1994; 340 
Schmidt et al., 1995; Xu et al., 2000).  Most, if not all, silent afferents were mechanically 341 
insensitive heat nociceptors before conversion and were not activated during IS infusion.  342 
Interestingly, heat exposure prior to IS infusion recruited a far greater number of silent afferents 343 
than either IS or heat stimuli alone, indicating that neither stimulus in isolation is sufficient to 344 
drive the conversion of large numbers of silent afferents in the skin, but instead that both in 345 
combination are required.  This unexpected finding may help explain previous discrepancies 346 
surrounding the frequency of cutaneous silent afferents (Lynn, 1991); indeed, the very 347 
procedure used to identify afferents by testing responses to diverse stimulus modalities before 348 
IS appears to bias the outcome.  Nevertheless, these findings hold obvious relevance to 349 
inflammatory pain associated with thermal injuries.   350 

The mechanism underlying this unexpected role of heat in the conversion of cutaneous 351 
silent afferents is unclear.  Mechanically insensitive heat nociceptors express TRPV1 (Lawson 352 
et al., 2008) and release neuropeptides via local axon reflex that are involved in heat-induced 353 
vasodilation (Cavanaugh et al., 2011; Magerl and Treede, 1996; Rukwied et al., 2007; Xu et al., 354 
2010).  However, simply activating TRPV1 in these cells via brief noxious heat application by 355 
itself did not convert silent afferents, indicating that heat and local vasodilation play a largely 356 
permissive role.  Interestingly, the priming effects of heat may be long-lasting as silent afferents 357 
were still recruited in preliminary experiments where IS infusion was delayed by up to 90 min 358 
after heat application (data not shown).  It is conceivable that TRPV1 activation and local 359 
release of neuropeptides may initiate a cascade of downstream effectors that combine with the 360 
actions of inflammatory mediators to bring about mechanical sensitivity in this population.  361 
However, distinguishing between TRPV1 -dependent and -independent mechanisms that may 362 
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act through contributions from local non-neuronal cells (Baumbauer et al., 2015) must await 363 
additional genetic manipulations.  Regardless of mechanism, most silent afferents became 364 
responsive to the lowest mechanical intensity examined, a force that was barely perceptible 365 
when applied in a similar manner to the thenar webbing of the experimenters’ own hands.  366 
These GCaMP3 findings strongly suggest, therefore, that these cells could contribute to 367 
mechanical allodynia following acute inflammation.  More specifically, they may be expected to 368 
contribute to cross-modal dysesthesias such as spontaneous, touch-evoked burning pain (or 369 
causalgia), as the spinal circuits that normally process information about noxious heat from 370 
these cells would now be driven by the slightest touch. 371 
 372 
Shifting inputs  373 
Whereas the conversion of silent afferents was anticipated, the complexity of changes in other 374 
neurons was not.  Indeed, only 40% of mechanically sensitive afferents remained unchanged in 375 
their mechanical sensitivity after IS exposure.  Surprisingly, the percentages of afferents that 376 
exhibited increased and decreased sensitivity to mechanical stimulation were comparable when 377 
silent afferents were taken into account (30%, increased responses plus silent afferents; 30%, 378 
decreased and lost responses).  Whereas there are several accepted mechanisms that could 379 
explain the increase in sensitivity following exposure to IS, an explanation for decreased 380 
sensitivity is less obvious.  One possibility is that desensitization is simply a more extreme 381 
expression of the mechanisms underlying sensitization; that is, the activation/depolarization 382 
produced by IS in the distal endings of primary afferents makes them refractory to subsequent 383 
mechanical stimulation (e.g., produced by depolarization-induced inactivation of sodium 384 
channels).  However, there is little evidence in our dataset to suggest that depolarization may 385 
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account for the decreased mechanical sensitivity as only 31% of depressed cells responded 386 
directly to inflammatory soup (compared to 50%, 41%, and 20% of neurons that showed 387 
increased, unchanged, or de novo responses to mechanical stimuli, respectively). Therefore, 388 
while depolarization-induced desensitization may explain observations in roughly a third of 389 
desensitized neurons, for the majority we believe a more likely explanation is the possibility that 390 
peripheral terminals instead became hyperpolarized through direct and/or indirect actions of one 391 
or more ingredients in the inflammatory soup, presumably through increased potassium 392 
conductance.  For example, TREK2 channels expressed in many C fibers (Acosta et al., 2014), 393 
are activated by protons (McClenaghan et al., 2016; Sandoz et al., 2009).  Further, it is well 394 
known that other mediators in the soup (e.g., bradykinin, prostaglandin E2, histamine, and 395 
serotonin) can stimulate production of nitric oxide in a variety of cell types and may thus 396 
indirectly activate ATP-sensitive potassium channels in sensory neurons (Chi et al., 2007; Du et 397 
al., 2011; Kawano et al., 2009; Zoga et al., 2010).  Most studies emphasize the algogenic 398 
properties of these various mediators, but the responses to these mediators were surprisingly 399 
diverse and poorly predicted subsequent effects on mechanical sensitivity.  Thus, it is likely that 400 
the combined effects of these mediators on the mechanical sensitivity of any given neuron 401 
reflect not only the specific constellation and relative densities of receptor proteins, but also the 402 
proximity of these terminals to sources of secondary mediators in the skin. 403 

While unexpected, these observations of both increased and decreased sensitivity across 404 
different populations of sensory neurons are nevertheless consistent with a number of 405 
preclinical studies as well as clinical pain disorders in which both pain and sensory loss occur 406 
concomitantly.  With respect to preclinical studies, Weyer et al. (Weyer et al., 2016) found that 8 407 
weeks after CFA-induced inflammation, mechanical sensitivity in mouse C- and Aδ-fiber 408 
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afferents was reduced.  Whereas this study supports the concept that afferent plasticity in 409 
response to inflammation can include both increases and decreases in function, it is unlikely that 410 
these long-term changes employ similar mechanisms to those responsible for the changes 411 
described here in that they were not seen at earlier times points.  412 

Patients with acute onset Complex Regional Pain Syndrome I (CRPS I) often exhibit both 413 
hyperalgesia and hypesthesia in overlapping areas of the affected region as indicated by 414 
decreased pain thresholds and increased detection thresholds, respectively (Huge et al., 2008).  415 
Such a seemingly paradoxical phenomenon has also been observed in other pain disorders 416 
associated with peripheral inflammation (Geber et al., 2008).  Thus, while it is well established 417 
that inflammation can lead to hyperalgesia through the sensitization of nociceptors to 418 
subsequent stimuli (Bevan and Yeats, 1991; Fjallbrant and Iggo, 1961; Grigg et al., 1986; 419 
Schaible and Schmidt, 1988; Steen et al., 1992; Steranka et al., 1988), concomitant hypesthesia 420 
has received far less attention, but could reflect the diametric effects of peripheral inflammation 421 
of different sensory populations as revealed in the present studies.  Nevertheless, a novel 422 
hypothesis is hereby presented in which desensitization and/or loss of certain types of 423 
nociceptive input following inflammation, coupled with the sensitization and gain of other 424 
nociceptive inputs, may serve to unmask and/or sharpen incoming signals that are most 425 
relevant to inflammatory pain.     426 
 427 
Material and Methods 428 
 429 
Animals: Mice for this study were produced by crossing mice containing a floxed GCaMP3 430 
construct within the Gt(ROSA)26Sor locus (The Jackson Laboratory, catalogue #014538) with 431 
mice that express Cre recombinase under the EIIa (E2a) adenovirus promoter (The Jackson 432 
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Laboratory, catalogue #003724).  This E2a-Cre strain expresses Cre recombinase in the 433 
embryo prior to implantation in the uterine wall producing a mosaic pattern that often includes 434 
germ cells.  Mice were bred until germline expression of GCaMP3 was achieved as determined 435 
by 100% transmission of GCaMP3 to all offspring from crosses involving one GCaMP3-positive 436 
male and wild-type females.  All studies were performed in accordance within guidelines of the 437 
Institutional Animal Care and Use Committees at the Universities of Pittsburgh and Wyoming 438 
and the National Institutes of Health guidelines for the Care and Use of Laboratory Animals. 439 
 440 
Immunohistochemistry:  Following deep anesthesia with avertin, anesthetized WT (n=4) and 441 
GCaMP3 (n=4) mice were transcardially perfused with chilled 4% paraformaldehyde.  L5-S1 442 
DRG were dissected, cryoprotected overnight in 25% sucrose, embedded in 10% gelatin, cut at 443 
35 μm using a sliding microtome and incubated as floating sections in blocking solution 444 
containing 5% normal horse serum and 0.2% Triton X-100 in 0.1 M PB for 1 h and then 445 
incubated overnight at 4°C in rabbit anti-GFP primary antibody (1:1000 in blocking solution; 446 
Sigma-Aldrich, St. Louis, MO).  Sections were washed in 3× 5 min in 0.1 M PB and incubated 447 
for 1 h at room temperature in goat anti-rabbit Cy3 fluorescent secondary antibody (1:200 in 0.1 448 
M PB; Molecular Probes/Invitrogen Corporation, Carlsbad, CA).  Cells were considered to be 449 
GCaMP3-positive if the fluorescent signal was five standard deviations above background as 450 
measured with NIH IMAGE software.   451 
 452 
In vitro calcium imaging:  Adult GCaMP3 mice (n=5) were deeply anesthetized with 453 
isoflurane and transcardially perfused with chilled Ca2+/Mg2+-free Hank’s balanced salt 454 
solution (HBSS; Invitrogen, Carlsbad, CA).  Bilateral thoracolumbar DRG were dissected 455 
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into chilled HBSS and enzymatically treated with cysteine, papain, collagenase type II, 456 
and dispase type II to facilitate isolation by mechanical trituration.  Isolated neurons were 457 
plated on poly-d-lysine/laminin-coated coverslips in Dulbecco modified Eagle medium 458 
F12 (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum and antibiotics 459 
(penicillin/streptomycin, 50 U/mL).  Cells were flooded with media 2 h later and imaged 460 
within 8-10 h.  Coverslips were mounted on an inverted microscope stage (Olympus 461 
Corporation, Tokyo, Japan) and continuously perfused with normal bath solution (in mM: 462 
130 NaCl, 5 KCl, 1.5 CaCl2, 0.9 MgCl2, 20 HEPES, 5.5 glucose, 0.5 KH2PO4, 0.5 463 
Na2HPO4, pH 7.4, osmolality 325 mOsm).  Perfusion rate (1 ml/min) was controlled with a 464 
gravity flow and rapid-switching local perfusion system (Warner Instruments, Hamden, 465 
CT).  Solutions were maintained at 32°C using a heated stage and in-line heating system 466 
(Warner Instruments, Hamden, CT).  Firmly attached, refractile cells were identified as 467 
regions of interest.  Emission data at 510 nm was acquired via camera (ORCA-ER; 468 
Hamamatsu Corporation, Middlesex, NJ) at 1 Hz in response to excitation at 488 nm 469 
(Lambda DG-4 and 10-B SmartShutter, Sutter Instrument, Novato, CA) and saved to 470 
computer using HCImage (Hamamatsu Corporation, Middlesex, NJ).  A solution of 50 471 
mM K+ (Sigma-Aldrich, St. Louis, MO) was applied three times with a 10 min inter-472 
stimulus interval.  Depolarization-evoked increases in intracellular calcium concentration 473 
were measured by calculating ΔF/F0), where F is the peak fluorescence signal minus 474 
background and Fo is the mean fluorescence signal in a baseline period prior to 475 
stimulation.  The decay time to 50% of peak fluorescence (T50) was determined for 476 
274/462 (~60%) responsive neurons.   477 
 478 
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Ex vivo GCaMP3 recordings:  The ex vivo cutaneous somatosensory system preparation used 479 
in the present studies was modified slightly from that described in detail previously (Li et al., 480 
2011; Woodbury et al., 2001).  Briefly, adult GCaMP3 mice (n=4) were deeply anesthetized via 481 
intramuscular injection of ketamine and xylazine (90 and 10 mg/kg, respectively) and perfused 482 
transcardially with oxygenated artificial cerebrospinal fluid (aCSF; in mM: 127.0 NaCl, 1.9 KCl, 483 
1.2 KH2PO4, 1.3 MgSO4, 2.4 CaCl2, 26.0 NaHCO3, and 10.0 D-glucose containing 1 mL/L 484 
penicillin/streptomycin).  The spinal cord, thoracic DRG, dorsal cutaneous nerves (DCN), and 485 
spinal nerves on one side were dissected out at room temperature in a recirculating filtered bath 486 
of oxygenated aCSF and then slowly warmed to 30-31oC for data collection.  Electrical stimuli 487 
were delivered to nerves using suction electrodes; in some cases, the dorsal root was 488 
transected near the entry zone and also stimulated with a suction electrode to stimulate all DRG 489 
somata with axons in the dorsal root.  Fluorescence in DRG somata was imaged with an 490 
EMCCD camera (Rolera EM-C2, 2X2 binning; QImaging, Surrey, BC, Canada) using the 491 
shortest possible exposure times (3-10 ms).  Images were continuously captured using iVision-492 
Mac 4.5 (Biovision Technologies, Exton, PA).  Neuronal responses were examined to 493 
supramaximal stimulation at 0.5, 1, 5, 10, 20, 100, and 200 Hz (100 µs duration pulses for all 494 
except 100 Hz and above which used 50 µs).  In some experiments, cells were impaled with 495 
microelectrodes (n=21) to determine the relationship between action potential shape, 496 
conduction velocity and GCaMP3 signal.  DRG somata were impaled with quartz micropipettes 497 
(150-300 MΩ) containing 20% Neurobiotin (NB, Vector Laboratories, Burlingame, CA) in 1 M 498 
potassium acetate to which a small amount of Alexafluor 555 hydrazide was added (Molecular 499 
Probes, Eugene, OR; final concentration ~1%) to allow visualization of the electrode tip and 500 
intermittent monitoring throughout recording and staining to verify that the intended cell was 501 
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impaled.  Evoked electrophysiological activity was digitized to disk for subsequent off-line 502 
analyses using Spike2 (Cambridge Electronic Design Ltd, Cambridge, UK).  Peripheral 503 
conduction velocity was calculated from spike latency and the distance between stimulating and 504 
recording electrodes measured directly along the nerve.   505 
 506 
In vivo GCaMP3 recordings: The in vivo mouse preparation used in the present experiments 507 
has been described in detail (Boada and Woodbury, 2007), with minor modifications described 508 
below.  Briefly, adult GCaMP3 mice (n=32) were anesthetized with 4-5% isoflurane in oxygen.  509 
Mice were intubated, and the cerebral cortex was exposed via craniotomy and aspirated full 510 
thickness prior to immobilization with α-Bungarotoxin (Invitrogen) or pancuronium bromide 511 
(Sigma-Aldrich); EKG and end-tidal CO2 were monitored and maintained within normal limits 512 
throughout all surgical procedures and recording.  A dorsal midline incision was made in trunk 513 
skin and DRG at levels L6-S1 were exposed by laminectomy.  Dessication was prevented by 514 
continuous superfusion with oxygenated aCSF flowing through an in-line heater (MPRE8, Cell 515 
MicroControls, Norfolk, VA).  The spinal column was secured with custom clamps and the 516 
preparation then transferred to the stage of an upright microscope (BX51; Olympus, Center 517 
Valley, PA) equipped with fluorescence illumination and water immersion objectives.  In most 518 
experiments, a 20X objective was used to optimize coverage of DRG.  Fluorescence in DRG 519 
somata was imaged with an EMCCD camera (Evolve 512, Photometrics or Rolera EM-C2; 520 
QImaging, Surrey, BC, Canada) again using short exposure times (3-10 ms) for rapid 521 
continuous capture of images using iVision-Mac 4.5 (Biovision Technologies, Exton, PA).   522 
 To examine GCaMP3 response properties in vivo, in some control experiments bipolar 523 
stimulating electrodes were inserted through the skin and the peripheral processes of sensory 524 
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neurons were electrically stimulated using an identical range of intensities (1,10, and 100 V), 525 
durations (100 and 50 μs), and frequencies (0.5, 1, 5, 10, 20, and 100 Hz) as in ex vivo studies.  526 
However, for studies of inflammation-induced plasticity, a small surface wick electrode was used 527 
to prevent damage to the skin that would confound results.   528 
 In the latter experiments, an electrical search strategy was used to systematically map 529 
the L6 dermatome and locate sensory neurons in the L6 DRG for subsequent study (Peng et al., 530 
1999).  Briefly, short trains of electrical stimuli (3 pulses at 5 Hz delivered ≥2 s apart) were 531 
applied throughout the dermatome while monitoring evoked GCaMP3 activity in the DRG.  After 532 
locating a promising region of skin, the intensity of electrical stimuli was progressively 533 
decreased to pinpoint a region innervated by cells in the DRG that were activated by the lowest 534 
intensity.  This "electrically defined" receptive field was then marked with ink and gently folded 535 
over onto a smooth custom platform (5×5 mm) attached to a feedback-controlled mechanical 536 
stimulator (300C, Aurora Scientific, Richmond, BC, Canada) (Figure 6-figure supplement 1).  537 
The most lateral edges of the underside of this skin flap were glued to the platform so that the 538 
electrically defined field was in the center of the platform facing up.  A small cylindrical probe (1 539 
mm2 diameter) attached to the mobile arm of the stimulator was centered on the electrically 540 
defined field.  Because this resulted in a hairpin loop of skin being pinched between probe and 541 
platform, mechanical stimuli delivered to the electrically defined field were also translated to the 542 
underlying skin layer, effectively doubling the amount of skin receiving controlled mechanical 543 
stimuli.  To prevent shifting, the probe remained in contact with the skin throughout the 544 
experiment so that successive mechanical stimuli were consistently delivered to the same 545 
region.  This was verified through visual inspection during experiments and by analyzing stability 546 
of evoked fluorescence over time across all cells in control animals.  To enable subcutaneous 547 
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infusion of solutions into the mechanically stimulated skin without movement artifact during 548 
imaging, a small, indwelling cannula (32 ga) was secured inside the hairpin loop, adjacent to the 549 
line of applied forces.  Fluorescence signals in DRG somata were then recorded in response to 550 
an ascending series of forces (50, 100, 200, and 500 mN) under baseline conditions; at 551 
minimum, 3 min elapsed between each successive stimulus in the series to minimize interaction 552 
(Slugg et al., 2000).  This same series of stimuli was subsequently repeated in the same region 553 
30 min after subcutaneous delivery of 20 µl of “inflammatory soup” (IS) (n=5) or vehicle (n=6); 554 
GCaMP3 responses during IS and vehicle infusions were also recorded.  In some experiments, 555 
heat was applied before the infusion of IS (n=5) or vehicle (n=3) (average of 23 min prior to IS; 556 
median 9; range 5-77 min).  In order to ensure mechanical stimulation of the same area, the 557 
skin was not removed from the mechanical probe when radiant heat was applied.  Because this 558 
limited the ability to provide precisely controlled temperatures, a routine procedure was 559 
designed that consistently heated the top layer of skin to 46.7 ± 0.48 oC (Figure 6-figure 560 
supplement 1) while heating the bottom layer to a lesser extent (36.9 ± 0.12 oC).  Using this 561 
procedure, the heat sensitivity of cells innervating the top layer of skin (roughly 50% of the 562 
sample population) could be determined before and after IS in a binary fashion (i.e., yes or no).  563 
Additionally, in three animals, IS-induced changes in mechanical sensitivity were monitored at 564 
10-min intervals for up to 60 min, and up to 90 min in two of these animals.  It should be noted 565 
that this same series of forces, when applied to the thenar webbing of two of the authors 566 
(KMSE, CJW) by pinching with this same cylindrical probe, produced the perception of light to 567 
moderate pressure but was not painful. 568 
 569 
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Drug preparation: For preparation of IS, bradykinin triacetate, histamine dihydrochloride, 570 
serotonin hydrochloride, and prostaglandin E2 (all from Sigma-Aldrich) were dissolved in 571 
carbogen-gassed aCSF at concentrations of 10-5 M, the pH was titrated to 6.0 with HCl and K+ 572 
was increased to 7 mM (Kessler et al., 1992; Steen et al., 1992).  This solution was warmed to 573 
37oC and 20 µl was delivered subcutaneously via the cannula into the electrically defined 574 
innervation area.  Vehicle was carbogen-gassed aCSF, pH 7.4 at 37oC.   575 
 576 
Data analysis: For in vitro calcium imaging, circular regions of interest (ROIs) were drawn 577 
around dissociated neurons using HCImage, and GCaMP3 fluorescence intensity was 578 
quantified as ΔF/F0, where F is the peak fluorescent signal minus background and F0 is 579 
the mean fluorescence signal minus background in a baseline period prior to stimulation.  580 
Data are presented as mean ± SEM.  ΔF/F0 and the decay time to 50% of peak 581 
fluorescence (T50) were analyzed by one-way repeated measures ANOVA followed by 582 
Tukey’s post-hoc test for multiple comparisons.   583 
 For ex vivo and in vivo calcium imaging, circular ROIs were drawn around cell bodies 584 
using NIH ImageJ, and GCaMP3 fluorescence intensity profiles throughout time-series image 585 
stacks (i.e., movie files) were collected.  Responses to stimuli were measured by calculating 586 
ΔF/F0 [% = ((F − F0)/F0) x 100], where F is the peak fluorescence signal and F0 is the mean 587 
fluorescence signal in a baseline period prior to stimulation.  Because we were not using 588 
confocal or two-photon imaging it was possible that some of the detected GCaMP signal for a 589 
given ROI could be contaminated by emission from nearby, out-of-focus cells.  To control for 590 
this concern and to validate measurements obtained from ROIs over specific cells, we also 591 
analyzed the potential for spurious signals in nearby non-responder cells by drawing similar-592 
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sized ROIs immediately adjacent to each analyzed cell.  This allowed us to determine if there 593 
was appreciable scatter emanating from the cell of interest and whether any of the observed 594 
fluorescence might be coming from out-of-focus cells.  This was a bigger concern in cases 595 
where we saw an increase in GCaMP3 signal compared to those cases where the signal was 596 
reduced or lost.  In the vast majority of cases (89%), fluorescent signal was not detectable in 597 
ROIs adjacent to analyzed cells.  However, to minimize the potential for problems stemming 598 
from out-of-focus sources, all responses from analyzed cells of interest were normalized to the 599 
signal from adjacent ROIs over non-responding cells, confirming that any reported change in F 600 
was not due to focal issues and was specific to the cell of interest. 601 
 To assess normal changes in GCaMP3 signal intensity over time in vivo, the signal 602 
intensities from single action potentials, evoked via brief trains of electrical stimuli in the 603 
periphery at 0.5 Hz to prevent summation (Results), were compared in the same cells at 30 min 604 
intervals for up to 90 min (the longest time examined) in uninjected control animals (n=2); to 605 
make these data on GCaMP3 signal degradation more directly comparable to data obtained 606 
from natural stimulation experiments where multiple imaging sessions were required to 607 
complete each series (below), DRGs were intentionally exposed to a cumulative total of ~270 s 608 
of illumination interposed between image capture at each 30 min interval.  To assess normal 609 
changes over time in GCaMP3 signal intensity to natural stimuli (where the number of spikes is 610 
not known), controls were performed in naive animals (n=3) by comparing the responses in 611 
individual neurons to ascending series of controlled mechanical stimuli repeated at 30 min 612 
intervals.  Signals were quantified for each cell across the entire population of neurons and 613 
compared across time points for calculation of percentage change over time.  Confidence 614 
intervals from these data from naive, uninjected controls were then used as a normal baseline to 615 
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evaluate potentially significant changes in experimental animals (vehicle- and IS-injected); 616 
changes that fell outside 2 standard deviations of the mean were considered significant.  617 
Statistical tests were performed with MiniTab (State College, PA).  Descriptive statistics are 618 
expressed as mean ± SD when describing heterotypic populations, and mean ± SEM for 619 
monotypic entities.  Observed differences between cell categories from vehicle- and IS-injected 620 
animals were evaluated using Chi-square, whereas IS-induced changes in responses were 621 
evaluated with ANOVA with Tukey’s post-hoc comparisons.  For comparing properties of 622 
GCaMP3-responding and non-responding neurons in ex vivo studies, independent sample t-623 
tests were used to determine significance (P<0.05). 624 
  625 
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Figure Legends 782 
Figure 1.  DRG neurons exhibit variable levels of native GCaMP3 fluorescence.  783 
Paraformaldehyde-fixed sections of GCaMP3-expressing DRG. (A) Endogenous GCaMP3 784 
signal demonstrated a wide range of resting GCaMP3 fluorescence.  Arrow indicates cell with a 785 
small somata and high resting GCaMP3 signal.  Arrowhead indicates somata with low GCaMP3 786 
signal.  Asterisk indicates cell with large somata and no GCaMP3 signal.  (B) The same section 787 
as in (A) but stained with anti-GFP antibody to boost GCaMP3 signal.  Now, somata with low or 788 
no endogenous GCaMP3 signal can be seen to express the transgenic GCaMP3 protein.  (C) 789 
Merged images.  Scale bar, 50 µm. 790 
 791 
Figure 2.  Depolarization evokes reproducible GCaMP3 signals in vitro.   (A) Application of 792 
50 mM K+ produced a robust fluorescent signal in the vast majority of dissociated DRG neurons, 793 
and peak evoked fluorescence (F-F0) expressed as a % of the initial K+ application significantly 794 
decreased with subsequent applications.  Data are presented as mean ± SEM.  *P<0.001 795 
versus K+ #1; #P<0.0001 versus K+ #2.  (B) The time to decay to 50% of peak signal (T50) 796 
following K+-evoked depolarization also significantly decreased with repeated application of K+.  797 
Data are presented as mean ± SEM.  *P<0.0001.  (C) Distribution of somata diameter of 798 
cultured DRG neurons that did (light gray bars) and did not (dark gray bars) exhibit an increase 799 
in GCaMP3 signal in response to application of 50 mM K+.  Responders were small-to-medium 800 
in size (median 25-29 μm), and cells that did not exhibit a K+-evoked GCaMP3 signal (non-801 
responders) were ≥30 μm in size (median 45-49 μm).  Data are presented in 5 μm bins. N=5.  802 
 803 
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Figure 3.  GCaMP3 reports electrically evoked spike activity from Aδ- and C-fiber 804 
afferents in the ex vivo skin-nerve preparation.  (A) Continuous calcium transients imaged 805 
during application of electrical stimulation to spinal nerve.  As electrical stimulation frequency 806 
increased (1, 5, 10, and 20 Hz; Ai-Aiv), the GCaMP3 signal from DRG somata increased in 807 
fluorescence intensity (images on left; scale bar, 40 μm).  Right side of panel A shows GCaMP3 808 
traces from physiologically identified cells (white arrows).  The GCaMP3 signal from both the C 809 
fiber (top trace) and Aδ fiber (bottom trace) resolved single spike activity up to 10 Hz.  Electrical 810 
stimuli are represented as black dots beneath traces (they fuse at 20 Hz).  Scale bar, 250 ms; 5 811 
ΔF/F0 for 1 Hz; 20 ΔF/F0 for 5, 10 and 20 Hz.  (B-C) To verify that the GCaMP3 signal was 812 
reporting spike activity, intracellular recordings were also made from GCaMP3-responding 813 
afferents.  GCaMP3-responding cells were located (Bi and Ci) and impaled with electrodes 814 
containing AlexaFluor-555 (red) to confirm the identity of cells (Bii and Cii; scale bar, 20 μm).  815 
Representative action potentials from a C fiber (Biii; conduction velocity, CV = 0.51 m/s2) and Aδ 816 
fiber (Ciii; CV = 2.2 m/s2) are shown on the right.  Scale bar, 10 ms; 20 mV. 817 
 818 
Figure 4.  DRG neurons with narrow spikes and fast conduction velocities do not exhibit 819 
GCaMP3 signals, despite being electrically driven in the ex vivo preparation (A) Spinal 820 
nerve branches (dorsal cutaneous and intercostal nerves) were electrically stimulated 821 
concurrently at 20 Hz (found to maximally elicit a GCaMP3 response) with suction electrodes.  822 
Not all DRG somata exhibited a GCaMP3 signal (Ai; GCaMP3-non-responders indicated by 823 
white asterisks and white arrow).  These afferents were impaled for intracellular recording and 824 
their identity was verified with AlexaFluor-555 (Aii).  Scale bar, 20 μm.  (B) Intracellular recording 825 
confirmed that GCaMP3-non-responding afferents were firing action potentials with CVs in Aβ- 826 
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and Aδ-fiber ranges (example action potential from neuron indicated by arrow in A; CV = 8.2 827 
m/s2).  Scale bar, 10 ms; 20 mV.  (C) GCaMP3-non-responding afferents followed stimulation at 828 
100 Hz, but still did not exhibit a GCaMP3 signal.  The stimulus artifacts have been cropped (at 829 
arrowhead) to better visualize action potentials (arrow).  Scale bar, 1 ms; 20 mV.  (D) 830 
Superimposed action potentials from a GCaMP3-non-responding (black) and a GCaMP3-831 
responding (gray) myelinated afferent reveal that GCaMP3 responders have broad spikes, 832 
whereas GCaMP3 non-responders have narrow, uninflected spikes.  Scale bar, 2 ms; 20 mV. 833 
 834 
Figure 5.  GCaMP3 fluorescence reports electrically evoked activity from DRG afferents in 835 
vivo. (A-D) The GCaMP3 signal from two DRG somata (black arrowhead and gray arrow) in 836 
response to 1, 5, 10, and 20 Hz electrical stimulation of receptive field (from top to bottom) was 837 
imaged (shown on left; scale bar, 20 μm).  GCaMP3 traces (shown on right) from the identified 838 
cells reveal that single spikes can be resolved up to 10 Hz, similar to findings from the ex vivo 839 
preparation.  Scale bars, 500 ms; 5 ΔF/F0 for 1 Hz, and 10 ΔF/F0 for 5, 10 and 20 Hz. 840 
 841 
Figure 6.  GCaMP3 responses to controlled mechanical stimulation encode force 842 
intensity and are stable over time in vivo  (A) Images of GCaMP3 signal in a mechanically 843 
sensitive cell (white arrowheads) at baseline and in response to an ascending series of 844 
mechanical forces (left to right).  Scale bar, 20 μm.  (B) Superimposed GCaMP3 traces from the 845 
DRG neuron identified in A in response to 50 (blue), 100 (green), 200 (orange), and 500 (red) 846 
mN mechanical stimulation (indicated by black bar).  Peak GCaMP3 signal increases as the 847 
force increases.  Scale bar, 1 s; 10 ΔF/F0.  (C) Baseline responses to each force of mechanical 848 
stimulation (designated color) are superimposed with responses to the same set of mechanical 849 
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stimuli 30 min later (lighter shade of designated color).  Scale bar, 1 s; 10 ΔF/F0.  (D) Average 850 
GCaMP3 responses to mechanical stimulation at 50, 100, 200 and 500 mN (n=3 mice; n=32 851 
cells).  Baseline responses (black) are not significantly different from responses 30 min later 852 
(gray) across all forces.  Data are represented as mean ± SEM.  See Figure 6-figure 853 
supplement 1 for image of mechanical stimulation set-up. 854 
 855 
Figure 7.  Inflammation-induced plasticity in mechanical sensitivity revealed by GCaMP3 856 
in vivo  (A-C) Diverse changes in sensitivity to mechanical stimuli (indicated by black bar under 857 
GCaMP3 trace) were revealed when comparing GCaMP3 responses before (Ai-Ci, gray trace in 858 
each panel) and 30 min after (Aii-Cii, colored trace in each panel) “inflammatory soup” (IS).  859 
These changes are summarized for increased and decreased responses and silent afferents in 860 
the graph on the right of each panel.  Scale bar, 20 μm; 1 s, 10 ΔF/F0.  Data are represented as 861 
mean ± SEM.  *P<0.05, **P<0.01, ***P<0.001.  (A) Example of an afferent with increased 862 
sensitivity to mechanical stimuli after IS (Ai-Aii; white arrowheads).  Black asterisk indicates 863 
afferent with increased mechanical sensitivity post-IS within the same visual field.  Average 864 
post-IS responses were significantly increased only at 500 mN (highest force tested).  (B) 865 
Example of an afferent with decreased sensitivity to mechanical stimuli after IS (Bi-Bii; white 866 
arrowheads).  Average post-IS responses were significantly decreased at 500 mN.  (C) Cells 867 
that exhibited GCaMP3 signal in response to mechanical stimuli after IS were categorized as 868 
“silent” afferents (Ci-Cii; example cell indicated by white arrowheads).  (D) Summarized results 869 
of the proportions of each type of IS-induced change in sensitivity due to vehicle (left; n=6 mice; 870 
n=83 cells) and IS (right; n=5 mice; n=47 cells).  Compared to changes seen after vehicle, there 871 
were significantly more cells that displayed increased and decreased sensitivity to mechanical 872 
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stimuli.  Further, IS caused entirely new sensitivity in a subset of afferents (“silent” afferents), 873 
which was never observed in vehicle-injected controls. NC, no change; D, decreased; I, 874 
increased; SA, silent afferent. 875 
 876 
Figure 8.  Effects of heat exposure to inflammation-induced plasticity in mechanical 877 
sensitivity  878 
(A-C) Changes in sensitivity to mechanical stimuli (indicated by black bar) were revealed when 879 
comparing GCaMP3 responses before (Ai-Ci, gray trace in each panel) and 30 min after (Aii-Cii, 880 
colored trace in each panel) heat exposure prior to IS.  These changes are summarized for 881 
increased and decreased responses and silent afferents in the graph on the right of each panel.  882 
Scale bar, 20 μm; 1 s, 10 ΔF/F0.  Data are represented as mean ± SEM.  *P<0.05, **P<0.01, 883 
***P<0.001.  (A) Example of an afferent with increased sensitivity to mechanical stimuli after IS 884 
(Ai-Aii; white arrowheads).  Average post-IS responses were significantly increased only at 500 885 
mN (highest force tested). Black asterisk indicates afferent with decreased mechanical 886 
sensitivity post-IS within the same visual field.  (B) Example of an afferent with decreased 887 
sensitivity to mechanical stimuli after IS (Bi-Bii; white arrowheads).  Average post-IS responses 888 
were significantly decreased at 500 mN. (C) Significantly more silent afferents developed 889 
mechanical sensitivity after IS when brief noxious heat was applied prior to IS infusion (Ci-Cii; 890 
example cell indicated by white arrowheads).  Post-IS responses were significantly increased 891 
across all forces. (D) Summarized results of the proportions of each type of IS-induced change 892 
in sensitivity due to IS alone (left; n=5 mice; n=47 cells) and heat in addition to IS (right; n=5 893 
mice; n=39 cells).  Compared to changes seen after IS alone, there were significantly more 894 
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silent afferents with de novo mechanical sensitivity when heat was applied prior to IS infusion.  895 
NC, no change; D, decreased; I, increased; SA, silent afferent. 896 
 897 
Figure 6-Figure supplement 1. Setup for the application of mechanical stimuli to the skin.  898 
After an innervation area of the skin was identified by electrical stimulation, the skin was gently 899 
folded over onto a platform attached to a feedback-controlled mechanical stimulator.  The lateral 900 
edges of the underside of the skin flap were glued to the platform (indicated by arrows) to 901 
ensure that the same region of skin was stimulated during each mechanical force application.  902 
 903 




















