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Abstract
The concentration of intracellular Ca2+ ([Ca2+]i) influences neuronal properties ranging from
excitability to neurotransmitter release. Persistent inflammation is associated with changes in the
properties of primary afferent neurons ranging from excitability to transmitter release. The purpose
of the present study was to determine whether previously described inflammation-induced changes
in excitability and transmitter release are associated with changes in the regulation of [Ca2+]i. Acutely
dissociated dorsal root ganglion (DRG) neurons harvested from adult rats 3 days following a hindpaw
injection of complete Freund’s adjuvant (CFA) or naïve controls, were stimulated with 30 mM K+

(Hi K+). Hi K+ evoked changes in [Ca2+]i were assessed with fura-2 ratiometric microfluorimetry.
Subpopulations of DRG neurons were defined by cell body diameter, IB4 binding, capsaicin (CAP)
sensitivity and target of innervation (DiI labeling). Inflammation was associated with significant
increases in resting [Ca2+]i and increases in the magnitude and decreases in the decay, of the evoked
increase in [Ca2+]i. The changes in evoked transients were larger in neurons innervating the site of
inflammation. Furthermore, there were differences among subpopulations of DRG neurons with
respect to changes in magnitude and/or decay of the evoked transient such that the increase in
magnitude was larger in small- and medium-diameter neurons than in large diameter neurons while
the decrease in the decay was greater in CAP responsive, IB4 positive, small- and medium-diameter
neurons than in CAP unresponsive, IB4 negative and/or large-diameter neurons. These changes in
the regulation of [Ca2+]i were not due to inflammation-induced changes in passive or active
electrophysiological properties. Importantly, an inflammation-induced increase in evoked Ca2+

transients in putative nociceptive afferents may contribute to the pain and hyperalgesia associated
with persistent inflammation via facilitation of transmitter release from these afferents.
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Introduction
Tissue inflammation is associated with hyperalgesia that reflects, in part, an increase in afferent
excitability and/or transmitter release (Richardson and Vasko, 2002, Gold and Flake, 2005).
Through its mediation of a number of cellular processes from transcription to ion channel
activity, intracellular Ca2+ plays a critical role in the regulation of both neuronal excitability
and transmitter release (Berridge, 2005). That changes in the regulation of the concentration
of intracellular Ca2+ ([Ca2+]i) may contribute to changes in afferent excitability and transmitter
release is suggested by the observations that traumatic nerve injury is associated with decreases
in voltage-gated Ca2+ current density (Baccei and Kocsis, 2000, Hogan et al., 2000, McCallum
et al., 2003), a decrease in resting [Ca2+]i in injured dorsal root ganglion (DRG) neurons (Fuchs
et al., 2005) and a decrease in both the magnitude and decay of evoked Ca2+ transients in
injured putative nociceptive DRG neurons (Fuchs et al., 2007). This pattern of nerve injury-
induced changes in evoked Ca2+ transients were specific to putative nociceptive DRG neurons
as changes in the opposite direction were observed in putative non-nociceptive DRG neurons
(Fuchs et al., 2007). Furthermore, diabetic neuropathy is associated with an increase in resting
[Ca2+]i levels and a delay in recovery of evoked Ca2+ transients in DRG (Kostyuk et al.,
1999, Kostyuk et al., 2001, Huang et al., 2002). And while a number of marked differences in
the underlying mechanisms of neuropathic and inflammatory pain have been identified (Amir
et al., 2006), the impact of inflammation on the regulation of [Ca2+]i has yet to be described.
Therefore, the purpose of the present study was to assess the impact of persistent inflammation
on resting [Ca2+]i and evoked Ca2+ transients in DRG neurons.

Experimental Procedures
Animals

Adult (240–340g) male Sprague-Dawley rats (Harlan, Indianapolis, IN) were used for this
study. Rats were housed in University of Maryland Dental School or University of Pittsburgh
animal facilities in groups of three on a 12:12 light dark schedule. Food and water are available
ad lib. All the experiments were approved by both the University of Maryland Dental School
and the University of Pittsburgh Institutional Animal Care and Use Committees and performed
in accordance with National Institutes of Health guidelines as well as guidelines established
by the International Association of the Study of Pain for the use of laboratory animals in
research. Rats were deeply anesthetized for both tissue labeling and tissue harvest (details
provided below). The depth of anesthesia was assessed by monitoring for the presence or
absence of corneal reflexes and withdrawal responses from noxious pinch of the hindpaw.
Respiration rate was also monitored. Supplemental anesthesia was administered until animals
were areflexive. Following tissue harvest, rats were killed by decapitation. All efforts were
made to minimize the number of animals used and their suffering.

Labeling of DRG neurons innervating the glabrous skin of the hindpaw
DRG neurons innervating the glabrous skin of left hindpaw were labeled with the retrograde
tracer DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbo-cyanine perchlorate, Invitrogen,
Carlsbad CA). Labeling was performed as previously described (Katz and Gold, 2006). DiI
was dissolved in DMSO (170 mg/ml, Sigma-Aldrich, St Louis MO) and diluted 1:10 in 0.9%
of sterile saline. Diluted dye was injected subcutaneously at 3–5 sites in glabrous skin (10 μl
total volume) with a 30 g injection needle under anesthesia induced by 5% isoflurane (Abbott
Laboratories, North Chicago, IL, USA) and maintained with 1.5% isoflurane. DiI-labeled
neurons were easily identified under epifluorescence illumination with a Texas-red filter set.
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Tissue inflammation
Two to three weeks after labeling, inflammation was induced at the site of DiI injection in the
left hindpaw with a subcutaneous injection of complete Freund’s adjuvant (CFA, Sigma-
Aldrich). CFA was diluted 1:1 in 0.9% of sterile saline and injected (100 μl) with a 25 g needle
under isoflurane anesthesia. DRG were harvested for study 3 days after CFA injection.

Cell dissociation
Rats were deeply anaesthetized with a subcutaneous injection of a mixture (1 ml/kg of 55 mg/
ml ketamine, 5.5 mg/ml xylazine, and 1.1 mg/ml acepromazine) (ketamine was from Fort
Dodge Animal Health, Fort Dodge, WI, USA; xylazine and acepromazine were from Phoenix
Scientific Inc., St Joseph, MO, USA). L4–5 DRGs (ipsilateral to the labeling and/or inflamed
site) from inflamed or naïve rats were harvested, enzymatically treated and mechanically
dissociated as described previously (Lu et al., 2006). Dissociated DRG neurons were plated
onto glass coverslips, previously coated by a solution of 5 μg/ml mouse laminin (Invitrogen)
and 0.1 mg/ml poly-l-ornithine (Sigma-Aldrich). All experiments were performed within 8 h
of tissue harvest.

Subclassification of DRG neurons
DRG neurons were sub-classified on the basis of several criteria. These included cell body
size, binding to the plant (Griffonia simplicifolia) lectin isolectin B4 (IB4, Sigma-Aldrich), the
responsiveness to the algogenic compound capsaicin (CAP, Sigma-Aldrich) and DiI labeling.
Neurons were divided into small (<30μm), medium (30 to 40μm), and large (>40μm) based
on cell body diameter as measured with a calibrated eyepiece reticule. Neurons were labeled
with IB4 following a 10 minute incubation with 10 μg/ml FITC conjugated IB4 (Lu et al.,
2006). Neurons were considered responsive to CAP (CAP+), if application of 500 nM CAP
evoked an increase in [Ca2+]i greater than 20% above baseline. Finally, because CFA was
injected into the same site as DiI, DiI labeling was used to identify the population of DRG
neurons most directly impacted by inflammation. While not all nociceptive afferents are
responsive to capsaicin, capsaicin responsive sensory neurons are considered putative
nociceptors based on the observations that this compound only elicits the sensation of pain and
it selectively activates nociceptive afferents in the rat (Holzer, 1991). Similarly, while not all
sensory neurons with a small cell body diameter are nociceptive, a small cell body diameter
may also be used to identify putative nociceptive based on the observation that a large majority
of high threshold afferents innervating cutaneous tissue in the rat have a small cell body
diameter (Lawson, 2002) and that sensory neurons with a small cell body diameter are likely
to express other properties of nociceptive afferents (Gold et al., 1996a). Finally, IB4 binding
may also be used to identify a subpopulation of putative nociceptive afferents based on the
observation that IB4 binding in cutaneous afferents demonstrate properties of nociceptors in
vivo (Fang et al., 2006).

Intracellular Ca2+ measurements
DRG neurons were loaded with 2.5 μM Ca2+ indicator fura-2 AM ester with 0.025% pluronic
(both from Invitrogen) for 20 min at room temperature as described previously (Lu et al.,
2006). They were subsequently labeled with FITC-conjugated IB4. Following fura-2 loading
and IB4 labeling, DRG neurons were placed in a recording chamber and were continuously
perfused with normal bath solution (containing in mM: 130 NaCl, 3 KCl, 2.5 CaCl2, 0.6
MgCl2, 10 HEPES, 10 glucose, pH adjusted with Tris base to 7.4, osmolality adjusted with
sucrose to 325 mOsm). All chemicals were obtained from Sigma-Aldrich. Fluorescence data
was acquired on a PC running Metafluor software (Molecular Devices, Sunnyvale, CA) via a
CCD camera (Roper Scientific, Trenton, NJ, Model RTE/CCD 1300). The ratio (R) of
fluorescence emission (510 nm) in response to 340/380 nm excitation [controlled by a lambda
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10–2 filter changer (Sutter Inst.; CA)] was acquired at 1Hz during drug applications. High
K+ (30 mM) and CAP (500 nM) were delivered by a computer-controlled fast perfusion system
(switching time < 50 ms; ALA Scientific Instruments, Westbury, NY, Model DAD-12).

[Ca2+]i was derived from fluorescent ratios (R) following performance of in situ calibration
experiments (Grynkiewicz et al., 1985) according to the following equation: [Ca2+]i (nM) =
Kd(Sf2/Sb2)(R−Rmin)/(Rmax−R), where Kd is the dissociation constant of fura-2 for Ca2+ at room
temperature (i.e., 224 nM); Sf2/Sb2 is the fluorescence ratio of the emission intensity excited
by 380-nm signal in the absence of Ca2+ to that during the presence of saturating Ca2+; Rmin
or Rmax is the minimal or maximal fluorescence ratios respectively. Rmin was measured by
perfusing the neurons with nominally Ca2+-free bath solution containing 1.0 mM EGTA and
10 μM ionomycin (both from Sigma-Aldrich) with 10 mM Mg2+ for at least 40 min. Rmax was
obtained by perfusing neurons with standard bath solution containing 20 mM Ca2+ and 10
μM ionomycin for a few minutes. Background values of F340 and F380 were collected by
perfusing the neurons with 50 μM digitonin for a few minutes. Values of Sf2/Sb2, Rmin, or
Rmax were 15.51, 0.48, or 14.83 averaged over 65 neurons obtained from 7 separate in situ
calibration experiments.

Electrophysiology
Whole-cell patch-clamp recordings were performed using an EPC-9 amplifier (HEKA
Elektronik GmbH, Lambrecht, Germany). Series resistance was compensated (>80%) with
amplifier circuitry. Data were acquired at 10 kHz and filtered at 2 kHz. Electrodes (1.8–3.0
MΩ) were filled with pipette solution (contained in mM: 100 K-Methansulfonate (MS), 5 Na-
MS, 40 KCl, 1 CaCl2, 2 MgCl2, 11 EGTA, 10 HEPES, 2 ATP-Mg, 1 GTP-Li); pH was adjusted
to 7.2 with Tris-Base and osmolality was adjusted to 310 mOsm with sucrose. Neurons were
continuously perfused with normal bath solution.

Statistical analysis
Neurons were considered “responsive” to high K+, if high K+ evoked an increase in [Ca2+]i
greater than 20% above baseline. All data analysis was limited to high K+ responsive neurons.
Data are expressed as mean ± S.E.M unless otherwise stated. The “n” for each group refers to
the number of neurons. Two-way ANOVA was employed to assess the presence of statistically
significant influences of CFA-induced inflammation and the possibility that there were
differences between subpopulations of DRG neurons in responses to inflammation, as well as
the interaction between the two. Data sets failing normality and/or equal variance tests were
transformed by rank and a two-way ANOVA test was run on ranked data. Differences between
groups were assessed with a Holm-Sidak post hoc test if there was a statistically significant
interaction between main effects. Other statistical tests were employed as indicated. Statistical
significance was assessed at p<0.05.

Results
Data were collected from L4 and L5 DRG neurons obtained from 13 naïve and 15 rats in which
hindpaw inflammation had been induced with a subcutaneous injection of CFA 72 hours prior
to tissue harvest. To determine whether inflammation of the hindpaw influences the magnitude
and/or decay of evoked Ca2+ transients in a wider distribution of neurons than those
immediately surrounding the site of CFA injection, data was collected from both DiI+ and DiI
− DRG neurons. Subpopulations of DiI+ and DiI− DRG neurons were defined by cell body
diameter, IB4 binding and capsaicin (CAP) sensitivity. The number of DRG neurons studied
from naïve and inflamed rats in each of these subpopulations is indicated (in parenthesis) in
each cell of Table 1.
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Impact of inflammation on subpopulations of DRG neurons
There is evidence that persistent inflammation can increase sensory neuron cell body size
(Flake et al., 2005), as well as the proportion of neurons responsive to CAP (Breese et al.,
2005) and/or that are labeled by IB4 (Xu et al., 2005). We therefore sought to determine whether
similar changes were detectable in populations of neurons defined by DiI labeling. The size
distribution of DRG neurons from naïve rats was similar to results from previous studies with
43.4% (92 out of 212), 29.7% (63 out of 212) and 26.9% (57 out of 212) of neurons classified
as small-, medium- and large-diameter neurons respectively (Lawson et al., 1993).
Inflammation had no statistically significant influence on cell body diameter whether data were
analyzed by proportion (with a Chi-Square test) or median (with a Mann-Whitney U test): the
size distribution of DRG neurons collected from inflamed rats was 43.5% (91 out of 209),
35.9% (75 out of 209) and 20.6% (43 out of 209) as small-, medium- and large-diameter,
respectively (p > 0.05); the median cell body diameter of DRG neurons from naïve rats was
31.3 μm (with 27.5 μm and 41.0 μm as 25th and 75th percentiles, respectively) while that from
inflamed rats was 30.0 μm (with 26.9 μm and 37.5 μm as 25th and 75th percentiles, respectively)
(p > 0.05). Similarly, when DiI+ (Figure 1A) and DiI− (Figure 1B) neurons were analyzed
independently, no statistically significant influence of inflammation on cell body diameter was
detected.

No statistically significant influence of inflammation was detected on the distribution of IB4
binding. Data from DiI+ and DiI− neurons were analyzed separately. The percentage of IB4+
neurons in the DiI+ group from naïve rats (52% (33 of 63)) was similar to that in neurons from
inflamed rats (64% (48 of 73)) (p > 0.05, Chi-square test). Similar numbers were obtained for
the DiI− group where IB4+ neurons accounted for 54% (81 of 149) and 53% (72 of 136) of
neurons from naïve and inflamed rats, respectively (p > 0.05, Chi-square test).

A similar analysis was performed on the distribution of CAP sensitivity among DRG neurons
from naïve and inflamed rats. There was a statistically significant (p < 0.01, Chi-square test)
inflammation-induced increase in the percentage of DiI+ neurons that were CAP+ from 57%
(36 of 63) in naïve rats to 77% (56 of 73) in inflamed rats. In contrast, there was no statistically
significant (p > 0.05) difference between naïve (50% (74 of 149)) and inflamed (59% (80 of
136)) rats with respect to the percentage of CAP+ DiI− neurons.

The Ca2+ transients evoked by CAP were also analyzed. Two second application of 500 nM
CAP was used to evoke Ca2+ transients in DRG neurons at the end of each experiment. There
were no statistically significant (p > 0.05, student’s t-test) differences between naïve and
inflamed rats with respect to the magnitude of CAP evoked transients in either DiI+ or DiI
−neurons. The magnitude of CAP-evoked Ca2+ transients from DiI+ neurons was 577 ± 71
nM (n = 36) and 637 ± 59 nM (n = 48) from naïve and inflamed rats, respectively. The
magnitude of CAP-evoked transients from DiI− neurons was 476 ± 44 nM (n = 74) and 570 ±
41 nM (n = 73) from naïve and inflamed rats, respectively. In most cases, the CAP-evoked
increase in [Ca2+]i failed to fully recover to baseline levels within 2 minutes of CAP application,
therefore, the decay of the CAP evoked transient was not analyzed.

In summary, persistent inflammation had no statistically significant influence on cell body
diameter, IB4 binding or the magnitude of the CAP evoked Ca2+ transient. However, there was
a statistically significant increase in the proportion of DiI+ neurons that were CAP+ in the
presence of inflammation.

Inflammation induced increase in resting [Ca2+]i in DRG neurons
Resting [Ca2+]i in subpopulations of DiI+ and DiI− DRG neurons from naïve and inflamed
rats are shown in Table 1. Data were analyzed with a two-way ANOVA in order to assess the
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presence of main effects associated with subpopulation or the presence of inflammation as well
as an interaction between the two. There was a significant main effect associated with size and
a significant interaction between size and inflammation among DiI+ neurons with post-hoc
analysis (Holm-Sidak) indicating that resting [Ca2+]i was higher (p < 0.05) in medium diameter
neurons following inflammation. The impact of inflammation on resting Ca2+ among DiI+
neurons as a function of cell body diameter is illustrated in a scatterplot in Figure 2A. In
subpopulations of DiI+ neurons defined by IB4 binding there was also a significant interaction
between IB4 binding and inflammation that was largely due to the higher resting [Ca2+]i in
IB4+ neurons following inflammation (Table 1, p < 0.01). Among DiI− neurons, there was a
main effect (p < 0.01) associated with inflammation in subpopulations defined by size, IB4
binding and CAP sensitivity with resting Ca2+ levels increased following inflammation.
However, in none of these analyses was there a significant main effect associated with
subpopulation, nor was there a significant interaction between subpopulation and
inflammation. The impact of inflammation on resting Ca2+ among DiI− neurons as a function
of cell body diameter is illustrated in a scatterplot in Figure 2B.

Inflammation increases evoked Ca2+ transients in DRG neurons
Application of high K+ (30 mM) resulted in an increase (>20% above baseline) in [Ca2+]i in
over 90% of neurons tested from both naïve (212 of 231) and inflamed (209 of 230) rats; these
values were not significantly different (p > 0.05, Chi-square test). However, evoked Ca2+

transients were larger and decayed more slowly in subpopulations of DRG neurons following
inflammation (Figure 3A and B). To quantify these changes, the magnitude of evoked Ca2+

transient was analyzed as the difference between peak and baseline [Ca2+]i and the decay of
the Ca2+ transient analyzed as time to 50% from peak (T50). Pooled data for both DiI+ and
DiI− neurons are plotted in Figure 4 and were analyzed with a two-way ANOVA. Results of
this analysis for DiI+ neurons revealed significant main effects associated with both
inflammation (p < 0.01) and subpopulation (p < 0.01) whether subpopulations were defined
by cell body diameter (Figure 4A), IB4 binding (Figure 4C) or CAP sensitivity (Figure 4E).
Furthermore, there was a significant (p < 0.01) interaction between these two main effects for
both magnitude (Figure 4A right panels) and decay (Figure 4A left panels) of evoked Ca2+

transients when subpopulations of neurons were defined by cell body diameter. There were
also significant (p < 0.01) interactions between these two main effects for decay of evoked
Ca2+ transients when subpopulations of neurons were defined by CAP sensitivity (Figure 4E
left panel). Post-hoc analysis (Holm-Sidak test) indicated that inflammation was associated
with an increase (p < 0.01) in the magnitude and a decrease (p < 0.01) in the decay of evoked
Ca2+ transients in small and medium diameter neurons. There is also a significant decrease (p
< 0.01) in the decay of the evoked Ca2+ transient in CAP+ neurons.

In DiI− neurons, there were also significant main effects associated with subpopulation for
magnitude and decay of evoked Ca2+ transients when subpopulations were defined by cell
body diameter (p < 0.01, Figure 4B), IB4 binding (p < 0.01, Figure 4D) and CAP sensitivity
(p < 0.01, Figure 4F). There were also significant main effects associated with inflammation
for magnitude and decay when subpopulations were defined by cell body diameter (p < 0.01,
Figure 4B), IB4 binding (p < 0.01, Figure 4D) and CAP sensitivity (p < 0.01, Figure 4F). In
addition, there was a significant interaction between these two main effects for both magnitude
(p < 0.01) and decay (p < 0.01) of evoked transients in subpopulations of neurons defined by
cell body diameter and for the magnitude (p < 0.01) of evoked transients in subpopulations of
neurons defined by CAP sensitivity. As with DiI+ neurons, the significant interactions (Holm-
Sidak post-hoc test) were associated with an increase (p < 0.01) in the magnitude and decrease
(p < 0.01) in the decay of evoked transients in small and medium diameter neurons from
inflamed rats and an increase in the magnitude (p < 0.01) of evoked Ca2+ transients in CAP+
neurons from inflamed rats.
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To determine whether there were differences between DiI+ and DiI− neurons with respect to
the influence of inflammation on evoked Ca2+ transients, data in each subpopulation of DRG
neurons was analyzed as a percent change from mean value for naïve neurons in each
subpopulation. Pooled data were analyzed with a two-way ANOVA to assess the presence of
main effects associated with subpopulation (S), DiI labeling (D) or an interaction (I) between
the two (Figure 5). Results of this analysis revealed the presence of a statistically significant
main effect associated with DiI labeling for the percent change in both the magnitude and the
decay of the evoked increase in [Ca2+]i for subpopulations defined by cell body size (Figure
5A), IB4 binding (Figure 5B) or CAP sensitivity (Figure 5C). In each case, the percent change
was larger (p < 0.01) in DiI+ neurons than in DiI− neurons. There was a statistically significant
main effect associated with subpopulation in the percent increase in the magnitude of the
evoked Ca2+ transient in subpopulations defined by cell body size and capsaicin sensitivity. In
both cases, the percent increase in the magnitude of the evoked Ca2+ transient was larger in
DiI+ neurons. Finally, there was a statistically significant interaction between subpopulation
and DiI labeling for the percent change in both the magnitude and decay of the evoked Ca2+

transient in subpopulations defined by cell body size and for the decay of the evoked Ca2+

transient in subpopulations defined by IB4 binding. Post-hoc (Holm-Sidak) analysis indicated
that the percent increase in the magnitude of the evoked Ca2+ transient was larger (p < 0.01)
in medium diameter DiI+ neurons than in medium diameter DiI− neurons, while the decay of
the evoked Ca2+ transient was larger (p < 0.01) in DiI+ small diameter and IB4+ neurons than
in the respective subpopulation of DiI− neurons.

Excitability
We (Flake et al., 2005, Harriott et al., 2006, Katz and Gold, 2006) and others (Moore et al.,
2002, Dang et al., 2005) have previously demonstrated that persistent inflammation results in
an increase in the excitability of dissociated DRG neurons. It is therefore possible that the
inflammation-induced increase in the high K+ evoked Ca2+ transient reflects an increase in
DRG neuron excitability. There is also evidence of an inflammation-induced depolarization
of resting membrane potential (Flake et al., 2005), suggesting that the inflammation-induced
increase in resting [Ca2+]i may reflect a depolarization-induced activation of voltage-gated
Ca2+ channels. In order to explore these possibilities, we recorded from small and medium
diameter DiI+ DRG neurons from three naïve and 3 inflamed rats in current clamp mode in
order to assess the impact of inflammation on resting membrane potential and the response to
a 4 second 30 mM K+ application. Data was collected from 10 small and 10 medium diameter
neurons, and 9 small and 15 medium diameter neurons from naïve and inflamed rats,
respectively. High K+ application to neurons from inflamed rats resulted in a rapid membrane
potential depolarization that was effectively “clamped” to a depolarized potential in the
majority of neurons studied (Figure 6). Membrane depolarization was associated with few, if
any, action potentials, although 1 small diameter neuron from an inflamed rat continued to fire
action potentials throughout the duration of the high K+ application. Following termination of
the high K+, resting membrane potential was rapidly re-established. None of the neurons
demonstrated spontaneous activity. Resting membrane potential and input resistance as well
as parameters describing the response to high K+ (30 mM) are summarized in Table 2. Data
from naïve rats are similar to those described previously. (Lu et al., 2006). Statistical
comparisons (t test or Mann-Whitney U) of data from naïve and inflamed rats revealed no
statistically significant differences between subpopulations. Of note, while we have previously
described an inflammation-induced increase in the excitability of cutaneous afferents (Katz
and Gold, 2006), excitability was assessed in this previous study with depolarizing stimuli at
or around the action potential threshold. Thus, the apparent absence of an inflammation-
induced increase in the excitability of neurons studied with a 4 second application of 30 mM
K+ is likely due to the nature of the stimulus, and the impact of the stimulus on resting
membrane potential.
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Discussion
The purpose of this study was to determine whether persistent inflammation impacts resting
and evoked Ca2+ transients in DRG neurons. In order to identify neurons innervating the site
of inflammation, DiI was injected prior to the induction of inflammation. Consistent with our
previous observations (Lu et al., 2006), there were marked differences between subpopulations
of DRG neurons defined by cell body size, IB4 binding and CAP sensitivity with respect to
the magnitude and decay of evoked Ca2+ transients: small diameter, IB4+ and CAP+ neurons
had the largest and most slowly decaying evoked Ca2+ transients. Three days after the induction
of inflammation, there was a significant increase in the magnitude and decrease in the decay
of evoked Ca2+ transients in these subpopulations. Similar increases were also observed in
medium diameter and IB4− neurons but were not observed in large diameter and CAP–
neurons. These changes were larger in neurons innervating the site of inflammation. Finally,
the inflammation-induced changes in Ca2+ handling were not associated with changes in resting
membrane potential or an inflammation-induced change in the impact of high K+ on membrane
potential.

The present results constitute the first description of persistent inflammation-induced changes
in resting and evoked Ca2+ transients. The observation that changes were observed in specific
subpopulations of sensory neurons and were larger in neurons innervating the site of
inflammation (i.e., DiI+), suggests these changes are not due to a generalized illness response
impacting the over-all health of the neurons in vitro. This suggestion is further supported by
current clamp results indicating that neurons from inflamed rats had a “normal” resting
membrane potential, and input resistance, and did not demonstrate abnormal spontaneous
activity. Our current clamp results also argue against the possibility that changes in resting and
evoked [Ca2+]i reflect inflammation-induced changes in resting membrane potential or
excitability. Furthermore, we have preliminary evidence of an inflammation-induced decrease
in the density of voltage-gated Ca2+ currents (Lu and Gold, 2007), suggesting that the increase
in the evoked Ca2+ transient is not due to an increase in initial Ca2+ influx. Rather, we suggest
that our observations indicate that persistent inflammation results in changes specific Ca2+

regulatory mechanism(s). These would involve a decrease in Ca2+ efflux, uptake and/or binding
and/or an increase in Ca2+ release or capacitative Ca2+ entry.

Given the impact of both inflammatory mediators such as nerve growth factor (Woolf, 1996)
and neural activity (Fields et al., 2005) on afferent properties, it is likely that these factors
underlie the inflammation-induced changes the regulation of [Ca2+]i. Nevertheless, it is
important to consider other factors that may have contributed to the observed inflammation-
changes in [Ca2+]i regulation. One of these factors is the retrograde tracer used to identify
neurons innervating the site of the CFA injection. That is, differences between DiI+ and DiI−
neurons may reflect the influence of DiI labeling on the cellular properties of sensory neurons.
Several of lines of evidence suggest, however, that the influence of DiI on cellular properties
of DRG neurons is likely to be minimal. First, and most importantly, data from the present
study indicate that in the absence of inflammation there are no statistically significant
differences between DiI+ and DiI− neurons with respect to any of the properties measured
(from resting [Ca2+]i to cell body diameter). Second, comparing data sets in the literature
between DiI labeled and unlabeled neurons, there appears to be no consistent influence of DiI
on the density of voltage-gated Na+ currents (Gold et al., 2003) or K+ currents (Gold et al.,
1996b, Harriott et al., 2006). Third, while there do appear to be differences between
subpopulations of sensory neurons labeled by DiI with respect to both baseline, and
inflammation-induced changes in excitability (i.e., (Gold and Traub, 2004)), these differences
appear to reflect properties of the afferents labeled, rather than an influence of the DiI, as similar
patterns of excitability changes are observed in unlabeled neurons (Gold et al., 1996a).
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A second factor that may have contributed to the observed inflammation-induced change in
[Ca2+]i regulation is the impact of inflammation on the properties (cell body diameter, IB4
binding and capsaicin sensitivity) used to define subpopulations of sensory neurons ((Breese
et al., 2005, Flake et al., 2005, Xu et al., 2005). Consistent with at least some of these previous
results, we observed a statistically significant increase in the proportion of CAP+ neurons. The
potential problem here is that if neurons that were unresponsive to capsaicin in the absence of
inflammation become responsive to capsaicin, than an inflammation-induced change in the
physiology of “capsaicin responsive” neurons may simply reflect the impact of the previously
capsaicin unresponsive neurons. For example, if a subpopulation of capsaicin unresponsive
neurons has a large response to high K+ in the absence of inflammation and these neurons
become capsaicin responsive in the presence of inflammation, they may be the “cause” of an
average increase in the response to high K+ in capsaicin responsive neurons in the presence of
inflammation. This would represent a change in the neurons that make up the subpopulation
of capsaicin responsive neurons and not a change in mechanisms underlying the regulation of
[Ca2+]i, as we have suggested. Several lines of evidence support the latter, despite an apparent
increase in CAP receptor (TRPV1) expression. These include: 1) resting [Ca2+]i, and evoked
Ca2+ transients were smaller in the IB4− and CAP– subpopulations, indicating that the
emergence of IB4 binding and CAP sensitivity in these subpopulations, alone, could not have
contributed to the observed changes in [Ca2+]i regulation; 2) the largest or most slowly
decaying evoked transients in all but one of the IB4− and CAP– neurons from naïve rats were
smaller than the mean values for transients in IB4+ and CAP+ neurons from naïve rats,
suggesting that there is no subpopulation of IB4− or CAP– neurons, that could have contributed
to the observed changes in the evoked Ca2+ transient if this subpopulation became IB4+ or
CAP+; and 3), inflammation-induced changes in the regulation of [Ca2+]i were present in DiI
− neurons in the absence of detectable changes in cell body diameter, IB4 binding or capsaicin
sensitivity.

The basis for the observation that persistent inflammation was associated with a different
pattern of changes in resting [Ca2+]i in DiI+ and DiI− neurons is not immediately clear.
However, two possible explanations arise from the observation that the average increase in
resting [Ca2+]i in DiI− neurons appeared to reflect a relatively large increase in a small
subpopulation of DiI−neurons (i.e., see Figure 2B). Given that at least some DiI− neurons were
impacted by CFA-induced inflammation, one possibility is that a distinct subpopulation of
neurons (i.e., those innervating muscle or hairy skin) not labeled with the DiI injection, has a
unique response to inflammation (with an increase in resting Ca2+). A second possibility is
that the specific response to inflammation depends on the inflammatory milieu (i.e., relative
concentrations of pro- and anti-inflammatory mediators): the inflammatory milieu around a
subpopulation of neurons outside the region of the DiI injection may be both different from
that inside the region of DiI injection and sufficient to drive an increase in resting Ca2+.

Results from previous studies on the impact of traumatic nerve injury or diabetes on the
regulation of [Ca2+]i, in combination with those of the present study on the impact of persistent
inflammation suggest that the specific pattern of injury and/or disease-induced changes in the
regulation of [Ca2+]i depends on the nature of the injury and/or disease. For example, traumatic
nerve injury appears to impact resting [Ca2+]i in specific subpopulations of sensory neurons
where there are consistent and relatively large (~60%) decreases in resting [Ca2+]i in injured
large diameter CAP insensitive neurons and a smaller (~30%), if detectable decrease in small
diameter CAP sensitive neurons (Fuchs et al., 2005). Traumatic nerve injury also results in
decrease in both the peak and the duration of evoked Ca2+ transients in injured nociceptive
neurons and an increase in peak and decrease in duration of evoked Ca2+ transients in large-
diameter (presumably non-nociceptive neurons) (Fuchs et al., 2007). In contrast, data from
animal models of diabetic neuropathy suggest resting [Ca2+]i is increased (Kostyuk et al.,
1999, Kostyuk et al., 2001, Huang et al., 2002) (but see (Li et al., 2005)) while the rate of
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recovery from evoked Ca2+ transients is decreased (Kostyuk et al., 1999, Kostyuk et al.,
2001, Huang et al., 2002, Li et al., 2005). Thus, traumatic nerve injury results in one pattern
of changes in the regulation of [Ca2+]i, inflammation results in another pattern of changes, and
diabetes, which has properties in common with both inflammation (i.e., see (Hartge et al.,
2007)) and traumatic nerve injury, results in changes common to both.

Inflammation-induced changes in the regulation of [Ca2+]i were manifest in putative
nociceptive afferents (i.e., CAP responsive and/or IB4+ neurons with a small cell body
diameter). Because a change in [Ca2+]i can influence neuronal properties via changes in ion
channel activity (Gold et al., 1996c, Scholz et al., 1998), enzymatic activity (Zhang et al.,
2001) and/or gene expression (Eshete and Fields, 2001), the physiological impact of the
inflammation-induced changes in resting and evoked increases in [Ca2+]i will depend on where
in the neuron they are manifest. For example, an increase in [Ca2+]i close to site of transmitter
release should facilitate transmitter release, augmenting neurogenic inflammation in the
periphery and the transmission of nociceptive information at the central terminal. On the other
hand, an increase in [Ca2+]i close to functional Ca2+ dependent K+ channels should increase
K+ channel activity resulting in a decrease in afferent excitability and the transmission of
nociceptive information. While a change in the dynamics of Ca2+ signaling in the cell body
may result in changes in gene expression that are either pro- or anti-nociceptive (Fields et al.,
2005). Thus, the inflammation-induced changes in the regulation of [Ca2+]i may contribute to
the hyperalgesia associated with persistent inflammation, or serve as a feedback inhibitory
mechanism functioning as a “break” to a host of pro-nociceptive inflammatory processes.
Additional experiments will be needed to distinguish between these possibilities.
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Figure 1.
Histograms of cell body diameter for naïve (CTRL) and inflamed (CFA) DiI+ (A) and DiI−
(B) DRG neurons. Bin size is 5 μm. In order to facilitate comparing control and inflamed
neurons, they have been plotted together and normalized with respect to the total number of
neurons studied in each group. The median (+/− 25th and 75th percentiles) cell body diameter
was 34.3 (29.1 and 41.0) and 32.0 (29.5 and 34.5) for DiI+ neurons from naïve and inflamed
rats, respectively (p > 0.05, Mann-Whitney U test). The median cell body diameter was 30.8
(27.0 and 41.0) and 28.8.0 (25.0 and 37.5) for DiI− neurons from naïve and inflamed rats,
respectively (p > 0.05, Mann-Whitney U test).
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Figure 2.
Scatter plots of resting [Ca2+]i versus cell body diameter for DiI+ (A) and DiI− (B) neurons
from naïve (CTRL) and inflamed (CFA) rats. Inflammation was associated with an increase
in resting [Ca2+]i in a subpopulation of small and medium diameter DiI− neurons. Note, scale
of Y-Axis in A and B differ.
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Figure 3.
Ca2+ transients were evoked with a 4 second application of 30 mM K+ in putative nociceptive
DRG neurons from a naïve (A) rat and a rat in which inflammation had been induced with a
subcutaneous injection of CFA 3 days prior to harvesting ganglia (B). High K+ was applied at
points indicated by black bars. Scale bars for A and B are the same. The resting [Ca2+]i in each
neurons is indicated.
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Figure 4.
Differential impact of persistent inflammation on evoked Ca2+ transients among
subpopulations of DRG neurons. In each panel, data were pooled from neurons in each
subpopulation define by cell body size (A, B where S = small, M = medium and L = large)),
IB4 binding (C, D) and capsaicin (CAP) sensitivity (E, F). Neurons were further sub-divided
according to the presence (A, C, and E) or absence (B, D and F) of DiI labeling and whether
they were from naïve (filled bars) or inflamed (open bars) rats. The magnitude of evoked
Ca2+ transient (left) was analyzed as Δ [Ca2+]i (peak value – baseline), and the decay of the
evoked Ca2+ transient (right) was analyzed as time to 50% of peak (T50), of evoked Ca2+

transients. Data in each panel were analyzed with a two-way ANOVA in order to assess main
effects associated with subpopulation (S), inflammation (C) or an interaction between the two
(I). Post-hoc analyses (Holm-Sidak) were performed if there was a significant interaction
between main effects, and statistically significant differences between naïve and inflamed
groups are indicated. The number of neurons in each group is listed in Table 1. ** is p < 0.01.

Lu and Gold Page 16

Neuroscience. Author manuscript; available in PMC 2009 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Differential impact of persistent inflammation on evoked Ca2+ transients among
subpopulations of DiI+ (filled bars) and DiI− (open bars) DRG neurons. Data for each neuron
was analyzed as a percent change from the mean value for magnitude (Δ [Ca2+]i; Left panels)
or decay (Δ T50; Right panels) obtained from naïve neurons in each subpopulation, and pooled.
Subpopulations were defined by cell body size (A, where S = small, M = medium and L =
large)), IB4 binding (B) and capsaicin (CAP) sensitivity (C). Data in each panel were analyzed
with a two-way ANOVA in order to assess main effects associated with subpopulation (S), DiI
labeling (D) or an interaction between the two (I). Post-hoc analyses (Holm-Sidak) were
performed if there was a significant interaction between main effects, and statistically
significant differences between naïve and inflamed groups are indicated. The number of
neurons in each group is listed in Table 1. ** is p < 0.01.
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Figure 6.
Current clamp recording of the response of typical putative nociceptive DRG neurons from a
naïve (top trace (28.8 μm diameter CAP responsive neuron) and inflamed (bottom trace, 30
μm diameter CAP responsive neuron) rats to 30 mM K+ (high K+). Voltage traces show a rapid
depolarization that was associated with a brief burst of action potentials. The membrane
potential was then stably “clamped” for the remainder of the high K+ application, after which,
membrane potential returned to baseline. The resting membrane potential for each neuron is
indicated.
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