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Abstract

Mitochondria are present at high concentration at the site of sensory transduction in the peripheral
terminals of nociceptors [14; 31]. Since nerve growth factor (NGF), which induces nociceptor
sensitization by acting on the high affinity TrkA receptor [28], also produces local recruitment of
mitochondria in DRG neurons [5; 6], we evaluated the role of mitochondria in NGF-induced
mechanical hyperalgesia. Inhibition of three major mitochondrial functions—oxidation of
nutrients, ATP production, and generation of reactive oxygen species—markedly attenuated NGF-
induced mechanical hyperalgesia in the rat. Disruption of microtubules, which are required for the
trafficking and subcellular localization of mitochondria, also attenuated NGF hyperalgesia. Our
results suggest a contribution of mitochondrial localization and function to NGF-dependent pain
syndromes.

Introduction

Nerve growth factor (NGF), which plays a critical role in the survival, growth,
differentiation, and maintenance of sensory neurons, also acts on the peripheral terminals of
nociceptors to induce hyperalgesia in animals and humans [24; 25; 47; 29; 34; 40]. Tissue
injury and inflammation, such as that observed in cystitis and arthritis, result in elevated
levels of NGF [3; 43] and antagonizing NGF has been proven effective in the treatment of
osteoarthritis pain [23].

NGF sensitizes the peripheral terminal of the nociceptor by activating at the high-affinity
receptor, tropomyosin receptor kinase A (TrkA), producing both thermal and mechanical
hyperalgesia [24; 8; 28]. The underlying mechanism for NGF-induced thermal
hypersensitivity has been attributed to increased membrane insertion of the heat-sensitive
ion channel TRPV1 at peripheral terminals of nociceptors [48]. The mechanism by which
NGF induces mechanical hyperalgesia, however, is less understood. Thus, while signaling
pathways mediating NGF-induced mechanical hyperalgesia have been identified [28], the
downstream targets and cellular processes that are involved have yet to be fully elucidated.
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In addition to its role in nociceptor sensitization, NGF signaling is important for the
trafficking and localization of mitochondria in neurons. Focal administration of NGF-coated
beads along the growing axon of cultured dorsal root ganglion (DRG) neurons triggers local
accumulation of mitochondria, presumably to fulfill higher demands for ATP at the growth
cone [32; 5; 6]. NGF also upregulates the metabolic activity of mitochondria [46].

Mitochondria play an important role in several animal models of inflammatory and
neuropathic pain [12; 17]. Moreover, the inhibition of two key mitochondrial functions, the
generation of ATP and reactive oxygen species (ROS), attenuate protein kinase C epsilon
(PKCe¢)-dependent forms of mechanical hyperalgesia [18]. Since NGF can produce
mechanical hyperalgesia in vivo and recruit mitochondria to areas of local stimulation in
DRG neurons as well as upregulate their metabolic activity in vitro [5; 6; 28; 46], we
hypothesized that mitochondrial functions are important in NGF-dependent pain syndromes.

Materials and Methods

Animals

Experiments were performed on adult male Sprague Dawley rats (250-350 g; Charles River,
Hollister, CA, USA). They were housed three per cage under a 12 hour light/dark cycle in a
temperature and humidity controlled environment at the UCSF animal care facility. Food
and water were available ad libitum. Experimental protocols were approved by the UCSF
Committee on Animal Research and conformed to NIH Guidelines for the Care and Use of
Laboratory Animals. All efforts were made to minimize the number of animals used.

Mechanical nociceptive threshold testing

Rats were trained before testing. Training sessions began on the day after their arrival at the
UCSF animal care facility (day 1) and then again on days 3 and 5. Animals were brought to
the laboratory and allowed to remain in their cages for 10 —15 min. They were allowed to
crawl into individual Perspex cylinders and were lightly restrained there by closing both
ends of the cylinder. The hind legs of the rats extended out of the cylinder through triangular
openings on either side, which allowed access to the hind paws for nociceptive threshold
testing. Each training session consisted of five rounds of testing and lasted about an hour. If
they were quiet and gave consistent paw-withdrawal thresholds on day 5, the experiment
was conducted on day 7. If not, additional training sessions were conducted every other day
as needed. The nociceptive flexion reflex (Randall —Selitto paw-withdrawal test [37]) was
quantified with a Basile Analgesymeter (Stoelting, Chicago, IL), which applies a linearly
increasing mechanical force to the dorsum of the rat’s hind paw. The mechanical
nociceptive threshold was defined as the force in grams at which the rat withdrew its paw.
All data points, including the pre-injection baselines, were defined as the mean of three paw-
withdrawal thresholds. Baseline paw-withdrawal thresholds varied between 100 and 120
grams of force. Hyperalgesia was defined as the percent decrease in paw-withdrawal
thresholds from the baseline (i.e., paw-withdrawal threshold minus baseline paw-withdrawal
threshold + baseline paw-withdrawal threshold x 100).

Drugs and solutions

Nerve growth factor (NGF) was purchased from R&D Systems (Minneapolis, MN, USA).
Rotenone, a selective inhibitor of complex | of the mitochondrial electron transport chain
(mETC), the anti-oxidants N-acetyl-L-cysteine (NAC) and glutathione, and epinephrine
were purchased from Sigma Aldrich (St Louis, MO, USA). Oligomycin, a selective ATP
synthase inhibitor; Latrunculin B, an actin cytoskeleton disruptor; and nocodazole, a
microtubule disruptor, were purchased from EMD biosciences (La Jolla, CA, USA). A stock
solution of NGF (1 ug/uL in phosphate buffered saline containing 0.5% bovine serum
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albumin) was further diluted to 0.2 pg/uL at the time of injection [28]. Rotenone,
oligomycin, nocodazole, and Latrunculin B were dissolved in an aqueous solution of 10 %
DMSO and administered by intradermal injection 30 minutes before NGF administration, at
the site of nociceptive testing. Glutathione and NAC were dissolved in 0.9% NaCl. The
doses of rotenone (1 pg) and oligomycin (1 pg), as well as the effects of the drugs alone,
were shown in our previous study [17], and the doses of nocodazole (1 pg) and Latrunculin
B (1 ng), as well as the effects of the drugs alone, were shown in another study [11]. Doses
of NAC (10 pg) and glutathione (5 pg) were based on a dose response curve conducted as
part of the present study.

A stock solution of epinephrine (1 pg/uL in 0.9% NaCl) was mixed with an equal volume of
ascorbic acid (1 pg/uL in 0.9% NacCl) and further diluted to 20 ng/uL at the time of
injection. Except for glutathione and NAc, all intradermal injections were delivered in a
volume of 5 L via a 30-gauge hypodermic needle into the dorsal surface of the hind paw at
the site of nociceptive testing. Glutathione and NAC were injected using the hypotonic
shock method, which consisted of 2.5 pL. H,O followed by 1 uL air followed by 2.5 puL
antagonist. The testing protocol in all experiments was as follows: After baseline thresholds
were recorded the antagonist or its vehicle was injected. Thirty minutes later NGF was
injected. Testing then began thirty minutes after the NGF injection, as depicted in the
figures. A separate NGF control group was tested simultaneously with each antagonist. Each
drug/condition was tested in a naive group of rats. No group was used for more than one
experiment. Drug and control groups (i.e., vehicle/NGF and antagonist/NGF groups) were
tested during the same testing session. As in previous studies employing simple reflex
behaviors, for example, Taiwo, 1989 [44], Khasar 1995, 1999[22; 21], Aley, 2000 [2],
Alessandri-Haber, 2004 [1], Dina 2005, 2009 [11; 10], and Joseph, 2010 [18], the current
experiments were not performed blinded, which can be difficult to maintain, particularly
when substances injected into the paw produce visible changes in the skin.

Statistical Analysis

Results

To determine if there were significant differences between experimental groups, we
employed, as appropriate, either a one-way ANOVA or two-way repeated measures
ANOVA with one within-subjects factor (time) and one between-subjects factor (group).
Percent change scores as shown in the figures were used for these analyses. If there was a
significant group x time interaction, indicating that the groups in the analysis demonstrated
significantly different time courses, multivariate analyses (i.e., one-way ANOVAs with
Scheffé post hoc analyses) were performed for all time points in order to determine which
points accounted for the interaction. In these cases, a Bonferroni correction was applied in
order to account for multiple comparisons. For within-subjects effects the Mauchly criterion
was used to determine if the assumption of sphericity was met; if not, Greenhouse-Geiser p-
values are presented. If the main effect of group was significant and there were more than
two groups, Scheffé post hoc analyses were used to determine the basis of the difference.

Electron transport complex 1 inhibitor attenuates NGF-hyperalgesia

NGF (1 ug), delivered intradermally on the dorsum of the rat’s hind paw, produces
mechanical hyperalgesia that is detectable by 10 minutes after injection, peaks at 3 hours,
and lasts between 96 and 120 hours [28]. To evaluate the functional role of the electron
transport chain in NGF-hyperalgesia, we pretreated animals with rotenone (1 pg), a specific
inhibitor of NADH-dehydrogenase, at a dose previously demonstrated effective in models of
other pain syndromes [17]. As shown in Figure 1A, pre-administration of rotenone
significantly attenuated NGF-hyperalgesia at all time points tested, while animals injected
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with vehicle showed hyperalgesia consistent with previous NGF time course studies,
peaking at 3 hours and lasting over 24 hours [28]. Two-way ANOVA showed a significant
time x group interaction (F3 30 = 17.280; p<0.001); multivariate analyses showed significant
differences between the groups at all time points (p<0.001 at each time point). There was
also a main effect of group (F1 19 = 244.323; p<0.001). Note that, despite the similarity in
the responses of the NGF/vehicle control groups in this study, each experiment was
performed with its own control group tested simultaneously with the experimental group.

Electron transport complex 5 inhibitor attenuates NGF-hyperalgesia

Since the oxidation of nutrients is coupled with the generation of ATP (oxidative
phosphorylation of ADP), we determined if pretreatment with oligomycin (1 pg), a selective
inhibitor of the ATP-synthase complex, could prevent NGF-hyperalgesia. As shown in
Figure 1B, pre-administration of oligomycin, 30 min before NGF, significantly attenuated
NGF-hyperalgesia at all time points tested whereas vehicle alone had no effect. The two-
way ANOVA showed a significant time x group interaction (F3 39 = 6.138; p=0.004);
multivariate analyses showed significant differences between the groups at all time points
(p<0.001 at 30 min., 1 hour, and 3 hours, and p=0.007 at 24 hours). There was also a main
effect of group (Fy 10 = 78.412; p<0.001).

Antioxidants attenuate NGF-hyperalgesia

Reactive oxygen species (ROS) are a byproduct of oxidative phosphorylation. The
production of ROS is known to be upregulated under inflammatory conditions and can
induce nociceptor sensitization [45; 7; 19]. To analyze whether the production of ROS
contributes to NGF-hyperalgesia, we tested the effect of two antioxidants, N-acetyl-L-
cysteine (NAC) and glutathione, on NGF-induced hyperalgesia. Dose response studies were
conducted for both NAC and glutathione in order to determine an appropriate dose to follow
over time (Fig. 2A). Three doses of each of these agents (1 ug, 5 ug, and 10 ug) were tested.
Separate groups of animals received vehicle as a control. The one-way ANOVA for NAC
showed a significant main effect of group (F3 20 = 25.714; p<0.001); Scheffé post hoc
analysis showed that the two highest doses differed significantly from each other (p=0.010),
and the 5 ug dose differed significantly from the vehicle group (p=0.005), but the 1 pg dose
group did not differ significantly from the vehicle group (p=0.668). Because the effect of the
10 ug dose was significantly greater than the 5 pug dose, the 10 pg dose was chosen for
testing.

The one-way ANOVA for glutathione showed a significant main effect of group (F3 20 =
49.434; p<0.001); Scheffé post hoc analysis showed that the two highest doses did not differ
significantly (p=0.981), but the 5 pg dose differed significantly from both the 1 pg dose
group (p<0.001) and the vehicle group (p<0.001). Because the effect of the 10 pug dose was
not significantly greater than the 5 ug dose, the 5 ug dose was chosen for testing.

As shown in Figure 2B, NAC, significantly attenuated NGF-induced mechanical
hyperalgesia at 1, 3 and 24 hours post-injection whereas the administration of vehicle had no
effect.

The two-way ANOVA showed a significant time x group interaction (F3 39 = 16.222,
p<0.001); multivariate analyses showed that the NGF group differed significantly from the
NAC group at 1 hour (p<0.001), 3 hours (p<0.001) and 24 hours (p<0.03), but not at 30
minutes (p<0.586). There was also a main effect of group (F1 19 = 109.876; p<0.001).

Glutathione (Fig. 2C) also significantly attenuated NGF-induced hyperalgesia; however this
effect began at 30 minutes, and lasted through 3 hours.
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The two-way ANOVA showed a significant time x group interaction (F3 39 = 8.217;
p=0.001); multivariate analyses showed that the NGF group differed significantly from the
GSH group at 30 minutes (p=0.002), 1 hour (p<0.001), 3 hours (p<0.001), but not at 24
hours (p<0.112). There was also a main effect of group (F1 19 = 241.135; p<0.001).

Taken together, our results suggest that NGF-hyperalgesia is dependent on three major
mitochondrial functions: oxidation of nutrients, ATP synthesis, and generation of reactive
oxygen species.

Microtubule disruptors attenuate NGF-hyperalgesia

The transport and subcellular localization of mitochondria depends on the microtubule and
actin cytoskeleton [6; 38; 15]. To evaluate whether an intact cytoskeleton is necessary for
NGF-hyperalgesia, we tested the effect of nocodazole (1 ng, Fig. 3A), a well-characterized
microtubule disruptor [11; 13] and Latrunculin B (1 pg, Fig. 3B), a selective actin
cytoskeleton disruptor [11; 6] on NGF-induced mechanical hyperalgesia. As epinephrine-
induced mechanical hyperalgesia depends on an intact microtubule and actin cytoskeleton
[11], we administered epinephrine (100 ng) to a separate group of rats that were either pre-
treated with nocodazole (1 pg) or Latrunculin B (1 pg, Fig. 3C), as a positive control.

Nocodazole administration significantly attenuated NGF-hyperalgesia at all time-points,
indicating a functional role for microtubules in NGF-hyperalgesia. ANOVA showed a
significant group x time interaction (F3 30 = 159.494; p<0.001) and a significant main effect
of group (F1,10 = 669.667; p<0.001). Multivariate analysis showed a significant difference at
all time points (p<0.001).

Latrunculin B administration had no effect on NGF-hyperalgesia. The ANOVA showed that
neither the time x group interaction (F3 39 = 2.264; p=0.119) nor the main effect of group
(F1,10 = 0.532; p=0.486) were significant.

Both nocodazole and Latrunculin B significantly attenuated epinephrine-induced
hyperalgesia at the 30 minute and one hour time points. The ANOVA showed a significant
main effect of group (F 15= 56.951; p<0.001) as well as a significant group x time
interaction (F4 3= 75.486; p<0.001). Multivariate analysis showed significant differences
between the effect of epinephrine alone and the effect of epinephrine in combination with
either nocodazole and Latrunclin B at the 30 minute (p<0.001 for both) and the one hour (p<
0.001 for both) time points. There were no significant differences at the three hour time
point because the effect of epinephrine alone had waned by that time.

Discussion

NGF induces mechanical hyperalgesia by direct action on the peripheral terminals of the
primary afferent nociceptor [47; 30; 27; 28]. Although some of the signaling pathways
mediating NGF-induced mechanical hyperalgesia have been identified [28; 9], our
knowledge of the downstream targets and cellular processes of NGF signaling that explain
nociceptor sensitization remain incomplete [34].

Because mitochondria in neurons are known to accumulate in the presence of NGF [5; 6],
the present study was designed to investigate whether mitochondria play a role in NGF-
induced hyperalgesia. We examined this question in two ways: 1) by blocking mitochondrial
function (i.e., ATP synthesis and ROS generation) and 2) by blocking mitochondrial
accumulation (i.e., by disrupting mitochondrial axonal transport). Both approaches elevated
paw-withdrawal thresholds, demonstrating that mitochondria play an important role in NGF-
induced hyperalgesia.
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We recently reported that some PKCe-dependent forms of mechanical hyperalgesia can be
attenuated by inhibitors of the mitochondrial electron transport chain or the administration
of antioxidants [18].Mitochondria are the primary source for the generation of ROS [33; 36].
Cellular targets of ROS include TRPV1, TRPAL and PKCzg [16; 45; 7; 19], which are known
to be present in the peripheral terminals of nociceptors [35; 42; 20; 39]. Oxidation of these
receptors has been shown to induce nociceptor sensitization to thermal and mechanical
stimulati [16; 7; 19]. Given that under physiological conditions the half-life of ROS is in the
nanosecond to millisecond range (1, (OH; O,7) = 107%) [41; 33], and the presence of
mitochondria as well as relevant receptors in nociceptor terminals, the action of NGF in this
study was highly likely to be local to the site of injection. In addition, of particular interest is
the finding of Ibi and colleagues [16] that the NGF-induced upregulation of ROS in cultured
dorsal root ganglion neurons is accompanied by the activation and translocation of PKCe.
Since NGF-induced hyperalgesia can be alleviated by a selective PKCg translocation
inhibitor [21] and PKCe-induced mechanical hyperalgesia can be attenuated by the same
class of drugs used in the present study to attenuate NGF-hyperalgesia, it is tempting to
speculate that NGF-induced hyperalgesia is mediated by a PKCeg-dependent mechanism
[18].

The structural and functional asymmetry of neurons requires that the subcellular localization
of mitochondria be tightly regulated. Mitochondria are transported along and anchored to
cytoskeletal “tracks” made of microtubules or F-actin [26; 6]. To analyze whether an intact
cytoskeleton is a prerequisite for mitochondrial function and whether there are any
differences in the importance of distinct cytoskeletal components for mitochondrial function,
we tested the effect of two well-characterized cytoskeleton disruptors, nocodazole and
Latrunculin B, on NGF-induced hyperalgesia. As epinephrine induced mechanical
hyperalgesia is dependent on an intact cytoskeleton [11] we used epinephrine as a positive
control (Fig. 2C). Nocodazole, a selective inhibitor of microtubule formation, effectively
blocked NGF-induced as well as epinephrine-induced hyperalgesia (Fig. 2B,C). In contrast,
Latrunculin B, a selective inhibitor of actin polymerization, blocked epinephrine
hyperalgesia but not NGF hyperalgesia (Fig. 2A, C).

Mitochondria are not randomly distributed throughout the sensory neuron, but rather,
accumulate at regions of increased energy consumption, for example, at the nodes of
Ranvier or at sites of sensory transduction in the peripheral terminals [31; 4]. Mitochondria
are synthesized in the cell body and actively transported to axons and dendrites. As most of
the anterograde mitochondrial transport is microtubule-dependent [26; 15], it is not
surprising that NGF-hyperalgesia is blocked by disruption of the microtubule cytoskeleton.
Although Latrunculin B failed to block NGF-induced hyperalgesia in the present study,
Hollenbeck and colleagues showed that NGF-signaling promotes the docking of
mitochondria to the actin-cytoskeleton [5; 6]. Whether these results suggest that
mitochondrial docking to actin is not requisite for hyperalgesia or are explained by an as yet
unknown mechanism is not known. It may be relevant that our results are based on in vivo
experiments on adult rats, while the findings of Chada and Hollenbeck are based on
observations in cultured embryonic DRG neurons. How these differences are reflected in
neuronal function remains to be explored.

In summary, we have explored the role of mitochondria in NGF-induced mechanical
hyperalgesia. Multiple mitochondrial mechanisms as well as a functioning microtubule
skeleton were shown to be required. Given the key role that NGF signaling plays in the
nociceptor growth cone, further analysis of the relationship of axon sprouting and pain
should focus on shared demand for energy metabolism.
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Figure 1.

Effect of electron transport inhibitors on NGF hyperalgesia. A. Rotenone, a mETC complex
I inhibitor, attenuated NGF hyperalgesia at all time points. B. Oligomycin, a mETC complex
V (ATP synthase) inhibitor, attenuated NGF hyperalgesia at all time points. N = 6 for all
groups. Data are plotted as mean = SEM. Significant differences between the groups are
indicated by asterisks (*) plotted above the time points where they apply. Abbreviation:
PWT = paw-withdrawal threshold.
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Figure 2.

The effect of the anti-oxidants N-acetyl-L-cysteine (NAC) and glutathione on NGF-
hyperalgesia. A. Various doses of both NAC and glutathione were administered thirty
minutes after NGF in order to determine the doses to be used for testing. For NAC the
highest dose (10 pg) was chosen because it attenuated NGF hyperalgesia significantly more
than any of the lower doses. For glutathione the effect of the 10 pg dose was not
significantly greater than that of the 5 ug dose, therefore the 5 ng dose was chosen for
testing. B. NAC (10 pg) attenuated NGF hyperalgesia detectable at 1 hour and lasting up to
24 hours. C. Glutathione (5 pg) attenuated NGF hyperalgesia detectable at 30 minutes, but
the effect was no longer significant by 24 hours. N = 6 for all groups. Data are plotted as
mean + SEM. Significant difference between the groups are indicated by asterisks (*)
plotted above the time points where they apply. Abbreviation: PWT = paw-withdrawal
threshold.
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Figure 3.

Effect of cytoskeletal inhibitors on NGF hyperalgesia. A. Latrunculin B, an actin disruptor
had no significant effect on NGF hyperalgesia and any time point. B. Nocodazole, a
microtubule disruptor, attenuated hyperalgesia up to 24 hours after NGF administration of
hyperalgesic agent (n=6). C. Both Latrunculin B and nocodazole significantly attenuated
epinephrine-induced hyperalgesia as demonstrated previously (Dina et al., 2003) (shown
here as a positive control). Note that this experiment was not carried out to 24 hours because
epinephrine-induced hyperalgesia lasts less than three hours. N = 6 for all groups. Data are
plotted as mean + SEM. Significant difference between the groups are indicated by asterisks
(*) plotted above the time points where they apply. Abbreviations: PWT = paw-withdrawal
threshold; EPI = epinephrine.
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