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Abstract:

Background:

Our previous studies indicated that retrograde signaling initiating from the spinal cord was mediated by the plasticity of Dorsal Root Ganglion
(DRG) neurons. Both retrograde signaling and neuronal plasticity contributed to neurogenic inflammation, which were modulated by the activity of
Satellite Glial Cells (SGCs). Thus, we want to know whether retrograde signaling is involved in the hypersensitivity of nociceptive afferents, and
whether this process is affected by the plasticity of DRG neurons and glia.

Objective:

The study aims to examine if retrograde signaling can induce hypersensitivity of primary afferent nociceptors and if hypersensitivity involves glial
modulation.

Methods:

Antidromic Electrical Stimulation (ES) of dorsal roots was used to mimic retrograde signaling activity. C- primary nociceptive afferent activity
was recorded for testing the effect of antidromic ES. In a separate group, intradermal capsaicin injection to the ipsilateral hindpaw was used to
prime DRG nociceptive neurons. For the third group, a glial inhibitor, minocycline, was pre-administered to test glial modulation in this process.

Results:

Antidromic ES sensitized the responses of C-fibers to nociceptive mechanical stimuli. For rats subjected to intradermal capsaicin injection, C fibers
experienced more drastic sensitization induced by antidromic ES, shown as a greater response and longer duration, implying that sensitization
correlates with the activation of DRG neurons.

Minocycline pretreatment significantly blocked the priming effect of capsaicin on C-fiber sensitization induced by antidromic ES, indicating the
involvement of SGCs in DRG neuronal sensitization.

Conclusion:

Retrograde signaling may be one of the important mechanisms in neurogenic inflammation-mediated nociception, and this process is subjected to
satellite glial modulation.

Keywords: Neurogenic inflammation, Antidromic electrical stimulation, Single fiber recording, C fiber, Capsaicin, Minocycline, Satellite glial
cell.
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1. INTRODUCTION

Inflammation-induced  pain  is  one  of  the  most  common
symptoms  seen in a variety of inflammatory diseases,  such as
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migraine, allergic arthritis, and inflammatory bowel diseases.
Many  studies  demonstrate  that  the  inflammatory  process
occurring in these diseases is mediated neurochemically, and is
aptly  termed  neurogenic  inflammation  [1  -  4].  This  process
involves retrograde release of potent vasoactive neuropeptides,
predominantly Calcitonin Gene-Related Peptide (CGRP) and
substance  P  from  activated  peripheral  nociceptive  afferent
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terminals (usually C and Aδ -fibers) leading to hyperemia and
local  edema  [1  -  4].  It  has  been  suggested  that  antidromic
signaling  along  the  primary  afferent  axons,  by  several
mechanisms, triggers the retrograde release of these substances
and the resulting hyperemia and local edema [5 - 9]. Among all
the  antidromic  signaling  processes,  Dorsal  Root  Reflexes
(DRRs) are suggested to be the most prominent mechanism [8,
10].  Using  dorsal  rhizotomy  and  neuropharmacology  in  an
animal model of neurogenic inflammation by intradermal (i.d.)
injection of Capsaicin (CAP), a series of our previous studies
have strongly implied the existence of DRR-driven antidromic
activity  and  its  contributions  to  the  incidence  of  neurogenic
inflammation and sensitization of primary afferent nociceptors
[11 -  14].  With the same model,  we have further  shown that
antidromic  Electrical  Stimulation  (ES)  of  dorsal  roots,
mimicking  DRRs,  consistently  induced  vasodilation  in  the
hindpaw.  This  phenomenon  was  associated  with  the  hyper
excitability of nociceptive neurons in the Dorsal Root Ganglion
(DRG), while the hyper excitability of neurons was subject to
the  modulation  of  Satellite  Glial  Cells  (SGCs)  [15,  16].
However, there is still a lack of direct evidence to demonstrate
whether antidromic signaling in primary afferents induces hy-
persensitivity  and/or  sensitization  of  nociceptive  afferent
terminals.

Further,  it  would  be  very  interesting  to  explore  whether
SGCs in the DRG are also involved in antidromic signaling-
evoked hypersensitivity of nociceptive afferent terminals that
contribute to neurogenic inflammation-induced pain.

As a continuation of our preceding studies [15, 16], a serial
of experiments in the present study were designed to examine
whether retrograde signaling, mimicked by antidromic ES of
dorsal roots, could induce hypersensitivity of primary afferent
nociceptive  activity,  and  whether  the  hypersensitivity  is
subjected to SGC’s modulation. The completion of the study
may  help  elucidate  pain  syndromes  mediated  by  neurogenic
inflammation, and point to new potential targets for controlling
neurogenic inflammation.

2. MATERIALS AND METHODS

Male Sprague-Dawley rats weighing 280-320 g were used
in this study. The animals were housed individually with food
and  water  available  ad  libitum,  and  kept  under  controlled
conditions  of  temperature  (23-25°C)  and  light/dark  cycle
(12h/12h).  All  animals  were  handled  in  accordance  with  the
protocol  approved  by  the  Institutional  Animal  Care  and  Use
Committee at the University of Texas at Arlington.

2.1. Drug Treatments

Rats  were  randomly  divided  into  three  groups:  saline  +
vehicle  (Sal  +  Veh  group),  saline  +  capsaicin  (Sal  +  CAP
group)  and  minocycline  +  capsaicin  (Min  +  CAP  group).
Minocycline hydrochloride (from Sigma-Aldrich) was diluted
in saline and buffered to a pH of approximately 7.0, reaching a
final  concentration of  15 mg/ml.  Saline  was used as  control.
CAP  was  dissolved  into  vehicle  (7%  Tween  80  and  93%
saline)  with  the  final  concentration  of  1%.  Saline  or
minocycline  (from  Sigma-Aldrich)  were  administered  intra-
peritoneally (i.p.) at 24 h before intradermal (i.d.) injection of

vehicle or CAP. For Sal + Veh group, the rats received both i.p
injection of saline and i.d injection of vehicle. For Sal + CAP
group,  the  rats  received  both  i.p  injection  of  saline  and  i.d
injection  of  CAP  (20  µl).  For  Min  +  CAP  group,  the  rats
received both i.p injection of minocycline (30 mg/kg) and i.d
injection of CAP (20 µl). Both doses of CAP and minocycline
have been used in previous reports from our group [16, 17].

2.2. Single C-fiber Recording

Animals were first anesthetized with sodium pentobarbital
(50  mg/kg)  by  i.p.  injection,  followed  by  a  continuous  i.v.
infusion  of  the  same  anesthetic  at  a  dose  of  5-8  mg/kg/h  to
maintain the anesthesia. The level of anesthesia was judged as
being  sufficient  when  the  eye-blink  reflex  to  air-puffs  were
absent.  Once  a  stable  level  of  anesthesia  was  reached,  the
animals were paralyzed with pancuronium (0.3-0.4 mg/h, i.v.)
and artificially ventilated. Expiratory CO2 was monitored via a
tracheal  cannula  and  kept  between  3.5-4.5%.  Core  body
temperature was monitored by a rectal probe and maintained
near 37°C by a servo-controlled heating blanket. Single C-fiber
recordings  of  afferent  activity  were  performed  using  the
established  procedure  described  in  detail  in  our  previous
studies [14, 17]. In each rat, only one single fiber was recorded
and used for analysis to avoid the desensitization or summation
effect produced by multiple CAP injections. Briefly, the tibial
nerve on the side of the hind limb that received CAP injection
was exposed and kept in warm mineral oil. Only 1/4 to 1/3 of
the  tibial  nerve  was  dissected  out  after  a  longitudinal  cut,
which would keep most parts of the tibial nerve undamaged so
that the retrograde signals were still transmitted along the nerve
to the periphery. The distal cut end of the tibial nerve was then
teased into small filaments with fine-tipped forceps on a small
mirror-based  platform  under  a  dissecting  microscope  until
single-fiber  activity  of  afferents  from  a  fine  nerve  filament
could  be  isolated  on  the  basis  of  spike  amplitude  and
waveform. The C-fiber was identified by conduction velocity
(<2 m/s)  using  the  method established  in  our  previous  study
[17].

Recorded  action  potentials  and  their  responses  to
peripheral mechanical stimuli were amplified and displayed on
a digital oscilloscope. Spikes were recorded and then converted
and  quantified  by  Spike-2  software  (Cambridge  Electronic
Design).

Since  mechanically  evoked  activity  has  been  most
commonly used to evaluate the sensitivity change in polymodal
nociceptive  axons  (C-fibers)  [18,  19],  the  present  study
conducted  von  Frey  filament  testing.  Testing  started  with
choosing  an  appropriate  set  of  von  Frey  filaments  by
referencing to the “up and down method” [20]. According to
the  experience  obtained  from  our  previous  work,  a  set  of
calibrated von Frey filaments with bending forces of 8.6, 14,
20 and 36 mN were applied to the most sensitive spot of the
receptive  field  of  each  C-fiber  to  evoke  responses  [14,  17].
Each filament was applied repetitively for 10 s at a frequency
of about 2 strokes/s with enough force to cause slight bending
and followed by a 10 s pause before the next filament was used
to avoid a summation effect of the sensory stimulation leading
to  a  false  positive  response.  To  minimize  possible  “human
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factor”  bias,  mechanical  stimuli  were  applied  without
observation of the oscilloscope or computerized record so the
experimenter  was  unaware  of  the  response  frequencies.
Consistent  with  our  previous  reports  [17,  21],  all  C-fibers
identified  and  recorded  responded  to  von  Frey  of  20  and  36
mN, and firing rates increased in response to thicker von Frey
filaments with greater bending force. Thus, these fibers were
considered  to  be  nociceptive  units  according  to  a  previous
report  [18].  In  our  initial  study,  we  first  examined  whether
antidromic ES of dorsal roots influenced firing frequencies of
C-fibers evoked by graded mechanical stimuli.

For  antidromic  ES of  dorsal  roots,  the  L4 and  L5 dorsal
roots were exposed by laminectomies and their identities were
confirmed  by  their  relations  to  the  corresponding  vertebra.
Dorsal rhizotomies were then performed on the ipsilateral side
where  single  fiber  activity  was  recorded  [11,  13].  A  bipolar
silver  electrode  was  placed  on  the  cut  distal  ends  of  dorsal
rootlets. The parameters for antidromic ES were 10 Hz, 1 ms,
and  3  mA,  which  have  been  shown  to  activate  C-fibers  [15,
22].

CAP was i.d.  injected into the glabrous skin of  one hind
paw to evoke neurogenic inflammation as reported previously
by  our  group  [11,  13-16].  Two  hours  later,  a  C-fiber  with  a
receptive  field  adjacent  to,  but  out  of  the  CAP injection  site
(about 3 mm away from the edge of the receptive field), was
picked and recorded, which would minimize the local effect of
CAP  injection,  out  of  the  range  of  CAP  diffusion  from  the
injection site. For the control group, similar procedures were
performed except the animals received i.d. injection of vehicle
used  to  dissolve  CAP  (7%  Tween  80  and  93%  saline).  To
minimize possible experimental bias, the experimenters were
not aware whether CAP or vehicle was injected to the animal
being  recorded.  After  the  fiber  was  chosen,  baseline  activity
was recorded followed by 10 min of antidromic ES. Then the
sensitized effect of antidromic ES was observed at 0, 5, 15 and
30 min after antidromic ES.

2.3. Statistical Analysis

percentage  changes  from  the  pre-antidromic  ES  value.
Statistical significance was tested using one-way ANOVA with
repeated measures followed by a Bonferroni-corrected t-test in
the  same group to  compare  differences  between the  baseline
(pre-CAP injection) and responses after injection at different
time  points.  One-way  ANOVA  followed  by  a  Student-
Newman-Keuls  test  was  used  to  compare  the  differences  in
responses  between  groups  having  different  treatments  at  the
same time point. A p-value of less than 0.05 was regarded as
significant. All values were expressed as mean ± SEM.

3. RESULTS

3.1. Antidromic ES of Dorsal Roots Induced Sensitization
of Primary Nociceptive Afferents

In vehicle treated animals (Sal + Veh group), 12 fibers of
15  (80%)  showed  enhanced  responses  to  von  Frey  filaments
with bending forces of 20 and 36 mN following antidromic ES.
Forces  of  8.6  and  14  mN  did  not  evoke  any  significant
responses. As demonstrated in Fig. (1A), before antidromic ES
the  firing  frequency in  response  to  von Frey stimuli  was  2.0
and 3.1 Hz respectively.  The firing was increased to 3.3 and
7.2 Hz immediately after antidromic ES. Pooled data showed
that  firing  frequency  evoked  by  20  mN  at  this  time  was
significantly higher than baseline (100% v.s. 137.2 ± 14.3%, p
< 0.05, Fig. (1B)). For the firing frequency evoked by 36 mN
following  antidromic  ES,  a  greater  increase  was  discerned,
which increased to 169.2 ± 29.3% of baseline (p < 0.05, n=12,
Fig.  (1B)).  A time related observation was also  made on the
effects of antidromic ES on mechanical-evoked firing of fibers.
As shown in Fig. (1B), at 0 and 5 min after antidromic ES, the
firing frequency induced by 20 mN was increased to 137.2 ±
14.3%  and  131.5  ±  23.5%,  respectively,  and  both  were
significantly  higher  than  baseline.

However,  the  firing  frequency  kept  decreasing  over  the
time. At 15 and 30 min after ES, the firing frequency decreased
to 110.5 ± 12.7% and 105.6 ± 16.6% respectively. In contrast,
for the effect of ES on responses to 36 mN, the scenario was
similar but the responses were much greater and lasted longer,
up  to  15  min.  The  firing  rate  induced  by  von  Frey  stimuli
increased  to  169.2  ±  31.3%  of  baseline  at  0  min  after
antidromic ES, 163.3 ± 28.8% at 5 min (p < 0.01, n = 12), and
159.5  ±  19.2%  at  15  min  (p  <  0.05,  n  =  12;  compared  with
baseline,  Fig.  (1B)).  At  30  min,  the  responses  did  not  show
significant difference with baseline (108.3 ± 16.6%, p > 0.05, n
= 12). Therefore, in the following experiments, no observation
was  conducted  at  time  points  later  than  15  min  after  ES.
Overall,  these  results  demonstrated  that  antidromic  ES
enhances nociceptive mechanical responses with a preference
for stronger mechanical stimuli.

Since  antidromic  activation  of  dorsal  roots  unavoidably
involves excitation of DRG Neurons, we further tested whether
plastic changes of DRG neurons contributed to the antidromic
ES-produced sensitization of primary nociceptive afferents. To
achieve this, we used intradermal CAP injection to prime DRG
neurons in the Sal + CAP group. We have used two ways to
avoid the local effect of CAP on peripheral endings of primary
afferents:  1)  fibers  with  receptive  fields  away  from  CAP
injection  site  were  picked  and  recorded  as  described  in
“MATERIALS  AND  METHODS”;  and  2)  tests  were
conducted 2 h after CAP injection. The latter was based on our
previous study that demonstrates that primary sensitization of
nociceptive  afferents  lasts  up  to  60  min  after  CAP  injection
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Fig. (1). Antidromic Electrical Stimulation (ES) of dorsal roots induced sensitization of peripheral C fibers. A. Representative traces showed the
firing of a single fiber induced by von Frey filaments at baseline, 0, 5, 15 and 30 min after antidromic ES of dorsal roots. Upper panel: the real-time
histogram showing the spike frequency of the fiber with von Frey stimulation. Lower panel: original firing traces from the fiber. B. Pooled data from
12 fibers of 12 rats showed antidromic ES-induced sensitization in firing of fibers to von Frey stimuli. Sensitization exhibited longer duration when
the fibers were challenged with stronger intensity. *, p < 0.05; responses after ES vs. before ES with the stimulus intensity of 20 mN. #, p < 0.05
responses after ES vs before ES with the stimulus intensity of 36 mN.

3.2.  Antidromic  ES-induced  Sensitization  of  Primary
Nociceptive  Afferents  Was  Enhanced  Following  CAP
Injection

Since  antidromic  activation  of  dorsal  roots  unavoidably
involves excitation of DRG Neurons, we further tested whether
plastic changes of DRG neurons contributed to the antidromic
ES-produced  sensitization  of  primary  noci-ceptive  afferents.
To achieve this, we used intradermal CAP injection to prime
DRG neurons in the Sal + CAP group. We have used two ways
to  avoid  the  local  effect  of  CAP  on  peripheral  endings  of
primary  afferents:  1)  fibers  with  receptive  fields  away  from
CAP injection site  were picked and recorded as  described in
“MATERIALS  AND  METHODS”;  and  2)  tests  were
conducted 2 h after CAP injection. The latter was based on our
previous study that demonstrates that primary sensi-tization of
nociceptive  afferents  lasts  up  to  60  min  after  CAP  injection

[17]. In addition, minimal local effect of CAP was confirmed
with  the  observation  that  the  firing  frequency  of  C-fibers
evoked  by  von  Frey  filaments  of  20  and  36  mN at  2  h  after
CAP injection was similar to that in control groups. The firing
for C-fibers to stimuli of 20 and 36 mN at baseline was 1.9 ±
0.5 Hz and 3.4 ± 0.4 Hz, respectively, in the Sal + CAP group,
while the responses were 2.1 ± 0.2 Hz and 3.1 ± 0.3 Hz in the
Sal + Veh group (p > 0.05, n = 16 for Sal + CAP group, and n
=  12  for  Sal  +  Veh  group).  This  confirmed  that  at  this  time
point, primary sensitization induced by CAP has decreased to
the minimal effect.

In  the  Sal  +  CAP  group  (Fig.  2),  16  out  of  18  fibers
showed  enhanced  mechanical-evoked  responses  following
antidromic ES, while the remaining two showed no changes.
Statistical analysis did not reveal a significant difference in the
responsive percentage of the two groups (p > 0.05, Chi square,
data not shown).
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For  the  firing  frequency  induced  by  20  mN in  the  Sal  +
CAP  group  (Fig.  2A  and  C),  immediately  following
antidromic ES (0 min) the firing frequency increased to 161.0
±  14.3%  of  baseline  (p  <  0.05,  compared  to  baseline  of  the
same  group).  At  5  min  after  antidromic  ES,  the  firing
frequency  was  135.0  ±  16.3%,  and  both  were  significantly
higher  than  baseline.  The  enhancement  of  firing  after
antidromic ES was then compared between Sal + Veh and Sal
+ CAP groups. For the magnitude of enhancement, the Sal +
CAP group showed a tendency to be higher  for  the first  two
time points (0 and 5 min) compared with the Sal + Veh group.
However, the differences between groups were not significant
in these or any of the remaining times points (Fig. 2C).

For the responses induced by 36 mN, the Sal + CAP group
showed  much  greater  changes.  Immediately  after  antidromic
ES, the firing frequency was increased to 203.4 ± 18.9% (p <
0.01, compared with baseline of the same group, Fig. (2A and

D). At 5 min after antidromic ES, the firing frequency induced
by 36 mN was even higher with the value of 247.6 ± 37.6%.
We  witnessed  the  largest  sensitizing  effect  at  15  min  post
antidromic ES, which reached 287.5 ± 64.6% of the baseline.
The magnitude of enhancement after antidromic ES was then
compared  between  Sal  +  Veh  and  Sal  +  CAP  groups.  No
significance  was  discerned between the  two groups  at  0  min
after  antidromic ES.  However,  at  5 min after  antidromic ES,
the  fibers  in  the  Sal  +  CAP  group  showed  a  stronger
sensitization  than  the  Sal  +  Veh  group.  The  magnitude  of
enhancement  in  the  Sal  + CAP group was 247.6 ± 27.6% of
baseline,  while  it  was  only  163.3  ±  28.8% in  the  Sal  +  Veh
group (p  < 0.05, Fig. 2D). A similar change was observed at
the  15  minute  time  point,  i.e.  the  antidromic  ES-induced
sensitization was 287.5 ± 34.6% of baseline in the Sal + CAP
group, while the value was 159.5 ± 19.2% in Sal + Veh group
(p  <  0.01,  Fig.  2D).  These  revealed  that  the  time  course  of

Fig.  (2).  Intradermal  injection  of  CAP (2  h)  enhanced the  sensitization  of  C fibers  induced by  antidromic  ES,  while  minocycline  pretreatment
completely blocked the enhancement induced by CAP. A. Representative traces showed the firing of a single fiber at baseline, 0, 5, and 15 min after
antidromic ES of dorsal roots. Upper panel: the real- time histogram showing the spike frequency of the fiber with von Frey stimulation. Lower panel:
original firing traces from the fiber. B. Representative traces showed the firing of a single fiber at baseline, 0, 5, and 15 min after antidromic ES of
dorsal roots. The animal received minocycline 24 h before CAP injection. Upper panel: the real- time histogram showing the spike frequency of the
fiber with von Frey stimulation. Lower panel: original firing traces from the fiber. C. Statistical analysis showed that for firing of C fibers induced by
20 mN von Frey, no significant difference in antidromic ES-induced enhancement was detected among the 3 groups. D. Statistical analysis showed
that firing of C fibers induced by 36 mN von Frey was dramatically increased; while at all the three time points, minocycline showed complete
inhibition. *, p < 0.05; **, p < 0.01; Sal + Veh group compared with Veh + CAP group. #,p < 0.05 and ##,p < 0.01, Min + CAP group compared with
Veh + CAP group.
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sensitization induced by antidromic ES lasted much longer in
Sal  +  CAP  group  than  Sal  +  Veh  group  (15  min  vs  5  min),
strongly indicating that CAP injection has an additive effect on
antidromic ES-induced sensitization of C nociceptive afferent
fibers, possibly by modulating DRG neuronal plasticity.

3.3. Enhancement of Antidromic ES-induced Sensitization
Following  CAP  Injection  was  Inhibited  by  Minocycline
Pretreatment

Our  previous  study  shows  that  inhibition  of  SGCs  by
minocycline reduced the neurogenic inflammation induced by
antidromic  ES  of  dorsal  roots  following  CAP  injection,
strongly  indicating  the  involvement  of  SGCs  in  modulating
sensitization  of  DRG  neuronal  activity  following  CAP
injection [15, 16]. Therefore, we wanted to further investigate
whether such a modulatory effect of SGCs is also involved in
the  enhancement  of  antidromic  ES-induced  sensitization
caused  by  CAP  injection.

Minocycline  was  injected  24  h  before  CAP  injection.
Firstly  we  compared  the  firing  of  C-fibers  at  baseline  to  see
whether there was any effect of minocycline at this time point.
At  baseline,  the  firing  of  C-fibers  was  2.0  ±  0.7  Hz  (before
antidromic ES with 20 mN) and 3.1 ± 0.6 (before antidromic
ES  with  36  mN)  respectively,  which  showed  no  significant
difference  compared  with  animals  receiving  CAP  injection
only (Sal + CAP). Following antidromic ES, 15 out of 19 fibers
in  minocycline  group  (Min  +  CAP)  showed  enhanced
mechanical-evoked  responses.

Statistical analysis did not reveal a significant difference in
the responsive percentage compared with the other two groups
(p  >  0.05,  Chi  square,  data  not  shown).  In  the  Min  +  CAP
group, the firing frequency increased to 3.0 ± 0.4 (induced by
20  mN)  and  4.7  ±  0.8  (induced  by  30  mN)  immediately
following  antidromic  ES.  This  sensitization  effect  was
prominent  until  15  min  following  antidromic  ES.

We  further  compared  the  increased  percentage  in  firing
following antidromic ES in all three groups. However, as for
the sensitization effect induced by antidromic ES, 20 mN von
Frey  stimuli  did  not  produce  a  significant  difference  in
amplitude among three groups (Fig. 2C); while the response of
C-fibers  to  36  mN  von  Frey  showed  a  different  pattern.
Minocycline  significantly  inhibited  the  CAP-induced
enhancement of 36 mN-evoked responses (Fig. 2D). At 0 min
following antidromic ES, the enhancement of C fiber firing to
36  mN was  157.2  ±  14.3% of  the  baseline,  which  showed  a
tendency to be lower than CAP only group (Sal + CAP), but no
significant difference were detected among three groups (Fig.
2D).  At  5  min,  the  enhancement  dropped  to  150.3  ±  17.1%,
which was significantly lower than the CAP only group (p <
0.05).  This  suggested  that  minocycline  showed an  inhibitory
effect  on  the  enhancement  of  antidromic  ES-induced
sensitization. At 15 min, the inhibitory effect was even more
obvious.  The  enhancement  was  121.9  ±  12.8%,  which  was
significantly lower than CAP only group (287.5 ± 64.3%, p <
0.01)  and  comparable  to  the  saline  group  (159.5  ±  26.7%).
Overall, these results provide evidence that DRG neurons are
sensitized following CAP injection and this process is subject
to SGC’s modulation.

4. DISCUSSION

The  main  findings  of  the  current  study  are  that  sensi-
tization of C-fibers can be induced by antidromic ES of dorsal
roots  which  mimicked  DRRs  in  neurogenic  inflammation.
Furthermore,  sensitization  was  enhanced  following  CAP
injection  by  producing  a  priming  effect  on  DRG  neurons.
Interestingly,  the  enhanced sensitization was largely blocked
by  a  glial  inhibitor  minocycline.  Thus,  the  study  provided
further  evidence  that  sensitization  of  primary  nociceptors  is
associated with spinally-mediated retrograde signaling and the
plasticity of DRG neurons, while all these processes are subject
to SGC’s modulation in the DRG.

Retrograde signaling along primary nociceptive C (or Aδ)
fibers  has  been  established  to  contribute  to  neurogenic
inflammation  by  our  and  other  groups  [5,  9,  11  -  13,  15].
However, it still remains inconsistent as to whether antidromic
ES  of  primary  afferents  induces  sensitization  of  primary
afferent nociceptors [23-27]. By using antidromic ES of dorsal
roots,  the  results  of  the  present  study  clearly  point  out  that
antidromic  activation  of  primary  afferent  neurons  and  their
axons  induced  sensitization  of  C-nociceptive  fibers  to
mechanical  stimulation.  In  fact,  we  think  there  are  several
differences  contributing  to  the  discrepancy.  Firstly,  in  some
reports, the authors focused on testing the thermal sensitivity of
C-fibers,  leaving  mechanical  sensitivity  unchecked  [26,  27].
So,  it  is  unknown  whether  mechanical  hyperalgesia  was
affected in their models. Secondly, there is a distinct difference
among  the  preparations.  In  the  other  studies,  the  peripheral
nerves  (either  saphenous  or  sural  nerves)  were  stimulated
antidromically,  while  in  our  present  study  dorsal  roots  were
stimulated  antidromically.  The  biggest  difference  between
these two preparations is that DRG neuronal cell bodies were
activated  when  dorsal  roots  were  stimulated,  while  DRG
neuronal cell bodies were largely untouched in the peripheral
nerve stimulation scenario used in other reports. DRG neuronal
cell bodies are the main pool for receptors and mediators to be
stored and released.

Therefore,  it  is  likely  that  antidromic  ES  of  dorsal  roots
sensitizes the DRG neuronal cell bodies leading to the release
of some inflammatory mediators like CGRP and prostaglandin
E2  from  the  primary  afferent  terminals,  contributing  to  the
mechanical  hypersensitivity  [7].  This  view  is  strongly
supported  by  our  previous  studies  [13  -  15].  Thirdly,  in  our
current  study  we  used  stimulating  parameters  different  from
those  used  by  these  other  groups.  The  parameters  for
antidromic ES of dorsal roots (10 Hz, 1 ms and 3 mA for 10
min) in the current study have been widely used and proven to
be an effective and reliable means for activating C-fibers [15,
22,  28].  Therefore,  the  data  obtained  from  the  current  study
more reliably indicate that retrograde signaling contributed to
mechanical  hyperalgesia  in  neurogenic  inflammation.
However, we did notice that for each group about 10% of C-
fibers  showed  either  no  response  or  decreased  responses  to
antidromic  ES  (data  not  shown).  The  detailed  mechanism  is
unclear  but  we  think  this  was  likely  due  to  a  deteriorative
change  in  the  preparation,  especially  since  we  noticed  this
phenomenon  more  at  the  beginning  of  the  project  when  the
experimenters were gaining technical proficiency.
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Another  important  finding  in  the  present  study  is  that
priming the animals with CAP greatly enhanced the antidromic
ES-induced sensitization of C-fibers. In the Sal + CAP group,
the antidromic ES-induced sensitization was much larger and
the  duration  was  much  longer  (>  30  min)  compared  with
control group (15 min). This enhancement was unlikely due to
the peripheral sensitization produced by CAP injection because
our  previous  report  has  already  shown  that  peripheral
sensitization induced by CAP injection lasted no more than 1 h
[17].  To  address  this  concern,  we  tested  the  effect  of
antidromic  ES  at  2  h  after  CAP injection.  We also  carefully
chose  the  fibers  recorded  with  their  receptive  fields  out  of
sensitized area. Our data showed that the baseline for C fiber
firing before antidromic ES did not differ between groups of
vehicle and CAP treatments. Therefore, enhanced antidromic
ES- induced sensitization following CAP injection should not
be mainly due to the sensitization of fibers or its terminals, but
is most likely related to the neuronal excitability residing in the
DRG. Recently, some reports showed that DRG neurons could
be primed and this might be important for the switch between
acute and long-lasting pain [29].

Another line of evidence supporting this is that our results
showed that antidromic ES of dorsal roots induced sensitization
while  stimulation  of  peripheral  nerves  did  not  induce  such  a
change  [26,  27],  suggesting  the  important  role  of  DRG
neuronal soma in the process. Antidromic ES-induced C-fiber
sensitization has a preference for nociceptive stimuli (20 and
36  mN)  but  not  the  non-nociceptive  one  (8.4  mN).  Notably,
compared  with  the  Sal  +  Veh  group,  the  Sal  +  CAP  group
showed a larger enhancement for firing induced by 36 mN than
that by 20 mN. These changes indicate that antidromic ES had
more  effect  on  the  nociceptive  stimuli,  which  further
demonstrated the important role the hyperactive DRG neurons
play  in  peripheral  sensitization  by  the  mechanism  of
neurogenic  inflammation.

Our  third  finding  is  that  minocycline  almost  completely
blocked  the  enhancement  of  antidromic  ES-induced
sensitization following CAP injection. This is supported by our
previous work in which minocycline reduced the CAP-induced
enhancement of neuronal excitability of DRG neurons and the
resulting  neurogenic  inflammatory  vasodilation  [15,  16].
Minocycline  has  been  widely  used  as  a  glial  inhibitor  and
proved to be glial specific with the current dose of 30 mg/kg
[30].  Therefore,  the  results  from  the  current  study  provide
direct  evidence  of  glial  cell  involvement  in  CAP-induced
neurogenic  inflammation  by  affecting  both  vasodilation  [15]
and afferent sensitization (Fig. 2). Since dorsal roots were cut
and the DRG was included in our preparation,  the glial  cells
potentially  involved  should  be  SGCs,  as  they  are  the
predominant  glial  cells  in  DRGs  [31].  Based  on  this,  it  is
plausible that minocycline affects the process of sensitization
through its actions on SGCs as suggested by our previous work
[16]. Considering their close proximity with neurons, SGCs are
definitely involved in modulating DRG neurons [31].

SGCs can release a variety of cytokines or substances once
activated, such as tumor necrosis factor-α (TNFα), glutamate,
adenosine triphosphate, etc [32-34]. These molecules can affect
the  neuronal  excitability  of  the  DRG  [15,  16].  While  our

current  work  did  not  identify  which  molecules  are  involved,
our previous work strongly indicated that TNFα is one of the
key factors  involved in  the  plasticity  of  DRG neurons in  the
process of neurogenic inflammation [16]. In the scenario of the
present  study,  we  propose  that  minocycline  inhibits  the
activation of SGCs, reducing the release of certain cytokines
such as TNFα. Thus, TNFα is likely serving as a “medium” for
the mutual activation between SGCs and DRG neurons [35].

CONCLUSION

The  present  study  provides  direct  evidence  showing  that
antidromic activity-mediated retrograde signaling in the spinal
cord facilitates sensitization of primary nociceptive afferents in
the  course  of  neurogenic  inflammation.  The  study  also
indicates that the plasticity of nociceptive neurons in the DRG
contributes to this process. One of the underlying mechanisms
is satellite glial modulation.
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