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Abstract

The spinal cord dorsal horn is an important action site for morphine analgesia. Wide-dynamic
range (WDR) neurons in the dorsal horn are essential to spinal pain transmission and show
increased excitability after repetitive noxious drive (windup). In light of differences in mu-opioid
receptor distribution and neurophysiological properties of WDR neurons between deep and
superficial dorsal horn, we recorded extracellular single-unit activity of WDR neurons from deep
(350-700 m) and superficial (<350 wm) dorsal horn in C57BL/6 mice and compared their
responses to spinal superfusion of morphine (0.5 mM, 30 wl) and naloxone (1 mM, 30 l). The
windup level to repetitive electrical stimulation of 1.0 Hz (16 pulses, suprathreshold for C-fiber
activation, 2.0 ms) was significantly decreased by morphine in deep (n=8), but not superficial
(n=11), WDR neurons. However, the steady C-component response to graded intra-cutaneous
electrical stimuli (0.01-5.0 mA, 2 ms) was significantly depressed by morphine only in superficial
neurons. In separate experiments, spinal administration of naloxone facilitated the development of
windup to 0.2 Hz stimulation in deep (n=10), but not superficial (n=8), WDR neurons.
Accordingly, morphine and naloxone modulation of neuronal activity may be related to a specific
effect on neuronal sensitization/plasticity in deep WDR neurons, whereas morphine inhibition
may depress acute noxious inputs to superficial WDR neurons. Our study suggests that mu-
opioidergic modulation may be different in deep and superficial WDR neurons.
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1. Introduction

Sensory information from primary afferents is processed by complex neuronal circuits in the
spinal cord dorsal horn [29,30]. The wide-dynamic range (WDR) subtype of dorsal horn
neuron represents an important component in the network of spinal pain transmission [13].
Importantly, they also function as an essential cellular mediator of a state of central neuronal
hyperexcitability induced by repetitive noxious drive, which may underlie persistent pain
and hyperalgesia [11,19]. Repetitive electrical stimulation of C-fibers (>0.3 Hz)
progressively increases the response of WDR neurons to subsequent C-fiber input. This
process, known as windup, is an electrophysiological phenomenon that results from slow
temporal summation of C-fiber—-mediated responses of dorsal horn neurons and represents a
short form of activity-dependent neuronal plasticity [15,19]. Central processes of
nociceptive and thermoreceptive As- and C-afferent sensory neurons mainly terminate in
the superficial dorsal horn [30]. The projection patterns of different primary afferents (e.g.,
C-fibers and A-fibers) and intrinsic neuronal components (e.g., inhibitory and excitatory
interneurons) differ between superficial (laminae I-111) and deep (laminae 111-V) dorsal horn
[1,2,30]. Increasing evidence suggests that deep dorsal horn neurons, including the WDR
subtype, possess neurophysiological properties that are different from those of superficial
neurons [2,10,21,23]. In particular, deep WDR neurons tend to show a greater neuronal
excitability in response to repetitive noxious stimuli, such as windup, than do superficial
ones [15,25]. Yet, most studies that have tested the effects of drugs and roles of WDR
neurons in pain have focused on deep WDR neurons.

Mu-opioids, such as morphine, remain the mainstay of analgesics used for the clinical
treatment of severe and chronic pain states. The dorsal horn is an important site for
morphine analgesia. Morphine depresses peripheral noxious inputs and inhibits secondary
dorsal horn neurons by activating pre- and postsynaptic mu-opioid receptors (MORs) [18].
MORs are expressed mostly in small-diameter afferent sensory neurons, and more than 70%
of all MORs in the spinal cord are located on C-fibers that terminate in the superficial dorsal
horn [3,18]. Because both MOR distribution and the neurophysiologic properties of WDR
neurons differ between deep and superficial dorsal horn, we hypothesized that the effect of
morphine on acute neuronal response and plasticity may also differ between the two
subpopulations. Accordingly, we compared the effects of spinal superfusion of morphine
(0.5 mM) on the steady C-component response to graded electrical stimulation and on the
windup to repetitive noxious inputs between deep and superficial WDR neurons in mice.
Dorsal horn neuronal plasticity is also modulated by endogenous opioids [11,16,24].
Previously, we showed that spinal application of naloxone enhanced windup in WDR
neurons [11]. However, because a high dose of naloxone (10 mM, 30 p.l) was used in the
previous work and potential nonselective drug actions may be a concern, we further
examined whether naloxone at a dose 10-fold lower (1 mM, 30 p.l) can also facilitates
windup.

2. Materials and Methods

All procedures were reviewed and approved by the Johns Hopkins University Animal Care
and Use Committee as consistent with the National Institutes of Health Guide for the Use of
Experimental Animals to ensure minimal animal use and discomfort.

2.1. Animals and surgery

The detailed procedure has been described in our previous studies [11,12]. In brief, male
C57BL/6 mice, aged 12-24 weeks (25-35 g), were anesthetized with sodium pentobarbital
(70-80 mg/kg, i.p., Sigma-Aldrich, St. Louis, MO). A laminectomy was performed at
vertebral levels T12-L1 to expose the lumbar spinal segments. To facilitate controlled
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ventilation (120-140 cycles/min, stroke volume 0.2-0.3 ml) and to eliminate muscular
contractions during electrical stimulation, we used pancuronium bromide (0.15 mg/kg, i.p.,
Elkins-Sinn Inc., Cherry Hill, NJ) to paralyze the mice during neurophysiologic recording.
Anesthesia was subsequently maintained with isoflurane (1.5%, Baxter, Deerfield, IL)
throughout the experiment.

2.2. Dorsal horn neuron recording

Detailed procedure has also been described previously [11]. Tungsten microelectrodes (8
mQ at 1 kHz; Frederick Haer & Co., Brunswick, ME) were used to make extracellular
recordings of the activity of individual dorsal horn neurons with defined receptive fields in
the plantar region of the hind paw. A real-time computerbased data acquisition and
processing system (DAPSYS 6; Brian Turnquist, Johns Hopkins University) provided
window discriminators for real-time sorting of different action potential (AP) waveforms
(for details go to http://www.dapsys.net). Depth of recording site was estimated from the
micro-positioner coordinate reading (model 650 D; David Kopf Instruments, Tujunga, CA),
which has been shown to be comparable to that confirmed histologically [22,31]. Superficial
(<350 wm) and deep (350-700 m) neurons were identified according to their recording
depths [11].

2.3. Experimental protocol

WDR neurons were characterized by using mechanical stimuli with intensities that ranged
from mild to noxious texture: brushing skin with a small brush, indentation of the plantar
skin with 1.4 g (diameter: 0.26 mm) and 4.0 g (diameter: 0.35 mm) force of von Frey
monofilaments, and pinching the skin with a small serrated forceps. Neurons that responded
with increased firing rates to increasing intensity of stimuli were classified as WDR cells
[11,17]. WDR neurons show both A-fiber—and C-fiber—-mediated responses to a single intra-
cutaneous electrical stimulus that is suprathreshold for C-fiber activation. Based on the axon
conduction velocities, the evoked response can be separated into three components: A-fiber-
mediated responses (0-40 ms), C-fiber-mediated responses (40-250 ms), and with some
neurons, a post-discharge (250-1000 ms) (Fig. 1A).

In pre-drug baseline tests, we established the stimulus-response functions (S-R function) of
C-fiber—-mediated responses to acute intra-cutaneous electrical stimuli applied in steps
(0.01-5.0 mA, 2 ms) and then examined windup to a train of computercontrolled electrical
stimuli (16 pulses, suprathreshold for C-fiber activation, 2.0 ms) applied at frequencies of
0.2 Hz and 1.0 Hz. Electrical stimuli were applied through a pair of fine needles inserted
subcutaneously into the receptive field. At 15-30 min after baseline tests, drug solution was
applied topically onto the recording spinal segment and left in place. Response profiles to
the same series of test stimuli were examined from 15 to 30 min after drug application, a
time period of peak drug effect. Because the drug diffusion range and elimination rate were
unknown under these experimental conditions, we tested only one neuron in each animal for
drug effects. Drugs examined included morphine (0.5 mM, 30 pl) and naloxone (1 mM, 30
pl). Saline (0.9%) was used as a control. The investigator who performed the experiment
was blinded to the drug conditions.

2.4. Data analysis

The primary parameter for windup analysis was the number of APs in the C-component
evoked by each stimulus in the train. Windup curves were then created by plotting the
number of APs against the stimulation number in a train of 16 stimuli. The “absolute
windup” value was calculated as (total number of APs evoked by the train) — (16 x input),
where “input” is defined as the number of APs evoked by the first stimulus of the train.
Because our pilot study showed that morphine changes inputs in some WDR neurons, the
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absolute windup, which measures the change in total number of APs during repetitive
stimulation, was used for quantifying windup level. The number of APs in the C-component
evoked by graded electrical stimuli was used to establish the S-R function. A two-way
repeated-measures ANOVA was used to compare windup, input, and S-R function between
pre-drug and post-drug conditions. The Tukey honestly significant difference post-hoc test
was used. p<0.05 was considered statistically significant. Data are presented as mean +
standard error of mean (SEM).

3.1. Superfusion with morphine exerts different modulatory effects on deep and superficial
WDR neurons

Repetitive electrical stimulation at 1.0 Hz, but not 0.2 Hz, induced a progressive increase in
the C-component to the subsequent stimulus in some WDR neurons (Fig. 1A). Spinal
superfusion with morphine (0.5 mM, 30 wl), but not saline (Fig. 1B, n=8), depressed the
windup curves to 1.0 Hz stimulation in both deep (n=8, mean depth: 443+34 um) and
superficial (n=11, mean depth: 178+20 p.m) WDR neurons (Fig. 1C, D). However, further
quantification analysis showed that morphine significantly decreased absolute windup (1.0
Hz), a measure of windup level that disregards the change in input, in deep, but not
superficial, WDR neurons (Fig. 1E). In contrast, the same morphine treatment significantly
decreased the input value only in superficial WDR neurons. Morphine also significantly
depressed the S-R function of C-component to graded electrical stimuli in superficial WDR
neurons (Fig. 1F).

3.2. Spinal administration of naloxone facilitates windup to 0.2 Hz simulation in deep WDR

neurons

In a separate group of animals, naloxone (1.0 mM, 30 pwl) facilitated windup in deep WDR
neurons (n=10, mean depth: 45528 wm) to the lower frequency stimulation of 0.2 Hz,
which normally is an ineffective frequency for inducing windup (Fig. 2A-D). The effect of
naloxone began a few minutes after drug application and lasted for at least for 30 min (Fig.
2B). The absolute windup to 0.2 Hz stimulation was also significantly increased from the
pre-drug value after drug treatment (Fig. 2E). Although there was a trend toward increased
windup (windup curve and absolute windup value) at 1.0 Hz stimulation in deep WDR
neurons, these changes did not reach statistical significance. In superficial WDR neurons
(n=8, mean depth: 211+17 wm), naloxone did not change windup curves significantly, but it
did increase the absolute windup value at 1.0 Hz stimulation. Naloxone did not induce a
significant change in input or S-R function in deep or superficial WDR neurons (Fig. 2F).

4. Discussion

The spinal cord dorsal horn is an important site for opioidergic control of nociceptive
transmission. We show that windup, a short form of neuronal sensitization to repetitive
noxious inputs, was most affected by morphine and naloxone in deep WDR neurons.
However, the steady C-component response of deep WDR neurons to acute noxious inputs
(e.9., S-R function) was largely unchanged. In contrast, morphine significantly depressed the
steady response, but not the windup, in superficial WDR neurons. Accordingly, mu-
opioidergic modulation may be different in deep and superficial WDR neurons.

How does the same dose of drug exert different actions on deep and superficial WDR
neurons? Although the exact molecular mechanism remains to be determined, it may involve
the following factors: 1) Different distributions of MOR in superficial and deep dorsal horn.
Over 70% of the total MOR sites are on the afferent terminals that terminate mostly in the
superficial dorsal horn [3,18]. Thus, the predominant site for muopioidergic modulation is
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pre-synaptic on these afferent terminals. A much lower concentration of MORs is found in
deeper layers, and is more likely located at postsynaptic neurons. Activation of pre-synaptic
MORs strongly inhibits the release of excitatory neurotransmitters from C-fiber terminals at
superficial dorsal horn [20,26]. Thus, spinal topical application of morphine may preferably
inhibit the steady C-component of superficial WDR neurons to graded electrical stimuli
because MOR-expressing C-fibers predominantly terminate in this area. Therefore, the
powerful antinociception elicited by intrathecal morphine involves a potent depression of
peripheral noxious inputs in superficial dorsal horn neurons, including the WDR subtype. 2)
Different neurophysiological properties of superficial and deep WDR neurons. Increasing
evidence suggests that deep dorsal horn neurons possess neurophysiological properties that
are different from those of superficial neurons [2,10,21,23]. Deep WDR neurons tend to
show a greater neuronal excitability in response to repetitive noxious stimuli, such as
windup, than do superficial ones [15,25]. Although morphine depressed the windup curves
in both deep and superficial WDR neurons, it decreased the absolute windup value
(indicating windup level) and the slope of the windup curve (indicating the rate of windup
development) to 1.0 Hz stimulation mostly in deep WDR neurons. Windup reflects a short-
term amplification mechanism in the spinal cord. Thus, activation of MORs modulates the
progress of activity-dependent neuronal sensitization that involves WDR neurons, especially
those located in deep dorsal horn. It is noteworthy that although morphine attenuated
windup, it did not completely eliminate the eventual temporal summation of deep WDR
neurons. This finding supports previous results that windup can break through the morphine
inhibition, even when the steady C-component response of the cell has been significantly
depressed [4,8]. 3) Network mechanism. Unlike superficial neurons, which may receive
monosynaptic inputs from MOR-expressing C-fiber terminals, C-fiber inputs onto deep
WDR cells may largely rely on polysynaptic transmission (i.e., relayed via interneurons).
Although some deep neurons may be functionally linked to the superficial neurons, the
effect of drug on deep WDR neurons can be different from that on superficial neurons,
because it reflects the combined drug action on afferent terminals, superficial neurons, deep
neurons bearing MORs, and interneurons in contact with them. In addition, superficial and
deep dorsal horn neurons may be under different descending modulatory control from
supraspinal structures. Superficial cells, especially lamina | neurons that express NK-1
receptor, are important in inducing a descending pain modulation through a spinal-
supraspinal loop [28]. Accordingly, a change in superficial neuronal activity may
subsequently affect the activity of deep neurons and the effect of drug on them via both
network mechanism and descending pathways.

It remains unclear how windup, but not the steady C-component response, is inhibited by
morphine in deep WDR neurons. It would appear that mechanism by which morphine
inhibits windup in deep WDR neurons is different from that by which it inhibits the steady
C-fiber inputs in superficial dorsal horn. Windup is considered to be a central phenomenon
that relies primarily on temporal summation of slow cumulative depolarization of the
postsynaptic neurons [15,27]. If morphine inhibition of windup involved activation of
postsynaptic MORs to induce hyperpolarization in deep WDR neurons, both steady C-
component and windup component would be affected. However, this was not the case.
Previously, NMDA antagonists were shown to specifically affect the windup component,
while not altering the steady C-component or the inputs onto the cells [7]. It is possible that
interaction between MOR and NMDA may also be involved in morphine inhibition of
windup in deep WDR neurons [21]. Other factors, including presynaptic mechanisms,
postsynaptic receptors, membrane properties, and the network may also affect windup
modulation by morphine. Others have shown that systemic administration of morphine
induces significant inhibition of deep dorsal horn neuronal activity [6,9]. The discrepancy
between their findings and ours may be due in part to different doses and routes of drug
administration. The mild inhibition of steady response in deep WDR neurons by morphine
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in the current study may also be due to low MOR expression level and poor drug penetration
to deep dorsal horn.

The endogenous opioidergic system is important for modulating spinal nociceptive
processing. Endogenous opioids, such as endomorphine, are released into spinal cord from
many sources after intense/repetitive nociceptive drive [32]. Spinal topical application of
naloxone at a dose 10-fold lower than that used in our previous study did not change the S-R
functions in deep or superficial WDR cells, but facilitated windup to repetitive electrical
stimuli. We think that this facilitation is caused by a loss of endogenous inhibitory
modulation. In general, these findings are consistent with those of our previous work with
10 mM naloxone and the work of others [11,14,23]. Accordingly, the endogenous
opioidergic system may be activated by repetitive noxious inputs to counteract the
development of neuronal sensitization. It is possible that naloxone at the dose tested in the
current study may not represent the lowest dose required to block endogenous activation of
opioid receptors, and hence even lower doses (e.g., 0.01 mM) may still be effective. The
potential mechanisms underlying naloxone facilitation of windup have been described in
detail in our previous study [11]. It needs to be noted that, as to most /n vivo extracellular
recordings, the neuron being recorded may be a small distance away from the recording site,
even with using the fine-tip and high impedance micro-electrode. Thus, the depth of
recording site may not precisely reflect the depth for each neuron.

In summary, our results suggest that MOR activation may differentially modulate deep and
superficial WDR neuronal plasticity and excitability, supporting previously reported
findings [5]. Therefore, systemic and spinal morphine analgesia may involve differential
regulation of nociceptive processing in superficial and deep dorsal horn. The interplay
between opioidergic inhibitory mechanisms and excitatory mechanisms may ultimately
determine spinal pain transmission and neuronal sensitization to repetitive noxious inputs.
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Fig. 1. Spinal administration of morphineinduces different inhibitory effects on deep and

superficial WDR neurons

(A) Analog recordings of action potential (AP) responses of a WDR neuron to the first,
fourth, eighth, and twelfth stimuli of a train of windup-inducing electrical stimuli (1.0 Hz,
supra-C threshold, 2.0 ms). The WDR neuron displayed a progressive increase in the
number of APs in the C-component (windup) and after-discharges. The A-component and
C-component were divided by the early (0-40 ms) and late (40-250 ms) latencies to a single
intracutaneous electrical stimulus. (B) The number of APs in the C-component of WDR
neurons (n=8, 5 deep, 3 superficial) in response to repetitive electrical stimulation (0.2 Hz

and 1.0 Hz, 16 pulses, supra-C threshold, 2.0 ms) was not changed by topical spinal

application of saline. The C-component responses in (C) deep (350-700 pm, n=8) and (D)
superficial (<350 pm, n=11) WDR neurons to 0.2 Hz and 1.0 Hz electrical stimuli were
decreased 15-30 min after spinal superfusion of morphine (0.5 mM, 30 p.l). (E) The input
(number of C-component responses evoked by the first stimulus of the train) and absolute
windup values before and after morphine treatment in superficial and deep WDR neurons.
Absolute windup = (total number of APs evoked by the train) — (16 x input). (F) Stimulus-
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response (S-R) functions of the steady C-component response to graded electrical stimuli
(0.01-5.0 mA, 2.0 ms) were significantly depressed in superficial, but not deep, WDR
neurons 15-30 min after morphine treatment. Data are expressed as mean + SEM. * p<0.05
versus input, # p<0.05 versus pre-drug baseline.
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Fig. 2. Spinal administration of naloxone facilitates the development of windup in responseto 0.2
Hz stimulation in deep WDR neurons

(A) Histograms show that the evoked responses of a WDR neuron to 0.2 Hz intra-cutaneous
electrical stimuli (16 pulses, supra-C threshold, 2.0 ms) were markedly increased after
naloxone treatment (1 mM, 30 pl). Bin sizes were 10 ms. (B) Representative graphs show
the time course by which naloxone facilitates windup in a deep WDR neuron (476 m) at
0.2 Hz and 1.0 Hz stimulation. The windup curves show the C-component responses in (C)
deep (350-700 m, n=10) and (D) superficial (<350 pm, n=8) WDR neurons to 0.2 and 1.0
Hz electrical stimuli before and 15-30 min after spinal superfusion of naloxone. (E) The
input and absolute windup values before and after morphine treatment were plotted for the
various frequencies in deep and superficial WDR neurons. (F) Stimulus-response (S-R)
functions of C-component in deep and superficial WDR neurons to graded electrical stimuli
(0.01-5.0 mA, 2 ms) did not change 15-30 min after naloxone treatment. Data are expressed
as mean + SEM. * p<0.05 versus input, # p<0.05, ## p<0.01 versus pre-drug baseline.

Neurosci Lett. Author manuscript; available in PMC 2014 August 09.



