
Introduction

Low-back pain and sciatica are significant clinical prob-
lems in modern society. However, despite extensive re-
search there are still insufficient data to explain fully the
pathophysiology of low-back pain and sciatica, and asso-
ciated paresthesia. Sciatica, the radiating leg pain that of-
ten accompanies low-back pain, may be due to irritation
of nerve roots caused by mechanical compression, venous
congestion or exposure to inflammatory chemicals. Re-
sults of clinical studies indicate that inflamed or irritated
spinal roots could be the source of sciatica [21, 35]. Other
studies suggest that injury-induced inflammation in disc

herniation could be one of the possible reasons for low-
back pain [17, 32]. It has also been shown that autologous
nucleus pulposus itself is able to produce inflammatory
and degenerative changes when injected into the epidural
space in dogs [24] and in pigs [27]. Inflammation in these
cases may potentially be induced by direct chemical irri-
tation from the nucleus pulposus material [23, 25, 27]
and/or it may be an autoimmune response to the nucleus
pulposus from the surrounding tissues [17].

Several algesic chemicals have been shown to be ex-
pressed in human herniated disc specimens, including in-
terleukin-1 beta (IL-1β) [37], interleukin-6 (IL-6) [20, 37]
and tumor necrosis factor (TNF) [37]. There is an exten-
sive body of research that supports the critical roles of
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these cytokines in the etiology of pain. In arthritic patients,
IL-1β is elevated in both their plasma and synovial fluid
level as compared to levels obtained from normal popula-
tions [10]. IL-1β shows a potent proinflammatory and hy-
peralgesic action in animal models [6, 11, 13] by stimulat-
ing the synthesis and release of other mediators of inflam-
mation and hyperalgesia including nitric oxide, prosta-
glandins, and substance P [9]. Furthermore, in association
with IL-1β expression, there appears to be an increased
expression of nerve growth factor [22] and bradykinin B1
receptors [6] along with alterations in sympathetic fiber
activity [2, 34].

In addition to IL-1β, there are significant findings that
implicate the role of IL-6 in the inflammatory response of
the nervous system. IL-6 has been shown to be produced
both locally, at the site of peripheral nerve injury, and cen-
trally, in response to nerve damage [7]. Kang et al. [20]
demonstrated that herniated human lumbar intervertebral
disc tissue spontaneously produces high levels of IL-6.
Elevated human serum IL-6 levels have been detected in
patients with rheumatoid arthritis, ankylosing spondylitis
or non-inflammatory back pain [15]. Xu et al. [41] re-
ported that IL-6 deficient mice had a significantly lower
response threshold to both mechanical and thermal stimu-
lation in comparison to normal controls after localized
carrageenan injection. DeLeo et al. [7] showed that IL-6
produced allodynia in normal rats and thermal hyperalge-
sia in rats with previously lesioned sciatic cryoneurolysis.
Hori et al. [18] demonstrated that IL-6 and TNF induced
hyperalgesia in a prostanoid-dependent way in rats. These
reports suggest that IL-6 may be involved in the cascade
of events leading to the development and maintenance of
neuropathic pain.

Another important cytokine related to inflammatory re-
sponses is TNF. Intra-plantar injection of exogenous TNF
induces mechanical [5] and thermal [31] hyperalgesia,
presumably by activation and/or sensitization of nerve ter-
minals. In addition, TNF induces ectopic activity in noci-
ceptive primary afferent fibers [36]. TNF and IL-1β were
reported to enhance pain response following administra-
tion of illness-inducing substances such as lithium chlo-
ride and endotoxin [26].

Given the suggested important roles of IL-1β, IL-6,
and TNF in the literature, the current study sought to de-
termine the response of the application of these cytokines
on dorsal roots in an established electrophysiological
model in the rat. In the present study, changes in the elec-
trophysiological parameters were followed over time. These
parameters were multi-unit discharge activity, identified
single-unit discharge activity, and mechanosensitivity of
the receptive fields. Elucidation of the physiological ef-
fects of these proinflammatory cytokines on nerve roots
will provide insight into understanding the etiology of low-
back pain and sciatica.

Materials and methods

Preparation of the animals

All procedures were approved by the Animal Investigation Com-
mittee at Wayne State University. Twenty-three adult male Sprague-
Dawley rats weighing 350–400 g were used. They were sedated and
anesthetized by intramuscular injection of ketamine hydrochloride
(43 mg/kg), xylazine (7 mg/kg) and torbutrol (0.1 mg/kg) as needed
throughout the experiment.

A midline dorsal longitudinal incision was made over the lum-
bar spine, and the multifidus muscles were removed along the
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Fig.1 Diagram of rat lumbar
spine showing the electrophys-
iologic experimental set-up.
The hollow arrow indicates the
site of application. The S1 dor-
sal root was separated into the
three rootlets. All dorsal roots
and rootlets were intact to the
spinal cord (shown cut for il-
lustration purposes)



L3/S2 spinous processes. An L4/S1 laminectomy was performed
with fine bone rongeurs, and the dura was exposed. The rat spine
was secured at the third lumbar and second sacral spinous
processes by means of a spine-holding device. A pool was formed
from skin flaps, and the spinal cord was covered in warm (37°C)
mineral oil (Fig.1).

Extracellular recording

Identification of multiple units

After opening the dura, the left S1 dorsal root was carefully sepa-
rated into two to three rootlets and draped over a dual-bipolar plat-
inum-recording electrode at the L5 disc level. The S1 dorsal rootlets
contained afferent impulses (units) from nerve fibers innervating
the base of the tail (receptive field) with higher mechanical thresh-
olds. This rootlet was identified and studied. Multi-unit recordings
were made from intact sacral dorsal roots.

The impulses on two channels were amplified, monitored on an
oscilloscope and an audio-monitor, digitized and analyzed using
PC-based spike discrimination and frequency analysis software.
All software was part of the Enhanced Graphics Acquisition and
Analysis system (EGAA; R.C. Electronics, Goleta, Calif.). For de-
tailed analysis later, the data were also simultaneously recorded on
an analog tape recorder (MR-30; TEAC, Montebello, Calif.).

Identification of single units

In each experiment, recorded multi-unit activity was later analyzed
via the EGAA software system for differentiating the single units.
A single unit present in both channels was identified by its ampli-
tude and its conduction velocity. They were discriminated and an-
alyzed by the EGAA system software in the same way as the multi-
unit recordings were analyzed. The advantage of characterizing
conduction velocities (CVs) of single units is that implications can
be drawn about the effect of cytokines on neurons with different
axonal diameters that serve different functions. Group IV, C fibers
(0.5–2 µm diameter, unmyelinated) primarily carry pain, itch, tem-
perature, and crude touch; group III, A-delta fibers (1–5 µm diam-
eter, finely myelinated) [33] transmit pricking pain, temperature,
and crude touch sensations to the central nervous system; and
group II, A-beta fibers (5–12 µm diameter, myelinated) predomi-
nantly innervate muscle spindles.

To calculate the conduction velocities (CVs), the distance be-
tween the recording electrodes was measured (in millimeters), and
this was divided by the onset latency (in milliseconds) of the
evoked response. The units that had a conduction velocity of less
than 2.5 m/s were classified as group IV, and those with a velocity
of between 2.5 and 20 m/s as group III units. Group II units were
in the range of 20–70 m/s. Units with CVs more than 70 m/s were
classified as group I units (12–20 µm diameter, large myelinated;
A-alpha fibers).

Mechanosensitivity measurements

In each experiment, mechanosensitivity of the receptive field was
probed. The receptive field (responsive area) was identified at the
base of the tail with a fine-tipped glass probe. It was then stimu-
lated with calibrated nylon filaments, with the compression magni-
tude ranging from 0.4 to 24.4 g (Aesthesiometer; Stoelting, Wood
Dale, Ill.). Mechanical threshold was characterized by using succes-
sively stronger nylon filaments until the nerve began to fire (increase
in discharge rate). Mechanosensitivity was determined 30 min be-
fore cytokine application (baseline) and every 30 min subsequent
to the application of cytokine.

Application of IL-1β, IL-6, and TNF

IL-1β, IL-6, or TNF (Pepro Tech, Rocky Hill, N.J.) were diluted to
5 µg/ml in 0.9% buffered saline, pH 7.4. After characterizing the
receptive field, 20 µl (100 ng) of IL-1β (n=6), IL-6 (n=5), TNF
(n=6) or vehicle alone (n=6) was applied onto the dorsal root of in-
terest, distal to the recording electrodes. Since the vehicle was wa-
ter based, the mineral oil pool kept the solution in place where it
was applied onto the dorsal root.

Discharge rate changes

The discharge rate of the units was followed for over 3.5 h for each
experiment. First, spontaneous baseline neural activity (discharge
rate) was recorded. Once the stable baseline activity was estab-
lished, successive recordings were made throughout the experiment;
15 and 5 min prior to application, continuous recording 1 min be-
fore until 5 min after the application, 10 and 15 min after the ap-
plication, and every 15 min thereafter. In addition, any sudden
change of activity, observed on the oscilloscope, audiomonitor, or
simultaneous EGAA histogram, was recorded until the activity sta-
bilized for at least 2 min.

Data acquisition and statistical tests

The data, stored on an analog cassette tape, were later digitized and
analyzed using spike discrimination and frequency analysis soft-
ware. EGAA template matching, pattern recognition or window
discrimination system software was used to discriminate and count
spikes. The spontaneous background activity from each experi-
ment was studied as spontaneous discharge rate and calculated as
impulses per second (imp/s). The change in discharge rate for each
experiment was also studied and expressed as a percentage change
from the baseline spontaneous discharge rate. Data of the threshold
for mechanosensitivities were also examined in detail for each
analysis via EGAA system software. The data were grouped with
respect to the type of applications and the conduction velocities.
For statistical analysis, time effects were analyzed by repeated-
measures analysis of variance (ANOVA) within groups as well as
between-subjects within the groups. Pairwise comparison [Post
Hoc (Scheffe)] tests were used to analyze the differences between
the groups at corresponding time points. P-values less than 0.05
were considered significant. The averages are given as the mean ±
standard error of the mean (SEM). The statistical results were cat-
egorized as (i) changes in the entire trend over time, (ii) changes at
individual time points compared to previous activity, (iii) for each
unit, whether that unit represents its group in the application under
analysis, and (iv) comparison of the response patterns of different
groups.

Results

Multi-unit discharge rate

Comparison of the response patterns

When the average discharge rate of each cytokine and ve-
hicle application group was analyzed over time, a different
response pattern was generated for each (Fig.2A, Fig.3A,
Fig.4A; P<0.003).

• IL-1β applications (Fig.2A, n=6): For IL-1β, the only
significant increase observed was at the time of appli-
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cation (P<0.04). The discharge rate remained very sta-
ble for over 2 h 45 min, and significantly decreased af-
ter 3 h (P<0.02).

• IL-6 applications (Fig.3A, n=5): IL-6 demonstrated a
trend of decreased rate of multi-unit activity over 3 h
(P<0.007). The turning point of this significant decrease
was at 1 h 45 min after the application (P<0.037).

• TNF applications (Fig.4A, n=6): Among the four ap-
plications, the multi-unit discharge rate was the most
significantly decreased over time with TNF (P<
0.0001). The first significant decrease was observed at
75 min after the application, and remained low for an-

other hour (P<0.047). After a brief return to baseline at
135 min, the discharge rate decreased again at 150 min
(P<0.003).

• Vehicle applications (n=6): After vehicle applications
no statistically significant changes in discharge rate
were observed.

Mechanosensitivity of the receptive fields

• IL-1β applications (Fig.2B, n=6): The threshold for the
mechanical sensitivity of receptive fields showed a sig-
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Fig.2A,B Application of 
100 ng of interleukin-1 β
(IL-1β; n=6) in 20 µl buffered
saline solution (pH 7.4). A The
ratio of the average multi-unit
discharge rate after the IL-1β
application to the rate before
the application over time. In all
IL-1β experiments the response
patterns showed similarity
(P<0.00001). There was an in-
crease in discharge rate during
the application (P<0.04) fol-
lowing a decrease in trend over
3 h (P<0.02). B Changes in
mechanosensitivity of the re-
ceptive fields after the IL-1β
applications (n=6). At 90 min
after the application the recep-
tive fields were activated by
lower mechanical stimuli than
before the application (indicat-
ing hypersensitivity)

Fig.3A,B Application of 
100 ng of interleukin 6 (IL-6,
n=5). A At 105 min there 
was a significant decrease
(P<0.037). Overall, in all IL-6
experiments, the response pat-
terns showed similarity, and all
showed statistically significant
decreases over time (P<0.007).
B No changes in mechanosen-
sitivity of the receptive fields
were observed over time



nificant decrease (increased sensitivity) only at 1.5 h af-
ter the applications (P<0.04).

• IL-6 applications (Fig.3B, n=5): No change in mechano-
sensitivity was observed at any point.

• TNF applications (Fig.4B, n=6): Overall, the trend of
changes in mechanosensitivity throughout the experi-
ments was statistically significant (P<0.035). A signifi-
cant decrease in mechanical threshold (increased mech-
anosensitivity) was observed only at 1.5 h and 2 h after
the TNF application (P<0.046 in comparison to the pre-
vious threshold levels).

• Vehicle applications (n=6): No change in mechanosen-
sitivity was observed at any point.

Conduction velocities (CVs) and classification 
of single units

A total of 70 units were individually identified. Forty-eight
of the 70 units in this study were in the range of group III
(2.5–20 m/s). Twenty-two units with CVs of 20–70 m/s
were classified as group II.
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Fig.4A,B Application of 
100 ng of tumor necrosis factor
(TNF, n=6). A The discharge
rates in all six TNF experi-
ments showed similarity in the
response patterns and all de-
creased over time (P<0.05). 
B The mechanosensitivity of
the receptive fields displayed
similar response patterns and
all decreased at 90 min for 1 h
(P<0.04)

Fig.5A,B The group III unit
(8.81±1.44 m/s; n=16) after the
100 ng IL-1β applications. 
A The discharge rate showed a
significant decrease over time
(P<0.0004) after a transient in-
crease at 5 min (P<0.006). 
B The receptive field mech-
anosensitivity of the group III
units were first decreased from
11.5±1.0 g to 7.5±1.3 g at 
30 min after the applications
(P<0.0005) and remained sig-
nificantly lower over 3 h
(P<0.0005)



IL-1β applications

In the six animals, 16 group III units (8.81±1.44 m/s) were
identified. They showed a significant decrease in discharge
rate at 10 and 15 min after the IL-1β applications. After a
brief return to the baseline at 30 min, the discharge rate
was significantly decreased again at 45 min and remained
at a decreased level until 105 min (Fig. 5A, P<0.02). In the
remainder of the experiment the discharge rate returned to
the baseline. The receptive fields became more sensitive
to the mechanical stimuli beginning at 30 min after the 
IL-1β applications. The threshold decreased from 11.5±1.0
to 7.5±1.3 g (P<0.0005) and remained significantly lower
over 3 h (Fig.5B, P<0.0005). The largest decrease was ob-
served at 90 min after the application (P<0.0001).

Group II (36.75±6.33 m/s, n=10) units, however, did
not show any significant change in discharge rate over time.
Their mechanosensitivity on the other hand displayed a
decrease at 2 h after the IL-1β application (P<0.02, data
not shown).

IL-6 applications

In the five animals subjected to IL-6 applications, group
III units (8.29±0.85 m/s, n=14) exhibited an initial in-
crease during the application (P<0.0002), then the dis-
charge rate gradually decreased over 3 h (Fig.6, P<0.008).
On the other hand, five group II units (57.40±7.48 m/s)
examined did not display any changes over time (data not
shown). There was also no significant change in mechano-
sensitivity in either group II and III units over time (data
not shown).

TNF applications

In six applications of TNF, group III units (7.44±1.18 m/s,
n=16) demonstrated a significant increase in discharge
rate at the time of application up to 15 min (P<0.03), then
decreased over 1 h (P<0.03), and remained decreased over
time (Fig.7A, P<0.0001). The mechanosensitivity of the
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Fig.6 The discharge rates of
the 14 group III units (8.29±
0.85 m/s) after the 100 ng IL-6
applications. The discharge
rate displayed a significant de-
crease over time, except for
during the application, when
the rate increased (P<0.008)

Fig.7A,B The group III unit
(7.44±1.18 m/s, n=16) after 
the 100 ng TNF applications. 
A The discharge rate of the
units was increased signifi-
cantly for 15 min (P<0.03),
then decreased over 1 h (P<
0.03) and remained decreased
over time (P<0.0001). B The
mechanosensitivity of the re-
ceptive fields of the group III
units displayed a significant re-
sponse pattern over time (P<
0.0005). Thirty minutes after
the application, the mechanical
thresholds decreased signifi-
cantly, and remained low (P<
0.0008) until 3 h, when they
returned to baseline values



receptive fields displayed a significant response pattern over
time (Fig.7B, P<0.0005). Thirty minutes after the applica-
tion, the mechanical thresholds decreased significantly
and remained low (P<0.0008) until 3 h, with a return to
the baseline values. Group II units (36.20±4.57 m/s, n=5)
also showed a significant decrease in their discharge rates
over time (Fig.8A, P<0.02). The first significant decrease
was noted at 75 min after the application (P<0.04). The
threshold for mechanical stimuli was also decreased, at 30,
120 and 150 min after the applications (Fig.8B, P<0.02).

Vehicle applications

Only two group II and two group III units were identified
in six control experiments. Their responses were not ana-
lyzed statistically, due to the small sample size.

Discussion

Our results demonstrated that both the discharge rate of
sensory units and mechanosensitivity of the tail receptive
fields in rats are altered upon direct application of the
proinflammatory cytokines IL-1β, IL-6, and TNF on dor-
sal roots. The most striking finding in our results was the
decrease in neural activity after all three cytokine applica-
tions.

We analyzed mechanosensitivities and discharge rates
of both multiple and single units. By analyzing single
units, assumptions can be made regarding the effects these
cytokines have on the known physiological roles of nerve
axons of different diameters. Our results have shown that
group III units (A-delta, small myelinated nerves) dis-

played decreased discharge rate with each cytokine appli-
cation. Group III units are known to transmit sensory in-
formation relating to pricking pain, temperature, and crude
touch to the central nervous system [16]. Group II units
only showed a decrease in their discharge rate with TNF
application. Group II units (A-beta fibers) carry afferent
sensory information from specialized nerve endings, which
sense touch, pressure, and stretch and velocity of stretch
(namely Meissner’s, Pacinian corpuscles, and muscle spin-
dles, respectively) [19].

The decreased discharge activity of the sensory nerves
may indicate cytokine-specific responses of the nerve fibers
and/or neurotoxic effects at the dose used in this study.
Several researchers have shown the effects of various
doses of IL-1β, IL-6, and TNF (0.001–1000 ng) on the ex-
pression of inflammatory substances, neural activity, and
hyperalgesia to be both time and dose dependent [4, 11,
12, 13, 14, 18, 31, 36]. In a study by Fukuoka et al. [13],
various doses of IL-1β injected into the rat hind paw led
to an increased discharge rate, lowered thresholds and
higher discharge to stimulus compared to controls at low
doses of 0.1–100 pg. On the other hand 100 ng IL-1β pro-
duced hypoalgesia in the same study [13]. In a study with
pigs, epidural application of 1.66 µg of TNF-α showed a
reduction in nerve conduction velocity recorded from tail
muscles similar to the application of nucleus pulposus [1].
The dose used in our study (100 ng) was moderate. Fur-
ther work is warranted to study time- and dose-dependent
responses, to fully understand the effects of IL-1β, IL-6,
and TNF on neuronal functions. The preliminary data
obtained from our current work indicate that at doses of
0.5, 1, and 5 ng, the same cytokines had a little or no ef-
fect on neural functions using a similar setup (unpub-
lished data).
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Fig.8A,B The group II units
(36.20±4.57 m/s, n=5) after 
the 100 ng TNF applications. 
A The discharge rate of the
units showed a significant de-
crease over time (P<0.02), be-
ginning at 75 min after the ap-
plication (P<0.04). B The
mechanosensitivity of these
group II units was decreased
only at 30, 120 and 150 min
after the 100 ng TNF applica-
tions (P<0.02)



While the neural activity decreased in these studies, the
overall mechanosensitivity of the peripheral receptive fields
increased in response to IL-1β and TNF dorsal root appli-
cations (but not with IL-6 or vehicle). In particular, the in-
creased mechanosensitivity of group III units to IL-1β and
TNF may suggest a possible role in nociception. Action
potentials travel both antegrade and retrograde. Retro-
grade signals are transmitted through the dorsal root gan-
glion down to the periphery [19, 40]. This may possibly
cause the release of neurogenic inflammatory mediators
such as substance P to decrease the threshold. Unfortu-
nately, we were not able to characterize the response of
group IV units, which transmit primarily pain and temper-
ature. Small-amplitude units, which may include group IV
units, were present in the multi-unit activity, but these are
difficult to evaluate in multi-unit data.

The neurophysiology model we used in this study was
modified from earlier studies [3, 28, 29, 30, 38, 42]. Our
previous studies revealed unique characteristics of neural
response to inflammatory chemicals thought to play a role
in low-back pain and sciatica. In those studies, we moni-
tored neural activity in response to direct application of
substance P (a neurogenic inflammatory agent) [42], car-
rageenan (a producer of tissue inflammation) [28], phos-
pholipase A2 (a principle component of the arachidonic
acid cascade) [3, 29, 30], and nucleus pulposus (an agent
that may cause all these previously mentioned effects)
[38]. Substance P appeared to have a direct excitatory ef-
fect on receptor sites at or near nerve endings [42]. Car-
rageenan had a more prolonged effect, which likely in-
volved the release of several inflammatory agents over
several hours [28]. Phospholipase A2 appeared to be neu-
rotoxic in acute studies in which it is applied on receptive
fields [29], and on the dorsal root ganglion [30], and in
chronic studies in which it produced demyelination of the
dorsal roots [3]. When applied to dorsal roots, nucleus
pulposus produced excitation as well as increased mech-
anosensitivity of the dorsal root ganglion [38].

At the cellular level, hyperalgesic inflammatory sub-
stances (i.e., carrageenan [39], prostaglandin E2, serotonin
and adenosine) decrease the activation threshold, increase

the rates of activation and inactivation, and increase the
magnitude of tetrodotoxin-resistant Na+ current [25]. Se-
lective expression of tetrodotoxin-resistant Na+ channels
has been found to be largely restricted to a subpopulation
of neurons with nociceptor characteristics [25]. An in-
crease in the Na+ channel concentration, also reported by
Chen et al. [2], may play a role in the generation of ec-
topic discharges in dorsal roots after the exposure to nu-
cleus pulposus.

Conclusion

Our results showed that application of IL-1β, IL-6, and
TNF on the lumbar dorsal roots produced a decreased sen-
sory neural activity, i.e., decreased activity of group III
units (A-delta fibers). Possible neurotoxicity of these sub-
stances and diminished input to the dorsal spinal horn
neurons may lead to sensory changes. In the presence of a
spinal hyperexcitability state such as “central sensitiza-
tion,” A-delta and A-beta touch afferents may give rise to
the sensation of pain [8].

In our studies, application of IL-1β and TNF on the
lumbar dorsal roots also produced increased mechanosen-
sitivity of the peripheral receptive fields. This phenome-
non might suggest that dorsal roots may be impaired by
these pro-inflammatory cytokines.

Overall, these findings warrant future studies to inves-
tigate the effects of dose-response relationships of proin-
flammatory cytokines and application of multiple cytokines
on nerve root and dorsal root ganglion in both acute and
chronic studies in order to fully elucidate their potential
pathophysiological role in radiculopathy/sciatica.
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