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Evoked Neuronal Activity in the Thalamus
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Abstract

A combination of mechanical compression caused by a protruding disc and leakage of nucleus pulposus (NP)
from the disc core is presumed to contribute to intervertebral disc hernia-related pain. Experimental models of
disc hernia including both components have resulted in changes in neuronal activity at the level of the dorsal
root ganglion (DRG) and spinal cord, but changes within the brain have been less well studied. However,
acute application of NP to a DRG without mechanical compression rapidly increases neuronal activity in the thal-
amus, a major brain relay nucleus processing information from sensory pathways including ascending nocicep-
tive tracts. The combination of mechanical compression and NP might therefore result in further increases in
central neuronal activity. Using an experimental disc herniation rat model including both mechanical compres-
sion and NP the present study aimed to investigate changes in neuronal activity in the contralateral thalamic ven-
tral posterior lateral nucleus in vivo. Measurements were obtained while electrically stimulating the ipsilateral
sciatic nerve at Ao fiber intensities. The L4 DRG was subjected to light mechanical compression and NP exposure,
and acute changes in evoked thalamic responses were recorded for up to 40 min. In order to compare effects in
naive animals with effects following a longer period of NP exposure, animals that were either disc-punctured
or sham-operated 24 h previously were also included. In all animals, light mechanical compression of the DRG
depressed the number of evoked neuronal responses. Prior NP exposure resulted in less potent changes following
mechanical compression (80% of baseline) than that observed in naive animals (50%). During the subsequent NP
application, the number of evoked responses compared to baseline increased in pre-exposed animals (to 87%) as
well as in naive animals (72%) in which the removal of the mechanical compression resulted in a further increase
(106%). The contribution of acute DRG compression and disc material leakage to changes in transmission in cen-
tral neuronal networks is likely to be complex and to involve both short-term and long-term effects. Since a light
mechanical compression may reduce transmission in nociceptive pathways, it is possible that the presence or ab-
sence of NP is crucial for pain development in the acute phase of disc herniation.
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Introduction

INTERVERTEBRAL DISC HERNIA was first described by Mixter
and Barr,! and the ensuing pain has been suggested to arise
as a result of the mechanical compression that a ruptured disc
exerts on adjacent nerves. While mechanical compression is
still presumed to be of major impor’cance,z‘4 leakage of nu-
cleus pulposus (NP) from the disc core onto nervous tissue
may also contribute to the experience of pain by causing a
local inflammatory response and inducing both structural
and functional changes in nerve roots.” ® Exposing peripheral
nerves and dorsal root ganglia (DRGs) to NP has been

reported to result in increased spontaneous neuronal activity
in the DRG within hours’ that can last for days.'>!! Changes
in neuronal activity following NP exposure has also been
reported in the spinal cord, where wide dynamic range neu-
rons rapidly show increased responses to noxious mechanical
stimulation of the innervated skin area.'*!?

Experimental models aiming to explore the origin of disc
hernia-related pain often include both a mechanical and an
inflammatory component. The results have suggested that
the presence of both these components increases the effect
in terms of behavior'*'® and in neuronal activity by resulting
in more pronounced changes in dorsal root conduction
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velocity than when either of these interventions are applied
alone.’® However, very little is known about the effect of ex-
perimental models of disc hernia on neuronal activity in the
brain and the central processing of nociception. The thalamus
is the major brain relay nucleus for sensory information, in-
cluding transmission in nociceptive pathways from the spinal
cord en route to cortical regions where the information is pro-
cessed further. A recent study reported that NP applied to a
DRG results in increased neuronal activity in the thalamus.'”
The neuronal activity recorded in the ventral posterior lateral
(VPL) nucleus of the thalamus increased within minutes of
application of NP to the L4 DRG and lasted for up to
40 min,*” suggesting that changes in neuronal networks
within the brain are rapidly induced by NP application. How-
ever, the questions of whether similar or more potent changes
may be induced by the combination of mechanical compres-
sion and NP exposure, as suggested by behavior studies,'® as
well as whether exposure to NP prior to the mechanical com-
pression would have resulted in further changes in central
neuronal activity were not investigated.

The aim of the present study was to investigate possible
changes in neuronal thalamic activity using an acute experi-
mental disc hernia model in the rodent. We included both
light mechanical compression of the DRG and exposure to
NP, mimicking the clinical situation in which a disc protru-
sion may be followed by a rupture of the annulus fibrosus
with subsequent NP leakage. This model has previously
been shown to induce behavioral changes as determined by
von Frey withdrawal tests'®> and video analysis of changes
in spontaneous behavior'* as well as morphological changes
in the peripheral nervous system, such as changes in the cap-
sule surrounding the DRG.” As a small rift in the annulus
fibrosus resulting in NP leakage sometimes precedes a disc
protrusion and further leakage, we also aimed to investigate
whether any changes in thalamic neuronal activity elicited in
the acute model would be increased further by exposing the
DRG to small volumes of NP 24 h before an acute compres-
sion of the DRG and renewed exposure to NP.

Methods

All experimental procedures were approved by the re-
gional animal ethics committee. Sixty-five adult female
Sprague-Dawley rats (weighing 200250 g) were used. All an-
imals were killed by a lethal dose of pentobarbital sodium
(300 mg/kg; APL) administered intravenously at the end of
the experiment.

Study design

The aims of the present study were addressed in four dif-
ferent experimental series (Fig. 1). In series 1 the acute effects
of continuous light mechanical compression of the L4 DRG
were investigated in naive animals by recording evoked neu-
ronal activity in the VPL nucleus for 30 min (1=11). There-
after, NP was applied to the DRG with the mechanical
compression either remaining in situ (n=6) or being removed
(n=>5) while the sampling of evoked neuronal responses con-
tinued for a total of 60 min. In series 2, surgery consisting of
either a disc puncture (n=38) of the L4-L5 disc or sham sur-
gery (n=8) was followed by acute electrophysiological exper-
iments performed 24 h later, in which donor NP was applied
to the L4 DRG in order to evaluate whether a previous expo-
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FIG. 1. Study design for series 1-4. The boxes in the left
panel indicate the intervention performed on day 1 for each
group of animals. An experimental flow chart for the acute
electrophysiological and behavioral experiments performed
on day 2 is shown on the right.

sure to NP resulted in a more potent response following a
renewed NP application. In series 3, the protocol in series 1
including light mechanical compression of the DRG for
30min followed by application of NP was repeated in ani-
mals 24h after disc puncture (1=10) or sham surgery
(n=8). In series 4, changes in mechanical paw withdrawal
thresholds were measured before and 24 h after disc puncture
(n=10) or sham surgery (n=10).

Disc puncture and sham surgery

Anesthesia was induced with isoflurane (Baxter Medical
AB). Following a midline incision, the left facet joint between
the fourth and fifth lumbar vertebrae (L4-L5) was removed to
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expose the L4 DRG. In 28 rats, a syringe connected to a 23-G
injection needle was used to incise the disc and inject small
volumes of air until NP leaked out and could be applied to
the exposed DRG. Twenty-six sham-operated animals were
subjected to the same surgical procedures with the exception
of the disc incision. Buprenorphine given intramuscularly
(Temgesic 60 ug/kg; Shering-Plough) was used as postopera-
tive pain relief.

Acute electrophysiological experiments

Acute electrophysiological experiments were performed in
naive animals (series 1) and 24 h after the experimental disc
puncture or sham surgery (series 2-3, see Fig. 1). Anesthesia
was induced intraperitoneally with a mixture of fentanyl
(Leptanal 272 ug/kg; Janssen-Cilag AB) and medetomidine
hydrochloride (DomitorVet 545 ug/kg; Orion Pharma) and
maintained by intermittent intravenous administration of o-
chloralose (dose 5-30 mg/kg; Rhone-Poulenc Santé). The an-
imals were tracheotomized and attached to a respirator with
neuromuscular transmission blocked by intravenous pancro-
nium bromide (Pavulon, total dose 0.3 mg/kg; Organon). The
heart rate was monitored via subcutaneous electrodes and the
rectal temperature was maintained at 36°C-38°C by servo-
controlled infrared lamps.

The left sciatic nerve was transected at knee level and
mounted on a pair of silver-ball stimulating electrodes in a
pool of paraffin created by skin flaps. The left L4 DRG was ex-
posed in naive rats and re-exposed in previously operated an-
imals. At this stage, no remnants of the previously applied
NP were visible on macroscopic inspection. Light mechanical
compression was induced by gently dislocating the L4 DRG
with a 26-G needle and was maintained by inserting the
needle in the underlying bone, as previously described by
Omarker and Myers.'> NP from one tail disc in a donor rat
killed for other purposes was used for application of NP. A
laminectomy was performed at Th11-12, exposing the spinal
cord, and used for transdural cord dorsum recordings via a
silver-ball electrode in contact with the surface of the spinal
cord. A craniotomy was performed, and the dura mater
was removed to insert a recording electrode into the VPL
nucleus of the thalamus (Fig. 2A).

Stimulation and recording

The sciatic nerve was stimulated 50-100 times at each re-
cording point by a short train of impulses (three stimuli,
0.2-ms duration, 400 Hz) delivered 10-20 times at 2 Hz, at in-
tensities expressed in multiples of threshold (T) for the most
sensitive fibers in the sciatic nerve.’81% A glass micropipette
(tip diameter 2.5 um, resistance 1.5-3MQ) filled with 2M
NaCl was inserted in the contralateral VPL nucleus. The ini-
tial target position (AP —2.5 to —3.5, L 3.0, H —6) was care-
fully adjusted in small steps so that the final position of the
recording micropipette was located in an area where low-
intensity sciatic stimulation (2T) activating low threshold
afferents only evoked scarce neuronal responses, while
higher-intensity stimulation activating high threshold affer-
ents evoked a maximal response (Fig. 2B-D). Recordings
from the contralateral VPL nucleus were obtained for stim-
ulation intensities of 20-50T (enough to activate a large
proportion of thin myelinated Ad-fibers but excluding
higher-threshold and slower-conducting C-fibers)."” Neuro-
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FIG. 2. Experimental set-up with stimulation and recording
sites. (A) Schematic drawing with a) sciatic nerve and stimu-
lation electrode; b) dorsal root ganglion (DRG) for exposure
to nucleus pulposus (NP) and light mechanical compression;
c) recording electrode at the surface of the spinal cord; d) re-
cording site in the ventral posterior lateral (VPL) nucleus. (B).
Examples of evoked activity following stimulation at thresh-
old (T) intensities of 2T and 20T, corresponding to Aa/f and
Aua/ B together with A¢ fibers, respectively. Upper traces: mi-
cropipette recordings (negativity downwards); lower traces:
cord dorsum records (negativity upwards). Dotted horizontal
lines represent discrimination lines used for spike counting.
(C) Schematic drawing of the rat brain at Bregma —3 mm.
The electrode track and recording site corresponding to (d)
in the schematic drawing in (A) is indicated by a dotted ver-
tical line and a filled circle. (D) Representative cresyl violet—
stained histological section of lesion, corresponding to the
drawing in (C).

nal responses evoked by sciatic nerve stimulation were sam-
pled every 10min in a series of 10-20 consecutive stimuli as
already described and evaluated within a time window of
25-30ms.

Behavioral test

One group of animals subjected to the same surgical proce-
dures as in series 2 and 3 were tested for changes in paw with-
drawal thresholds (series 4; see Fig. 1). Von Frey filaments
(North Coast Medical Inc.) were used to investigate changes
in mechanical paw withdrawal response both prior to and
24h after disc puncture (1=10) or sham surgery (1n=10).
The investigator performing the test was blinded with regard
to the surgical intervention. Tests were performed on the left
and right hind paws on three separate occasions in the week
before surgery to establish a baseline, and a final test was per-
formed 24 h after surgery, corresponding in time to the acute
electrophysiological experiment in series 2 and 3. The von
Frey monofilaments were applied in order of increasing stiff-
ness, starting with 0.4 g and followed by 0.6, 1.0, 1.4, 2.0, 4.0,
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6.0,8.0,10.0, and 15.0 g, alternating between the left hind paw
and the right hind paw. A positive withdrawal was scored
when the animal responded to two out of three stimuli pre-
sented.

Analysis

Original data records from the electrophysiological exper-
iments were stored online using a software system designed
by E. Eide, T. Holmstrém, and N. Pihlgren (University of
Gothenburg). After positioning the recording electrode in
the contralateral VPL nucleus a series of baseline records
were obtained while stimulating the ipsilateral sciatic nerve.
The mean number of evoked responses was set to 100%,
and changes in the number of responses during the interven-
tions are given as a percentage mean+SEM of these initial
values. Kruskal-Wallis test was used to compare the number
of evoked responses at different time points in between
groups, and paired f-test was used to compare changes in
the number of evoked responses between baseline and each
separate time point within the individual groups. Behavioral
test data were analyzed with paired-samples ¢-test before and
after intervention surgery for both the left hind paw and the
right hind paw, and for differences between groups with
Mann-Whitney test. P values less than 0.05 were considered
significant.

Results

Combined light mechanical compression
and application of NP in naive animals (series 1)

Light mechanical compression of the DRG in naive animals
resulted in a reduced number of evoked responses within
10 min to 68%+9% of baseline (p=0.009; Fig. 3), and lasted
for as long as the mechanical compression alone remained
in situ. Following the addition of NP an increased number
of evoked responses were observed, irrespective of whether
the mechanical compression remained or was removed. The
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FIG. 3. Effects of mechanical compression and application
of NP in naive animals. The mean number of evoked re-
sponses is presented as a percentage of baseline records.
Data from all animals are presented together up to 30 min
with mechanical compression (n=11, ). Thereafter, the
compression either remained (=6, M), or was removed
(n=>5, O) before application of NP. *p <0.05, mean+SEM.
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reversal appeared within minutes in animals in which the me-
chanical compression was removed, but developed more
slowly when it remained, resulting in a significant difference
in the number of evoked responses after 20 min of exposure to
NP (106 +13 and 72 +16, respectively, p=0.02).

Application of NP in disc-punctured
and sham-operated animals (series 2)

Acute application of NP failed to induce significant changes
in evoked responses compared to baseline after 40 min of
exposure, in either previously disc-punctured (86% *10%)
or sham-operated (126%+16%) animals (p=0.15 and 0.15,
respectively; Fig. 4). However, in sham-operated animals in
which the DRG had not been exposed to NP previously, the
mean number of evoked responses tended to increase and
was significantly different from those in disc-punctured ani-
mals after 40 min; p=0.046).

Combined light mechanical compression
and application of NP in disc-punctured
and sham-operated animals (series 3)

Although the degree and time course differed, acute light
mechanical compression of the L4 DRG resulted in a reduced
number of evoked responses in the contralateral VPL nucleus
in both previously disc-punctured animals (80% 7%, p=0.02)
and sham-operated animals (68%+17%, p<0.05; Fig. 5). In
both groups, the onset of the effect was delayed compared to
that in naive animals (see Fig. 3). Similar to the observations
in naive animals, the increase in the number of evoked re-
sponses following NP exposure with the mechanical compres-
sion remaining in situ developed slowly and only appeared
after 20-30 min and was preceded by a period of further de-
pression. The increase following NP application was minor
in disc-punctured animals (87%+8%) and even more so in
sham-operated animals (59%+18%), in which the depression
induced by the mechanical compression was only slightly
changed compared to the maximal effect.
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FIG. 4. Effects of application of NP in disc-punctured and
sham-operated animals. The mean number of evoked re-
sponses is presented as a percentage of baseline records of
NP application in previously disc-punctured (n=8, H) or

sham-operated animals (n=8, ). *p<0.05, mean+SEM.
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FIG. 5. Effects of mechanical compression and DRG expo-
sure to NP in animals either pre-exposed to NP or sham-op-
erated. The mean number of evoked responses is presented
as a percentage of baseline records 24 h after: (A) disc punc-
ture (n=10) or (B) sham operation (1n=8). Baseline records,
during mechanical compression () and after application of
NP with the needle left in situ () as indicated under each
bar. *p<0.05, mean+SEM.

Behavioral study (series 4)

No changes were observed in withdrawal thresholds be-
tween the left and right hind paws in either disc-punctured
or sham-operated animals 24 h after surgery compared to pre-
operative thresholds (nonsignificant; data not shown). Fur-
thermore, no differences were found when comparing the
disc-punctured and sham-operated animals.

Discussion

Experimental models designed to study the origin of disc
hernia-related pain often include both a mechanical and an
inflammatory component, and the results obtained have sug-
gested that these two components may mutually enhance
each other in terms of effects on behavior'*'>*° and neuronal
activity.'® The aim of the present study was to investigate
changes in neuronal activity in the brain at the level of the
thalamus following mechanical compression and NP expo-
sure of a DRG. For this purpose, we used an experimental
model simulating two hypothetical clinical situations, in
which the disc protrusion may or may not be preceded by a
small continuous leakage of NP from the interior of the disc
due to ruptures in the annulus fibrosus. Clinically, leakage
of NP might continue for more than 24 h before an acute me-
chanical compression to the DRG occurs. In the present series
of experiments, the presence of NP for 24h was considered
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sufficient for events such as induced changes in neuronal ex-
citability due to altered protein expression to occur in the
DRG. Since disc herniation surgery includes a mechanical de-
compression while the possible chemical effect of the disc ma-
terial may remain, series 1 included subgroups in which the
effects of applied NP were investigated at the level of the thal-
amus with and without remaining compression.

The results suggest that in the acute phase, light mechani-
cal compression results in reduced evoked neuronal activity
in the thalamus that is rapidly reversed following decompres-
sion. When the compression remains, the application of NP
may to some degree counteract the reduction in evoked re-
sponses and result in an increase but less so than when NP
is applied to noncompressed DRGs in naive animals."” The
changes in neuronal activity induced by mechanical compres-
sion are more pronounced in naive animals and, although
present, develop more slowly and are less potent in pre-oper-
ated animals. The similar degree and time course following
mechanical compression in animals pre-exposed to NP or
sham-operated as illustrated in Figure 5 may therefore indi-
cate that mechanical compression, at least for the first
30min, reduces central neuronal activity in the thalamus
and that this effect is independent of whether the DRG has
been exposed to NP previously or not.

In the present study the effects of a light mechanical com-
pression of the DRG were not investigated for more than
30min. Thus, it cannot be determined whether the recovery
observed in series 1 and 3 at later time points and in the pres-
ence of NP only reflects the natural time course of changes in
central neuronal activity following DRG compression per se
and is due to a recovery of nerve function, or whether the re-
covery is at least in part due to the application of NP. How-
ever, the consistent finding of a reversal of the number of
evoked responses following NP application together with
the previously demonstrated facilitatory effect of NP in
naive animals'” could be taken to suggest that it is in fact re-
lated to the presence of NP. In addition, nerve compression
has been demonstrated to reduce or completely abolish neu-
ronal firing and more often results in paresthesia and muscle
weakness than in pain.*'™>

Since morphological and functional changes including
Schwann cell damage,” changes in blood flow,® and up-regu-
lation of the sodium-selective acid-sensing ion channel 3
(ASIC3)*® have been reported to occur within hours to days
of application of NP to nerve roots, it might be expected
that the presence of small volumes of NP for 24 h would result
in altered sensitivity to light mechanical compression and
renewed exposure to NP. The lack of significant changes
in evoked neuronal activity in the thalamus irrespective
of whether the animals were previously disc-punctured or
sham-operated, together with the similar lack of changes in
mechanical hind paw withdrawal thresholds examined at
the same time point as the electrophysiological experiments
were performed, suggest that if any functional changes were
induced by the presence of NP for 24 h they are not detected
in terms of neuronal activity in the thalamus or withdrawal
behavior at this time point. Taken together, these results
may therefore indicate that a single episode of NP leakage
does not result in lasting changes in neuronal activity, but
that any such effects are restricted to acute and short-
lasting events. However, the significant difference found be-
tween the disc-puncture and sham-surgery experimental
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groups in series 2 after 40 min of renewed NP exposure on day
2 (Fig. 4), although lacking when compared to baseline re-
cords, may suggest that changes in neuronal excitability last-
ing at least 24 h might nonetheless have been induced by the
presence of NP but might only be revealed at later time points.

The cellular mechanisms behind the observed effects of
light mechanical compression and NP exposure are not
addressed in this study. Cytokines may be released from
NP,**® and are potential candidates for playing an important
role in the increased evoked activity observed following ap-
plication of NP in the present study because cytokines such
as tumor necrosis factor (TNF)-o may alter Na ™ currents>°
and thereby affect neuronal excitability. Mechanical compres-
sion may cause a block in action potentials propagating
toward the spinal cord, resulting in a reduced number of
evoked responses,Bf25 which would be consistent with the
findings in the present study. Importantly, the observed de-
crease was not likely to be due to irreversible fiber damage
because the addition of NP not only reversed the decrease
in neuronal activity but also resulted in an increased activity
while the mechanical compression still remained. In addition,
removal of the compression resulted in immediate recovery,
further suggesting that the decrease induced by light mechan-
ical compression is transient in the acute phase.

It cannot be ruled out that a methodological error is intro-
duced when setting the baseline records to 100% in all acute
electrophysiological experiments, thereby assuming that
baselines between groups are the same and therefore compa-
rable. The model used in the present work, however, includes
extensive surgery and therefore does not allow recordings
in vivo to be taken other than at the terminal experiment. It
therefore cannot be excluded that the NP leakage onto the
DRG introduced on day 1 might already have altered the ac-
tivity before baseline records were obtained on day 2. How-
ever, a statistical comparison of the raw data obtained as
baseline records failed to reveal any significant differences
between the experimental groups (Kruskal-Wallis test; non-
significant).

Several ascending tracts carrying nociceptive information
from the spinal cord to the brain are relayed in the thala-
mus®™ and changes in evoked neuronal responses in the
VPL nucleus may thus reflect changes in activity in a number
of nociceptive pathways. Graded nociceptive stimuli to the
rat plantar surface were recently reported to result in in-
creases in firing rate and in the number of activated neurons
in the VPL nucleus and to be associated with increased
neuronal activity in cortical areas involved in nociceptive pro-
cessing.>* While alterations in evoked thalamic activity in the
VPL nucleus cannot be directly related to the presence or ab-
sence of pain perception, they suggest that the processing of
nociceptive transmission at supraspinal levels may be modi-
fied following light mechanical compression or exposure to
NP at the level of the DRGs.

Taken together, the findings in the present study using
an experimental acute disc hernia model including light
mechanical compression and application of NP to the DRG
suggest that any ensuing changes in transmission in central
neuronal networks are likely to be complex. As a light
mechanical compression may reduce transmission in nocicep-
tive pathways it is possible that the presence or absence of NP
is crucial for the development of pain development in the
acute phase of disc herniation.
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