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Abstract

Background During recent decades, the knowledge of the

pathophysiology of disc herniation and sciatica has dras-

tically improved. What previously was considered a strict

biomechanical process is now considered a more complex

interaction between leaked nucleus pulposus and the tissue

in the spinal canal. An inflammatory reaction, with tumor

necrosis factor (TNF) playing an essential role, has been

demonstrated. However, the exact mechanisms of the

pathophysiology of disc herniation remain unknown.

Questions/purposes In this study we use an animal model

to investigate (1) if and/or how experimental disc hernia-

tion affects gene expression in the early phase (24 hours

postsurgery) in the dorsal root ganglion; and (2) if TNF

inhibition can reduce any observed changes.

Methods A rat model of disc herniation was used. Twenty

rats were evenly divided into four groups: naı̈ve, sham, disc

herniation, and disc herniation with TNF inhibition. The

dorsal root ganglion of the affected nerve root was har-

vested 24 hours after surgery and analyzed with a TaqMan

Low Density Array1 quantitative polymerase chain reac-

tion assay. Gene expression levels in sham were compared

with disc herniation to assess question 1 and disc herniation

to disc herniation with TNF inhibition to assess question 2.

Results Experimental disc herniation caused a decrease in

the expression of the serotonin receptor 2c gene (p =

0.022). TNF inhibition was found to reduce the observed

decrease in expression of serotonin receptor 2c (p =

0.037).

Conclusions Our results suggest that a decrease in the

expression of the serotonin receptor 2c gene may contrib-

ute to the pathophysiology of disc herniation. Further

research on its involvement is warranted.

Clinical Relevance This pilot study gives a brief insight

into cellular changes that may contribute to the patho-

physiology of disc herniation. This knowledge may
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contribute to the development of more and better treatment

options for patients with disc herniation and sciatica.

Introduction

Low back pain (LBP), with or without sciatica, is extremely

common, affecting as many as up to 80% of all people during

their lifetime [13]. However well recognized the condition

may be, the understanding of the exact pathophysiology

remains unclear despite great progress over the last two de-

cades.A reviewofLBPpublished in theNewEngland Journal

of Medicine [3] suggests a complex pathophysiology with

many possible origins of pain, including ligaments, facet

joints, paravertebral muscles, and intervertebral discs. The

many possible causes of LBP are hard to distinguish clinically

both by means of physical examination and radiological

methods. Individualized treatment is therefore hard to achieve.

One specific etiology included in the LBP concept is

disc herniation with sciatic pain. Experimental studies have

shown that contrary to previous assumptions, disc hernia-

tion may produce symptoms not only by a mechanical

deformation of the adjacent nerve root, but also by the

mere presence of the nucleus pulposus [2, 17]. In this

regard, it seems that the main role of the nucleus pulposus

is to sensitize the nerve tissue to produce pain when

mechanically deformed [2]. This effect seems to be related

to disc-related proinflammatory cytokines, in particular

tumor necrosis factor (TNF) [12, 14–16]. Although phar-

maceutical inhibition seems to be efficient in reducing the

nucleus pulposus-induced effects in experimental models

[15], the clinical efficacy is still debated [5, 9].

To be able to gain an understanding of the molecular

events after nucleus pulposus exposure, it is possible to

assess changes in regulation of various molecules in the

adjacent dorsal root ganglion. This previously has been

performed in a similar model in the rat consisting of disc

puncture alone without mechanical manipulation of the

nerve root. This study focused on a number of inflamma-

tion-related genes after exposure to nucleus pulposus. On

Day 1, Htr2a, Nos1, and Il2rg were upregulated and Plcb3

downregulated. On Day 3, Cysltr1 and Nos1 were upreg-

ulated. However, in the current study, we aimed to assess

genes related to pain transmission with the addition of

mechanical deformation of the nerve root, thus mimicking

disc herniation with both a biochemical (nucleus pulposus)

and a mechanical component.

The purposes of the current study were (1) to assess

changes in the regulation of certain pain-related genes in

the dorsal root ganglion in the initial phase (1 day post-

surgery) of experimental disc herniation; and (2) to assess

if any observed changes would be modulated by simulta-

neous pharmaceutical TNF inhibition.

Materials and Methods

A newly developed rat model of disc herniation was used

(Fig. 1) [4]. All animal procedures were carried out fol-

lowing the Principles of Laboratory Animal Care and were

approved by the local animal research ethics committee. A

total of 20 female Sprague-Dawley rats (body weight

approximately 225 g [Charles River, Burlington, MA,

USA]) were used and housed with free access to food and

tap water. Room temperature was kept at 21� C. A light

schedule with 12 hours of daylight starting at 6:00 AM and

12 hours of darkness starting at 6:00 PM was followed. The

rats were anesthetized by inhalation of isoflurane. An

intraperitoneal injection of 0.05 mg/kg Temgesic1 (bupr-

enorfin; RB Pharmaceuticals, Slough, UK) was

administered preoperatively for postoperative analgesia.

Surgical Procedure

For the naı̈ve group (n = 5), no surgery was performed

For the sham exposure group (n = 5), a skin incision of

approximately 4 cm was made over the lumbar spinal

processes. The thoracolumbar fascia was incised followed

by dissection of the left spinal muscles at L3-L5, thus

exposing the L3-L4 facet joint. The left facet joint of the

L3-L4 vertebrae was removed, exposing the L4 nerve root,

dorsal root ganglion of L3, and the intervertebral disc

between L3 and L4. No further surgery was performed in

this group. The spinal muscles were sutured and the skin

closed with metal clips.

In the experimental disc herniation group (DH) (n = 5)

[4], after exposure of the nerve root, dorsal root ganglion, and

intervertebral disc as described in the sham group, the L3-L4

disc was punctured using a 0.4-mm injection needle. A small

amount of air was injected into the disc to facilitate leakage

of nucleus pulposus. Next, the needle was used to laterally

diverge the L4 nerve root slightly, fixating the needle to the

underlying vertebral body. The needle then was cut and left

in this position, ensuring permanent displacement and thus

mechanical deformation of the nerve root. The spinal mus-

cles were sutured and the skin closed with metal clips.

In the experimental disc herniation and TNF inhibition

group (DHI) (n = 5), the surgical procedure was the same

as in the DH group, but with the addition of intraperitoneal

administration of 4 mg/kg Remicade1 (infliximab; Janssen
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Biologics BV, Leiden, The Netherlands) after disc punc-

ture before diverging the nerve root.

Twenty-four hours after surgery the rats were reanes-

thetized and euthanized by cutting the heart, causing the rat

to quickly bleed to death while still deeply sedated. The left

L4 dorsal root ganglion was exposed, harvested, and placed

in a solution with the RNAse inhibitor RNAlater

(QIAGEN, Hilden, Germany). The dorsal root ganglions

were then immediately frozen with liquid nitrogen and

thereafter placed on dry ice and stored in a �80� C freezer.

Tissue Processing, RNA Purification, and Quantitative

Polymerase Chain Reaction

The dorsal root ganglion was later homogenized using

QIAzol1 Lysis Reagent and TissueLyser1 (QIAGEN).

RNA was extracted using an RNeasy1 Lipid Tissue Micro

Kit (QIAGEN) following the standard protocol with addi-

tion of DNase treatment (as described in the RNeasy1 Lipid

Tissue Handbook). The purity and concentration of the

RNA were confirmed using spectrophotometry (Nano-

Drop1; Thermo Scientific, Waltham, MA, USA). An

absolute amount of 500 ng RNA from each sample was used

to generate cDNA using a reverse transcriptase kit

(iScriptTM cDNA synthesis kit; Bio-Rad, Hercules, CA,

USA) in a 20-lL reaction. Three control samples were also

included in the reaction: (1) water only; (2) RNA-negative

(all reaction components except sample RNA); and (3) RT-

negative (all reaction components except reverse trans-

criptase). The temperature cycling conditions during the

reaction were: 5 minutes at 25� C, 30 minutes at 42� C, 5
minutes at 85� C, then held at 4� C for a few minutes before

once again being stored at �80� C. The cDNA was diluted

with water to 100 lL. Quantitative real-time polymerase

chain reaction (PCR) was then performed on the 20 samples

and the control samples. The quantitative PCR was per-

formed in three 384-well TaqMan Low Density Array

custom plates (Applied Biosystems, Foster City, CA, USA),

each plate analyzing all 24 of the genes (Table 1). All

samples were run as quantitative PCR duplicates. cDNA

corresponding to 30 ng total RNA was analyzed in each

quantitative PCR. The plates were run in an Applied Bio-

systems 7900HT system (Applied Biosystems) at the

Genomics Core Facility, University of Gothenburg. Of the

24 genes analyzed, 20 were detected in the samples. Control

samples showed no signs of external interference or con-

tamination of genomic DNA. The amplification curve of

each gene was studied individually and a threshold level for

detectible amplification was set manually in the exponential

phase of the amplification curve. Reference genes were

evaluated with NormFinder [1]. Actb, Gapdh, and Hprt1

were chosen as optimal reference genes. Cycle of quantifi-

cation (Cq) for the genes analyzed was normalized,

according to the MIQE guidelines, against the three chosen

reference genes to compensate for any eventual difference

in sample load [21]. Values were converted to log2-scale.

Relative changes in expression between groups were cal-

culated assuming 100% PCR efficiency [10, 11]. Statistical

significance was tested with the Mann-Whitney U test.

Statistical significance was defined as a p value of\0.05.

Results

Experimental disc herniation induced a downregulation of

the Htr2c gene (Table 2; Fig. 2). The expression of Htr2c

was lesser in the DH group as compared with the sham group

(p = 0.022). With the numbers available, no other regula-

tion between sham and DH could be detected (p[0.05).

The observed downregulation of the Htr2c gene in

experimental disc herniation was reduced by pharmaceu-

tical TNF inhibition (Table 2; Fig. 2). The expression of

the Htr2c gene was greater in the DHI group as compared

with the DH group (p = 0.037).

Discussion

Disc herniation and sciatica are common disorders. The

pathophysiology of both the formation of the herniated disc

Fig. 1 Schematic drawing shows the disc herniation model. After

puncturing the disc, the injection needle is used to carefully laterally

displace the L4 nerve root from the thecal sac. The needle is secured

in the underlying vertebral body and cut off, resulting in slight

mechanical deformation of the nerve root. DRG = dorsal root

ganglion.
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as well as the subsequent induction of pain, both local and

radiating, is, despite great progress during the last decades,

still largely unknown. As a consequence, few efficient

treatment options are today clinically available, although

TNF inhibition is an option being suggested [5, 9]. In this

pilot study, we found a downregulation of the Htr2c gene in

experimental disc herniation in the rat that was reduced by

TNF inhibition. This suggests that changes in serotonergic

transmission may contribute to the changes in spontaneous

pain behavior previously observed in this model [4],

shedding further light on the complex pathophysiology of

disc herniation and sciatica.

This study had several limitations. As a pilot study, the

sample size was very small (five animals in each group). It

is quite likely with such a small sample that we failed to

detect differences in gene expression between groups. The

genes presented in Fig. 2 represent examples of genes

where this may be particularly relevant, because these

genes showed trends when visually inspected in a chart but

the statistical analysis failed to show any differences. We

Table 1. Overview of genes analyzed with a focus on why they are relevant to this study*

Gene abbreviation Full gene name Properties/function

Grin2a Glutamate receptor, ionotropic,

N-methyl D-aspartate 2A

Involved in, eg, long-term potentiation and activity-dependent

increase in synaptic efficiency

Grin2b Glutamate receptor, ionotropic,

N-methyl D-aspartate 2B

Similar to that of Grin2a

Bdkrb1 Bradykinin receptor B1 Upregulated after tissue injury; mediates and regulates inflammatory

response

Bdkrb2 Bradykinin receptor B2 Mediates chloride ion influx induced by bradykinin, involved in pain

response

Grm1 Glutamate receptor, metabotropic 1 Involved in different psychiatric conditions and possibly also pain

perception

Grm3 Glutamate receptor, metabotropic 3 G protein-coupled excitatory glutamate receptor

Grik1 Glutamate receptor, ionotropic, kainate 1 Excitatory glutamate receptor

Htr2a 5-hydroxytryptamine (serotonin) receptor 2A Most known for its involvement in psychiatric conditions, but may

also play a role in descending control of spinal nociceptive

transmission.

Htr2c 5-hydroxytryptamine (serotonin) receptor 2C Similar to that of Htr2a

Scn3a Sodium channel, voltage-gated, Type III, alpha Propagates action potentials in neurons and muscle; may play a role in

hyperexcitability and neutropathic pain in spinal cord injury

Scn9a Sodium channel, voltage-gated, Type IX, alpha Important role in nociceptive signaling in primarily peripheral nerves

Il1a Interleukin-1 alpha Proinflammatory cytokine, may induce apoptosis

Il10 Interleukin-10 Cytokine produced primarily by monocytes. Modulates inflammation

through effect on, eg, T- and B-cells

Il12b Interleukin-12B Cytokine involved in, eg, promoting T-cell development

Mapk1 Mitogen-activated protein kinase 1 Intracellular kinase, phosphorylates nuclear targets; involved in many

intracellular pathways

Calca Calcitonin-related polypeptide alpha Small peptide hormone, potent vasodilator

Nos1 Nitric oxide synthase 1, neuronal Catalyzes production of nitric oxide in neurons, which in turn can act

as a neurotransmitter

P2rx3 Purinergic receptor P2X, ligand-gated ion

channel, 3

ATP-gated cation channel; important for peripheral nociceptive

response

Ngf Nerve growth factor (beta polypeptide) Promotes the growth and differentiation of, eg, sensory neurons

Gapdh Glyceraldehyde-3-phosphate dehydrogenase Reference gene, one of many enzymes involved in carbonhydrate

metabolism

Hprt1 Hypoxanthine phosphoribosyltransferase 1 Reference gene, a transferase with a central role in the generation of

purine nucleotides

18S Ribosomal 18s and 28s RNA gene Reference gene, ribosomal RNA

Rplp2 Ribosomal protein, large P2 Reference gene, subunit of the ribosome

Actb Actin, beta Reference gene, cytoskeletal component

* Information was collected from the NCBI Gene database. Properties/function were primarily collected from the gene description on Rattus

norvegicus. On unsatisfysing and/or lacking information on the rat, human gene data were used.
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encourage future studies similar to ours to include these

genes. Our data may then be used for making sample size

calculations.

The newly developed rat model used in this study has

been shown to increase spontaneous pain-related behavior

[4], but studies specifically evaluating hyperalgesia have

not yet been conducted, which is a limitation when com-

paring our results with others. Nevertheless, we believe this

is the most clinically relevant model available, because the

needle induces mechanical deformation of the clinically

most commonly affected structure (the nerve root) [4].

Also, changes in gene expression, in this study primarily

receptor genes, are believed to reflect a change in the

number of receptors on the cell surface with downregula-

tion causing lowered receptor-mediated signaling and vice

versa. Although we do not know where, or even if, the

changes observed are reflected on the neurons, this is

something future studies should aim to assess. Two likely

compartments would be the neural soma in the dorsal root

ganglion itself and the axon terminal in the dorsal horn. It

is also important to recognize that this study analyzed not

only the neurons of the dorsal root ganglion, but the

Table 2. Changes in relative gene expression (all genes analyzed)

Gene Mean relative expression ± 1 SD

Naïve Sham DH DHI

Grin2a 0 ± 0.72 0.94 ± 1.39 1.29 ± 1.06 1.01 ± 1.17

Grin2b 0 ± 0.15 0.16 ± 0.73 0.68 ± 0.57 0.19 ± 0.35

Bdkrb1 Not expressed - - -

Bdkrb2 0 ± 1.61 -0.28 ± 0.52 -0.61 ± 0.46 -0.16 ± 0.54

Grm1 Not expressed - - -

Grm3 0 ± 0.74 0.12 ± 0.88 -0.86 ± 0.45 -0.50 ± 0.67

Grik1 0 ± 0.29 -0.10 ± 0.52 -0.48 ± 0.45 -0.45 ± 0.15

Htr2a 0 ± 0.59 -0.28 ± 0.34 -0.43 ± 0.62 0.07 ± 0.73

Htr2c 0 ± 0.52 -0.13 ± 0.84 -1.20 ± 0.33 -0.43 ± 0.46

Scn3a 0 ± 0.42 0.01 ± 0.24 0.15 ± 0.73 0.05 ± 0.35

Scn9a 0 ± 0.17 0.02 ± 0.08 -0.06 ± 0.25 -0.09 ± 0.06

Il1a 0 ± 1.78 1.78 ± 2.61 1.26 ± 2.25 2.63 ± 0.96

Il10 Not expressed - - -

Il12b Not expressed - - -

Mapk1 0 ± 0.09 -0.06 ± 0.07 -0.17 ± 0.11 -0.29 ± 0.16

Calca 0 ± 0.13 -0.11 ± 0.17 -0.06 ± 0.26 0.03 ± 0.22

Nos1 0 ± 0.53 0.01 ± 0.46 0.01 ± 0.64 0.26 ± 0.24

P2rx3 0 ± 0.23 -0.18 ± 0.25 -0.13 ± 0.36 -0.16 ± 0.25

Ngf 0 ± 0.40 1.04 ± 1.42 1.92 ± 0.68 1.56 ± 0.43

Gapdh Reference gene - - -

Hprt1 Reference gene - - -

18S 0 ± 0.30 0.21 ± 0.25 -0.13 ± 0.21 -0.04 ± 0.52

Rplp2 0 ± 0.20 0.11 ± 0.23 0.12 ± 0.18 0.18 ± 0.24

Actb Reference gene - - -

***

Expression level of naı̈ve is used as baseline, 0, for each separate gene. Data were rounded to two decimals. Four genes, Bdkrb1, Grm1, Il-10, and

Il12b, were not detectable. Three genes, Gapdh, Hprt1, and Actb, were used for normalization of the data. Asterisks mark changes of statistical

significance (*p = 0.022, **p = 0.037). No other comparisons detected any changes (p[ 0.05); DH = disc herniation group; DHI = exper-

imental disc herniation and tumor necrosis factor inhibition group.
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supportive cells as well (including, eg, satellite cells).

However, most genes analyzed code for receptors of dif-

ferent neurotransmitters that are likely expressed at much

lower levels in supportive cells than in the neurons. As

such, we believe this potential interference to be small and

our results to mainly represent changes in the neurons of

the dorsal root ganglion.

In this study we found that the Htr2c gene, coding for

serotonin receptor 2c, was downregulated 24 hours after

experimental disc herniation (Fig. 2; Table 2). There is

some previous research on rat models regarding serotonin

(5-HT) and its potential involvement in disc herniation/

sciatica [7, 8, 18], but, to the authors’ knowledge, this study

is the first that has demonstrated its involvement in a rat

model comprising both mechanical deformation of the

nerve and the chemical component induced by disc punc-

ture. Also worth mentioning here is that the dorsal root

ganglion analyzed in our model has not been in direct

contact with nucleus pulposus because the disc puncture in

this model is performed on the spinal segment above

(Fig. 1). It has previously been shown that exogenous

application of 5-HT to the dorsal root ganglion in the rat

causes increased pain transmission similar to application of

nucleus pulposus [7, 8], thus suggesting a pronociceptive

role for 5-HT. Although, interestingly, a recent study also

shows that a selective serotonin reuptake inhibitor caused

an increase in mechanical withdrawal thresholds in rats

where nucleus pulposus had been applied to the dorsal root

ganglion [18], thus suggesting that an increase in 5-HT

leads to antinociception in disc hernia, which would better

correlate with the downregulation we observed. Although,

the improvements were likely caused by suppression of

microglia, and not by a direct effect on the dorsal root

ganglion. Of course, this discussion is very limited in that

we only analyzed two serotonin receptors when there are

several other subtypes of receptors potentially involved in

its pain-modulating effects [6, 7, 19, 20, 22]. Our study

strengthens the evidence for the involvement of 5-HT in

the development of pain in disc herniation, but the exact

mechanisms are in great need of further research.

The change in gene expression induced by experimental

disc herniation observed in this study, the reduced Htr2c

expression, was also found to be modulated by pharma-

ceutical TNF inhibition. The increased expression of Htr2c

in DHI as compared with the DH group suggests that TNF

inhibition prevents the downregulation of Htr2c. The

interaction between TNF and serotonin in disc hernia has

been previously demonstrated [8, 18]. Kobayashi et al. [8]

described a synergistic effect between TNF and 5-HT in

inducing pain-related behavior. Also, they observed a

connection between the presence of nucleus pulposus,

TNF, and serotonin with the expression of TNF and sero-

tonin receptor 2a (5-HT2AR) in the dorsal root ganglion.

Our study failed to detect any changes in the expression of

Htr2a (coding for 5-HT2AR), suggesting that the changes

might occur later than after 24 hours. Differences in animal

models used or the low sample size in our study may also

contribute to this discrepancy.

In conclusion, this study found a TNF-dependent

downregulation of Htr2c in the dorsal root ganglion in a

rat model of disc herniation. These results support pre-

vious research suggesting that changes in serotonergic

transmission contribute to the pathophysiology of disc

herniation/sciatica [7, 8, 18], but there are still many

questions that need to be answered as to how it contrib-

utes. Future studies aiming to assess the effects of

different serotonin receptors, for example by evaluating

the effects of subtype-specific receptor agonists/antago-

nists in animal models of disc herniation, are warranted.

The observed interaction with TNF also needs to be

further investigated. Improved understanding of these

events may contribute to the development of better and

more effective treatment options for patients with disc

herniation and sciatica.

Fig. 2 Changes (mean ± SEM) in relative gene expression are

expressed in log2-scale with the expression level of naı̈ve being used

as baseline, 0, for each separate gene. The asterisks mark the changes

with statistical significance (p \ 0.05); the changes in Htr2c

expression between (1) sham and DH and (2) between DH and DHI.
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