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Abstract

Severe pain is often treated with opioids. Antidepressants that inhibit serotonin and norepinephrine reuptake (SNRI) have also
shown a pain relieving effect, but for both SNRI and opioids, the specific mode of action in humans remains vague. This study
investigated how oxycodone and venlafaxine affect spinal and supraspinal pain processing. Twenty volunteers were included in
this randomized cross-over study comparing 5-day treatment with venlafaxine, oxycodone and placebo. As a proxy of the spinal
pain transmission, the nociceptive withdrawal reflex (NWR) to electrical stimulation on the sole of the foot was recorded at the tib-
ialis anterior muscle before and after 5 days of treatment. For the supraspinal activity, 61-channel electroencephalogram evoked
potentials (EPs) to the electrical stimulations were simultaneously recorded. Areas under curve (AUCs) of the EMG signals were
analyzed. Latencies and AUCs were computed for the major EP peaks and brain source analysis was done. The NWR was
decreased in venlafaxine arm (P = 0.02), but the EP parameters did not change. Oxycodone increased the AUC of the EP
response (P = 0.04). Oxycodone also shifted the cingulate activity anteriorly in the mid-cingulate-operculum network (P < 0.01),
and the cingulate activity was increased while the operculum activity was decreased (P = 0.02). Venlafaxine exerts its effects on
the modulation of spinal nociceptive transmission, which may reflect changes in balance between descending inhibition and
descending facilitation. Oxycodone, on the other hand, exerts its effects at the cortical level. This study sheds light on how opioids
and SNRI drugs modify the human central nervous system and where their effects dominate.

Introduction

Pain is one of the most frequently presented symptoms of many dis-
eases. One in five adults in the Western world suffers from chronic
pain, leading to decreased quality of life and wide-ranging socioeco-
nomic consequences (Breivik et al., 2006; Sjogren et al., 2009; Lan-
gley et al., 2010a,b). Severe pain is often treated with opioids (Liu
& Wu, 2007). Antidepressant drugs with effect on serotonin and
norepinephrine reuptake inhibition (SNRI) are also used in chronic
pain, but the specific mode of action in humans remains vague
(Marks et al., 2009). Previous studies have suggested that opioids
attenuate the affective components of pain possibly by interaction
with the medial pain system (i.e. medial thalamus, anterior cingulate

cortex, anterior insula) and brainstem structures exerting a negative
feedback on sensory pathways (Price et al., 1985; Sprenger et al.,
2006). The role of anterior cingulate cortex (ACC) and insula has
been repeatedly reported, in both imaging and cortical evoked
potential (EP) brain source localization studies (Wise et al., 2002;
Brooks & Tracey, 2005; Petrovic, 2005; Leppa et al., 2006).
Evoked potentials (EPs) have been receiving increasing attention
due to the excellent temporal resolution on millisecond time scale
and brain source localization methods make it possible to estimate
the brain areas underlying the EPs. The EPs give good assessment
of alterations in the brain following drug administration. However, it
is important to also investigate what happens at the spinal level
simultaneously to gain understanding of the interaction between the
spinal cord and the brain during treatment with analgesics. In this
regard, the nociceptive withdrawal reflex (NWR) is a widely usedCorrespondence: D. Lelic, as above.
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technique to study spinal pain transmission (Sandrini et al., 2005).
The NWR is a spinal reflex that combines afferent input, descending
modulatory signals, descending motor commands and incorporates
the spinal motor systems to determine the appropriate withdrawal
response of the limbs to escape from a potentially painful stimulus
(Andersen, 2007). Serotoninergic and noradrenergic pain modulatory
systems have shown to interact at the spinal cord level to produce a
more powerful antinociception (Pertovaara, 2006). Both, serotoniner-
gic drugs and opioids have been shown to modulate the NWR
thresholds (Willer & Bussel, 1980; Willer, 1985; Willer et al., 1985;
Sandrini et al., 1986a,b).
In the current randomized, double-blind, three-way crossover trial,

we combined NWR and EPs to assess spinal and supraspinal neural
activity. We hypothesized that venlafaxine (an SNRI) would primar-
ily induce changes on the modulation of spinal nociceptive transmis-
sion and that oxycodone (an opioid) would affect the supraspinal
processing to a greater extent. Therefore, the primary objective of
this study was to investigate central changes at spinal and suprasp-
inal levels due to oxycodone and venlafaxine. In order to test our
hypotheses, we compared changes from the baseline due to placebo,
venlafaxine and oxycodone for: (i) area under curve (AUC) of the
NWR, (ii) latencies and AUC of the major EP components and (iii)
brain networks underlying the EPs.

Methods

The trial was registered with the European Clinical Trials Database
(Eudra-CT 2013-000170-30, registration date: 2013-03-04). The study
was conducted according to the Declaration of Helsinki. The local
Ethics Committee (N-20130011) and the Danish Medicines Agency
(201300017030) approved the study. The study was conducted in the
laboratories at the Department of Gastroenterology, Aalborg Univer-
sity Hospital according to the rules of Good Clinical Practice and
monitored by the Good Clinical Practice unit, Aalborg and Aarhus
University Hospitals, Denmark. The volunteers took each drug over 5-
day period. Side effects (nausea, vomiting, headache, dizziness,
sedation, mouth dryness, rapid heart rate, constipation, itching, low
appetite, increased sweating, general discomfort) were recorded on a
5-point Likert scale (i.e. 0 = no side effect, 1 = minimum side effect,
2 = moderate side effect, 3 = high side effect and 4 = very high side
effect) each day. Sensory and neurophysiological assessments were
done on days one and five of each treatment arm.

Study volunteers

Based on previous studies (using same experimental models) and based
on power calculations (N = ((Za/2 9 SD)/E)2) where a was 0.05, the
power of statistical analysis was set to 0.95, SD was chosen from pain
ratings from previous studies, and E was set to 1, the required number
of subjects was: N = ((1.96 9 2.3)/1)2 = 20.3. Hence, 20 volunteers
(all male, mean age 24.6 � 2.5) participated in this study.
Before inclusion, a medical doctor responsible for enrolling the

volunteers conducted a routine health screening for each participant,
ruling out any pain-related conditions and history of abuse (partici-
pant and closest family). Moreover, before enrollment, the volun-
teers gave written informed consent acknowledging that all methods
and procedures used in the experiment were understood, that they
were aware that they were going to experience pain and were free
to withdraw from the experiment at any time. Inclusion criteria for
the study were: (i) normal medical examination; (ii) age between 20
and 35 years; (iii) male; (iv) able to read and understand Danish;
and (v) Scandinavian origin.

Drug and placebo administration

This was a randomized, double-blind, three-way crossover study,
with minimum 1 week ‘wash-out’ intervals. Oxycodone has a
plasma half-life of 4–6 h and the plasma half-life of venlafaxine is
5 h (pro.medicin.dk), thus 1-week wash-out interval is long enough
for the drug to be out of the system.
Oxycodone and venlafaxine were formulated as orally adminis-

tered tablets similar to each other and to placebo. The dosages for
oxycodone were 10 mg extended release and for venlafaxine, the
dosages were 37.5 mg extended release. These are the lowest clini-
cal therapeutic dosages (pro.medicin.dk). A steady-state plasma con-
centration is reached within 24 h for oxycodone and within 72 h for
venlafaxine treatment. Hence, 4 days of treatment was considered
appropriate. All drugs followed the same administration: on day 1
and day 5 once, and on day 2–4 b.i.d. in total eight doses. The med-
ications were taken at 8.30 in the morning and 8.30 in the evening
(i.e. every 12 h). The tablets were produced by the pharmacy at
Aarhus University Hospital. The pharmacy generated a randomiza-
tion list by www.randomization.com, where all participants were
randomized to receive venlafaxine, oxycodone or placebo for speci-
fic periods. Mirror randomization was employed in case of partici-
pant drop-outs. The staff at the Hospital Pharmacy packed and
labeled the medication to ensure that all participants received correct
medication for specific periods. The medication was labeled as per-
iod 1, 2 or 3. Thus, the experimenters and the participant were fully
blinded for randomization.

Electrical stimulation

Electrical stimulation of the plantar skin (site of innervation of the
medial plantar nerve) was applied through surface electrodes to
evoke the NWR and EPs. The cathode was placed in the arch of the
sole of the right foot (15 mm 9 15 mm, Neuroline 700; Ambu A/S,
Denmark) (Jensen et al., 2015). The anode for stimulation was an
electrode placed on the foot dorsum (50 mm 9 90 mm, Synapse;
Ambu A/S). The stimulus was delivered by a computer-controlled
electrical stimulator (Noxitest IES 230, Aalborg, Denmark) as a con-
stant current burst of five square-wave pulses, with 1 ms duration
and 5 ms between pulses. Subjects felt each of these bursts as a
brief, single stimulus. A custom-made LABVIEW software (Center for
Sensory-Motor Interaction, Aalborg University, Denmark) was used
to control the electrical stimulation. For each of the experimental
days, sensory threshold and NWR threshold (RT) were found by
slowly increasing the stimulus intensity in 1 mA steps. The sensory
threshold was detected as the stimulation intensity at which the sub-
jects first felt the stimulus. The RT was defined as the initial simul-
taneous flexion of the ankle, knee and hip. Once the RT was found,
the volunteers were asked to rate the RT, 1.3 9 RT and 1.6 9 RT
on pain and unpleasantness scales. Each scale ranged from 0 to 10,
0 meaning no pain/unpleasantness and 10 meaning maximum imag-
inable pain/unpleasantness. Subsequently, 18 stimuli (six times each
of the three intensities in random order) were applied with a varying
inter-stimulus interval of 8–12 s.

EMG recordings

The NWR was evaluated by surface EMG recordings of the ipsilat-
eral tibialis anterior (TA) muscle. Two surface electrodes
(15 mm 9 15 mm, Neuroline 700; Ambu A/S) were placed on the
belly of the right tibialis anterior (TA), 1/3 on the line from the tip
of the fibula to the tip of the medial malleolus. The skin was lightly
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abraded before the placement of electrodes. The ground electrode
(50 mm 9 90 mm, Synapse; Ambu A/S) was placed just under the
right knee. The EMG responses were amplified (20 000–50 000
times), bandpass filtered (5–500 Hz), sampled (2 kHz) and stored
(100 ms before to 900 ms after stimulation onset) for later analysis.

EP recordings

A 61 surface electrode EEG cap (MEQNordic A/S, Jyllinge, Den-
mark) was used. The reference electrode was just above AFz. Elec-
trode gel was applied to reduce the electrode impedance below
10 kΩ. During reflex stimulations, the subjects relaxed quietly with
eyes open. The volunteers were asked to minimize the eye and body
movement. The EP signals were recorded in continuous mode with
a sampling rate of 1000 Hz (SynAmp; Neuroscan, El Paso, TX,
USA) and stored offline for further analysis.

Experimental procedure

On day 1, experiment was conducted before drug administration
(baseline recording) and on day 5, the experiment was conducted
after the volunteer took the last dose of the medication. The partici-
pants were placed in an arm chair allowing them to comfortably sit
in a supine position with back support inclined 120� relative to the
horizontal level. Pillows were placed under the volunteer’s right
knee to flex the knee joint approximately 30�.

Data analysis

EMG analysis

The quantification of NWR was performed by applying area under
curve (AUC) calculation on the rectified EMG signal in the interval
between 60 and 160 ms after the stimulation onset. This time inter-
val was chosen based on conduction velocity studies of nociceptive
afferents; if evoked, any activity before 60 ms would be not noci-
ceptive and after 160 ms would likely be due to voluntary move-
ment (Andersen, 2007). The quantification was performed on each
single NWR and the AUC values were then averaged for each of
the experimental days and for each subject for final analysis.

EP analysis

The EPs from each session were analyzed offline. The data were
pre-processed using Neuroscan software (v 4.3.1; Neuroscan) as fol-
lows: (i) bandpass filtered between 1 and 30 Hz, (ii) epoched from
50 ms before the stimulus to 950 ms after and (iii) averaged.
Latencies of EP peaks at the central electrode (Cz) were identified

and compared between the three treatments with respect to their
baselines. This electrode was favored because of its central location
and maximal EP amplitude due to the electrical stimulation on the
foot. Then, the AUC of the global field power (GFP) of the main
EP peak was computed. GFP was utilized in order to account for all
the electrodes on the scalp. Finally, brain source network analysis
was done on the 61-channel recording in order to study the underly-
ing brain networks generating the EPs. The brain source network
analysis has been described in detail elsewhere (Lelic et al., 2012b),
but briefly: (i) EP data were decomposed by multichannel matching
pursuit (MMP) into components well defined in time and frequency
(Durka et al., 2005). Then, similar MMP components in time-fre-
quency for each subject (six datasets, three baselines and three treat-
ments) were clustered together by an in-house developed clustering

method (Lelic et al., 2011). MMP decomposition and clustering
were done in MATLAB (version 8.4.0; The Mathworks Inc., Natick,
MA, USA). The clusters which were similar between subjects were
then visually identified and used for final analysis; (ii) Brain source
localization was applied to the MMP components. As MMP compo-
nents are mono-frequency and have single topographies, each com-
ponent is either generated by a single source or by a set of sources
that operate synchronously. Inverse modeling on the MMP compo-
nents was done in Brain Electrical Source Modelling (BESA)
(BESA research 5.3; MEGIS software GmbH, Gr€afelfing, Germany);
and (iii) Brain source strengths were computed for each of the brain
sources in the network by calculating the AUC of the rectified
source waveforms. Then, the contribution of each brain source to
the network was calculated as follows: (i) source strengths of all
brain sources in the network were summed up. Let this sum be char-
acterized by k and let m represent the AUC of each single source;
and (ii) percentage of each source strength was calculated as (m/
k) 9 100. This percentage represents how much each source con-
tributes to the network.

Statistical analysis

Descriptive statistics are reported as mean � SD. To compare data
of the three treatments from their baselines, analyses were done
using two-way repeated measures analysis of variance (RM-ANOVA)
with treatment (placebo, oxycodone, venlafaxine) and time (day 1,
day 5) as the two main factors. The interaction between these two
factors was assessed to investigate the following variables: (i) stimu-
lation intensity (in mA) required to evoke NWR; (ii) unpleasantness
and pain scores for the three stimulation intensities (1 9 RT,
1.3 9 RT, 1.6 9 RT); (iii) AUCs of NWR; (iv) latencies and AUCs
of EPs; (v) source locations, and (vi) source strengths. If significant
interaction was seen, pairwise multiple comparison procedures
(Holm-Sidak method) were done in order to see due to which treat-
ment the difference between days occurred. P ≤ 0.05 was consid-
ered significant. The software package SIGMA STAT v.3.0 (SPSS Inc.,
Chicago, IL, USA) was used for the statistical analysis.

Results

The first subject was enrolled on 21/11/2013 and the last subject’s
last visit was on 12/12/2014. NWR and EPs were recorded in all 20
volunteers. The electrical stimulations were well tolerated and all
subjects completed the study without any complications.

Sensory parameters

Electrophysiological data and statistics are presented in Table 1. The
sensory and NWR thresholds were not significantly different
between treatments (F2,38 = 1.0; P = 0.4 for sensory; F2,38 = 2.3;
P = 0.1 for NWR). The pain scores did not differ between treat-
ments for either of the intensities (all F2,38 < 1.2; P > 0.1).
Although unpleasantness scores decreased on day 5 for all three
treatments (P < 0.01), they were not significantly different between
treatments for either of the intensities (all F2,38 < 1.3; P > 0.1).

Nociceptive withdrawal reflexes

Two of the subjects had noisy NWR recordings in at least one visit
where the peaks could not be detected and hence these data were
discarded from the final analysis. The NWR AUC results are shown
in Table 2. The drug effect on the NWR was significant
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(F2,38 = 4.5; P = 0.02). The post hoc tests showed that venlafaxine
decreased the NWR AUC (P < 0.05), whereas there were no differ-
ences in placebo or oxycodone experimental arms.

Evoked potentials

The EP in response to electrical stimulation had a triphasic shape.
The most prominent peak occurred around 100 ms (see Fig. 1 and
Table 3 for EP details). All latencies remained unchanged in all
three treatment arms (all F2,38 < 1.3; P > 0.2). The AUC of the
triphasic potential was increased due to treatment (F2,38 = 3.3;
P = 0.04) and the post hoc tests revealed that oxycodone increased
the size of the EPs (P < 0.05), whereas no differences in the AUC
were observed due to placebo and venlafaxine treatment.

Brain source localization

Two main brain networks underlying the EPs that were consistent
between volunteers were found: the anterior cingulate – operculum
network at 2.4 Hz (Delta band) and mid cingulate – operculum net-
work at 4.2 Hz (Theta band). Throughout this article, we use the
term operculum to represent the brain structures insula and sec-
ondary somatosensory cortex, as they are anatomically very close.
These two networks were analyzed in detail, in order to observe
how they were modified due to each treatment and the results are
shown in Table 4 and visualized in Fig. 2.
No changes were seen in the anterior cingulate – operculum net-

work for any of the arms (all F2,38 < 2.7; P > 0.1). In the mid

cingulate – operculum network, there was a shift of cingulate activ-
ity following drug treatment (F2,38 = 4.9; P < 0.01) and the post
hoc analysis revealed that oxycodone treatment resulted in a more
anterior shift of the cingulate activity (P < 0.05), while there were
no changes due to placebo or venlafaxine. There was also a differ-
ence in the contribution of each source to the network (F2,38 = 5.2;
P = 0.02). The post hoc analysis revealed that the contribution of
cingulate activity to the network increased while the contribution of
the operculum activity decreased following oxycodone treatment
(P < 0.05). There were no significant differences due to placebo or
venlafaxine.

Side effects

All volunteers experienced different, non-serious side effects as
listed in Table 5. However, none of these were of a degree that
resulted in an interruption of the experiment.

Discussion

This study investigated how oxycodone and venlafaxine modify the
nociceptive withdrawal reflexes and the corresponding brain net-
works as compared to placebo. We showed that the spinal nocicep-
tive withdrawal reflex was decreased in venlafaxine arm.
Oxycodone, on the other hand, modified the cortical evoked
response to the electrical stimulation. Hence, venlafaxine induced
changes in the modulation of spinal nociceptive transmission to a
greater extent, whereas oxycodone induced larger changes at the
cortical level.

Sensory properties and nociceptive withdrawal reflexes

None of the three treatments significantly changed the stimulation
intensity required to evoke a NWR or the pain scores to electrical
stimulation. This is in line with previous studies that investigated
the effects of low dosage opioids on the NWR. Willer (1985) inves-
tigated reflex and pain thresholds before and after four doses of
intravenous (IV) administered morphine chlorhydrate (0.05, 0.1, 0.2

Table 1. (a) Sensory data. (b) Pain and unpleasantness scores on numeric rating scale

(a)
NWR threshold (mA)

Placebo Oxycodone Venlafaxine

Baseline Treatment Baseline Treatment Baseline Treatment

Sensory 2.7 � 0.7 2.4 � 0.5 2.8 � 0.7 2.6 � 0.8 2.4 � 0.7 2.6 � 0.7
NWR 14.4 � 7.8 14.5 � 9.4 12.6 � 7.8 12.7 � 7.0 13.9 � 8.3 14.2 � 7.1

(b)
Pain (1*RT) Unpleasant (1*RT) Pain (1.3*RT) Unpleasant (1.3*RT) Pain (1.6*RT) Unpleasant (1.6*RT)

Placebo
Baseline 2.3 � 2.1 3.3 � 1.6 3.2 � 2.5 4.3 � 2.3 3.9 � 2.5 5.0 � 1.9
Treatment 1.7 � 1.6 3.0 � 2.1 2.5 � 1.9 3.5 � 2.0+ 3.2 � 2.0 3.9 � 2.1+

Oxycodone
Baseline 2.1 � 1.8 3.6 � 2.0 2.4 � 1.8 3.9 � 2.1 3.4 � 2.0 4.5 � 1.9
Treatment 1.7 � 1.8 2.6 � 1.9+ 2.3 � 2.0 3.4 � 1.9 3.0 � 2.4 3.8 � 2.2+

Venlafaxine
Baseline 1.5 � 1.6 3.0 � 2.1 2.5 � 2.0 4.2 � 2.1 3.1 � 2.0 4.7 � 1.7
Treatment 1.5 � 1.0 2.3 � 1.5+ 2.5 � 1.6 3.4 � 2.0+ 3.4 � 2.1 4.3 � 2.3

The significant values have bold caption. NWR, nociceptive withdrawal reflex; RT, reflex threshold. +P < 0.05.

Table 2. Nociceptive withdrawal reflex results

Placebo Oxycodone Venlafaxine
AUC AUC AUC

Baseline 27.0 � 15.7 22.9 � 15.8 23.7 � 11.9
Treatment 28.3 � 17.9 24.1 � 17.0 17.6 � 10.2+

The significant values have bold caption. AUC, area under curve. +P < 0.05.
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and 0.3 mg/kg) and found that low dose of morphine (0.05 mg/kg)
left the thresholds unchanged. On the other hand, higher doses
increased the thresholds in a linear fashion (i.e. very slight increase
for 0.1 mg/kg and larger increases for 0.2 and 0.3 mg/kg), indicat-
ing a close relationship between the effects of morphine and the
NWR. Bossard et al. (2002), instead, found that IV administration
of 0.1 mg/kg of morphine did not change the RT unless it was used
in combination with ketamine. In our study, we used 10 mg of
orally administered oxycodone in all the volunteers, which is equal

to approximately 5 mg IV (i.e. 0.07 mg/kg for a 70 kg person)
administered morphine. Hence, our results are in agreement with the
above studies where low dose of IV administered morphine did not
affect the RT. Using higher dosage of oxycodone was not feasible
in this study. Previous studies that used higher dosage of opioids
and IV infusion were done in 1 day per treatment and hence, once
the treatment was done, the drug was out of the bloodstream within
hours and the healthy volunteers could continue with their normal
life. The present oxycodone treatment lasted 5 days, in which the
volunteers experienced side effects such as drowsiness, nausea, etc.
Increasing the dosage would likely increase these side effects and
decrease the volunteers’ quality of life during the time of the treat-
ment. Thus, ethical constraints also prevent an increase of the
dosage.
Venlafaxine did not change the RT either. This is in line with

Matthey et al.’s (2013) study who investigated the effects of Mil-
nacipran’s (an SNRI) on the NWR over a 3-week treatment period
with increasing dosage. In this study, however, venlafaxine changed
the magnitude of the NWR recorded at tibialis anterior, which did
not occur due to oxycodone or placebo treatment. This observation
probably suggests that, at the given dose, venlafaxine influenced the
modulation of spinal nociceptive transmission, despite the lack of
change in RT. Venlafaxine may inhibit serotonin and noradrenaline
reuptake in a disproportionate manner and a change in either of the
two systems due to venlafaxine could affect the other. It has been
demonstrated that low doses of venlafaxine (75 mg/day) did not
inhibit the noradrenaline reuptake process in healthy volunteers

5 
µV

5 
µV

5 
µV

50 ms

PLACEBO

OXYCODONE

VENLAFAXINE

BASELINE

TREATMENT
Stimulus

Fig. 1. Cortical evoked potentials at central scalp electrode (Cz) from one representative subject. It can be seen that the latencies are similar between the three
arms as compared to placebo, whereas the amplitude in the oxycodone arm is increased. [Colour figure can be viewed at wileyonlinelibrary.com].

Table 3. Evoked potentials

Placebo Oxycodone Venlafaxine

Peak 1 Latency (ms)
Baseline 53.8 � 11.5 51.0 � 4.8 51.2 � 6.1
Treatment 50.4 � 5.0 51.4 � 5.9 51.7 � 6.8

Peak 2 Latency (ms)
Baseline 108.1 � 14.3 105.8 � 13.2 106.6 � 14.2
Treatment 104.6 � 12.4 104.6 � 13.0 107.9 � 14.2

Peak 3 Latency (ms)
Baseline 192.7 � 27.7 194.3 � 23.5 192.2 � 25.5
Treatment 192.5 � 23.1 193.7 � 23.9 190.8 � 22.9

AUC
Baseline 86.9 � 24.6 86.6 � 24.2 90.7 � 32.0
Treatment 87.7 � 22.0 93.4 � 25.5+ 89.2 � 25.5

AUC, area under curve; +P < 0.05. The significant values have bold and ita-
lic caption.
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(Harvey et al., 2000; Blier et al., 2007). However, peripheral rather
than central measures were used to assess drug effects on nora-
drenaline function. Thus, knowledge on central measures in humans
is still lacking. Moreover, there is a dual role of serotonergic mecha-
nisms in the expression of descending inhibition and descending
facilitation (Millan, 2002). Thus, the net effect will be a balance
between pro- and antinociceptive roles of descending serotonergic
pathways. Hence, the changes in the NWR due to venlafaxine
administration possibly reflect a change in balance between descend-
ing inhibition and descending facilitation. The lack of change of the
activity recorded at TA due to oxycodone is in line with previous
low dosage opioid studies (Willer, 1985; Bossard et al., 2002).
Hence, although it has been established that opioids exert their
effects at the spinal level, the doses in this study were not sufficient
to see these effects.
Although the reflex thresholds were not significantly changed due

to either treatments, the subjective unpleasantness ratings were
decreased in all three treatments. As this reduction in ratings
occurred in all three arms, it is likely that there was a time effect as
the volunteers were more comfortable and used to the electrical
stimulation on day 5.

Evoked potentials

The EPs in the placebo and venlafaxine arms were unchanged com-
pared to the baseline EPs, whereas they were increased in the oxy-
codone arm. Studies involving EPs to electrical stimulation eliciting a
NWR in combination with opioids are scarce. Nonetheless, the
increase in amplitudes following oxycodone administration was to
authors’ surprise. A number of studies involving somatosensory EPs
(i.e. median nerve, tibial nerve) and opioids in humans normally
showed a decrease in amplitudes (Freye et al., 1986; McPherson
et al., 1986; Schubert et al., 1987; Kalkman et al., 1988; Kimovec
et al., 1990). However, these studies have typically explored higher
dosage of anesthetic opioids and oxycodone is an analgesic opioid.
The central effect of opioids likely varies depending not only on the
type of the opioid (i.e. analgesic or anesthetic), but also on the dosage.
A study investigating dose-dependent effect of remifentanil on
somatosensory EPs in patients undergoing elective surgery, showed
that after tracheal intubation, remifentanil increased the early EP
amplitudes, whereas high doses decreased them (Crabb et al., 1996).
Another aspect to take into consideration is the specificity of the type
of stimulation used in this study. Non-invasive, high-current electrical

Table 4. Brain source details

Network 1 Network 2

Anterior Cingulate (Brain
source 1) Operculum (Brain source 2)

Mid-cingulate (Brain source
1) Operculum (Brain source 2)

X Y Z X Y Z X Y Z X Y Z

Baseline

MEAN (mm) �2.3 24.7 24.6 �41.6 �3.7 1.6 �0.2 4.3 33.1 �41.9 �1.3 3.8
SD 3.6 8.3 6.2 3.0 8.1 4.4 3.8 14.8 6.5 3.9 9.0 4.7
AUC 34.8�14.4 22.1�21.1 16.1�10.4 15.0�5.9
Contribution(%) 64.4�10.9 35.6�10.9 49.1�14.8 51.0�14.8
Frequency (Hz) 2.4�0.6 4.3�1.0

Placebo

MEAN (mm) �3.6 22.1 24.4 �42.1 �1.2 0.4 0.7 2.6 35.8 �40.7 2.1 2.1
SD 4.1 13.5 10.6 4.0 8.2 4.3 4.9 15.9 7.8 4.5 8.3 3.9
AUC 33.5 � 14.2 19.0 � 11.8 15.6 � 10.5 15.4 � 7.4
Contribution(%) 62.4 � 16.1 37.6 � 16.1 47.1 � 17.4 53.0 � 17.4
Frequency (Hz) 2.4 � 0.7 4.3 � 0.9

Oxycodone+

MEAN (mm) �1.3 21.1 24.2 �35.6 �0.1 0.2 �1.9 14.0+ 30.8 �42.2 �2.9 4.6
SD 3.6 12.9 6.9 19.0 7.6 6.1 7.2 14.3 7.7 5.2 7.9 3.5
AUC 32.5 � 16.9 21.8 � 13.3 16.5 � 8.2 13.1 � 9.0
Contribution(%) 59.4 � 16.2 40.6 � 16.2 55.4 � 10.6+ 44.6 � 10.6+

Frequency (Hz) 2.4 � 0.6 4.2 � 0.9

Venlafaxine

MEAN (mm) �1.3 19.6 26.1 �41.1 �1.6 0.2 �0.8 8.9 33.1 �41.2 �3.0 4.4
SD 4.1 11.4 5.9 4.4 7.0 4.6 5.4 12.6 7.6 5.7 8.0 3.8
AUC 34.8 � 16.7 26.1 � 28.8 17.0 � 10.1 13.3 � 5.6
Contribution(%) 59.9 � 12.9 40.1 � 12.9 54.1 � 15.2 45.9 � 15.2
Frequency (Hz) 2.6 � 0.6 4.3 � 0.9

SD – standard deviation; AUC – area under curve; Dipole coordinates: X – lateral/medial, Y - anterior/posterior, Z – inferior/superior; + - P < 0.05. The signifi-
cant values have bold caption.
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stimulation concomitantly activates both non-nociceptive Ab and
nociceptive Ad fibers, and EPs consequently reflect the processing of
both afferents. In line with this, it has been shown that the EPs in
response to electrical stimulation at intensities above RT do not carry
enough information to distinguish between different levels of stimula-
tion intensity, which could also explain why there were changes in the
NWR following venlafaxine treatment, but not in the EPs (Arguissain
et al., 2015). Furthermore, a number of studies suggest that EPs,
regardless of the type of stimulation used, might largely reflect activity
related to the detection of salient, potentially threatening sensory stim-
uli (Iannetti et al., 2008; Mouraux & Iannetti, 2009).
To authors’ knowledge, previous research in somatosensory/pain

EPs and SNRI drugs has not been done in humans and hence this is

the first study ever to report SNRI effect on cortical EPs. The lack
of changes in the EPs in combination with the observed changes in
the NWR suggests that venlafaxine mainly exerts its effects at the
spinal level. It is possible that in order to observe the venlafaxine
effects in the brain, the treatment should have been longer than
5 days (i.e. at least 2 weeks) (pro.medicin.dk).

Brain Networks

The brain network analysis method used in this study has been vali-
dated before and has been shown to be sensitive to detect changes
due to analgesics (Lelic et al., 2012a,b, 2014). The anterior cingu-
late-operculum and mid cingulate-operculum networks were the two
dominant brain networks in all three arms. Cingulate cortex together
with operculo-insular cortex is the most often reported brain area in
pain studies (Mauguiere, 2004; Olesen et al., 2010; Wiech et al.,
2010; Brock et al., 2012). Cingulate cortex has an important role in
emotional and attentional processing of pain stimulus and operculo-
insular cortex is said to be the first activated cortical region that sets
off the brain networks involved in pain experience (Isnard et al.,
2011). Due to its importance in pain processing, Garcia-Larrea et al.
(2010) refer to the operculo-insular cortex as the third somatosen-
sory area processing pain. Brain network analysis revealed that after
oxycodone administration, there was a forward shift in the mid cin-
gulate-operculum network. This finding is in line with previous
studies where the effect of morphine on esophageal EPs (Lelic
et al., 2012a) and rectal EPs (Lelic et al., 2014) revealed a frontal
shift of cingulate activity at low frequencies (2–4 Hz). Additionally,
after 5 days of oxycodone treatment, the cingulate activity was
increased in mid-cingulate-operculum network, whereas the opercu-
lar activity was decreased. Hence, the increased AUC of the EPs is
likely due to the increased synchronization of brain activity within
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Fig. 2. Brain networks underlying the cortical evoked potentials. The grand mean data are shown, although analysis was done on individual basis. There were
two dominant brain networks: anterior cingulate-operculum network (Network 1 on top of the figure) and mid cingulate-operculum network (Network 2) on bot-
tom of the figure. The left part of the figure shows the source locations and the right part of the figure shows the time-course of the network multichannel
matching pursuit (MMP component at a single electrode/Cz). Each brain source in the network had the same time waveform as the MMP component, the only
difference between the source waveforms was the amplitude (source strength) which is presented in Table 4 as area under curve (AUC) of the source waveform.
There were no significant changes in brain source locations in Network 1. Frontal shift of the cingulate source in the oxycodone arm can be seen in Network 2.
[Colour figure can be viewed at wileyonlinelibrary.com].

Table 5. Side effects. The numbers represent the number of volunteers that
had the side effect present. All of the volunteers that had side effects
reported them to be ≤3 on 5-point Likert scale (i.e. 0 = no side effect,
1 = minimum side effect, 2 = moderate side effect, 3 = high side effect and
4 = very high side effect)

Side effect Placebo Oxycodone Venlafaxine

Nausea 0 3 10
Vomiting 0 0 0
Headache 2 2 4
Dizziness 0 4 6
Sedation 2 8 5
Mouth dryness 0 0 8
Rapid heart rate 0 1 1
Constipation 0 1 0
Itching 0 6 0
Low appetite 1 0 2
Increased sweating 1 2 0
General discomfort 0 5 8

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 44, 2966–2974

2972 D. Lelic et al.



cingulate cortex following oxycodone treatment. Previous studies in
animals and humans point to prefrontal cortex and cingulate cortex
having a high density of mu opioid receptors (Wamsley et al.,
1982; Sadzot et al., 1991; Schoell et al., 2010). Therefore, the fron-
tal shift of the cingulate activity is likely due to activation of mu
opioid receptors in this brain region. Additionally, as the frontal
shift of the cingulate activity makes network two almost identical in
location to the anterior cingulate/operculum network 1, this alter-
ation in activity could also imply a change of frequency content of
network 1 due to oxycodone. In the placebo and venlafaxine arms,
analysis revealed consistent brain networks between baseline and
treatment conditions. The absence of an effect of venlafaxine on
EPs and brain networks could be because the changes are mainly
exerted at the brainstem level. This makes it extremely difficult to
observe with the current setup, as usually thousands of trials are
required to detect activity in such deep brain areas, whereas the
number of stimuli that are delivered in order to elicit the NWR is
normally limited to less than a hundred per session due to the pain
and discomfort that the stimulation evokes. Moreover, as SNRI
drugs mainly affect descending inhibition (Marks et al., 2009),
which is a spinal occurrence, it seems reasonable that the changes
were primarily seen in the NWR. In contrast to previous studies, in
this study, we recorded both spinal and supraspinal activity simulta-
neously and hence could separate spinal from supraspinal activity
and exclude that any change in spinal activity is due to cortical
change and vice versa.

Study considerations

Although this study shed some light on how the central nervous sys-
tem (CNS) is affected by oxycodone and venlafaxine treatment, some
considerations need to be noted. It can be argued that the central
changes seen in this study are questionable because there were no
changes in pain ratings in response to the electrical stimulation in
either of the experimental arms. However, the pain scores of the brief,
phasic electrical stimuli on day 1 and 5 are subjective verbal ratings. It
has been previously reported that the sensitivity of the numerical ver-
bal scales is generally low (Williamson & Hoggart, 2005) and recall-
ing pain ratings is less reliable in large time spans (Erskine et al.,
1990; Biurrun Manresa et al., 2011). On the other hand, both EPs and
the NWR are objective measures of central activity, which may better
reflect changes in the CNS due to drug administration.
The venlafaxine treatment was given over a 5-day period and

treatment with SNRIs should be at least 2 weeks in order to observe
maximal clinical effect (pro.medicin.dk). As mentioned before, giv-
ing a drug like venlafaxine to healthy volunteers for 2 weeks or
longer is not ethically feasible. Moreover, effects of venlafaxine on
the pain system have been observed already after few days of treat-
ment (Enggaard et al., 2001). Although a longer treatment would be
desirable to observe the maximal clinical effect, the 5-day treatment
in this study was long enough to detect changes in the CNS.

Conclusions

This study showed differences in pain processing of NWR between
venlafaxine and oxycodone as compared to placebo at spinal and
cortical levels. Venlafaxine exerts its effects on the processes modu-
lating spinal nociceptive transmission to a greater extent, which may
reflect changes in balance between descending inhibition and
descending facilitation. Oxycodone, on the other hand, exerts its
effects at the cortical level (frontal activity shift within cingulate
cortex) to a greater extent. This study sheds light on how opioids

and SNRI drugs modify the human CNS and where their effects
dominate. As there is an unmet need for human models to explore
the mechanisms of drugs with effect on the CNS, the current
approach could be used to explore the consequences to treatment
with analgesics and other drugs.
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