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Pain can motivate an individual to protect injured body parts, avoid
(potential) harmful situations, and plays a critical role in learning how to
behave when confronted with actual or potential tissue damage[1]. However,
not all pain is inevitably good for the individual[2]. This has been supported
by evidence showing that adequate pain management improves the quality
of life, and promotes a fast and uncomplicated recovery in the case of
(surgical) trauma[2, 3].
Whether animals can experience pain with the same qualities as human
pain has long been debated. However, to date, there is ample evidence
supporting that animals can experience pain similarly as humans. The great
(neuro)anatomical similarities, as well as similar responses (e.g. biochemical,
behavioural and physiological) to pain between humans and animals,
strongly support the notion that animals can experience pain in a similar
fashion as humans[4]. Furthermore, evidence in support of the view that
animals do not experience pain is universally lacking. Pain clearly negatively
affects the animal’s overall welfare[3], making adequate pain control in
animals mandatory. A commonly used approach to conclude whether an
animal is in pain is the ‘Principle of Analogy’ that states that “if the situation
the animal is in would be painful in a human, it is considered painful in
an animal as well,” thereby “giving the animal the benefit of the doubt”[5].
However, by applying this approach it remains a challenge to validly evaluate
whether the treatment provided has been effective, and determine whether
treatment should be continued[5]. Therefore, determining the degree of pain
is essential in deciding on the most effective therapeutic approach, intensity
and duration of analgesic treatment.
Currently, effective treatment of animal pain is hampered by incomplete
knowledge about underlying central mechanisms[6] and limited knowledge
about pain assessment (including recognition and quantification)[7]. In order
to improve animal pain management, more fundamental knowledge about
animal pain (patho)physiology needs to be generated[6, 7] .

Pain and nociception

Pain usually arises from the stimulation of nociceptors, specific sensory
neurons that are activated by stimuli that (potentially) cause tissue damage,
thereby causing the perception of pain[8]. Besides the perception of sensory
input, both avoidance and protective functions of pain are described, as
pain motivates an individual to avoid harmful situations and inhibits
manipulation of affected (i.e. injured) body parts[1, 9]. Consequently, a purely
sensory description of pain is incomplete and thus inadequate in describing
and explaining the experience of pain, as this description ignores the affective
quality of the pain experience. Therefore, it is generally accepted that pain is
a multidimensional experience.
One of the definitions of pain acknowledging its multidimensionality, is
the widely used definition of the International Association for the Study
of Pain (IASP), which defines pain as “an unpleasant sensory and emotional
experience associated with actual or potential tissue damage, or described in terms of
such damage”[10]. This definition states that pain is both sensory and emotional
(i.e. affective). The IASP explicitly adds that “The inability to communicate
verbally does not negate the possibility that an individual is experiencing pain
and is in need of appropriate pain-relieving treatment.” Importantly, the
IASP[10] states that nociception is not the same as pain. It is important to
8
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make this distinction, as most tests which in literature are generally referred
to as “pain tests” in animals, are in fact tests of nociception[11]. Nociception
refers to the encoding and processing of (potential) noxious stimuli, while
pain is always a psychological state, even if it has a physical cause, since pain
always involves an emotional experience[10].

Pain physiology

Nociceptors in the peripheral nervous system project to the dorsal horn
of the spinal cord where the processing of nociceptive information starts.
Nociceptive neurons in the dorsal horn of the spinal cord project to several
different brain regions for the further processing of the information[12].
Roughly, two different pain systems can be distinguished, being the lateral
and medial pain system. Each one is processing different dimensions
of pain[13], as shown in figure 1. The lateral pain system is thought to be
involved in the sensory-discriminative dimension, processing the type of
stimulus (mechanical, thermal or chemical), location, intensity, temporal
pattern and duration of the pain experience[15, 16]. The medial pain system is
thought to be involved in the memory of pain, autonomic-neuroendocrine
responses evoked by pain, the motivational-affective and cognitive-affective
dimensions of pain[14]. This functional differentiation between the lateral and
medial pain system is primarily based on the cortical projection sites from
medial or lateral thalamic structures[17]. Although this approach is likely to
be an oversimplification of the neural networks involved, it is considered
useful in grouping brain areas involved in different dimensions of pain.
The lateral pain system includes the spinothalamic tract in which nociceptive
afferent neurons project, via the lateral thalamus, to the primary (S1) and
secondary somatosensory (S2) cortex and insula. The medial pain system
contains several pathways, which mediate different dimensions of pain.
The affective-motivational dimension of pain includes emotions (e.g. pain
unpleasantness) involved in pain and the reflexes and/or complex behaviours
resulting in escape or avoidance of the situation[16]. This dimension is
mediated by a spinothalamic, spinoreticular and spinomesencephalic tract,
which are interconnected and via thalamic nuclei project to the S2, insula
and anterior cingulated cortex (ACC). Within the cognitive-evaluative
dimension of pain, the ACC plays an important role by integrating
cognitive processes (e.g. memory) and somatosensory information. The
hippocampus and amygdala are involved in the memory of pain, through
their projections to the S2 and insula. The periaqueductal grey matter (PAG)
is involved in several autonomic processes. Areas in the reticular formation
(e.g. locus coeruleus) project to the hypothalamus which plays a critical
role in the autonomic-neuroendocrine responses to pain, by regulating the
hypothalamic-pituitary-adrenal (HPA) axis[14]. In conclusion, the medial
pain system constitutes several pathways which are interconnected, thereby
integrating information about affective features of pain and evoking several
responses appropriately.

9
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Figure 1. Central pathways of the lateral and medial pain system[14]. The dotted line
depicts a connection between the medial and lateral pain system, between the lateral
and medial thalamic nuclei. PO=parietal operculum; TMN=tuberomamillary nucleus;
PVN=paraventricular nucleus; ILN=intralaminar thalamic nuclei; MTN=medial thalamic
nuclei; SMT=spinomesencephalic tract; PAG=periaqueductal grey; SRT=spinoreticular tract;
PBN=parabrachial nucleus; STT=spinothalamic tract; LC=locus coeruleus S–D=sensory–
discriminative; M–A=motivational–affective; C–E=cognitive–evaluative systems.

Pain and other emotions

Interestingly, pain (including its sensory and emotional component) and
other emotions share to some degree their neurobiological underpinnings[18].
Both animal studies and human studies[19-21] have shown that several brain
regions involved in the medial and lateral pain system, including the
amygdala, insula, ACC, S2 and hypothalamus, are involved in the processing
of other emotions as well, both negative (e.g. anxiety) and positive (e.g.
pleasure). Therefore, ascending pain pathways have the ability to directly
activate brain regions involved in emotions. It is well established that pain is
a multidimensional experience, which is inextricably bound up with negative
emotions. Hence, it is not surprising that it has been found that both positive
and negative emotions can modulate pain[22]. The gate-control theory[23]
was one of the first attempts to explain how psychological factors such as
emotions can modulate pain experienced. The latter theory suggested that
the nociceptive processing through ascending pathways can be modulated
at the level of the dorsal horn of the spinal cord, which functions like a
gate. Psychological factors (i.e. emotions, attention and previous memories)
processed in higher brain areas can ‘close’ this gate through descending
pathways, thereby altering the pain experienced. More recently, both human
and animal studies[22, 24] suggested that psychological factors can modulate
10
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pain through descending pathways originating in the hypothalamus,
amygdala or ACC. Moreover, psychological factors can both inhibit and
enhance pain, depending on the pain stimulus’ properties and the emotional
state at the time of being confronted with the painful stimulus[22]. However,
the nature of the interactions between pain (including the sensory and
emotional component) and emotions are currently not firmly established.

Studying animal pain

Assessing pain in man and animals is challenging, as pain is a subjective
phenomenon and therefore it is difficult to investigate it objectively[9].
There is no golden standard for assessing pain in animals. A well described
and commonly used indicator of animal pain is a deviation from normal
behaviour[25]. However, there is no finite definition of “normal” behaviour
and behaviours in general and in particular behavioural expressions (but not
necessarily the experience) of pain may differ not only between species but
also within species (depending on gender, breed, strain, earlier experiences,
etc)[25]. For example, in contrast to predator species, prey species may not
overtly react to pain, considered an adaptive response within their survival
strategy[26], or the expression of pain behaviours may be suppressed by the
animal in response to being observed[5]. Moreover, there are no specific
behavioural or physiological signs exclusively indicative of pain, that may
conclusively differentiate between pain and other phenomena such as stress
in general. Multiple attempts were undertaken to quantify pain by using
physiological parameters, including metabolic, cardiopulmonary, neurologic
and endocrine responses[27]. None of these parameters however have adequate
discriminative power or provide a valid and reliable quantification of pain[25].

Animal models

In order to improve animal pain management, more fundamental
knowledge about animal pain (patho)physiology needs to be generated[6,
7]
. Different animal species are used in pain research, with rats and mice
currently representing the majority[28]. The advantages of these laboratory
animal species include a high level of standardization and detailed
knowledge regarding genetic and environmental background, anatomy
and pathologies[6, 28]. The majority of experimental protocols used in pain
research were originally developed for the rat[29]. Adapting these protocols
for other species (even other rodent species such as mice) is challenging[30].
All in all, given the amount of knowledge and tests available for rats, this
species is considered very valuable as animal model in pain research.

Measuring evoked potentials

To study pain and nociception, several methods exist[28], each one studying
different aspects of pain and nociception. One promising method to study
the central processing of pain is the measurement of brain activity. Previous
research from our laboratory[31, 32] supports the hypothesis that event related
potentials (ERPs) can be used to investigate pain while differentially
describing and determining its underlying mechanisms of the sensory and
emotional component. ERPs are fragments of the electroencephalogram
(EEG), which are linked to specific events[33]. The EEG is a recording
of continuous electrical activity of the brain, that can be measured both
cortically (i.e. from the scalp) and subcortically. When nociceptive
11

1

processing is studied, ERPs are evoked by noxious somatosensory stimuli
and are therefore referred to as somatosensory evoked potentials (SEPs).
When measuring an ERP, it has to be taken into account that there are
numerous on-going processes in the brain, which are not all related to the
process of interest[33]. For example, when measuring a single SEP we do not
only measure the neural processing of the somatosensory stimulus applied,
but also other, non-related processes may be reflected in the recording,
like visual, olfactory and auditory input (see figure 2). These non-related
processes are assumed to occur randomly across the EEG. Therefore, a
commonly used procedure is to record and subsequently average multiple
ERPs. That way, processes non-related to the ERP are averaged out (see
figure 2), and a representative ERP is obtained[33]. In the literature, a single
ERP is commonly called an ‘epoch’ or ‘sweep,’ while the average of multiple
ERPs is referred to as ‘the ERP’ (or in the case of somatosensory evoked
potentials: ‘the SEP’).

Figure 2. Representative somatosensory evoked potentials (SEPs) of a Wistar rat, collected
in our laboratory. SEPs were evoked by stimulation of the tail base with a 5 mA electrical
pulse of 2 milliseconds (applied at T=0 milliseconds). In three exemplary sweeps non-noxious
related activity is reflected in the signal. In the average of 32 sweeps a representative SEP is
provided, in which non-noxious processes are averaged out.

Analyzing evoked potentials

Evoked potentials can be analyzed in a highly standardized and objective
manner[33, 34]. The waveform of an evoked potential typically includes
different positive and negative peaks and can be quantified objectively by
using several measures (see figure 3), including the height of the peaks
(amplitude), the difference in amplitude between peaks of interest (peak
to peak amplitude), time of occurrence (latency), area under the curve and
the rate dispersion factor (RDF; an expression of the overall shape of the
SEP waveform in a specified latency range)[33, 35]. Which measures are best
12

GENERAL INTRODUCTION

for the quantification of an ERP depends on several factors, including
the exact research question(s) and the morphology of the signal. If peaks
are readily detectable, amplitudes and latencies can be used. The RDF
however, is specifically useful when peaks appear absent due to experimental
manipulations, e.g. administration of anaesthetic drugs[35].
Figure 3. Examples of
different characteristics of the
ERP waveform, which can
be analyzed in a standardized
and objective way[34].

The somatosensory evoked potential as read-out parameter of pain

The SEP evoked by high intensity somatosensory stimuli is believed to
represent the processing of noxious stimuli[36]. The SEP correlates well
with both subjective pain ratings in humans[37-40] and aversion to pain in
animals[41, 42]. Higher stimulation intensities (i.e. more painful SEP-evoking
stimuli), result in a greater SEP amplitude and shorter peak latencies.
Furthermore, the SEP is altered by anaesthetic and analgesic treatment in
both humans[34] and animals[35, 43, 44]. Therefore, the SEP may serve as a readout parameter in pain research. The SEP is of special interest in animals,
due to its potential to quantify and differentiate between the sensory and
emotional component of acute pain[38, 43].
In conclusion, pharmacological (i.e. anaesthetic) interventions, support
the SEP as a valid method to objectively quantify central pain processing
in animals[31, 32]. However, it is unknown whether the SEP in animals is a
suitable tool to assess alterations in central pain processing caused by nonpharmacological interventions. Furthermore, to investigate and differentially
determine the underlying mechanisms of the sensory and emotional
component of pain, the SEP’s measurement technology needs to be refined
further.

General outline of the project

The aim of this project is the further refinement of the technique to measure
the SEP in rats and the subsequent validation of the SEP as a method to study
central pain processing. Chapters 2 to 4 describe the further development of
the SEP’s measurement technology. In chapter 2A a data analysis program
to analyse the SEPs time-efficiently is described. In chapter 2B refinement of
the post-surgical pain management protocol, following the surgery required
to be able to measure SEPs is described. Chapter 3 describes a method to
13
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simultaneously measure SEPs and pain-related behaviour. In chapter 4,
adjustment of the method of administering SEP-evoking stimuli, allowing
manipulation of the predictability of a single painful stimulus (as opposed
to a set of painful stimuli) is described. This adjusted method is applied in
a study described in chapter 5, which demonstrates that predictability of
a painful stimulus plays a distinctive role in the cortical processing of this
stimulus. To support the validation of the SEP as a valid read-out parameter
of animal pain, pain-related phenotypes of four different inbred rat strains
were measured (chapter 6), using both behavioural and cerebral read out
parameters. Finally, a general discussion will be provided in chapter 7.
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Abstract

In analysis of event related potentials,
amplitudes and latencies of predefined
peaks are commonly used as dependent
variables. However, programs to detect
these peaks (semi-) automatically
often require programming skills of
the user, expensive licenses and use
non-common file formats. This article
describes a user friendlyand free
program for semi-automatically peak
detection, which uses the common
.txt file format.
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Introduction

Cortical Event-Related Potentials (ERPs) are nowadays a very commonly
used technique in the field of neuroscientific research. ERPs are often
described by quantifying and analyzing the amplitude and latency time of
peaks of interest[1]. The maximal or minimal amplitude and its corresponding
latency time in a predetermined latency period can be detected visually, by
just looking at the graph in programs such as Microsoft Excel. However,
more precise, and potentially faster, is a semi-automatic detection. Although
software packages which allow this semi-automatic detection of peak
amplitudes do exist, these programs often require expensive licenses, specific
(non-common) file formats for input of ERP data and sometimes require
programming skills of the user.

The Peak Detection program

In our research group peak detection is done semi-automatically using a
program called “Peak Detection,” developed in house using a Borland
Delphi environment (Delphi 7, Borland software corporation, Austin, USA)
in “Object Pascal”. “Peak Detection” is a small (773 kb) executable program
which runs on Microsoft Windows and does not require installation or
licenses. Furthermore, no programming skills of the user are required.
See figure 1 for a screenshot of the program.

Format and layout input files

When clicking on the “open datafile” button, an open dialog will appear in
which the user can select the file containing the data. Text files containing
an unspecified number of columns and rows can be read by the program.
Data is written into a two-dimensional dynamic array of real: Every row
is seen as a datapoint, and every column is seen as a channel. Both points
and commas can be used as decimal separator, but no text should be present
in the input file (only numbers) as the array of real cannot handle strings.
Columns in the input file should be tab separated, which sometimes is done
by the data acquisition software itself, but can also easily be accomplished by
using the “save as text (tab delimited)” function in programs like Microsoft
Excel.

Detection of peaks

When an input file is read, the program will depict all channels in one graph.
If a specific channel is selected (see figure 1B), a second graph will depict that
specific channel. Up to 10 peaks can be detected within the selected channel,
by enabling the desired number of peaks by clicking on the checkbox (see
figure 1C). Thereafter, for every peak the latency area in which that peak
should be detected have to be set, by setting the first and last datapoint
of the desired area. Finally the user should indicate whether the program
should find a minimum (“negative peak”) or maximum (“positive peak”).
When the “find” button (figure 1D) is clicked, the program will identify
each peak by using a loop which is running from the first datapoint to the
last datapoint for every peak. Subsequently, the result will be shown in text
(both the peak’s amplitude and latency time) and marked in the graph. The
visual marks in the graph enable the user to quickly evaluate if the found
peaks are correct. If the user agrees with the found peaks, data can be written
to a file by clicking the “write to file” button (see figure 1F). Subsequently,
21

2A

either a new channel or a new file can be selected. The program will empty
all arrays and graphs, but remember the latencies used the previous time
so the user doesn’t have to define them again. This way, peak detection is
done efficiently and accurately, with an optimal balance between rapidity
and manual control.

Figure 1. The Peak Detection program. The user can (A) open .txt files containing
the data and (B) select a channel. The selected channel is shown in the lower graph.
(C) Up to 10 peaks can be detected. (D) The program will find the minimal or maximal value
in a latency area set by the user. Found peaks are visually indicated with vertical lines in the
lower graph. (E) The length of these indicators can be adjusted by the user. (F) When all
peaks are properly identified by the program, the data can be written to a user defined .xls
file. The program will write the original text file’s name, the channel, peak’s amplitudes and
latencies, (G) average baseline values and (H) remarks. (I) Data as it is written to a .xls file is
shown. See text for details.

Average baseline

ERP signals can be analyzed in several ways, including using a peak-topeak analyses (e.g. the difference in amplitude between peak 1 and 2) and
peak’s baseline-corrected amplitudes[1]. To correct the peak’s amplitude for
its baseline value, the user simply subtracts the signal’s average baseline
amplitude from the peak’s amplitude. To this end, the user can save the
ERP’s average baseline value by filling in the amount of datapoints in the
baseline. When the “write to file” button is clicked, the program will calculate
the average amplitude over the amount of datapoints set by the user, starting
with datapoint 1. If no baseline is present, or the user does not want to
calculate the average baseline value, the amount of datapoints can be set to 0.

Output file

The Peak Detection program will generate an .xls output file (see figure 2).
When the user clicks on “write to file” for the first time, a save dialog will
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appear enabling the user to set the name and directory of the output file.
All data will be written to that file when the “write to file” button is clicked.
When the program is restarted the save dialog will appear again after the
first click on “write to file.” The output file will contain multiple columns
including the name original file and the channel number, to ensure the data’s
traceability to its original source. Furthermore, peak’s amplitudes, latencies
and an average baseline value and the user’s remarks (see figure 1H) are
saved. Data is saved in a format suitable for mixed model regression in SPSS,
as advantages of this analysis over ANOVA has been shown in the literature
(e.g.[2, 3]).

Figure 2. Output of the Peak Detection program. See text for details.

Conclusion

This article presents a user friendly and free program to analyze ERP data
in a time-efficient and adequate way. Because the user has to approve each
signal’s data before it is written to a file, the dataset is optimally controlled
(i.e. bad or deviating signals will be detected) without consuming a large
amount of time. Persons interested can contact the first author to acquire
the Peak Detection program by e-mail.
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Abstract

Buprenorphine is commonly used
as (part of ) postoperative analgesic
treatment with dosage dependent
side effects such as pica behaviour.
No strict consensus exists about
the optimal dosing interval of
buprenorphine, as its duration of
action has been described as being
in the range of 6 - 12 hours. In this
study, dosing intervals of 8 (thricea-day) and 12 (twice-a-day) hours
for buprenorphine in a multimodal
analgesic
strategy
(concurrent
administration of a NSAID) were
compared on food intake, weight and
side effects (gnawing on plastic petri
dishes and growth rate, indicative
of pica behaviour) in rats. The food
intake and weight of both intervals
was comparable, as the animals from
the twice-a-day group did not lose
more weight or consumed less food
during the analgesic period. The rats
from the thrice-a-day group suffered
from more side effects, as the growth
rate was decreased and more plastic
was gnawed on. It is recommended to
carefully evaluate analgesic and side
effects when using buprenorphine.
When side effects are observed, the
possibility of increasing the dosing
interval of buprenorphine should be
explored. In this study, increasing
the dosing interval of buprenorphine
in a multimodal analgesic regime
resulted in reduced unwanted sideeffects, without increasing weight loss
or decreasing food intake. Although
this is suggestive of provision of
comparable analgesia, future studies
including more pain-related readout
parameters to assess the effect of the
dosing interval on analgesic efficacy
are recommended.
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Introduction

In rodents, buprenorphine has been shown to be an effective analgesic in a
wide range of experimental pain models[1] and is a frequently used opioid
in laboratory animals to treat postoperative pain[2, 3]. In the rat, a dose of
0.05 mg/kg is recommended[4]. However, the optimal dosing scheme
and treatment duration remain under debate[5]. This is due to complex
pharmacodynamics[6], pharmacokinetics[7] and inconsistent reports with
respect to onset time[6], peak effect[2, 8, 9] and duration of analgesia[1, 2].
	Besides its broad analgesic potency, buprenorphine is known to have
various (dose-dependent) side effects, including increased locomotor
activity[10] and pica behaviour[2, 11, 12] (often seen as hording or ingestion
of bedding material), which predispose for decreased growth rates, gastric
obstruction and occasionally death[13]. Rodent strain, buprenorphine dosage,
dosing interval, treatment duration, as well as presence and severity of
postoperative trauma and availability of non-food substrates have all been
implicated to contribute (and interact) to pica behaviour and delayed
postoperative weight gain[2, 11, 12].
Good pain management comprises frequent (re-)assessment cycles to
evaluate both desired (i.e. adequate analgesia) and unwanted (side-)effects
(i.e. pica, decreased growth rate) of the analgesic therapy. The duration of
effective analgesia depends on various factors including the degree of pain
(i.e. type of surgery), dose received and whether other types of analgesics are
co-administered, thus providing so called multimodal analgesia. Multimodal
analgesia is an effective way to treat postoperative pain, as different types of
analgesics act on different sites in the pain pathway with different modes
of action[14]. A great advantage of multimodal analgesia is that it may allow
for lower dosages or increased dosing interval of individual drugs to obtain
adequate analgesia, compared to single drug therapy (unimodal analgesia).
As a consequence of a decreased dosing regime, the side-effects of each
individual drug are decreased, whereas the analgesic effect remains unaltered
or even slightly improved[15]. Therefore, multimodal analgesia is preferred
over unimodal analgesia (especially when the dosing scheme of a single
agent is not well established).
In this study, two dosing intervals (8 hours and 12 hours) of postoperative
buprenorphine treatment (0.05 mg/kg) in the rat were compared for their
efficacy in a multimodal[5] postoperative analgesic treatment (with the
Non-Steroidal Anti-Inflammatory drug (NSAID) meloxicam) following
neurocranial surgery with a balanced anaesthesia technique. Weight of the
rats, food intake and pica behaviour were assessed on a daily basis. General
animal behaviour and posture were qualitatively observed before and after
handling.

Animals

Adult male Wistar rats (HsdCpb:WU, Harlan Netherlands BV, Zeist, NL;
8 weeks old, body weight 250-300 g at the time of arrival, n = 38) were
housed in a clear 1500 U Eurostandard Type IV S cage (48 × 37.5 × 21 cm)
in pairs of two, separated from each other by a metal grid partition inserted
in the middle of the cage. The rats, which are social animals[16], were able to
engage in a limited form of social interaction through sight, smell, and sound
without damaging each other’s head-mounted SEP-measuring receptacle
(for details see “Surgery,” below). The animals were provided with bedding
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material (Aspen chips), ad libitum access to food (CRM, Expanded, Special
Diets Services Witham, United Kingdom) and water, and paper tissues as
cage enrichment. The environment was controlled (temperature, 21 ± 2°C;
humidity, 47 ± 3%), with an inverse 12-hour light-dark cycle (lights off from
6:00 AM to 6:00 PM) and a radio playing constantly at a low volume as
background noise. Animals were handled at least twice a day for 10 minutes
by the experimenters.

Materials and Methods
Ethical Consideration

The experimental protocol (DEC-DGK number: 2009.I.02.011) was
approved by the Animal Experiments Committee of the Academic
Biomedical Centre, Utrecht—The Netherlands. The Animal Experiments
Committee based its decision on ‘De Wet op de Dierproeven’ (The Dutch
‘Experiments on Animals Act’, 1996) and on the ‘Dierproevenbesluit’
(The Dutch ‘Experiments on Animals Decision’, 1996). Both documents
are available online at http://wetten.overheid.nl. Further, all animal
experiments followed the ‘Principles of Laboratory Animal Care’ and refer
to the Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioural Research (National Research Council 2003).

Surgery

After an acclimation period of 2 weeks, the animals underwent surgery for
permanent implantation of epidural electrodes. Animals were transported
individually from their housing to a separate room, where anaesthesia was
induced under red lighting with 0.25 mg/kg of fentanyl (intraperitoneally,
i.p.; Fentanyl Janssen, Janssen-Cilag BV, Tilburg, NL; 0.05 mg/ml of fentanyl
citrate) and 0.15 mg/kg of dexmedetomidine (i.p.; Dexdomitor, Pfizer
Animal Health BV, Capelle a/d IJssel, NL; 0.5 mg/ml of dexmedetomidine
hydrochloride). As soon as the pedal reflex was absent, the animal was
transported to the surgery room and, after intubation, anaesthesia was
maintained with isoflurane in 100% O2. The animals received 8 ml of
saline (subcutaneously, s.c.) to support normal fluid balance, 5 mg/kg of
enrofloxacin (i.p., Baytril 2.5%, Bayer BV, Mijdrecht, NL), and eye ointment
(Ophtosan Oogzalf, Produlab Pharma Raamsdonkveer, ASTfarma BV,
Oudewater, NL; 10,000 IE of vitamin A palmitate per gram).
For the surgery, the animal was positioned in the stereotactic apparatus
(model 963, Ultra Precise Small Animal Stereotaxic, David Kopf Instruments,
Tujunga, CA). Body temperature was monitored using a rectal probe
thermometer and maintained at 37–38°C with an adjustable electrically
heated mattress. In addition to clinical assessment (i.e., pedal reflexes),
respiratory rate, heart rate, spO2 and in- and expired CO2 were monitored
continuously and anaesthetic administration was adjusted appropriately.
After the skin incision but before detachment of the periostium from the
neurocranium, 3 mg/kg of lidocaine solution (Alfacaine 2% plus adrenaline,
Alfasan BV, Woerden, NL, 20 mg/ml of lidocaine hydrochloride and 0.01
mg/ml of adrenaline) was applied. Four small wired stainless steel screws (tip
diameter 0.6 mm, impedance 300–350 Ω; Fabory DIN 84A–A2, Borstlap
BV, Tilburg, NL) were implanted epidurally over the vertex (4.5 mm caudal
to bregma, 1 mm right from midline), S1 (2.5 mm caudal to bregma, 2.5
mm right from midline), and left and right frontal sinus (10 mm rostral to
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bregma, 1 mm lateral from midline). An electromyography (EMG) electrode
was implanted in the trapezoid muscle using suture material and the EMG
wire tunneled under the skin to the receptacle. All electrodes were wired
to an eight-pin receptacle (Mecap Preci-Dip 917-93-108-41-005, PreciDip Durtal SA, Delémont, Switzerland) and fixed to the skull with dental
cement (Simplex Rapid, Associated Dental Products, Ltd, Swindon, UK).
The skin was closed in a single layer around the receptacle.
After the surgery, anaesthesia was antagonized with 0.6 mg/kg of
atipamezole (i.p.; Antisedan, Pfizer Animal Health BV ), and 0.05 mg/kg
of buprenorphine (i.p.; Buprecare, AST Farma BV, Oudewater, NL) in a
separate room under red lighting. Rats were returned to their home cages
once they regained purposeful locomotion.

Postoperative analgesia

Postoperative analgesia was provided by 0.2 mg/kg of meloxicam (s.c.;
Metacam, Boehringer Ingelheim, Alkmaar, NL, 5 mg/ml) at 24-hour
intervals for 2 days after surgery. Additionally, the thrice-a-day group
(n = 19) received 0.05 mg/kg of buprenorphine (s.c.) at 8-hour intervals for
3 days after surgery, and the twice-a-day group (n = 19) received 0.05 mg/kg
of buprenorphine (s.c.) at 12-hour intervals for 3 days after surgery.

Measurements

Body weight and food intake of all 38 rats (n = 19 per group) was recorded
daily, starting from before the start of the surgery (baseline) until all of the
rats reached their preoperative weight. To obtain a representative baseline
of food intake, the food intake of rats was recorded daily from 6 days
before the surgery, by weighing the food pellets from the cage’s food rack.
Additionally, pica behaviour was measured from the surgery day till 4 days
post surgery (n = 19 in the twice-a-day group and n = 9 in the thrice-a-day
group). Until 4 days after surgery, rats were provided with hard food pellets
(CRM, Expanded, Special Diets Services Witham, United Kingdom) and
food pallets softened by hand-warm water on a plastic petri dish, which was
refreshed every 24 hours. Upon removal from the cage, the petri dishes were
cleaned and weighed to get an indication of the pica behaviour.

Results

Observations

No behavioural indication of postoperative pain or discomfort were
observed in either group during any time point in the study. Although only
qualitatively scored it was noted that following handling and buprenorphine
administration, often increased activity (running, jumping and gnawing on
the bars of the top of the cage or at hard food pallets) was observed within
minutes following buprenorphine administration in both groups (data not
shown).

Statistical Analysis

Calculations were performed with Microsoft Excel 2003 and statistical
analyses with SPSS 16.0 (SPSS Inc., Chicago, IL, U.S.A.); p values below
0.05 were considered to be significant, and a Sidak correction was applied in
case of post hoc testing. Statistical graphics were generated using Sigmaplot
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11 (Systat software Inc., Chicago, IL, U.S.A.). The data were statistically
analysed using a mixed model regression. A backward strategy was adopted
in which all non-significant interaction terms were removed. Grand mean
centring was used (i.e. values are centred at 0) for all fixed factors, so the
intercept could be interpreted and collinearity was prevented[17]. The Q-Q
plots of the residuals indicated a normal distribution for all variables.
For the rat’s weight and food intake data, both the absolute measurements
and relative measurements (relative to baseline) were analysed. The best fit
was obtained by using the model with a random intercept and random slope
for day. Fixed factors were group (group 1, group 2), day (day 1 till day 12)
and their interaction. Simple effects were tested in a post-hoc test using a
nested model, estimating the effects of day 2 until day 12 compared to day
1 (baseline) per group. For the weight of the petri dishes, the best fit was
obtained by using the model with a random intercept. Fixed factors were
group (twice-a-day group, thrice-a-day group), postoperative day (day 1 till
day 4) and their interaction.

Weight

A significant day * group interaction was found for both the absolute and
relative weight (F12,274 = 4.45, p < 0.000 and F11,245 = 5.33, p < 0.000, respectively,
see figure 1). Post-hoc analysis showed that the baseline of the absolute
weight did not differ between groups: t41.79 = 1.51, p > 0.05. Furthermore, post
hoc analysis showed that animals from the twice-a-day group significantly
increased in weight (compared to baseline) at postoperative day number 9,
while animals from thrice-a-day group increased in weight at postoperative
day number 10 (see figure 1A). However, no differences in relative weight
were found between groups on any of the postoperative days (see figure 1B).

Food intake

A significant day * group interaction was found for both the absolute and
relative food intake (F12,313 = 2.65, p < 0.01 and F11,294 = 2.58, p < 0.01,
respectively, see figure 2). Post-hoc analysis showed that the baseline of the
absolute food intake did not differ between groups: t213 = -0.31, p > 0.05
(see figure 2A). Relative food intake differed between groups on postoperative
day 2 and 11 (see figure 2B).

Pica behaviour

The effects of day * group and day were nonsignificant (F3,87 = 0.52, p > 0.05
and F3,87 = 1.46, p > 0.05, respectively). The weight of petri dishes collected
following the surgery showed a significantly effect between groups with the
dishes of the thrice-a-day group weighing less compared to those of the
twice-a-day group (F1,29 = 15.53, p < 0.000), indicating that the thrice-a-day
group gnawed significantly more on the plastic dishes (see figures 3 and 4).

32

OPTIMIZING THE DOSING INTERVAL OF BUPRENORPHINE IN A
MULTIMODAL POSTOPERATIVE ANALGESIC STRATEGY IN THE RAT

2B

Figure 1. The absolute (A) and relative (B) weight of the rats one day before till twelve days
after surgery. The grey area indicates the period of post-operative analgesia. (A) Rats from
the twice-a-day group reached their baseline weight one day earlier compared to the thricea-day group. (B) No differences were found between relative weight of both groups on any of
the days. * Sidak; p < 0.05 compared to baseline (A). † Sidak; p < 0.05 between groups (B).
Data are represented as mean ± SEM.
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Figure 2. Absolute (A) and relative (B) food intake of the rats over time. The baseline is
the average food intake during six days before the surgery. Subsequently, food intake was
measured till twelve days after surgery. The grey area indicates the period of post-operative
analgesia. Animals from the twice-a-day group did not consume less food during the
analgesic period. * Sidak; p < 0.05 compared to baseline (A). † Sidak; p < 0.05 between
groups (B). Data are represented as mean ± SEM.

Discussion

The main finding of this study is that no difference in weight gain and
overall food intake was present between rats receiving buprenorphine with
a dosing interval of 12 hours (twice-a-day group) and with a dosing interval
of 8 hours (thrice-a-day group) after neurocranial surgery, when applying a
multimodal analgesic strategy. However, rats receiving buprenorphine thrice
a day were more likely to suffer from side effects such as pica, compared to
the twice-a-day group.
	No differences were found in the rats’ postoperative weight changes
between groups, until at least 12 days after surgery. Rats from the twicea-day group did not lose more weight than rats in the thrice-a-day group.
Furthermore, rats in the twice-a-day group did not consume less food than
rats in the thrice-a-day group during analgesic treatment. The latter could
suggest that the analgesic efficacy in both groups was comparable; however
this cannot be confirmed with the studied parameters. Assessing pain in
(laboratory) rodents poses considerable challenges. Traditionally, indirect
and general parameters (as in this study) have been adopted to assess the
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Figure 3. The effect of the
interval of buprenorphine
injections (0.05 mg/kg) on
pica behaviour. Animals from
the twice-a-day group gnawed
significantly less on the petri
dish compared to animals
from the thrice-a-day group
(significant main effect of p <
0.000). No significant difference
over days was found. See text for
details. Data are represented as
mean ± SEM.

Figure 4. The effect of the interval of buprenorphine injections (0.05 mg/kg) on pica
behaviour. Representative petri dishes are shown from a rat out of the twice-a-day (left) and
thrice-a-day (right) group.

efficacy of post operative pain management. However, this allows only
retrospective assessment on the ability of the provided regimen to diminish
deleterious effect of post procedural pain like excessive weight loss and food
consumption. Therefore, although the comparable weight loss and food
intake of the twice-a-day and thrice-a-day group may indicate comparable
overall analgesia, these readout parameters are not very sensitive nor specific
for pain. Short interval changes in bodyweight are particular sensitive to
hydration status (i.e. water intake). However, monitoring water intake does
not necessarily increase specificity for post procedural pain and discomfort,
as buprenorphine is reported to increase water intake during multimodal
post procedural pain management[5] To better assess the analgesic efficacy
of the two protocols adopted here, the measured parameters should be
expanded with a wider set of indirect and direct pain-related readouts and
subsequently integrated to gain specificity. Proposed additional parameters
include water intake, the standardized scoring of posture, spontaneous and
interactional (e.g. handling) behavioural patterns[18] and facial expression[19].
On the second post operative day (but not other days), rats from the twicea-day group consumed significantly more food than rats in the thrice-a-day
group. Based on the current data we can only speculate on the underlying
mechanism of this group specific increase in food intake on this specific day.
Recovery from surgery is a dynamic process[20] characterized by a gradual
decrease in a.o. caloric requirement and severity of pain[21]. Adopting a
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static analgesic regimen for several days increases the risk of over treatment
(with respect to pain level and the cumulative dose of drugs administered).
It can be speculated that at day 2 in the thrice-a-day group relative
overdosing already occurred, resulting in an increase in the negative gastrointestinal side effects of buprenorphine[13]. In the twice-a-day group relative
overdosing may not have occurred until day 3, allowing an unhindered
increase in food intake and catching-up on caloric need[5] giving rise to the
observed group difference in food intake at day 2. A possible ceiling effect
with respect to consequences of relative overdose for food intake may have
occurred on day 3.
The observed increased activity following buprenorphine administration
is in agreement with earlier reports[10] and has been frequently observed
prior and following this study in our lab (data not shown). Over the period
of post-operative analgesic treatment, the thrice-a-day group showed
significantly more gnawing on the petri dishes and needed one day longer
to regain their baseline body weight (i.e. decreased growth rate) than
the twice-a-day group. Combining these results suggest that the animals
from the thrice-a-day group were more likely to suffer from side effects
such as pica behaviour without resulting in significant differences in body
weight and food consumption. Although pica is regularly reported with
buprenorphine[2, 11, 12], detailed information concerning its clinical course
(onset, peak intensity and resolution) associated with post surgical analgesia
is lacking. In this study no difference in pica behaviour was observed over
time (i.e. no difference between days), when assessing pica behaviour in
24 hour intervals during the three day treatment plan. However, in future
research shorter intervals should be used over a longer time period to
provide more detailed knowledge about the course of pica behaviour in the
post operative period.
The dose of meloxicam used in this study is substantially lower than
reported in the literature[22] and was based on multimodal pain management
experience in our veterinary academic teaching hospital with client owned
rodents. The dosages in the literature are based on unimodal analgesia in
experimental pain with maximum effect. However, side-effects of sequential
high dose NSAIDs in rodents have been described (e.g.[23]).
In summary, this study demonstrates that, under the specific circumstances
(i.e. multimodal analgesia strategy), administering buprenorphine thrice
a day does not have apparent beneficial effects regarding food intake and
weight loss, while it does increase the incidence of adverse effects (i.e. pica
behaviour) compared to administering buprenorphine twice a day. Because
the current data does not allow firm conclusions regarding analgesic efficacy,
the authors recommend future studies including more pain-related readout
parameters to assess the effect of the dosing interval of buprenorphine
on analgesic efficacy in a peri-procedural multimodal pain management
strategy.

Conclusion

When administering analgesia (buprenorphine) to rats in the postoperative
period, one should carefully evaluate both the analgesic and the potential side
effects. When unwanted side effects such as pica behaviour are observed, the
possibility of increasing dosing intervals without decreasing the analgesic
therapeutic effect should be explored.
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Abstract

Studies have shown that specific
characteristics of somatosensory
evoked potentials (SEPs) reflect
nociception in both animals and
humans. A relationship between SEPs
and the unpleasantness of noxious
stimulation in rats has recently been
demonstrated using Pavlovian fear
conditioning, consisting of a training
phase in which a conditioned stimulus
(CS) is paired with an unconditioned
stimulus (US) to elicit the SEPs.
After the training, CS-induced fearconditioned behaviour serves as a
readout parameter for aversion to
the US (i.e., the SEP stimulation
paradigm). To prevent the animals
from gnawing the stimulation cables
that are necessary for generating SEPs,
investigators have used a tight-fitting
jacket that restrains the rats but also
inhibits behavioural measurement.
The use of a neck collar is an
alternative technique that not only
prevents cable gnawing but also allows
the animals unrestricted movement
while enabling investigators to asses
fear-conditioned
behaviour
and
measure SEPs. The current study
explores the effects of the tight-fitting
jacket and the neck collar on SEPs.
A within-subjects design was used for
recording the SEP of each rat while
the animal wore the collar or jacket.
Both conditions show a similar SEP
morphology, but data from the collarwearing rats indicated an increase of
the N150 peak amplitude (associated
with emotional arousal) and peak
latencies that appeared to be shorter.
Thus the collar will be useful in future
studies as it allows the simultaneous
evaluation of SEPs and behaviour.

42

SIMULTANEOUS MEASUREMENT OF BEHAVIOUR AND THE
SOMATOSENSORY EVOKED POTENTIAL IN A RAT MODEL

Introduction

Alleviation of pain in animals is negatively influenced by limited knowledge
about its recognition and effective treatment[1], necessitating the generation
of more knowledge about animal pain (patho)physiology. The somatosensory
evoked potential (SEP), a time- and stimulus-locked fragment of the
electroencephalogram, represents the processing of noxious stimuli[2] that
can be recorded and analyzed in a highly standardized and objective way.
The SEP waveform is described by the latency (the time of occurrence)
and amplitude (height) of peaks of interest, both of which can be analyzed
in a highly standardized and objective way (the specific occurrence and
latency depend on the SEP-generating stimulus, species, and filter settings
used). Because the SEP correlates well with both subjective pain ratings in
humans[3-6] and aversion to pain in animals[7, 8], and because the SEP is altered
by anesthetic and analgesic treatment in both humans[9] and animals[10-12], it
may serve as a readout parameter in pain research.
Pain consists of a sensory component, which refers to the encoding of
the stimulus type, intensity, and spatiotemporal localization, and an affective
component, which refers to the experienced pain unpleasantness[13]. In
animal pain research, the SEP is of special interest because of its potential to
quantify and differentiate the sensory and affective component of acute pain.
Stienen and colleagues (2006) have suggested that SEPs recorded from the
primary somatosensory cortex (S1-SEPs) represent the sensory component
and those from the vertex (Vx-SEPs) the affective component[11]. However,
the neural origin of the two types of SEPs and their role in the sensory or
emotional component of pain are not yet fully understood.
The relationship between the SEP and sensory and affective pain
components can be studied using Pavlovian fear conditioning[7], in which
animals are trained to associate a neutral stimulus (conditioned stimulus
[CS]; a tone) with an aversive stimulus (unconditioned stimulus [US]).
After the training, aversive behavioural responses (e.g., freezing) evoked by
the CS can serve as a measure for aversion to the US and thus an expression
of pain induced by the US[8, 14]. Studies have shown that SEP-producing
stimuli can be used as the US[7, 8] and that, in rats, the administration of
electric stimuli to the tail base is particularly effective[12, 15]. However, the rats
tend to gnaw on the stimulation cables used for evoking SEPs. The use of
a tight-fitting jacket[15] prevented the animals from gnawing the cables but
also considerably restrained their movement, making it extremely difficult to
assess freezing behaviour while measuring SEPs.
As an alternative to the tight-fitting jacket we propose the Elizabethan
collar, which prevents cable gnawing, allows the animal to move freely, and
permits both the assessment of freezing behaviour and measurment of
SEPs. The simultaneous recording of neurophysiological and behavioural
parameters enables in-depth evaluation of the relationship between the
specific SEP characteristics and the sensory and affective component of
pain. The collar technique further refines the rat model for studying animal
pain through SEPs by yielding more information without increasing the
number of animals.
We explored the effects of the tight-fitting jacket and the Elizabethan
neck collar on different characteristics of the SEP.
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Materials and Methods
Ethical Note

The scientific committee of the Department of Animals in Science and
Society of Utrecht University provided peer review of this experimental
protocol (DEC-DGK 2009.I.02.011). In addition, the protocol received
the approval of the Animal Experiments Committee of the Academic
Biomedical Centre in Utrecht, based on ‘De Wet op de Dierproeven’ (The
Dutch ‘Experiments on Animals Act’, 1996) and on the ‘Dierproevenbesluit’
(the Dutch ‘animal experiments decree’, 1996). Both documents are available
online at http://wetten.overheid.nl.

Animals

Adult male Wistar rats (HsdCpb:WU, Harlan Netherlands BV, Zeist, NL; 8
weeks old, body weight 250-300 g at the time of arrival, n = 20) were paired
in a divided system with two rats in one clear 1500 U Eurostandard Type
IV S cage (48 × 37.5 × 21 cm) separated by a wire-mesh fence (a “living
apart/together system”). The rats, which are social animals (Hrapkiewicz
and Medina 2007), were able to engage in some forms of social interaction
through sight, smell, and sound without damaging each other’s headmounted SEP-measuring receptacle (see Surgery, below). The animals were
provided with bedding material (Aspen chips), ad libitum access to food and
water, and paper tissues as cage enrichment. The environment was controlled
(temperature, 21 ± 2°C; humidity, 47 ± 3%), with an inversed 12-hour lightdark cycle (lights off from 6:00 AM to 6:00 PM) and a radio on constantly
at a low volume as background noise. Animals were handled daily by the
personnel who performed the experiment.

Surgery

After an acclimation period of 2 weeks, the animals underwent surgery for
permanent implantation of epidural electrodes. Animals were transported
individually from their housing to a separate room, where anesthesia was
induced under red lighting with 0.25 mg/kg of fentanyl (intraperitoneally,
i.p.; Fentanyl Janssen, Janssen-Cilag BV, Tilburg, NL; 0.05 mg/ml of fentanyl
citrate) and 0.15 mg/kg of dexmedetomidine (i.p.; Dexdomitor, Pfizer
Animal Health BV, Capelle a/d IJssel, NL; 0.5 mg/ml of dexmedetomidine
hydrochloride). After each animal’s pedal reflex disappeared, the animal was
transported to the surgery room and, after intubation, was anesthetically
maintained with isoflurane in 100% O2. The animals received 8 ml of
saline (subcutaneously, s.c.) to support normal fluid balance, 5 mg/kg of
enrofloxacin (i.p., Baytril 2.5%, Bayer BV, Mijdrecht, NL), and eye ointment
(Ophtosan Oogzalf, Produlab Pharma Raamsdonkveer, ASTfarma BV,
Oudewater, NL; 10,000 IE of vitamin A palmitate per gram).
For the surgery, the prepared animal was positioned in the stereotactic
apparatus (model 963, Ultra Precise Small Animal Stereotaxic, David Kopf
Instruments, Tujunga, CA). Body temperature was monitored using a rectal
probe thermometer and maintained at 37–38°C with an adjustable electrical
heated mattress. In addition to clinical assessment (i.e., pedal reflexes),
respiratory rate, heart rate, and respired CO2 and spO2 were monitored
continuously and anesthetic administration was adjusted appropriately.
After the skin incision but before detachment of the periostium from the
neurocranium, 3 mg/kg of lidocaine solution (Alfacaine 2% plus adrenaline,
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Alfasan BV, Woerden, NL), 20 mg/ml of lidocaine hydrochloride, and 0.01
mg/ml of adrenaline were applied. Four small wired stainless steel screws (tip
diameter 0.6 mm, impedance 300–350 Ω; Fabory DIN 84A–A2, Borstlap
BV, Tilburg, NL) were implanted epidurally over the vertex (4.5 mm caudal
to bregma, 1 mm right from midline), S1 (2.5 mm caudal to bregma, 2.5
mm right from midline), and left and right frontal sinus (10 mm rostral to
bregma, 1 mm lateral from midline). An electromyography (EMG) electrode
was implanted in the trapezoid muscle using suture material and the EMG
wire tunneled under the skin to the receptacle. All electrodes were wired
to an eight-pin receptacle (Mecap Preci-Dip 917-93-108-41-005, PreciDip Durtal SA, Delémont, Switzerland) and fixed to the skull with dental
cement (Simplex Rapid, Associated Dental Products, Ltd, Swindon, UK).
The skin was closed in a single layer around the receptacle.
After the surgery, anesthesia was antagonized with 0.6 mg/kg of
atipamezole (i.p.; Antisedan, Pfizer Animal Health BV ), 5 mg/ml of
atipamezole hydrochloride, 0.05 mg/kg of buprenorphine (i.p.; Buprecare,
AST Farma BV, Oudewater, NL), and 0.3 mg/ml of buprenorphine outside
the surgery room in a separate room under red lighting. Rats were returned
to their home cages once they regained purposeful locomotion.
Postoperative analgesia was provided by 0.05 mg/kg of buprenorphine
(s.c.) at 12-hour intervals for 3 days after surgery and 0.2 mg/kg of
meloxicam (s.c.; Metacam, Boehringer Ingelheim, Alkmaar, NL, 5 mg/ml)
at 24-hour intervals for 2 days after surgery. Animals recovered for at least 2
weeks (including habituation) before the start of the SEP measurements.

Stimulation and Electrophysiological Recording Procedures

Electrical stimuli[15] were administered to the epidermis of the medial part
of the left tail base using a set of two bar electrodes (2 mm diameter brass)
tapered toward the contact site and spaced 3 mm apart. The electrodes were
fixed in a piece of plastic tube that enclosed the tail and was tightened
by adhesive tape for optimal fixation. SEPs consisted of 32 square-wave
pulses of 2 ms duration with a stimulus frequency of 0.5 Hz and a stimulus
intensity of 3 milliampere generated with a Grass stimulator (Model S-88,
Grass Medical Instruments, Quincy, MA) and triggered by dedicated
software built in-house in a Labview environment (Labview 7.2, National
Instruments Netherlands BV, Woerden, NL). The stimuli were delivered to
a Grass stimulation isolation unit and a constant current unit controlled
the stimulus intensity. For SEP measurements, the rat’s head-mounted
receptacle was connected to the recording device via a swivel connector
(SLC-2, Plastics One, Roanoke, VA).
For each SEP recording, the ipsilateral frontal sinus electrodes served as
a reference and the contralateral frontal sinus electrodes as signal ground.
For each SEP trial, 32 400-ms segments were recorded and averaged online.
All signals were amplified 1 million times, band-pass filtered between 10
and 300 Hz, and digitized online at 10 kHz by data acquisition hardware
(National Instruments Netherlands BV, PCI-6251). Additionally, a 50-Hz
notch filter was applied to eliminate interference from the power supply
system. The SEP measurements were carried out in a 40 × 28 × 30 cm
Plexiglas box with a stainless steel electrically grounded bottom shielded
by a Faraday cage. To prevent the animals from gnawing the cables, either
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a jacket[15] or an Elizabethan collar was used, each developed in-house
(see figure 1).
Figure 1. Schematic
representations of rat wearing
jacket (A) or collar (B) during
administration of SEP stimuli, and
of the collar (C). (1) Tail electrode
used for administering the stimuli;
(2) head-mounted receptacle; (3)
record¬ing cables; (4) tight-fitting
jacket; (5) Elizabethan collar;
(6) elastic cord for adjusting the
collar; (7) transparent overhead
sheet material; (8) opening to
connect the recording cables to
the head-mounted receptacle; (9)
Velcro tape to close the collar.
Adapted from[15].

Procedure

We used a two-period counterbalanced crossover design (see figure 2) and
randomly assigned animals to one of two groups. Four days after surgery
and before the first period of SEP measurements, animals from Group 1
were habituated to wearing the jacket for 5 minutes daily and those from
Group 2 were habituated to the collar. Habituation was performed for 2
weeks in the animal housing room by the same persons carrying out the
SEP measurements.
The SEP measurements took place in an experimental room outside the
animal housing room, to which animals were transported individually and
acclimated for 30 minutes in the Plexiglas box used for the measurements.
The animals were then fitted with either the jacket or collar, the electrical
stimulation device was fixed at the tail base, and the head-mounted receptacle
was connected to the recording device. After 15 minutes of habituation to
this experimental setup, five SEPs (referred to as trials 1 to 5) were measured
over 25 minutes. The animals were then returned to their home cages.
For the second period, which began 1 week after completion of the first
set of trials, we reversed the groups and habituated the jacket-fitted animals
to the collar and vice versa. After this second 14-day habituation period,
we measured five SEPs as described above. Because rats are nocturnal[16],
habituation and SEP measurements took place during the animals’ active
phase (lights off, 6:00 AM to 6:00 PM) under red lighting.
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Figure 2. Schematic overview of the procedure. See text for details. SEP = somatosensory
evoked potential.

Statistical Analysis

We performed calculations with Microsoft Excel 2003 and statistical
analyses with SPSS 16.0; p values below 0.05 are considered significant.
Using a mixed model regression, we statistically analyzed the data, obtaining
the best fit by using the model with a random intercept, random slope for
trial within condition, and variance components as covariance type. Fixed
factors were period (period 1, period 2), condition (jacket, collar), trial
(1 through 5), and their interactions. We adopted a backward strategy
in which all nonsignificant interaction terms were removed. Dependent
variables were the baseline corrected amplitudes and latencies of peaks, both
of which were identified based on the grand mean. Peaks are represented
as positive (P) or negative (N), with the latency of occurrence (± standard
error of mean) denoted subsequently. The following variables were analyzed:
Vx-P15 (±1.4), S1-P15 (±0.8), Vx-N20 (±1.4), S1-N20 (±1.3), Vx-N32
(±3.0), S1-N36 (±3.1), Vx-P58 (±7.4), S1-P65 (±6.4), Vx-P102 (±6.6), S1P102 (±6.0), Vx-N147 (±10.8), and S1-N153 (±11.9). The Q-Q plots (a
probability plot commonly used to check the normality assumption; e.g.[17])
of the residuals indicated a normal distribution for all variables.

Missing Values

Technical problems resulted in the omission of 11 individual trials. The
signals of eight trials were affected by a wet tail; in one trial there was no
connection with the reference electrode (which was solved by changing the
reference and ground in subsequent trials for that rat); and one rat managed
to squeeze out of the jacket during measurement, resulting in two missed
trials. In addition, euthanasia was necessary for two rats whose receptacle
became disconnected. In total, 174 of 200 trials were analyzed.

Results

The average waveforms per condition of the Vx and S1 are shown in figure
3. Found effects for peak amplitudes and latencies are summarized in
Tables 1 and 2, respectively, and significant effects of condition on amplitudes
and latencies are shown in figure 4. Only significant results are discussed in
the text.
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Figure 3. Grand average of the vertex (A) and primary somatosensory cortex (B) waveform
per condition (collar or jacket).

Peak Amplitude

As shown in table 1, the N20 and N32 amplitudes of the vertex increased
over trials, and we identified a significant increase in period 2 for the N32
and N147 amplitudes. The P58 and N147 amplitudes were significantly
higher in the collar-wearing animals than in the jacketed animals.
For the S1, the amplitudes of the N20, N36, and P102 increased
significantly over trials. The N153 showed an increase in period 2, and we
identified a borderline significant (p = 0.056) increased amplitude in the
collar condition. For the P65, we found a significant interaction between
period and condition: simple effects showed a significant increase in P65 in
the jacket condition from period 1 to 2 (F1,14.71 = 7.77, p < 0.05) but no effect
of period in the collar condition (F1,16.85 = 1.80, p > 0.05).
Table 1. Significant effects of independent variables on peak baseline corrected amplitude
Condition

Trial

Period *
Condition

Location

Period

Vertex

N32: period 2 > period 1** P58: collar > jacket**
N147: period 2 > period 1* N147: collar > jacket**

20: ↑ over trials*
N32: ↑ over trials**

S1

N153: period 2 > period 1* N153: collar > jacket
(p = 0.056)

N20: ↑ over trials** P65: (see
N36: ↑ over trials* Results)*
P102: ↑ over trials*

Factors are period (1 or 2), condition (jacket or collar), and trial (1, 2, 3, 4, 5). Period * trial,
condition * trial, and period * condition * trial are not shown as no significant effects were
found. significant at P ≤ 0.05, ** significant at P < 0.01. F-values available upon request from
corresponding author.

*

Peak Latency

For the Vx, the latencies of the N20 and N32 were significantly lower in the
collar condition (see table 2), and for the P58 significantly decreased over
periods. The P102 and N147 latencies decreased over trials, and the N147
latency significantly so in the collar condition.
For the S1, the N20 and P65 latency showed a significant decrease over
periods. Latencies of the N36, P102, and N153 decreased over trials, and
those of the N36 and P102 were lower in the collar condition.

48

SIMULTANEOUS MEASUREMENT OF BEHAVIOUR AND THE
SOMATOSENSORY EVOKED POTENTIAL IN A RAT MODEL
Table 2. Significant effects of independent variables on peak latency
Location

Period

Condition

Trial

Vertex

P58: period 1 > period 2*

N20: jacket > collar**
N32: jacket > collar**
N147: jacket > collar*

P102: ↓ over trials*
N147: ↓ over trials*

S1

N20: period 1 > period 2**
P65: period 1 > period 2*

N36: jacket > collar**
P102: jacket > collar**

N36: ↓ over trials**
P102: ↓ over trials**
N153: ↓ over trials**

3

Factors are period (1 or 2), condition (jacket or collar), and trial (1, 2, 3, 4, 5). Period * trial,
condition * trial, and period * condition * trial are not shown as no significant effects were
found. significant at P ≤ 0.05, ** significant at P < 0.01. F-values available upon request from
corresponding author.

*

Behavioural Observation

In contrast to the jacket condition, animals wearing the collar were able to
move more freely and freezing behaviour was clearly visible. Thus the collar
enables scoring of freezing behaviour, whereas this is not possible with the
jacket.
Figure 4. Effect of condition
(jacket or collar) on peak (A)
amplitude and (B) latency.
Data are represented as mean
± standard error of the mean
(SEM). * significant at p ≤ 0.05, **
significant at p < 0.01.
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Discussion

We investigated the effects of the tight-fitting jacket and the Elizabethan
collar on different characteristics of the SEP in a rat model developed for
measuring SEPs in the awake, freely moving rat[15]. Our primary finding is
that the SEP waveform had a similar morphology in the jacket and collar
condition. We therefore conclude that the neck collar may be preferable
for use in future research on the relationship between the SEP and pain
perception in rats.
We found differences between the jacket and collar conditions in the
latency and amplitude of some peaks. Some differences were detectable in
both recording sites (Vx and S1), whereas others were detectable in only
one, reflecting the involvement of different neural structures in different
peaks. However, it remains unknown which specific neural structures are
involved in which peaks of the SEP.
In early peaks (i.e., P15 and N20 for both the Vx and S1), which are
believed to be involved in information transmission (i.e., nociception)[4, 11],
we detected no difference in amplitude between the two conditions. Later
peaks are believed to be involved in cognitive and emotional processing of
painful stimuli[2, 4], and these amplitudes (Vx-P58, Vx-N147, and S1-N153)
were higher in the collar condition. Because the exact peak’s latency depends
on factors such as filter settings, place of measurement, and species, the VxN147 and S1-N153 are considered to reflect the N150.
At least one study has suggested that in rats the N150 originates in
the amygdala and is related to emotional arousal[18]. Therefore, it can be
hypothesized that the jacket and collar induce differences in emotional
arousal, as the N150 is increased in the collar condition. However, it is not
known which emotional processes are associated with an increased N150, or
indeed whether this means a more negative (i.e., more aversive) or positive
valence, so it is not possible to draw conclusions about the differences in
emotional processing in the jacket and collar condition based on a change
in the N150. Regardless of one or more specific causes of the documented
effects on the S1-N153 and Vx-N147, our finding does indicate that the
N150 might be of special interest in studying the relationship between the
SEP and the experience of pain in the rat.
Most of the peak latencies of the Vx (N20, N32, P58, and N147) and
some of the S1 peak latencies (N36 and P102) were increased in the jacket
condition. An increase in latency has been linked to anesthetic and analgesic
drug effects[9] as well as a decrease in the SEP-inducing stimulus intensity[15].
The reduced latency in the collar condition could thus reflect an altered pain
experience. However, the functional meaning and underlying mechanism of
this effect remain elusive.
Pharmacological studies in the awake, freely moving rat[8, 10, 11] have used
the rate dispersion factor (RDF), an expression of the overall shape of the
SEP waveform in a specified latency range. The RDF is especially useful
in the case of disappearing (and thus undetectable) peaks, as seen under
certain drug conditions[10]. Because the RDF is affected by a combination
of changes in both latency and amplitude, specific changes in amplitude or
latency alone do not yield clear conclusions, thus limiting direct comparison
of the results of this study (which did not use the RDF) to those of studies
that did use the RDF with the same model. Additional research is necessary
to consider amplitude and latency separately in order to interpret the
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functional meaning of SEP latency changes in the awake, freely moving
rat. However, the method of restraint (i.e., collar or jacket) should be taken
into account when comparing studies as it may significantly affect peak
amplitudes and latencies.
Specific SEP characteristics were affected not only by condition but also by
repeated measurements. A number of peaks showed an increased amplitude
(Vx-N20, Vx-N32, S1-N20, S1-N36, and S1-P102) and decreased latency
(Vx-P102, Vx-N147, S1-N36, S1-P102, and S1-N153) over trials. These
findings are consistent with results of an earlier study[7].
In addition to an effect over trials, which are spaced at 5-minute intervals,
we found an effect of repeated measurements spaced 2 weeks from each
other. The amplitude of the Vx-N32, Vx-N147, and S1-N153 increased and
the latency of the Vx-P58, S1-N20, and S1-P65 decreased over this 2-week
period. Thus the effects on the SEP of repeated electrical stimulation over
the short or long term should be taken into account when designing and
interpreting experiments with repeated SEP measurements.
Of primary concern in crossover designs are carryover effects of
conditions[19-21], meaning that the condition in the first period could have
an effect on the condition in the second period. Because such effects are not
eliminated by counterbalancing and cannot be clearly distinguished from
period effects, they may bias results. There is debate in the literature about
whether carryover effects should be considered in the statistical analysis at
all[19, 21], and even authors who support analysis of the effects do not generally
agree about which statistical analysis should be used to properly estimate
them[20]. We addressed possible carryover effects by testing the period by
condition interaction. The fact that this interaction was significant in only
one peak amplitude (S1-P65) and in none of the peak latencies suggests that
carryover effects did not significantly affect the interpretation of the results.

Conclusion

The use of the Elizabethan collar does not affect the general morphology
of the SEP and is therefore suitable for use during SEP measurements in
awake, freely moving rats. This method enables the measurement of aversive
behavioural responses and provides an optimal opportunity to integrate SEP
and behaviour. The Elizabethan collar is also an effective tool for in-depth
investigation of the specific relationship between different characteristics of
the SEP and either the cognitive or the emotional processing of animal pain.
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Abstract

Somatosensory-evoked
potentials
(SEPs) are used in humans and
animals to increase knowledge about
nociception and pain. Since the SEP
in humans increases when painful
stimuli are administered unpredictable,
predictability potentially influences
the SEP in animals as well. The aim
of this study is to develop a SEP
stimulation paradigm to assess the
effect of predictability on the SEP in
rats. Results show that the stimulation
paradigm investigated in this study
can be used to generate a robust SEPsignal with consistent and detectable
peaks. Furthermore, this stimulation
paradigm can be used to induce
differences between predictability and
unpredictability of painful stimuli
at a behavioural level (i.e. duration
of freezing behaviour). In order to
draw definite conclusions regarding
the relationship between the SEP
and predictability of painful stimuli,
future research is required.
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Introduction

The somatosensory evoked potential (SEP) is a time- and stimulus-locked
fragment of the electroencephalogram. When evoked by high-intensity (i.e.
noxious) stimuli, the SEP represents the central processing of nociceptive
stimuli[1] and has been recently studied in our lab as a method to assess
animal pain[2, 3]. During the recording of a SEP, other non-related processes
are simultaneously going on in the brain, which have no direct relevance for
the process of interest (i.e. processing of a noxious stimulus[4]). These nonrelated processes are assumed to occur randomly across the EEG. Therefore,
a representative SEP is obtained by averaging multiple recordings, by
which random EEG activity is averaged out[4]. This process of averaging
necessitates repeated administration of the noxious stimuli. These multiple
stimuli can either be administered in a predictable or unpredictable sequence.
In humans, it is shown that the predictability of painful stimuli plays an
important role in the processing of these stimuli. Receiving shocks in an
unpredictable fashion results in an increased SEP amplitude[5], an increase
in self reported levels of anxiety and pain sensitization[5, 6]. In animals, it has
been shown that repeated exposure to unpredictable painful stimuli results
in long term negative emotional (i.e. depressive-like state in rats, dogs and
cats) and physiological (i.e. stomach ulcers in rats) effects, whereas repeated
exposure to predictable stimuli produces significantly less depressionrelated behaviours and no ulcers[7-9]. However, the relationship between pain
predictability and the animal SEP is yet unknown.
To investigate the relationship between the predictability of painful
stimuli and the animal SEP characteristics, the predictability of SEP-evoking
stimuli has to be manipulated. Predictability of a painful (i.e. SEP-evoking)
stimulus can be manipulated by applying the Pavlovian fear conditioning
paradigm. Using this paradigm, animals are exposed to neutral conditioned
stimuli (CS, i.e. a tone) and to aversive unconditioned stimuli (US, i.e. an
electrical pulse). If the CS is paired with the US, and therefore predicts the
US, “conditioned fear” will develop as dominating emotion[10]. However, if
the CS and US are unpaired and presented randomly, the US is temporally
uncertain and “anxiety” will develop as dominating emotion[10]. In humans, it
is shown that anxiety leads to an increased SEP amplitude[11]. Subsequently,
it is likely that anxiety is reflected in the animal SEP characteristics as well.
In previous animal studies[2, 3], SEPs were generated by using trains
of multiple (i.e. 32) electrical pulses. Importantly, a constant time (i.e. 2
seconds) was used between two electrical pulses within a train, the so-called
interstimulus interval (ISI). Human studies show that stimuli administered
at a constant ISI induce predictability of those stimuli[5, 6]. Consequently,
although the onset of the train of stimuli can be unpredictable, the stimuli
within the train are predictable. Therefore, the influence of (un)predictability
on SEPs cannot be studied using these trains of stimuli. Alternatively, single
SEP-evoking stimuli administered with a variable ISI might be used as US
within the Pavlovian fear conditioning paradigm to induce predictability
and unpredictability of painful stimuli while measuring SEPs.
The aim of this study was to explore the possibility of recording SEPs
by averaging recordings after administering single stimuli at a variable ISI
during Pavlovian fear conditioning. The morphology of those SEPs will be
compared to SEPs generated within earlier studies using a fixed ISI[2, 3]. If
SEPs can be successfully generated using a variable ISI during Pavlovian fear
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conditioning, the influence of psychological factors such as predictability in
central pain processing in animals can be investigated in future studies.

Material & methods
Animals

Twenty-two adult male Wistar rats (HsdCpb:WU, Harlan Netherlands
BV, Zeist, The Netherlands), weighing 200-225 gram at the time of arrival,
were housed individually in a clear 1500U Eurostandard Type IV S cage,
measuring 48 x 37.5 x 21 cm. Rats were provided with bedding material
(Aspen chips) ad lib access to food (CRM, Expanded, Special Diets Services
Witham, United Kingdom) and water and carton houses (Rat Corner
House, Bio Services B.V., Uden, The Netherlands) as cage enrichment. The
environment was temperature (21 ± 2 ºC) and humidity (47 ± 3%) controlled
with an inversed 12:12 h light-dark cycle (lights off from 7.00 – 19.00
hrs) and a radio played constantly as background noise. All experimental
procedures took place between 8.00 – 17.00 hrs. Animals were handled daily
by the experimenters, for at least 5 minutes a day between 8.00 – 17.00 hrs.

Ethical Note

The experimental protocol (DEC-DGK number: 2009.I.06.041) was peerreviewed by the scientific committee of the Department of Animals in
Science & Society, Utrecht University, The Netherlands, and approved by
the Animal Experiments Committee of the Academic Biomedical Centre,
Utrecht, the Netherlands. The Animal Experiments Committee based
its decision on ‘De Wet op de Dierproeven’ (The Dutch ‘Experiments on
Animals Act’, 1996) and on the ‘Dierproevenbesluit’ (The Dutch ‘animal
experiments decree’, 1996). Both documents are available online at http://
wetten.overheid.nl.

Surgery

After an acclimatization period of two weeks, the animals underwent
surgery for permanent implantation of epidural electrodes. Anaesthesia
was induced in the rat’s home cage in a separate room under red light
conditions, with 0,25 mg/kg fentanyl (i.p., Fentanyl Janssen®, Janssen-Cilag
BV, Tilburg, The Netherlands, 0,05 mg/ml fentanyl citrate) and 0,15 mg/
kg dexmedetomidine (i.p., Dexdomitor®, Pfizer Animal Health BV, Capelle
a/d IJssel, The Netherlands, 0,5 mg/ml dexmedetomidine hydrochloride).
After loss of the of pedal reflex the animal was transported to the surgery
room and, after endotracheal intubation, anaesthesia was maintained with
isoflurane in 100% O2. The animals were provided with 8 ml of saline (s.c.)
to support normal fluid balance, 5 mg/kg enrofloxacin (i.p., Baytril®, Baytril
2,5%, Bayer B.V., Mijdrecht, The Netherlands) and eye ointment to prevent
drying of the cornea (Ophtosan® oogzalf, Produlab Pharma Raamsdonkveer,
ASTfarma B.V., Oudewater, The Netherlands, 10000 IE vitamin A palmitate
per gram). Subsequently, the animal was positioned in the stereotactic
apparatus (model 963, Ultra Precise Small Animal Stereotaxic, David Kopf
Instruments, Tujunga, CA, USA). Body temperature was monitored using
a rectal probe thermometer and maintained at 37-38ºC with an adjustable
electrical heating mattress. In addition to clinical assessment (i.e. pedal
reflexes), respiratory rate, heart rate, in- and expired CO2 and SpO2 were
monitored continuously for assessment of anaesthetic depth and anaesthetic
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drug administration was adjusted appropriately. Following the skin incision
but prior to detachment of the periostium from the neurocranium, 3 mg/kg
lidocaine solution (Alfacaine 2% plus adrenaline, Alfasan BV, Woerden, the
Netherlands, 20 mg/ml lidocaine hydrochloride and 0.01 mg/ml adrenaline)
was applied on the periostium. Four small wired stainless steel screws (tip
diameter 0,6 mm, impedance 300–350 Ω, Fabory DIN 84A–A2, Borstlap
BV, Tilburg, The Netherlands) were implanted epidurally, according to
stereotaxic coordinates as provided in the atlas Paxinos and Watson[12] above
the vertex (4.5mm caudal to bregma, 1mm right from midline), S1 (2.5mm
caudal to bregma, 2.5mm right from midline), left and right frontal sinus
(10mm rostral to bregma, 1mm lateral from midline). An electromyography
(EMG) electrode was implanted in the Trapezoid muscle using suture
material. All electrodes were wired to an 8 pin receptacle (Mecap PreciDip 917-93-108-41-005, Preci-Dip Durtal SA, Delémont, Switzerland)
and fixed to the skull with dental cement (Simplex Rapid, Associated
Dental Products, Ltd, Swindon, UK). The skin was closed in a single layer
around the receptacle. Subsequently, anesthesia was antagonized with 0.6
mg/kg atipamezole (i.p., Antisedan®, Pfizer Animal Health BV, Capelle
a/d IJssel, The Netherlands, 5 mg/ml atipamezole hydrochloride) and 0.05
mg/kg buprenorphine (i.p., Buprecare®, AST Farma B.V., Oudewater, The
Netherlands, 0.3 mg/ml buprenorphine) outside the surgery room in a
separate room under red light conditions with extra oxygen supplied. After
return of purposeful locomotion, the rat was transferred to the animals
housing room.
Postoperative analgesia was provided by 0.05 mg/kg buprenorphine (s.c.)
at 12 hour intervals for 3 days after surgery and 0.2 mg/kg of meloxicam
(s.c., Metacam, Boehringer Ingelheim, Alkmaar, The Netherlands, 5 mg/
ml) at 24 hour intervals for 2 days after surgery. Animals were allowed to
recover at least two weeks prior to the start of the SEP measurements (see
“Stimulation and electrophysiological recording procedures”).

Stimulation And Electrophysiological Recording Procedures

Electrical stimuli were used as US and SEP-evoking stimulus, and
administered as described earlier[13] to the epidermis of the medial part of
the left tail base, using a set of two bar electrodes (brass, diameter 2 mm),
tapered towards the contact site and spaced at 3 mm from each other. The
electrodes were fixed in a piece of plastic tube which enclosed the tail and
was tightened by Velcro for maximal fixation. SEP-evoking stimuli consisted
of multiple square-wave pulses of a 2 ms duration and stimulus intensity
of 5 mA, generated with a Grass stimulator (Model S-88, Grass Medical
Instruments, Quincy, Mass, USA), triggered by dedicated software build
in house in a Labview environment (Labview 7.2, National Instruments
Netherlands B.V., Woerden, The Netherlands). The stimuli were delivered
to a Grass stimulation isolation unit and a constant current unit controlling
the stimulus intensity. To prevent the animals from gnawing the cables
an Elizabethan neck collar, developed in house[14], was used during the
administration of electrical stimuli in session 1.
Sound stimuli consisting of a 10 seconds 2000 Hz tone, 75 dB sound
pressure level (M. Fanselow, personal communication, March 3, 2009)
generated by a sound generator (33120 A, Arbitrary Waveform Generator,
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Hewlett Packard, Palo Alto, CA, USA), were used as CS. Sound stimuli
were presented by two speakers mounted in the covering lid of the box. The
sound pressure level was verified by using a Modular Precision Sound Level
Meter (type 2231, Brüel & Kjær, Nærum, Denmark).
For SEP measurements, the rat’s head mounted receptacle was connected
to the recording device via a swivel connector (SLC-2, Plastics One,
Roanoke, VA, USA). For each SEP recording, the accompanying ipsi-lateral
frontal sinus electrodes served as reference and accompanying contra-lateral
frontal sinus electrodes served as signal ground. For each SEP, segments
of 500 ms were recorded and averaged online. All signals were amplified 1
million times, band-pass filtered between 3 and 300 Hz and digitized online
at 10 kHz by data acquisition hardware (National Instruments, PCI-6251,
Instruments Netherlands B.V., Woerden, The Netherlands). Additionally, a
50 Hz notch-filter was applied to eliminate interference from the power
supply system. The SEP measurements were carried out in a Plexiglas box
measuring 40x28x30 cm with a stainless steel electrically grounded bottom,
shielded by a Faraday cage. The measurement of freezing behaviour during
session 2 was carried out in a different Plexiglas box measuring 39x29x32
cm. Behaviour was videotaped continuously throughout all sessions.

Procedure

Prior to the surgery and four days after the surgery until the start of session
1, animals were habituated to wearing the Elizabethan neck collar in the
animal housing room for 5 minutes daily. Two weeks after the surgery the
measurements started, consisting of two sessions. Both sessions were carried
out in a separate experimental room, outside the animals housing room.
Before the start of each session, animals were transported individually to
the experimental room. During transportation between rooms, exposure
to white light was prevented by turning off all lights and covering the
cages with a dark sheet. Animals acclimatized in the Plexiglas box used
for measurements for 20 minutes. Subsequently, only in session 1 animals
were fitted into the collar, the electrical stimulation device was fixed at the
tail base and the head mounted receptacle was connected to the recording
device.
For a schematic overview of the experimental procedure see figure
1. Animals were randomly assigned to either the paired (n = 11) or the
random group (n = 11). During the first session the paired group was
subjected to a Pavlovian fear-conditioning paradigm. The US (i.e. SEPevoking stimulus) always started 9 seconds after the CS. The interval
between the CS-US pairings varied between 13 and 324 seconds (mean
= 85 s; standard deviation= 88 s). In the random group, US onsets were
identical to those of the paired group, but the CS was presented randomly
throughout the session, varying between 11 and 359 seconds (mean = 83 s;
standard deviation = 93 s). In both groups the US and CS were presented 32
times. SEPs were recorded for each US presentation and averaged over the
32 stimuli to obtain a representative SEP signal. The next day, session
2 started in which both groups were presented 5 times with the same CS
as used in session 1. The CS-interval varied between 92 and 141 seconds
(mean = 117 s; standard deviation =23 s).
During both session 1 and 2, the duration of freezing behaviour (absence
of all visible movements with the exception of breathing movements and
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pendulum motion of the head[15]) was manually scored. During session
1, freezing behaviour was measured during the first 9 seconds of CS
presentations 1 through 10. The 10th second was omitted from the freezing
analyses, as during this second the US (i.e. SEP-evoking stimulus) was
administered during every CS presentation of the paired group. CS 8 was
left out of the analyses due to overlap with the US during the first 9 seconds
in the random group. During session 2, freezing behaviour was scored for 15
seconds after the onset of each CS.

Statistical analysis

Calculations were performed with Microsoft Excel 2003 and statistical
analyses were performed with SPSS 16.0. The data were statistically
analysed using a mixed model regression. This technique is preferred over
the conventional repeated measures ANOVA for several reasons. Firstly,
missing values do not result in list-wise deletion of the animal and does not
require imputation. Secondly, unlike ANOVA, mixed model regression does
not assume sphericity or compound symmetry. A backward strategy was
adopted in which all non-significant interaction terms were removed. Grand
mean centring was used (i.e. values are centred at 0) for all fixed factors, so
the intercept could be interpreted and collinearity was prevented[16].
For the SEP-data the best fit was obtained by using the model with a

Figure 1. Schematic overview of the experimental procedure. (A) The overall experimental
procedure and (B) schematic overview of the procedure during the SEP measurements during
session 1. In the paired group, the US (an electrical pulse of 5 mA and 2 ms) always started
9 seconds after the onset of the CS (10 second tone), creating a temporal overlap between
the CS and US in this group. In the random group, US onsets where identical to those of the
paired group. The CS however, was presented randomly throughout the session. SEPs were
recorded for every US and averaged over 32 signals to obtain a representative signal. See text
for details.

random intercept. Fixed factors were recording site (Vx and S1), group
(paired, random) and their interaction. P-values ≤ 0.017 (Bonferroni
correction for the number of dependent variables, namely 3) were considered
significant. Dependent variables were the amplitudes of positive-to-negative
components P1 – N1, N2 – P2 and P3 – N3. The latencies of these peaks are
listed per recording site in table 1. The Q-Q plots of the residuals indicated
a normal distribution for all variables.
The duration (in seconds) of freezing behaviour during the CS
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presentations of session 1 and 2 were assessed. The scorings of the
experimenter [MS] correlated highly (Pearson’s r=0.79, n=15, p<0.000)
with the scorings of a second observer who was unaware of the aims and
procedures of the experiment. The best fit was obtained by using the model
with a random intercept. Fixed factors were group (paired, random) and CS
presentation and their interaction. The Q-Q plot of the residuals indicated a
normal distribution for all variables.

Missing Values

Table 1 Latencies in milliseconds (± SEM) of each peak per recording site
Vx

S1

P1

14.2 (± 0.2)

14.0 (± 0.2)

N1

20.0 (± 0.3)

19.2 (± 0.3)

N2

34.4 (± 1.6)

37.4 (± 1.4)

P2

60.2 (± 2.1)

62.8 (± 1.8)

P3

96.2 (± 2.2)

97.9 (± 3.3)

N3

134.1 (± 2.3)

138.1 (± 2.1)

Electrodes were implanted epidurally above the vertex (Vx) and primary
somatosensory cortex (S1).

Due to an unexpected and unprecedented local infection at the base of the
connector mounted at the skull, 6 animals had to be euthanized before the
start of the measurements. Additionally, due to technical problems the S1SEP and Vx-SEP of 3 rats could not be measured. In total, the Vx-SEP and
S1-SEP of 13 rats (paired group n=6, random group n=7) and freezing data
of 16 (paired group n=7, random group n=9) rats were analyzed.

Results

Due to unanticipated post-surgical problems (i.e. local infection) the
humane endpoint of a number of animals was reached before the start of
the experimental measurements. Consequently, this study is statistically
underpowered, compromising the reliability of statistical tests. However,
this study allows for an initial estimation of the morphology of the SEPsignal evoked by single stimuli with a variable ISI and descriptive statistics
of the data (i.e. means and standard deviations).

Somatosensory evoked potentials

The average Vx-SEP waveforms of the paired and random group with its
peak definitions are shown in figure 2. The P1-N1 amplitude showed no
significant group*recording site interaction, recording site or group effect
(F1,13=1.43, P=0.25, F1,13=1.54, P=0.24 and F1,13=0.06, P=0.82, respectively).
The N2-P2 amplitude showed no significant group*recording site interaction,
recording site or group effect (F1,13=0.35, P=0.57, F1,13=0.00, P=0.97 and
F1,13=0.93, P=0.35, respectively). Finally, the P3-N3 amplitude showed no
significant group*recording site interaction, recording site or group effect
(F1,13=0.13, P=0.72, F1,13=0.04, P=0.84 and F1,13=0.00, P=0.98, respectively).
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Figure 2. The grand mean of the Vx-SEP. The average of the Vx-SEP signal obtained during
session 1 for the paired (n=6) and random group (n=7). The curve interruption denotes the
stimulus onset. The data is presented per group as mean (black lines) ± SEM (grey lines).

Freezing behaviour

CS induced freezing behaviour during session 1 is shown in figure 3. No
significant effects were found (CS presentation*group: F8,104=0.73, P=0.67,
group: F1,14=1.46, P=0.25, CS presentation: F8,105=1.11, P=0.37).
CS induced freezing behaviour during session 2 is shown in figure 4.
A significant interaction between CS presentation and group was found
(F4,64=2.73, P>0.05). Post hoc test revealed that freezing behaviour
significantly decreased over 5 CS presentations for the random group
(F4,36=3.63, P=0.01), but not for the paired group (F4,28=2.08, P=0.11).
Additionally, the paired group showed significantly more freezing behaviour
(9.6 s ± 1.35) than the random group (5.3 s ± 1.18; F1,16=5.84, P<0.05).
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Figure 3. Freezing behaviour during the first 10 CS presentations of session 1. No significant
effects of CS*group, group or CS were found. See text for details. Data are presented as
seconds ± SEM.

Figure 4. Freezing behaviour during CS presentations of session 2. The paired group showed
significant more freezing behaviour than the random group. Freezing behaviour decreased
significantly over time in the random group, but not in the paired group. See text for details.
Data are presented as seconds ± SEM.
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Discussion

Due to the fact that the humane endpoint of a number of animals was reached
before the start of experimental measurements, this study is statistically
underpowered. Consequently, the conclusions which can be drawn based
upon this study are preliminary and limited. Importantly however, results
of this study can still be viewed as pilot-data, i.e. the morphology of the
SEP-signal and descriptive statistics of the data (i.e. means and standard
deviations) can be provisionally estimated. Subsequently, recommendations
can be made for future studies.
In the present study, a SEP stimulation paradigm was investigated to study
SEPs in in the awake, freely moving rat[17]. The primary finding of this study
is that averaging the signal of 32 single SEP-evoking pulses administered
over 45 minutes with a variable ISI produces a SEP-signal with consistent
and detectable peaks. The morphology of this signal is similar as is seen in
earlier studies measuring SEPs in awake, freely moving rats[14, 17]. The second
finding of this study is that the paired group showed significantly more
freezing than the random group during session 2. This suggests that a strong
association between CS and US was present during session 1 in the paired
group. Therefore, it can be assumed that the animals in the paired group
were able to predict the US, whereas animals in the random group could
not (as the US was unsignaled). Based on these findings it is concluded
that in future studies this stimulation paradigm can be used to study the
relationship between the SEP characteristics and predictability of painful
stimuli in rats.
Contrary to freezing behaviour scored during session 2, freezing behaviour
scored simultaneously with SEP measurements during session 1, showed no
difference between groups. Most animals, regardless of group , immediately
showed a high amount of CS-induced freezing. Since under the present
experimental conditions the animals showed no learning curve (see figure
3), it is unlikely that the CS-induced freezing measured during session 1
reflected the CS-US association. It is hypothesized that freezing behaviour
which occurred during CS presentations during session 1 is induced by
multiple other factors including the presence of the US-context. The context
in which the US is given is associated with the US and is known to induce
context-induced freezing[18]. However, this does not explain the absence of a
learning curve, which is expected in the case of context-induced freezing[18].
Next to the presence of the US-context, being fitted with the neck collar and
tail electrode could have influenced the freezing behaviour. When the neck
collar and tail electrode were applied, the majority of the animals initially
showed an aversive reaction, including vocalizations, struggling and trying
to remove the electrode by biting (personal observation). After unsuccessful
attempts to remove the tail electrode most animals temporarily expressed
freezing behaviour (unpublished data). Since all of these factors were absent
during session 2, CS-induced freezing could be more properly assessed
during this session.
On the premise that predictability influences central pain processing[5, 6],
a difference in SEP-signal between the paired and random group was
expected. No differences, however, were found. At least in part, this can
be accounted for by the fact that, this study is statistically underpowered.
The ultimately low sample size of this study contributes to a low observed
statistical power (i.e. 5%, 14% and 2% when studying the difference in
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P1-N2, N2-P2 and P3-N3 amplitude between groups, respectively). One
method to increase the statistical power is to increase the number of animals.
	Based upon the results of the current study, descriptive statistics of the
investigated SEP stimulation paradigm (i.e. means and standard deviations
of the SEP’s amplitude) could be estimated. Based upon this estimation,
power calculations of different research designs can be made and applied
in future studies. Using the current between-subjects design, this would
result in 64 animals per group to achieve a power of 80% in the case of
a medium effect size. Importantly, although the standard deviation of the
SEP amplitude is relatively high (up to 55%), the correlation between
repeated measurements is relatively high (up to 0.5). Therefore, a withinsubjects design should be considered, reducing the number of animals
significantly. In a within-subjects design, every animal serves as its own
control (i.e. a baseline measurement is obtained). In the case of a medium
effect size, a statistical power of 80% can be achieved using 12 animals per
group. Therefore, in this context, within-subjects designs are preferred over
between-subjects designs.
In conclusion, the current stimulation paradigm can be used to generate
a robust SEP-signal with consistent and detectable peaks. Furthermore, this
stimulation paradigm can be used to induce differences between predictability
and unpredictability of painful stimuli at a behavioural level (i.e. differences
between freezing behaviour of the paired and random group during session
2). In order to draw definite conclusions regarding the relationship between
the SEP characteristics and predictability of painful stimuli, future research
and further refinement are required.
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Abstract

Somatosensory-evoked
potentials
(SEPs) are used in humans and
animals to increase knowledge about
nociception and pain. Since the SEP
in humans increases when noxious
stimuli are administered unpredictable,
predictability potentially influences
the SEP in animals as well. To
assess the effect of predictability on
the SEP in animals, classical fear
conditioning was applied to compare
SEPs between rats receiving SEPevoking electrical stimuli either
predictably or unpredictably. As in
humans, the rat’s SEP increased
when SEP-evoking stimuli were
administered unpredictably. These
data support the hypothesis that the
predictability of noxious stimuli plays
a distinctive role in the processing of
these stimuli in animals. The influence
of predictability should be considered
when studying nociception and pain
in animals. Additionally, this finding
suggests that animals confronted
with (un)predictable noxious stimuli
can be used to investigate the
mechanisms underlying the influence
of predictability on central processing
of noxious stimuli.
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Introduction

Rats are frequently used in the field of pain research[1, 2], and thus knowledge
about nociceptive processing in those animals is of high importance
when studying nociception and analgesic efficacy. Somatosensory-evoked
potentials (SEPs) are used in humans and animals to increase knowledge
about pain[3]. The SEP is a recording of the electroencephalogram (EEG),
time-locked to a specific somatosensory stimulus. SEPs evoked by high
intensity somatosensory stimuli are believed to reflect the processing
of noxious stimuli[4], and correlate well with subjective pain ratings in
humans[5, 6], adversity to pain in animals[7, 8] and are altered by anaesthetic
and analgesic treatments in both humans[9] and animals[10, 11]. Therefore,
the SEP can be considered a potential method to quantify acute pain. The
SEP in animals is of special interest due to its potential to quantify and
differentiate the sensory and affective component of acute pain[12].
During the recording of a SEP, other non-related processes are
simultaneously going on in the brain, which have no direct relevance for
the process of interest (i.e. processing of a noxious stimulus[13]). These nonrelated processes are assumed to occur randomly across the EEG. Therefore,
a representative SEP is obtained by averaging multiple recordings, by
which non-noxious-related EEG activity is averaged out[13]. This procedure
consequently necessitates repeated administration of the noxious stimuli.
The way of administering these multiple stimuli (i.e. predictably or
unpredictably) is a potential factor influencing the SEP in animals. In
human research it has been found that unpredictable noxious stimuli lead to
an increased SEP amplitude[14]. Although it is known that repeated exposure
to unpredictable noxious stimuli results in long term negative emotional
(i.e. depressive-like state) and physiological (i.e. stomach ulcers) effects
in animals[15-17], the relationship between predictability of noxious stimuli
and the animal SEP is yet unknown. However, influence of predictability
on nociceptive processing may influence the results in animal studies that
investigate (anti)nociception.
Predictability of a noxious stimulus can be manipulated by applying a
classical fear conditioning paradigm. In this paradigm animals are exposed
to neutral conditioned stimuli (CS, i.e. a tone) and to aversive unconditioned
stimuli (US, i.e. an electrical pulse). If the CS is paired with the US, and
the US becomes predictable, “conditioned fear” will develop as dominating
emotion. However, if the CS and US are not paired, the US is unpredictable
and temporally uncertain. Consequently, “anxiety” will develop as dominating
emotion[18]. Fear is described as a phasic emergency reaction to an imminent
threat, leading to physiological arousal, resulting in fight or flight when
possible, or reducing the threat’s impact by, for example, decreasing pain
sensitivity. Anxiety on the other hand, can be evoked by unpredictability
of potential threats, and is characterized by a sustained state of increased
vigilance and overall sensory sensitivity[18]. It is likely that these divergent
effects of fear and anxiety on pain sensitivity[19] are reflected in the SEP in
animals.
The influence of predictability of noxious stimuli on the SEP in the awake,
freely moving rat was investigated using classical fear conditioning. On the
premise that predictability of noxious stimuli plays a role in the processing
of these stimuli in animals as in humans, we hypothesized that receiving
shocks in an unpredictable fashion results in a higher SEP amplitude.
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Material and Methods
Ethical Note

The experimental protocol (DEC-DGK number: 2010.I.03.033) was peerreviewed by the scientific committee of the Department of Animals in
Science & Society, Utrecht University, The Netherlands, and approved by
the Animal Experiments Committee of the Academic Biomedical Centre,
Utrecht, The Netherlands. The Animal Experiments Committee based
its decision on ‘De Wet op de Dierproeven’ (The Dutch ‘Experiments on
Animals Act’, 1996) and on the ‘Dierproevenbesluit’ (the Dutch ‘animal
experiments decree’, 1996). Both documents are available online at http://
wetten.overheid.nl.

Animals & housing conditions

Twenty-four adult male Wistar rats (HsdCpb:WU, Harlan Netherlands
B.V., Zeist, The Netherlands), weighing 240-270 gram at the time of arrival
were housed individually in clear 1500U Eurostandard Type IV S cages,
measuring 48 x 37.5 x 21 cm. Rats were provided with bedding material
(Aspen chips), ad lib access to food (CRM, Expanded, Special Diets Services
Witham, United Kingdom) and water and carton houses (Rat Corner
House, Bio Services B.V., Uden, The Netherlands) as cage enrichment.
The environment was temperature (21 ± 2 ºC) and humidity (47 ± 3%)
controlled with an inversed 12:12 h light-dark cycle (lights off from 7.00 –
19.00 hrs). A radio played constantly as background noise. All experimental
procedures took place between 8.00 – 17.00 hrs. Animals were handled daily
by the experimenters.

Surgery

After an acclimatization period of three weeks, the animals underwent
surgery for permanent implantation of epidural electrodes. Anaesthesia was
induced in the rat’s home cage in a separate room under red light conditions,
with 0.25 mg/kg fentanyl (i.p., Fentanyl Janssen®, Janssen-Cilag B.V.,
Tilburg, The Netherlands, 0.05 mg/ml fentanyl citrate) and 0.15 mg/kg
dexmedetomidine (i.p., Dexdomitor®, Pfizer Animal Health B.V., Capelle
a/d IJssel, The Netherlands, 0.5 mg/ml dexmedetomidine hydrochloride).
After loss of the pedal reflex the animal was transported to the surgery
room and, after endotracheal intubation, anaesthesia was maintained with
isoflurane in 100% O2. The animals were provided with 8 ml of saline (s.c.)
to support normal fluid balance and eye ointment to prevent drying of the
cornea (Ophtosan® oogzalf, ASTfarma B.V., Oudewater, The Netherlands,
10000 IE vitamin A palmitate per gram). Subsequently, the animal was
positioned in a stereotactic apparatus (model 963, Ultra Precise Small Animal
Stereotaxic, David Kopf Instruments, Tujunga, CA, USA). Body temperature
was monitored using a rectal probe thermometer and maintained at 3738ºC with an adjustable electrical heating mattress. In addition to clinical
assessment (i.e. pedal reflexes), respiratory rate, heart rate, in- and expired
CO2 and SpO2 were monitored continuously for assessment of anaesthetic
depth and anaesthetic drug administration was adjusted appropriately.
Following the skin incision but prior to detachment of the periostium
from the neurocranium, 3 mg/kg lidocaine solution (Alfacaine 2% plus
adrenaline, Alfasan B.V., Woerden, The Netherlands, 20 mg/ml lidocaine
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hydrochloride and 0.01 mg/ml adrenaline) was applied on the periostium.
Five small wired stainless steel screws (tip diameter 0.6 mm, impedance
300–350 Ω, Fabory DIN 84A–A2, Borstlap B.V., Tilburg, The Netherlands)
were implanted epidurally, according to stereotaxic coordinates as provided
in the atlas Paxinos and Watson[20] above the vertex (Vx; 4.5 mm caudal to
bregma, 1 mm right from midline), primary somatosensory cortex (S1; 2.5
mm caudal to bregma, 2.5 mm right from midline), anterior cingulate cortex
(Acc; 1.5 mm rostral to bregma, 0.5 mm lateral from midline), and left and
right frontal sinus (10 mm rostral to bregma, 1 mm lateral from midline).
All electrodes were wired to an 8 pin receptacle (Mecap Preci-Dip 91793-108-41-005, Preci-Dip Durtal SA, Delémont, Switzerland) and fixed
to the skull with antibiotic bone cement (SimplexTM P bone cement with
tobramycin, Stryker Nederland B.V., Waardenburg, The Netherlands, 0.5 g
tobramycin per 20 g cement powder). The skin was closed in a single layer
around the receptacle. Subsequently, anaesthesia was antagonized with 0.6
mg/kg atipamezole (i.p., Antisedan®, Pfizer Animal Health B.V., Capelle
a/d IJssel, The Netherlands, 5 mg/ml atipamezole hydrochloride) and 0.05
mg/kg buprenorphine (i.p., Buprecare®, AST Farma B.V., Oudewater, The
Netherlands, 0.3 mg/ml buprenorphine) in the animal’s home cage adjacent
to the surgery room under red light conditions with extra oxygen supplied.
After return of purposeful locomotion, the rat was transferred to the animals
housing room.
Postoperative analgesia was provided with 0.05 mg/kg buprenorphine
(s.c.) at 12 hour intervals for 3 days after surgery and 0.2 mg/kg of meloxicam
(s.c., Metacam, Boehringer Ingelheim B.V., Alkmaar, The Netherlands, 5
mg/ml) at 24 hour intervals for 2 days after surgery. The weights of the
animals were monitored daily until the pre-operative weight was reached,
and allowed to recover for at least two weeks prior to the start of the first
session.

Stimulation and Recording Apparatus

Electrical stimuli were used as US and SEP-evoking stimuli, and
administered as described earlier[7] to the epidermis of the left lateral part
of the tail base, using a set of two bar electrodes (brass, diameter 2 mm),
tapered towards the contact site and spaced at 3 mm from each other.
The electrodes were fixed in a piece of plastic tube which enclosed the
tail and was tightened by Velcro for maximal fixation. SEPs were elicited
by multiple square-wave pulses of a 2 ms duration and stimulus intensity
of 5 mA, generated with a Grass stimulator (Model S-88, Grass Medical
Instruments, Quincy, Mass, USA), triggered by dedicated software written
in house in a Labview environment (Labview 7.2, National Instruments
Netherlands B.V., Woerden, The Netherlands). The stimuli were delivered to
a Grass stimulation isolation unit and a constant current unit controlling the
stimulus intensity. The number and frequency of electrical pulses differed per
session and are described below. To prevent the animals from gnawing the
cables, an Elizabethan neck collar, developed in house[21], was used during
the administration of electrical stimuli in session 1, 2 and 3.
Sound stimuli consisting of a 10 s 2000 Hz tone, 75 dB sound pressure
level generated by a sound generator (33120A, Arbitrary Waveform
Generator, Hewlett Packard, Palo Alto, CA, USA), served as CS. Sound
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stimuli were presented by two speakers mounted in the covering lid of the
box. The sound pressure level was verified by using a Modular Precision
Sound Level Meter (type 2231, Brüel & Kjær, Nærum, Denmark).
For SEP measurements, the rat’s head mounted receptacle was connected
to the recording device via a swivel connector (SLC-2, Plastics One,
Roanoke, VA, USA). For each SEP recording, the accompanying ipsilateral frontal sinus electrode served as reference and the accompanying
contra-lateral frontal sinus electrode served as signal ground. For each
SEP, segments of 500 ms, 200 ms pre-, and 300 ms post-stimulus, were
recorded and averaged online. All signals were amplified 1 million times,
band-pass filtered between 3 and 300 Hz and digitized online at 10 kHz by
data acquisition hardware (National Instruments, PCI-6251, Instruments
Netherlands B.V., Woerden, The Netherlands). Additionally, a 50 Hz
notch-filter was applied to eliminate interference from the power supply
system. The SEPs measurements (session 1, 2 and 3) were carried out in
a Plexiglas box measuring 40x28x30 cm with a stainless steel electrically
grounded bottom, shielded by a Faraday cage. Different wallpapers were
used to create different contexts between sessions. During session 1, the box
was covered with wallpaper with alternating two cm vertical black and white
stripes (context A). During session 2 and 3, the box was covered with plain
white wallpaper (context B). The measurement of freezing behavior during
session 4 was carried out in a different Plexiglas box (context C) measuring
39x29x32 cm, with white wall paper. Behavior was videotaped continuously
throughout all sessions.

Procedure

Prior to the surgery and four days after the surgery until the start of session
1, animals were habituated to wearing the Elizabethan neck collar in the
animal housing room for 5 minutes daily. Two weeks after the surgery the
measurements started, consisting of four sessions. All sessions were carried
out in a separate experimental room, outside the room housing the animals.
Before the start of each session’s measurements, animals were transported
individually to the experimental room. Subsequently, animals were
acclimatized in the Plexiglas box used for measurements for 20 minutes.
Then, in all sessions except session 4, animals were fitted into the collar,
the electrical stimulation device was fixed at the tail base and the head
mounted receptacle was connected to the recording device. Experiments
were performed in the “lights off ” period under red light conditions.
Figure 1 provides a schematic overview of the testing procedure. Animals
were randomly assigned to either the paired (n = 12, in which the CS and
US were paired) or the random group (n = 12, in which the CS and US were
unpaired). In figure 2 the temporal difference (i.e. regarding contingency
and contiguity) of the CS and US presentations between the paired and
unpaired group is schematically represented. The experiment consisted of
four sessions, including:
Session 1: A baseline-SEP was obtained in which both groups received
16 SEP-evoking stimuli with a constant frequency of 0.5 Hz.
Session 2: The paired group was subjected to a classical fear-conditioning
paradigm, in which the US always started 9 seconds after the
CS (see figure 2). The interval between the CS-US pairings
varied between 13 and 324 seconds (mean = 85 s; standard
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deviation = 88 s). In the random group, US onsets were
identical to those of the paired group, but the CS was presented
randomly throughout the session (see figure 2). The intervals of
the CS onsets were varying between 11 and 359 seconds (mean
= 83 s; standard deviation = 93 s). Onset times were generated
with the uniform random generator of the Analysis ToolPak
in Microsoft Excel 2003. Both groups were exposed 32 times
to the US and CS. SEPs (i.e. a single sweep) were recorded for
each US presentation. The exact onset times of the CS and US
in the paired and random group can be found in appendix S1.
Session 3: An exact repetition of session 2.
Session 4: Both groups were presented 5 times with the same CS as used
in session 2 and 3. The CS-interval varied between 92 and 141
seconds (mean = 117 s; standard deviation = 23 s). The duration
of freezing behavior (absence of all visible movements with the
exception of breathing movements and pendulum motion of
the head) was manually scored during every CS presentation[22].

Figure 1. Schematic overview of the experimental procedure. See “procedure” for details.

Figure 2. Schematic overview of the CS and US onsets in the paired and random group.
The CS consisted of a 10 second tone. In the paired group, the US (an electrical pulse of
5 mA and 2 ms) always started 9 seconds after the CS onset, creating a temporal overlap
between the CS and US in this group. In the random group, US onsets where identical to
those of the paired group. The CS however, was presented randomly throughout the session.
See “procedure” for details.
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Data and statistical analysis

Calculations were performed with Microsoft Excel 2003 and statistical
analyses were performed with SPSS 16.0. The data were statistically analysed
using a mixed model regression. In this study, a mixed model regression
is preferred over the commonly used ANOVA, as missing values do not
result in list wise deletion of the animal and does not require imputation[23].
A backward strategy was adopted in which all non-significant interaction
terms were removed. Grand mean centring was used (i.e. values are centred
at 0) for all fixed factors, so the intercept could be interpreted and collinearity
was prevented[23].
For the SEP-data the best fit was obtained by using the model with a
random intercept. Fixed factors were recording site (Vx, S1 and Acc), group
(paired, random) and session (1, 2 and 3) and their interactions. P-values
≤ 0.017 (Bonferroni correction for the number of dependent variables,
namely 3) were considered significant. In case of significant group*session
interaction simple effects were tested in a Bonferroni corrected post-hoc
test using a nested model, estimating the effect of session 2 and 3 compared
to session 1 (baseline) per group. Dependent variables were the amplitudes
of positive-to-negative components, including P1-N1, N2-P2 and P3-N3
(see figure 2). The latencies of these peaks are listed per recording site in
table 1. The Q-Q plots of the residuals indicated a normal distribution for
all variables.
The scorings of freezing behavior by the experimenter [MS] and by
the second observer who was unaware of the aims and procedures of the
experiment correlated highly (Pearson’s r = 0.83, n = 45, p < 0.001). The best
fit was obtained by using the model with a random intercept. Fixed factors
were group (paired, random) and CS presentation (1 through 5) and their
interaction. The Q-Q plot of the residuals indicated a normal distribution
for all variables.
Table 1. Latencies in milliseconds (± SEM) of each peak per recording site.
Vx

S1

Acc

P1

13.7 (± 0.1)

13.4 (± 0.1)

14.6 (± 0.2)

N1

18.5 (± 0.1)

18.0 (± 0.1)

18.1 (± 0.2)

N2

32.8 (± 0.4)

36.1 (± 0.5)

43,8 (± 0.6)

P2

56.0 (± 0.5)

57.9 (± 0.6)

59.5 (± 0.5)

P3

93.2 (± 0.9)

98.0 (± 0.9)

105.0 (± 0.8)

N3

138.5 (± 1.1)

142.2 (± 1.2)

145.6 (± 1.1)

Electrodes were implanted epidurally above the vertex (Vx), primary
somatosensory cortex (S1) and the anterior cingulate cortex (Acc).

Results

Missing Values

For the Vx-SEP, no missing values occurred. Technical problems occurred in
the S1-SEP of four rats during the first session, the Acc-SEP of three rats
throughout all sessions, and S1-SEP of two rats throughout all sessions. In
total, 72 (Vx-SEP, n = 36 for both paired and random), 62 (S1-SEP, n = 31
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for both paired and random) and 63 (Acc-SEP, paired: n = 33 and random:
n = 30) SEPs were analysed.

Somatosensory evoked potentials

The average SEP waveforms of the paired and random group during
session 2 and 3 with its peak definitions are shown in figure 3. The P1N1 amplitude showed no group*session*recording site, group*recording
site or session*recording site interaction (F4,173.57 = 0.27, p = 0.90, F2,175.54
= 0.39, p = 0.67 and F4,173.58 = 1.02, p = 0.40, respectively). A group*session
interaction was found (F2,173.57 = 6.21, p < 0.01). Post-hoc analysis showed
that the amplitude increased compared to baseline in the random group
during session 2 and 3: t173.61 = 5.85, p < 0.001 and t173.61 = 6.37, p < 0.001,
respectively, whereas the amplitude of the paired group did not differ from
baseline during session 2: t173.62 = 0.89, p = 0.38 but was increased during
session 3: t173.62 = 3.03, p < 0.01 (see figure 4A).
Figure 3. The grand means of the
SEP for the different recording sites.
Electrodes were implanted epidurally
above the vertex (Vx), primary
somatosensory cortex (S1) and the
anterior cingulate cortex (Acc). The
average of the SEP signals obtained
during session 2 and 3 for the paired
(n = 12) and random group (n = 12).
The curve interruption denotes the
stimulus onset.

The P2-N2 amplitude showed no group*session*recording site,group*recording
site or session*recording site interaction (F4,173.21 = 0.63, p = 0.64,
F2,175.51 = 1.60, p = 0.21 and F4,173.21 = 0.27, p = 0.90, respectively).
A group*session interaction was found (F2,173.22 = 9.44, p < 0.001). Post-hoc
analysis showed that the amplitude increased compared to baseline in the
random group during session 2 and 3: t173.26 = 3.79, p < 0.001 and t173.27 =
4.63, p < 0.001, respectively, whereas the amplitude of the paired group did
not differ from baseline during session 2 and 3: t173.28 = -1.23, p = 0.22 and
t173.28 = -1.03, p = 3.05, respectively (see figure 4B).
The P3–N3
amplitude
showed
no
interactions
between
group*session*recording site, group*recording site, or session*recording site
(F4,173.31 = 0.43, p = 0.79, F2,176.89 = 1.38, p = 0.26 and F4,173.31 = 1.07, p = 0.37,
respectively). A group*session interaction was found (F2,173.22 = 19.20, p >
0.001). Post-hoc analysis showed that the amplitude increased compared to
baseline in the random group during session 2 and 3: t173.32 = 3.59, p < 0.001
and t173.32 = 6.99, p < 0.001, respectively, whereas the amplitude of the paired
group did not differ from baseline during session 2 and 3: t173.33 = -2.14, p =
0.03 and t173.33 = -1.69, p = 0.09, respectively (see figure 4C).
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Figure 4. SEP signals during different conditions. Electrodes were implanted epidurally at
different recording sites above the vertex (Vx), primary somatosensory cortex (S1) and the
anterior cingulate cortex (Acc). The mean positive-to-negative amplitudes per session are
shown by group and recording site (left column) and by group (right column) for the (A)
P1-N1, (B) P2-N2 and (C) P3-N3. Data are represented as mean μV ± SEM. See “results”
for details. * p < .01 versus session 1 (baseline) amplitude.

Freezing behavior

The CS induced freezing behavior during session 4 is depicted in figure 5.
No interaction between CS presentation and group was found (F4,95.15 = 0.47,
p = 0.76). The paired group showed more freezing behavior (5.7 s ± 0.44)
than the random group (2.9 s ± 0.39; F1,24 = 11.13, p < 0.01) and freezing
behavior decreased over CS presentations in both groups (F4,95.14 = 3.49,
p = 0.01).
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Figure 5. Freezing behavior
during CS presentations
of session 4. The paired
group showed more freezing
behavior than the random
group. Freezing behavior
decreased over time. See
“results” for details. Data are
represented as mean seconds
± SEM.

Discussion

In both human and animal studies of pain and (anti)nociception SEPs are
frequently used to study the neural processing of noxious stimuli and the effect
of antinociceptive treatments[3]. The generation of a SEP requires repeated
administration of the noxious stimuli[13]. These multiple stimuli can either be
administered in a predictable or unpredictable fashion. The principal finding
of this study is that the SEP in rats, when compared to baseline, increased
when SEP-evoking stimuli were unpredictable (random group), whereas no
increase was observed when these stimuli were predictable (paired group).
Therefore, it is concluded that predictability of noxious stimuli plays an
important role in the processing of these stimuli in rats, as is shown to the
case in humans[14].
Predictability was manipulated by applying classical fear conditioning. As
the paired group showed more CS-induced freezing behavior during session
4 than the random group, it can be concluded that a strong association
between the CS and the US was present during sessions 2 and 3 in the
paired group. Therefore, it is assumed that noxious stimuli (i.e. SEP-evoking
stimuli) during sessions 2 and 3 for the paired group were predictable, and
for the random group unpredictable, and thus the animals from the paired
group (but not from the random group) could predict the US onsets. As
the only differences between groups were the contingency and contiguity
between CS and US (and hence the predictability of the US[24]), differences
shown in the SEP signal between groups are attributable to differences in
predictability of the US.
Human studies showed that unpredictable noxious stimuli result in
increased anxiety and pain sensitivity[14, 25]. The increase occurred concurrently
with the increased SEP[14, 26]. Negative emotional effects of unpredictable
noxious stimuli have been hypothesized to occur in animals as well[15-17] and
it is likely that anxiety developed as a dominating emotion in the random
group[18, 27]. Our results support the hypothesis that emotions such as anxiety
play a role in the processing of nociceptive stimuli in animals, although the
exact role in the generation of the increased SEP in animals needs to be
addressed in future studies.
Our findings show that amplitudes of SEPs evoked by unpredictable
stimuli are increased compared to baseline, this being in direct contrast
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to the amplitudes of SEPs evoked by predictable stimuli. The finding that
the SEP amplitude in the paired group does not change, while the SEP
amplitude of the unpaired group increases with respect to the baseline
measurement, seems counterintuitive if one would assume that the stimuli
during the baseline recordings were unpredictable. However, during baseline
recordings a train of 16 stimuli with a fixed interstimulus interval (ISI; the
temporal interval between the offset of one stimulus to the onset of another)
was used, as such making these stimuli predictable[14, 25]. Consequently,
the present findings do support our hypothesis that unpredictable stimuli
lead to higher SEP amplitudes than predictable stimuli. The paired group
receives stimuli that are predictable during baseline and during sessions 2
and 3, resulting in the SEP amplitude remaining similar to baseline. In the
unpaired group, stimuli during baseline were predictable and unpredictable
during session 2 and 3, explaining the increase in SEP amplitude during
session 2 and 3 with respect to baseline. In conclusion, the present results of
change in SEP amplitude adequately reflect the changes in predictability of
the stimuli over sessions and between groups.
Although multiple studies showed that predictability of noxious stimuli
affects brain activity in response to nociceptive stimuli, the strength of these
effects may differ depending on the measurement technique used. A human
functional magnetic resonance imaging (fMRI) study showed an increased
blood-oxygen-level dependence (BOLD) signal in brain areas associated
with the sensory component of pain (i.e. primary somatosensory cortex (S1))
when shocks were predictable. When shocks were unpredictable, brain areas
associated with the affective component of pain (i.e. the anterior cingulate
cortex (Acc)) showed a higher BOLD signal[25]. Using single cell recording,
Wang et al. (2008) showed that rat’s laser-evoked neuronal activity (i.e. unit
responses) was increased in the Acc and S1 when the noxious laser stimuli
were predictable[28]. Although results of different measurement techniques
(i.e. fMRI, EEG and single cell recording) do not necessarily contradict each
other and results of one measurement technique are not preferred over the
other, this discrepancy highlights the importance of taking the technique used
into account when interpreting and comparing results of different studies.
The SEP is the only neurophysiological technique used in both animals and
humans investigating the effect of predictability of noxious stimuli. It is a
valuable technique in both fundamental and translational research that can
be recorded both in awake animals as well as in humans, as opposed to fMRI
(were the animal has to be anesthetized) and single cell recording (which
is considered unethical in humans under normal circumstances). When
comparing the effect of predictability of noxious stimuli on the SEP, animals
and humans show similar effects of predictability on neural processing.
Importantly, electrical stimulation does not specifically affect nociceptive
fibers only[29], therefore the SEP (as measured in this study) next to consisting
of nociception related responses may also relates to non-nociceptive
components. However, the fact that the SEP is modulated by the u-opiate
receptor agonist fentanyl[12], which specifically modulates nociceptive
processing[30, 31], the strong correlation between freezing behaviour and
the SEP[8], and the frequently observed aversive behaviours following
stimulation in this study (i.e. jumping and vocalization; unpublished data)
together are in strong support for a noxious component. However, even when
using stimulation types specifically activating nociceptors, in the literature
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to date it is furthermore hypothesized that the SEP, rather than specifically
representing the processing of nociception and/or perception of pain,
may primarily be representative for a more general defensive mechanism
which plays an important (but non-specific) role in pain[32]. Specifically, the
cortically-derived SEP represents processes involved in detecting, focussing
attention and subsequently selecting appropriate responses to potentially
significant (i.e. threatening or salient) stimuli, regardless of the stimuli’s
modality. According to this view, the SEP provides an indirect rather than
direct representation of pain perception per se[33, 34]. However, as these
non-specific processes (such as affective salience or unpleasantness) are an
intrinsic part of pain experienced, the SEP remains a valuable method to
investigate the functioning of the nociceptive system.
One factor potentially confounding the current results is that in the
paired group the US in time always overlapped with the CS, resulting in
simultaneous processing of the CS and US in this group (but not in the
random group). However, in the current study no differences were found
between the baseline (where only a US but no CS was present) and session
2 and 3 in the paired group (where both the US and CS were present).
If the simultaneous processing of the CS and US alters the processing
of the US (and thus the SEP), session 2 and 3 would have differed from
the baseline in the paired group. Furthermore, Oka et al. (2010) showed
that unpredictability increased the amplitude of SEPs in humans when
predictability was manipulated by a combination of variations in ISIs
and stimulus intensities. A fixed ISI and fixed intensity sequences creates
maximal predictability and variable ISIs and random intensities create
maximal unpredictability[14]. Therefore, it can be hypothesized that the
SEP’s increased amplitude following unpredictable noxious stimuli are
not caused by the mode by which noxious stimuli are predicted, but by
predictability itself. This effect of predictability may not be specific for
nociceptive stimuli and affect the processing of other stimuli as well.
When creating (un)predictability by using fixed or random ISIs (as in[14, 25]),
it should be considered that factors other than temporal unpredictability
might play a role in the altered neural activity. Repetition suppression (RS)
is found to be a robust phenomenon, which leads to a reduction of cortical
activity after repeated stimulation, especially in case of short ISIs (i.e. < 2
seconds[35]). Interestingly, in the case of noxious stimuli and the application
of short ISIs, this reduced cortical activity is not accompanied with an altered
pain perception[36]. Several mechanisms are proposed to explain this RS at
short ISIs[37], including refractoriness in nociceptive afferent pathways[38]
and temporal predictability[36]. However, in the current study ISIs of the
US (i.e. the SEP-evoking stimuli) were identical between the paired and
random group and furthermore relatively long (i.e. 2 seconds during the
baseline measurement and varying from 13 to 324 seconds during session
2 and 3). Therefore, in our view, RS can be excluded here as an influencing
factor with respect to the interpretation of the results.
It has been shown that attention to a noxious stimulus affects pain
sensitivity[39] and increases the SEP’s amplitude in humans[40]. In the
current study none of the groups was experimentally distracted from the
SEP-evoking stimuli, making it unlikely that the differences in the SEP’s
amplitude can be explained by the presence or absence of attentional focus on
the SEP-evoking stimuli. It is deemed highly probable that in both groups,
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the attention was directed to the SEP-evoking stimuli through bottom-up
selection[32], i.e. the involuntary attraction of attention to salient stimuli
(i.e. stimuli which stand out relative to other stimuli). However, in contrast
to the paired group, the random group was exposed to stimuli which were
temporally unpredictable, thus inducing a difference in top-down attention
(i.e. cognitive expectations[36]). Importantly, both groups are likely to differ
in their emotional state (i.e. fear versus anxiety), and inherently the type of
attentional focus will differ. Receiving noxious stimuli in an unpredictable
fashion (random group) causes a state of anxiety associated with sustained
attention, whereas predictable stimuli (paired group) cause a state of fear
associated with selective attention (for a comprehensive review on this topic
see reference[18]). Therefore, we hypothesize that our experimental design
allows for a distinction between anxiety (created by unpredictability in the
random group) and fear (created by predictability in the paired group),
consequently associated with different effects on pain sensitivity[19, 25, 27].
The exact role of anxiety and fear in the generation of the SEP however,
remains elusive and needs to be addressed in future studies.

Conclusion

This study shows that the predictability of noxious stimuli is an important
factor affecting the SEP in animals, as is shown to be the case in humans.
Therefore, when studying the neural processing of a noxious stimulus using
the SEP, predictability of the noxious stimuli should be considered when
designing and interpreting results of animal experiments. As it is likely that
this influence is not restricted to EEG derived parameters, this potential
effect should be considered in animal models of pain in general. Additionally,
this finding suggests that animals confronted with (un)predictable noxious
stimuli can be used to investigate the mechanisms underlying the influence
of predictability on central processing of noxious stimuli.
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Abstract

When using rats in pain research,
strain-related differences in outcomes
of tests for pain and nociception
are acknowledged. However, very
little is known about the specific
characteristics of these strain
differences. In this study four
phylogenetically distant inbred rat
strains (i.e. Wistar Kyoto, Fawn
Hooded, Brown Norway and Lewis)
were investigated in different tests
investigating pain and nociception.
Differences in outcome were found
both on behavioural parameters
(hot plate, Von Frey and Pavlovian
fear conditioning) and cerebral
parameters (c-Fos expression in
different brain areas after fear
memory retrieval, somatosensory
evoked potentials), indicating various
differences between rat strains in
nociception related behaviours and
nociceptive processing. These findings
demonstrate the critical advantages
of using multiple rat strains when
studying pain and nociception and
suggest that the choice of rat strains
should be considered to improve
future research outcomes.
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Introduction

Inbred rat strains are becoming more and more valuable in pain research
because of the availability of extensive genomic information and transgenic
technologies in these species[1], enabling the study of genetic background
and the role of individual proteins in pain. Although strain-related
differences in outcomes of tests for pain and nociception are acknowledged
in general terms[2, 3], the exact characteristics of inbred strain-related
differences in read-out parameters of pain and nociception are not
well established. Thermal and mechanical (anti)nociception in rats and
mice are commonly studied using the hot plate and Von Frey test,
respectively[4]. In the hot plate test, the animal is placed on a plate
heated at a fixed temperature until a predetermined behavioural endpoint is
observed, typically a hind-paw lick or jump response[5, 6]. In the automated
Von Frey test, a probe is placed under the hind paw which gradually
builds up force, until the animal withdraws the paw. Differences in response
latencies (i.e. hot plate test) and withdrawal threshold (i.e. Von Frey test)
between animals are considered to reflect differences in thermal and
mechanical nociceptive threshold, respectively[4]. Although the literature
documents the use of many different rat strains, very little is known
about differences in behaviour expressed during the hot plate and Von Frey
test.
The Pavlovian fear conditioning paradigm is often applied to assess
the neural mechanisms and consequences of fear (often using noxious
stimuli). Furthermore, this paradigm has also been used to correlate
cortical processing of nociceptive stimuli and pain perception in rats[7]. In
this paradigm, animals are trained to associate a neutral stimulus
(conditioned stimulus (CS)) with an aversive (typically painful) stimulus
(unconditioned stimulus (US)). After the training phase, presentations
of the CS evoke aversive behavioural responses (conditioned response
(CR), i.e. fear related behaviour). These responses serve as a measure
for the adversity to the US and are considered to represent an
expression of the pain experienced from US exposure[8]. When the CS
is repeatedly presented without the US, extinction will occur. Extinction
is characterized by a decrease in CRs[9]. Although the exact neural
substrates and their roles involved in expression of CR and extinction
are not known, several brain areas are suggested to play a role,
including the amygdala, hippocampus and prefrontal cortex[10-14]. Strain
differences in Pavlovian fear conditioning are reported[15, 16], but only
few strains have been compared directly. Furthermore, it is not known
whether there are strain differences regarding recruitment of associated
brain areas.
Cortical processing of nociceptive stimuli is studied with the
somatosensory evoked potential (SEP), a time- and stimulus-locked
fragment of the electroencephalogram. The SEP represents the processing
of noxious stimuli[17], correlates well to adversity to pain in animals[7, 18]
and is altered by anaesthetic and analgesic treatment[19, 20]. However, strain
related differences in the cortical processing of pain are not described in the
literature to date.
Knowledge about specific characteristics of strain differences potentially
facilitates the unravelling of fundamental mechanisms involved in pain
and analgesia, such as identification of involved phenotypes (i.e.
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behavioural characteristics). To this end, phenotyping of pain-related
phenomena with both behavioural and cerebral read-out parameters
using thermal, mechanical and electrical stimuli in four phylogenetically
distant inbred rat strains[21] was performed in this study.

Material and Methods

During this study, two separate experiments were performed. At the start
of each experiment, naïve animals were used. Below, the materials and
methods are described per experiment. In figure 1 the general time line of
each experiment is depicted.

Figure 1. Time line of the study (in days). Two separate experiments were performed during
this study. At the start of each experiment, naïve rats were used. Rats were allowed to adapt
to our laboratory for 3 weeks, before experimental procedures started. PFC = Pavlovian fear
conditioning.

Ethical note

The experimental protocols (DEC-DGK numbers: 2010.I.12.257 and
2011.I.08.079) were approved by the Animal Experiments Committee
of the Academic Biomedical Centre, Utrecht, The Netherlands. The
Animal Experiments Committee based its decision on ‘De Wet op de
Dierproeven’ (the Dutch ‘Experiments on Animals Act’, 1996) and on the
‘Dierproevenbesluit’ (the Dutch ‘animal experiments decree’, 1996). Both
documents are available online at http://wetten.overheid.nl. Further, all
animal experiments followed the ‘Principles of Laboratory Animal Care’ and
refer to the Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioural Research (National Research Council 2003).

Experiment 1
Animals

Four different adult male inbred rat strains from a single source (Elevage
Janvier, Le Genet St. Isle, France; n = 14 for each strain; 8 weeks old at the
time of arrival), were used, including Wistar Kyoto (WKY, denomination:
WKY/KyoRj), Fawn Hooded (FH, denomination: Rjlbm: FH), Brown
Norway (BN, denomination: BN/OrlRj) and Lewis (LE, denomination:
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LE/OrlRj). Body weights (± SEM) were 225.07 (± 2.02), 202.43 (± 2.92),
163.64 (± 1.13) and 233.57 (± 2.04) gram at the time of arrival, respectively.

Housing conditions

All rats were housed individually in clear 1500U Eurostandard Type IV
S cages of 48 x 37.5 x 21 cm (Techniplast, Buguggiate, Italy). Rats were
provided with bedding material (Aspen chips), ad lib access to food (CRM,
Expanded, Special Diets Services Witham, United Kingdom), water,carton
houses (Rat Corner House, Bio Services B.V., Uden, The Netherlands)
and plastic tubes (Rat retreat Amber, Plexx, Elst, The Netherlands) as cage
enrichment. The environment was temperature (21 ± 2 °C) and humidity
(47 ± 3%) controlled with an inversed 12:12 h light-dark cycle (lights off
from 7.00 – 19.00 hrs) and a radio played constantly as background noise.
Animals were handled at least three times a week by the experimenters. All
testing procedures occurred in a room different than the animal housing
room. During transportation between rooms, exposure to white light was
prevented by turning off all lights and covering the cages with a dark sheet.

Hot plate test

After an acclimatization period of three weeks, all animals were subjected
to the hot plate test. The hot plate apparatus (Model 35100, Ugo Basile,
Varese, Italy), was maintained at 50.0 ± 0.1 °C. Animals were placed in a
glass cylinder of 24 cm diameter on the heated surface of the hot plate and
removed immediately when either a hind paw lick or jumping response was
observed[22]. The latency until the first of either these responses was scored.
A cut-off time of 120 seconds was used to prevent tissue damage.

Pavlovian fear conditioning

Three weeks after the hot plate test, 40 animals were subjected to Pavlovian
fear conditioning (n = 10 per strain; the remaining 4 animals per strain
were used as control animals in cFos analysis). Pavlovian fear conditioning
consisted of two sessions. During session 1, the animal was placed on a
stainless steel grid (1.2 cm between bars) enclosed by a Plexiglas box of
30x30x25 cm. After an acclimatization time of 20 minutes, the animal
was exposed to 10 CS-US pairings. Foot shocks were used as an US, and
were elicited by a scrambled electrical pulse of 1 s duration and a stimulus
intensity of 0.5 mA, generated with a Grass stimulator (Model S-88, Grass
Medical Instruments, Quincy, Mass, USA). The stimuli were delivered to
a Grass stimulation isolation unit, a constant current unit controlling the
stimulus intensity and a scrambler. Sound stimuli generated by a sound
generator (33120 A, Arbitrary Waveform Generator, Hewlett Packard, Palo
Alto, CA, USA) were used as CS (10 seconds 2000 Hz tone, 75 dB sound
pressure level; M. Fanselow, personal communication, March 3, 2009). The
US always coincided with the last second of the CS and the interval between
the CS-onsets was 90 seconds.
One day after the first session, the second session started in which the
animal was placed in a different Plexiglas box of 39x29x32 cm. After an
acclimatization time of 20 minutes, exposure to the CS started (continuous
5 minute 2000 Hz tone, 75 dB sound pressure level). In both sessions, sound
stimuli were presented by one speaker mounted on the covering lid of the
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Plexiglas box and verified by using a Modular Precision Sound Level Meter
(type 2231, Brüel & Kjær, Nærum, Denmark). Behaviour was videotaped
continuously.
The video recordings were used to score the duration of freezing behaviour,
defined as absence of all visible movements with the exception of breathing
movements and pendulum motion of the head while the animal sits in a
tensed posture[23], during session 1 and 2. Additionally, shock reactivity (also
called post shock activity burst), defined as the time between the shock onset
and first instance of freezing behaviour[24], was scored during session 1.

C-Fos immunohistochemistry and image quantification

Two hours after exposure to the CS in session 2 of Pavlovian fear
conditioning, animals were decapitated. The 16 remaining animals (n = 4
per strain) which did not undergo Pavlovian fear conditioning were taken
from their home cage and decapitated at the same time point, and served
as control animals for baseline c-Fos expression. Subsequently, the brains
were removed and frozen in −80 °C 2-methyl-butane and stored at −80 °C
until sectioning. Coronal sections (20 μm) were cut on a cryostat (Leica
CM3050S, Leica Microsystems) and mounted on Starfrost adhesive slides
(Knittel Glaser, Waldemar Knittel, Germany) and stored at -20 °C. For
the immunohistochemical detection of c-Fos, rabbit anti-c-Fos (AB-5,
Calbiochem, Darmstadt, Germany) was used. During staining the sections
were rinsed after every step in 0.01 M phosphate-buffered saline (PBS; pH
7.4). First, the sections were fixed in acetone. Endogenous peroxidase was
blocked with H2O2 (0.1% in PBS) for 30 minutes. Non-specific labeling
was blocked with 5% normal donkey serum (NDS) and 1% bovine serum
albumin (BSA) in PBS (PBS-BSA 1%+NDS 5%) for 30 minutes before
the rabbit anti-c-Fos incubation (1:4000 in PBS-BSA 1%+NDS 5%, 4 °C,
ON). Negative controls were incubated with the PBS-BSA 1%+NDS 5%
solution. Next, the sections were incubated with the secondary antibody;
donkey–anti-rabbit IgG Biotin SP conjugate (1:400 in PBS-BSA 1%+NDS
5%, Jackson ImmunoResearch Laboratories, Inc., PA, USA) for 45
minutes. Subsequently, the sections were incubated with avidin-horseradish
peroxidase solution (1:250 in PBS-BSA 1%+NDS 5% vectastain® Elite
ABC, Brunswich Chemie, Amsterdam, The Netherlands) for 60 minutes.
Diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich, St. Louis,
MO, USA) solution containing 0.3% ammoniumnickel sulfate (Sigma,
A1827) was used to visualize immunoreactivity. Sections were dehydrated
with upgraded alcohol concentrations (40%, 80%, 96% and 100%), xylol and
subsequently coverslipped. Brain sections images were digitized using an
Olympus BX 51 microscope (Olympus, Tokyo, Japan) with a high-resolution
digital camera interfaced with a computer. The anatomical localization
was aided by use of adjacent Nissl stained sections and illustrations in a
stereotaxic atlas[25].
The following subregions of the prefrontal cortex were investigated: the
ventral, medial and lateral part of the orbitofrontal cortex (OFC; VO, MO
and LO, respectively; +4.20 mm from bregma), cingulated area 1, prelimbic
and infralimbic cortex (Cg1, PrL and IL, respectively; +3.00 mm from
bregma). Furthermore, subregions of the amygdala en hippocampus were
investigated. The amygdala included the basolateral part and central nucleus
(BLA and CeN, respectively; -1.72 mm from bregma) and the hippocampus
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included the CA1 field and the dentate gyrus (CA1 and DG, respectively;
- 2.92 mm from bregma). In order to identify each region, at least two overt
landmarks were used. For quantitative analysis of c-Fos positive cells, the
program Leica QWIN (image processing and analysis software, Cambridge,
UK) was used. Left and right hemispheres were analysed separately in one
section. The number of positive cells was then averaged for each animal and
expressed as number per 1.0 mm2.

Experiment 2
Animals

Based on the results of experiment 1, two different (i.e. the most contrasting)
adult male inbred rat strains (Elevage Janvier, Le Genet St. Isle, France; 8
weeks old at the time of arrival) were selected, including WKY (WKY/
KyoRj; n=11) and FH (Rjlbm: FH; n=12). Body weights (± SEM) were
226.37 (± 2.87) and 193.25 (± 5.18) gram at the time of arrival, respectively.

Housing conditions

The housing conditions of the animals of experiment 2 were identical to
those of experiment 1 (described earlier).

Surgery

After an acclimatization period of three weeks, the animals underwent
surgery for permanent implantation of epidural electrodes to enable the
measurement of SEPs. Anaesthesia was induced in the rat’s home cage
in a separate room under red light conditions. Anaesthesia of the WKY
was induced with 0.25 mg/kg fentanyl (Fentanyl Janssen®, Janssen-Cilag
B.V., Tilburg, The Netherlands, 0.05 mg/ml fentanyl citrate) and 0.15 mg/
kg dexmedetomidine (Dexdomitor®, Pfizer Animal Health B.V., Capelle
a/d IJssel, The Netherlands, 0.5 mg/ml dexmedetomidine hydrochloride).
Because of hypertension and haemorrhagic diathesis of the FH[26, 27],
dexmedetomidine was replaced with 3 mg/kg midazolam (Midazolam,
Actavis B.V., Baarn, The Netherlands, 5 mg/ml midazolam) and 10 mg/
kg ketamine (Narketan®10, Vétoquinol S.A., Lure Cedex, France, 115.34
mg/ml ketamine hydrochloride). After loss of the pedal reflex the animal
was transported to the surgery room and, after endotracheal intubation,
anaesthesia was maintained with isoflurane in 100% O2. The animals were
provided with 8 ml of saline (s.c.) to support normal fluid balance and eye
ointment to prevent drying of the cornea (Ophtosan® oogzalf, ASTfarma
B.V., Oudewater, The Netherlands, 10000 IE vitamin A palmitate per
gram). Subsequently, the animal was positioned in the stereotactic
apparatus (model 963, Ultra Precise Small Animal Stereotaxic, David
Kopf Instruments, Tujunga, CA, USA). Body temperature was monitored
using a rectal probe thermometer and maintained at 37-38 °C with an
adjustable electrically heated mattress. In addition to clinical assessment
(i.e. pedal reflexes), respiratory rate, heart rate, in- and expired CO2 and
SpO2 were monitored continuously for assessment of anaesthetic depth
and anaesthetic drug administration was adjusted appropriately. Following
the skin incision but prior to detachment of the periostium from the
neurocranium, 3 mg/kg lidocaine solution (Alfacaine 2% plus adrenaline,
Alfasan B.V., Woerden, The Netherlands, 20 mg/ml lidocaine hydrochloride
and 0.01 mg/ml adrenaline) was applied. Five small wired stainless steel
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screws (tip diameter 0.6 mm, impedance 300–350 Ω, Fabory DIN 84A–
A2, Borstlap B.V., Tilburg, The Netherlands) were implanted epidurally
over the vertex (Vx; 4.5 mm caudal to bregma, 1 mm right from midline),
primary somatosensory cortex (S1; 2.5 mm caudal to bregma, 2.5 mm right
from midline), anterior cingulate cortex (Acc; 1.5 mm rostral to bregma,
0.5 mm lateral from midline) left and right frontal sinus (10 mm rostral to
bregma, 1 mm lateral from midline). All electrodes were wired to an 8 pin
receptacle (Mecap Preci-Dip 917-93-108-41-005, Preci-Dip Durtal SA,
Delémont, Switzerland) and fixed to the skull with antibiotic bone cement
(SimplexTM P bone cement with tobramycin, Stryker Nederland B.V.,
Waardenburg, The Netherlands, 0.5 g tobramycin per 20 g cement powder).
The skin was closed in a single layer around the receptacle. Subsequently,
anaesthesia was antagonized 0.05 mg/kg buprenorphine (i.p., Buprecare®,
AST Farma B.V., Oudewater, The Netherlands, 0.3 mg/ml buprenorphine)
and in the case of dexmedetomidine also with 0.6 mg/kg atipamezole (i.p.,
Antisedan®, Pfizer Animal Health B.V., Capelle a/d IJssel, The Netherlands,
5 mg/ml atipamezole hydrochloride). Anaesthesia was antagonized in the
animal’s home cage outside the surgery room in a separate room under
red light conditions with extra oxygen supplied. After return of purposeful
locomotion, the rat was returned to the animals housing room.
Postoperative analgesia was provided with 0.05 mg/kg buprenorphine at
12 hour intervals for 3 days after surgery and 0.2 mg/kg of meloxicam (s.c.,
Metacam, Boehringer Ingelheim B.V., Alkmaar, The Netherlands, 5 mg/ml)
at 24 hour intervals for 2 days after surgery. Animals were weighed daily
until the pre-operative weight was reached, and allowed to recover for at
least three weeks prior to the start of the first measurement.

Hot plate test

The hot plate was performed similar to experiment 1 (as described earlier).

Von Frey test

One week after the hot plate test, mechanical nociceptive thresholds were
measured. To this end, all animals were subjected to the automated Von Frey
test (Dynamic Plantar Aesthesiometer; Ugo Basile Inc, Comerio VA, Italy).
The animals were habituated to the testing condition during four days in
which they were placed in the Von Frey chamber (26x21x9 cm), positioned
on an elevated grid platform, for 30 minutes. After these four days, animals
were tested. Before testing, the animals were acclimatized in the Von Frey
chamber for 30 minutes. The force applied on the left hind paw started at 0
grams and increased with 5 grams per second, with a maximum of 50 grams.
The force at which the paw was withdrawn was recorded automatically. This
measurement was repeated five times per animal, with an inter-trial interval
of 2 minutes.

Somatosensory evoked potential recordings

One week after the Von Frey test, SEPs were recorded. SEPs were evoked
by electrical stimuli which were administered as described earlier[18] to the
epidermis of the left lateral part of the tail base, using a set of two bar
electrodes (brass, diameter 2 mm), tapered towards the contact site and
spaced at 3 mm from each other. The electrodes were fixed in a piece of
plastic tube which enclosed the tail and was tightened by Velcro for maximal
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fixation. Stimulation for each SEP consisted of 32 square-waved pulses of a
2 ms duration with a stimulus frequency of 0,5 Hz, generated with a Grass
stimulator (Model S-88, Grass Medical Instruments, Quincy, Mass, USA),
triggered by dedicated software written in house in a Labview environment
(Labview 7.2, National Instruments Netherlands B.V., Woerden, The
Netherlands). The stimuli were delivered to a Grass stimulation isolation
unit and a constant current unit controlling the stimulus intensity. To
prevent the animals from gnawing the cables, an Elizabethan neck collar,
developed in house[28], was used during the administration of electrical
stimuli. Additionally, the rat’s head mounted receptacle was connected to
the recording device via a swivel connector (SLC-2, Plastics One, Roanoke,
VA, USA). For each SEP recording, the accompanying ipsilateral frontal
sinus electrode served as reference and accompanying contralateral frontal
sinus electrode served as signal ground. For each SEP, segments of 500
ms, 200 ms pre and 300 ms post stimulus, were recorded and averaged
online. All signals were amplified 1 million times, band-pass filtered
between 3 and 300 Hz and digitized online at 10 kHz by data acquisition
hardware (National Instruments, PCI-6251, Instruments Netherlands
B.V., Woerden, The Netherlands). Additionally, a 50 Hz notch-filter was
applied to eliminate interference from the power supply system. The SEP
measurements were carried out in a Plexiglas box of 40x28x30 cm with a
stainless steel electrically grounded bottom, shielded by a Faraday cage.
SEPs were recorded in response to stimulus intensities of 0.0, 0.2, 0.5, 1.0,
2.0, 3.0, 4.0 and 5.0 mA given in random order

Data and statistical analysis

P-values were calculated with SPSS 16.0 (SPSS Inc., Chicago, IL, USA) and
q-values[29] were calculated using R software (R Foundation for Statistical
Computing, Vienna, Austria, http://www.r-project.org). During all analyses,
a backward strategy was adopted in which all non-significant interaction
terms were removed. Post hoc tests were performed when appropriate, as
noted in the text. Statistical graphics were generated using Sigmaplot 11
(Systat software Inc., Chicago, IL, USA). In the case of repeated measures,
a mixed model regression is used. This technique is preferred over the
conventional repeated measures ANOVA for several reasons, Firstly, missing
values do not result in list-wise deletion of the animal and does not require
imputation. Secondly, unlike ANOVA, mixed model regression does not
assume sphericity or compound symmetry[30].

Analyses experiment 1

Hot plate test
For the hot plate data a two way ANOVA was used, with strain (FH, BN,
WKY and LE), type of response (hind paw lick, jumping) and strain x type
of response as independent variables, and latency to response (in seconds)
as dependent variable. P-values of < 0.05 were considered significant.
A Sidak correction was applied in case of post hoc testing. The Q-Q plot
of residuals indicated a normal distribution of the dependent variable,
and the Levene’s test indicated homogeneity of variance. Additionally, a
chi-square test was performed to evaluate differences in response types
(hind paw lick or jumping) between strains.
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Pavlovian fear conditioning
During session 1, shock reactivity and freezing behaviour were scored per
CS, resulting in 10 repeated measurements. The scorings of the experimenter
[MS] correlated highly (Pearson’s r = 0.85, n = 80, p < 0.001) with the scorings
of a second observer who was unaware of the aims and procedures of the
experiment. The data was analysed using a mixed model regression, with
strain (FH, BN, WKY and LE), CS number (1 to 10) and their interaction
as fixed factors. The dependent variables were the duration (in seconds) of
freezing behaviour and shock reactivity. A Sidak correction was applied
in case of post hoc testing. Grand mean centring was used (i.e. values are
centred at 0) for all fixed factors, so the intercept could be interpreted and
collinearity was prevented[30]. The best fit for the freezing data was obtained
by using the model with a random intercept. The best fit for the shock
reactivity was obtained by using the model with a random intercept and
random slope for CS number.
For session 2 the duration of freezing behaviour was scored in bins of 30
seconds, resulting in 10 repeated measurements. Additionally, the duration
of freezing behaviour during the 30 seconds before the onset of the CS was
measured (referred to as “pre-CS freezing”). The scorings of the experimenter
[MS] correlated highly (Pearson’s r = 0.87, n = 88, p < 0.001) with the
scorings of a second observer who was unaware of the aims and procedures
of the experiment. Two mixed model regressions were carried out: 1) with
strain (FH, BN, WKY and LE), pre- and post-CS (pre-CS freezing and the
first CS bin) and their interaction as fixed factors (with random intercept as
best fit) and 2) with strain (FH, BN, WKY and LE), post-CS-onset bin (1 to
10) and their interaction as fixed factors (with random intercept and random
slope for CS bin as best fit). The dependent variable was the duration (in
seconds) of freezing behaviour. A Sidak correction was applied in case of
post hoc testing. Grand mean centring was used (i.e. values are centred at 0)
for all fixed factors, so the intercept could be interpreted and collinearity was
prevented[30].
C-Fos expression
For the c-Fos determinations two measurements were taken from each
individual rat (i.e. left and right hemisphere) for each brain area. For each
brain area, the four strains and two groups were analysed using a mixed
model regression. The two groups included a control group (i.e. animals
which were directly decapitated after they were taken from their home cage)
and an experimental group (i.e. animals which were decapitated two hours
after exposure to the CS in session 2 of Pavlovian fear conditioning). C-Fos
data was analysed using a nested model with a random intercept, with strain
and strain x group as fixed factors. This way, the effect of group was analysed
for each strain separately. Grand mean centring was used (i.e. values are
centred at 0) for all fixed factors, so the intercept could be interpreted and
collinearity was prevented[30]. P-values obtained from this analysis were
adjusted to maintain a false discovery rate (i.e. type I error) of 5%[29], so that
q-values < 0.05 were considered significant.
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Analyses experiment 2

Hot plate test
For the hot plate data a two way ANOVA was used, with strain (FH
and WKY ), type of response (hind paw lick, jumping) and strain x type
of response as independent variables, and latency to response (in seconds)
as dependent variable. P-values of < 0.05 were considered significant. The
Q-Q plot indicated a normal distribution of the dependent variable, and the
Levene’s test indicated homogeneity of variance. Additionally, a chi-square
test was performed to evaluate differences in response types (hind paw lick
or jumping) between strains.
Von Frey test
For the Von Frey data the lowest and highest value of the five repeated
measurements were deleted, resulting in one average force (in grams) of
three repeated measurements per animal as dependent variable, with strain
(FH and WKY ) as independent variable. The Q-Q plot indicated a normal
distribution of the dependent variable. As the Levene’s test indicated
heteroscedasticity (F = 4.40, p > 0.05) the data was analysed using an
independent sample t-test not assuming equal variances[31]. A p-value of <
0.05 was considered significant.
Somatosensory evoked potential recordings
Both amplitudes of positive-to-negative components and latencies of the
recorded SEPs were statistically analysed using a mixed model regression.
Grand mean centring was used (i.e. values are centred at 0) for all fixed factors,
so the intercept could be interpreted and collinearity was prevented[30]. Both
for the amplitudes of positive-to-negative components and peak latencies
the best fit was obtained by using the model with a random intercept
and random slope for stimulus intensity. Dependent variables were the
amplitudes of positive-to-negative components, including P1-N1, P2N2 and P2-N3 (see figure 8A). P-values ≤ 0.017 (Sidak correction for the
number of dependent variables, namely 3) were considered significant. Fixed
factors were recording site (Vx, S1 and Acc), strain (FH and WKY ), stimulus
intensity (0.2, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mA) and their interactions. In
case of significant strain*stimulus intensity interaction simple effects were
tested in a Sidak corrected post-hoc test using a nested model, estimating
the effect of stimulus intensity per strain (i.e. differences in supramaximal
stimulation). Peak latencies of P1, N1, P2, N2 and N3 (see figure 8A) were
analysed similarly as the amplitudes. P-values ≤ 0.010 (Sidak correction
for the number of dependent variables, namely 5). The Q-Q plots of the
residuals indicated a normal distribution for all variables.
For the FH no missing values occurred, resulting in the analysis of 84
SEPs per recording site (n = 12 per stimulation intensity). For the WKY,
technical problems (i.e. short-circuit) occurred in the S1 - Acc of one rat
and the S1 - Vx of one rat, resulting in the analysis of 70 Acc SEPs (n = 10
per stimulus intensity), 63 S1 SEPs (n = 9 per stimulus intensity) and 70 Vx
SEPS (n = 10 per stimulus intensity).
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Results

Results experiment 1
Hot plate test

None of the rats reached the 120 seconds cut-off time. No effect of type of
response was found on latency time (type of response x strain: F3,48 = 1.23, p
= 0.35; type of response: F1,51 = 0.56, p = 0.46). A significant difference was
found between strains (F3,51 = 15.83, p < 0.001), shown in figure 2. Post hoc
test (Sidak) revealed that the latency time of the FH was significantly longer
compared to WKY and LE, the BN showed a significantly longer latency
time compared to the WKY.
Furthermore, a significant difference was found between strains in type of
response, χ2(3, N = 56) = 12.36, p < 0.01, see figure 2B.

Figure 2. Data collected during the hot plate test of the first experiment (A) Latency times
differed between strains. Data are represented as mean ± SEM. Values which are different
between strains are marked with different characters, i.e. FH = BN, FH > WKY = LE, BN
= LE, BN > WKY. (Sidak; p < 0.05). (B) Strains differed in their response type, after which
they were immediately removed from the hot plate. Data are presented as number of animals
showing a response. FH = Fawn Hooded, BN = Brown Norway, WKY = Wistar Kyoto and
LE = Lewis.

Pavlovian fear conditioning

In the first session, freezing behaviour was significantly affected by strain
(F3,40 = 38.81, p < 0.001), CS number (F9,360 = 27.19, p < 0.001) and their
interaction (F27,360 = 3.67, p < 0.001). Overall, the LE and WKY showed a
significantly longer duration of freezing behaviour than the FH and BN
(Sidak; p < 0.001). No significant differences were found between LE and
WKY (Sidak; p = 0.84) and FH and BN (Sidak; p = 0.95). In a post hoc
analysis (a nested mixed model with CS number and strain x CS number
as fixed factors) duration of freezing behaviour during CS numbers 2 to
10 were compared to CS number 1 for each strain. Results are shown in
figure 3. For the FH, the duration of freezing behaviour was significantly
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increased during CS number 4 to 10 (Sidak; p < 0.001). The WKY and
LE both showed a significantly increased duration of freezing behaviour
during CS numbers 2 to 10 (Sidak; p < 0.001). However, the BN showed no
significantly increased duration of freezing behaviour during CS numbers 2
to 10 (Sidak; p > 0.05).
In the second session, analysis 1 (i.e. to test for strain differences in
duration of freezing behaviour between the pre-CS freezing and the first
CS bin) showed that all strains displayed a significantly longer duration
of freezing behaviour during the first CS bin compared to freezing before
the CS onset (F1,40 = 182.32, p < 0.001). No difference between strains was
found (strain x CS bin: F3,40 = 1. 49, p = 0.232; strain: F3,40 = 2.61, p = 0.065).
Analysis 2 (i.e. to test for strain differences in freezing behaviour over CS
bin 1 to 10) showed that during exposure to the CS (i.e. CS bin 1 to 10),
freezing behaviour was affected by the CS bin (F9,261 = 4.07, p < 0.001),
strain (F3,39 = 10.77, p < 0.001) and their interaction (CS bin x strain: F27,257
= 1.75, p < 0.05). Overall, the LE and WKY showed a significantly longer
duration of freezing behaviour than the FH and BN (Sidak; p < 0.01). No
significant differences were found between LE and WKY (Sidak; p = 0.98)
and FH and BN (Sidak; p = 0.85). In a post hoc analysis (a nested mixed
model with CS bin and strain x CS bin as fixed factors) the duration of
freezing behaviour during CS bin 2 to 10 were compared to CS bin 1 for
each strain. Results are shown in figure 3.

Figure 3. The duration of freezing behaviour during session 1 and 2. During session 1,
animals were exposed to 10 CS-US pairings. Foot shocks (0.5 mA, 1 s) were used as an
US, and a 10 seconds tone was used as a CS. The FH, LE and WKY showed a significantly
increased duration of freezing behaviour over time, whereas the BN did not. During session
2, animals were exposed to a continuous CS of 5 minutes. The duration of freezing behaviour
was scored in bins of 30 seconds, resulting in 10 repeated measurements. The FH and BN
showed a shorter duration of freezing behaviour than the WKY and LE overall. However,
strains significantly differed in duration of freezing behaviour over time.* Sidak p < 0.05
compared to the first CS during session 1 and the first CS bin during session 2. Data are
presented as mean ± SEM. FH = Fawn Hooded, BN = Brown Norway, WKY = Wistar Kyoto
and LE = Lewis.
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Shock reactivity during session 1 was not affected by CS number (CS
number x strain: F27,289 = 1.49, p = 0.059; CS number: F9,287 = 1.10, p = 0.36).
Shock reactivity did differ significantly between strains (F3,40 = 7.58, p <
0.001), as shown in figure 4. A post hoc test showed that the LE showed
significantly less shock reactivity than the FH and BN (Sidak; p < 0.05) and
the FH showed significantly more shock reactivity than the WKY (Sidak;
p < 0.01). No significant differences were found between LE and WKY
(Sidak; p = 0.92), FH and BN (Sidak; p = 0.83) and WKY and BN (Sidak;
p = 0.17).
Figure 4. Shock reactivity differed
per strain during the first session of
Pavlovian fear conditioning. Data
are presented as mean ± SEM.
Values which are different are
marked with different characters,
i.e. FH = BN, FH > WKY = LE,
BN = WKY and BN > LE (Sidak;
P < 0.05). FH = Fawn Hooded, BN
= Brown Norway, WKY = Wistar
Kyoto and LE = Lewis.

C-Fos expression

C-Fos expression in the experimental and control groups per strain per
brain area are shown in figure 5. An effect of group was found in the medial
orbitofrontal cortex for all strains (FH: t56 = 2.23, q < 0.05; BN: t56 = 2.63, q
< 0.05; WKY: t56 = 2.69, q < 0.05; LE: t56 = 2.17, q < 0.05), in the basolateral
amygdala effects were found for the FH (t66 = 2.56, q < 0.05), WKY (t57 =
3.42, q < 0.05) and LE (t50 = 2.70, q < 0.05). Furthermore, the FH showed
significant effects in the central nucleus of the amygdala and cingulated area
1 (t54 = 2.53, q < 0.05 and t56 = 2.40, q < 0.05 respectively), the BN showed
a significant effect in the ventral orbitofrontal cortex (t56 = 2.21, q < 0.05),
and the LE showed a significant effect in the prelimbic cortex (t56 = 2.46, q
< 0.05).

Results experiment 2
Hot plate test

None of the rats reached the 120 seconds cut-off time. No effect of type of
response was found on latency time (type of response x strain: F1,19 = 0.09,
p = 0.39; type of response: F1,20 = 0.04, p = 0.85). No difference was found
between strains (F1,20 = 2.9, p = 0.10), shown in figure 6A. Furthermore, no
difference was found between strains regarding type of response, χ2(1, N =
23) = 0.38, p = 0.54, see figure 6B.
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Figure 5. Amount of c-Fos positive cells in different brain areas during conditioned fear
after Pavlovian fear conditioning. For each strain the experimental group (n = 10) is
compared to control animals of that same strain (n = 4). Data are presented as estimated
marginal means ± SEM.
* Q-value < 0.05 between the experimental and control. FH = Fawn Hooded, BN = Brown
Norway, WKY = Wistar Kyoto and LE = Lewis, OFC = orbitofrontal cortex, Cg1 =
cingulated area 1, PrL = prelimbic cortex, IL = infralimbic cortex, BLA = basolateral
amygdala, CeN central nucleus of the Amygdala, CA1 = CA1 field hippocampus,
DG = dendate gyrus.
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Figure 6. Data collected during
the hot plate test of the second
experiment. (A) The type of
response did not significantly affect
the latency time. Latency times did
not differ between strains. Data
are presented as mean ± SEM.
(B) Strains did not differ in their
response type, after which they
were immediately removed from
the hot plate. Data are presented
as number of animals showing a
response. FH = Fawn Hooded,
WKY = Wistar Kyoto.
Figure 7. The strain significantly
affected the mechanical threshold,
as measured by the automated Von
Frey. Data are presented as mean ±
SEM. FH = Fawn Hooded, WKY =
Wistar Kyoto. * P < 0.05.

Von Frey test

A significant difference in mechanical thresholds was found between strains
(t15. 3 = 2.26, p < 0.05), with the WKY showing a lower threshold compared
to FH as shown in figure 7.

Somatosensory evoked potential recordings

The average SEP waveforms of the FH and WKY during different stimulus
intensities with its peak definitions are shown in figure 8. The previously
reported stimulus intensity x recording site interaction[19, 32] did not differ
between strains, as none of the variables showed a significant strain x
stimulus intensity x recording site interaction. Significant effects of strain,
stimulus intensities and their interaction are described below.
Amplitudes
For P1-N1, a strain x stimulus intensity interaction was found (F6,134 = 2.77,
p < 0.017), indicating a different dose-response curve per strain (figure 9A).
Post-hoc analysis showed that for the FH the P1-N1 amplitudes at 0.2, 0.5
and 1 mA are significantly smaller than at 5 mA (Sidak; p < 0.05), whereas
102

ASSESSING PAIN IN RATS USING BEHAVIOURAL AND CEREBRAL
PARAMETERS: STRAINS MATTER

6

Figure 8. (A) The S1-SEP waveform and its peak definitions of the WKY at a stimulation
intensity of 3 mA. SEP waveforms of the S1 (B, WKY n = 9 and FH n = 12), Vx (C, WKY
n = 10 and FH n = 12) and Acc (D, WKY n = 10 and FH n = 12) are shown for both the
WKY and FH at different stimulation intensities. The stimulus frequency was 0.5 Hz. SEP
waveforms resulted from averaging 32 responses per animal at each stimulus intensity.
The dotted line in the curve interruption denotes the stimulus onset. FH = Fawn Hooded,
WKY = Wistar Kyoto.

P1-N1 amplitudes at 2, 3 and 4 mA did not differ from at 5 mA (Sidak; p
> 0.05). For the WKY, the P1-N1 amplitudes at 0.2, 0.5, 1, 2 and 3 mA are
significantly smaller than at 5 mA (Sidak; p < 0.05), whereas 4 mA did not
differ from at 5 mA (Sidak; p > 0.05). Furthermore, the P1-N1 amplitude
was higher for the WKY compared to the FH at 1, 4 and 5 mA (Sidak; p >
0.05), whereas no differences were found between strains at 0.2, 0.5, 2 and
3 mA,
For the P2-N2 a strain x stimulus intensity interaction was found (F6,150 =
3.52, p < 0.01), indicating a different dose-response curve per strain (figure
9B). Post-hoc analysis showed that for the FH the P2-N2 amplitudes at 0.2,
0.5 and 1 are significantly smaller than at 5 mA (Sidak; p < 0.05), whereas
P2-N2 amplitudes at 2, 3 and 4 mA did not differ from at 5 mA (Sidak;
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p > 0.05). For the WKY, the P2-N2 amplitudes at 0.2, 0.5, 1, and 2 mA
are significantly smaller than at 5 mA (Sidak; p < 0.05), whereas P2-N2
amplitudes at 3 and 4 mA did not differ from at 5 mA (Sidak; p > 0.05).
Overall, the P2-N2 amplitude was higher for the WKY compared to the
FH at 0.5, 1, 2, 3, 4 and 5 mA (Sidak; p > 0.05), whereas no differences were
found between strains at 0.2 mA.
The P2-N3 amplitude showed no strain x stimulus intensity interaction
(F6,156 = 1.00, p = 0.43), see figure 9C. A main effect was found for both
strain (i.e. WKY > FH) and stimulus intensity (F1,23 = 34.99, p < 0.001 and
F6,157 = 11.84, p < 0.001, respectively). Post-hoc analysis showed that the P2-

Figure 9. Mean positive-to-negative amplitude per stimulus intensity (x-axis) shown by
recording (left) and by strain (right) for the (A) P1-N1, (B) P2-N2 and (C) P2-N3. A
different supra-maximal stimulation intensity was found for the WKY and FH for the
P1-N1 and P2-N2 (* p < .05 (Sidak) versus 5 mA amplitude within strain). For the P2-N3,
a main effect was found for stimulus intensity († p < 0.05 (Sidak) versus 5 mA amplitude for
both strains). In general, amplitudes were significantly higher in the WKY compared to the
FH (see result section for details). Data are presented as μV ± SEM. FH = Fawn Hooded,
WKY = Wistar Kyoto.
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N3 amplitudes at 0.2 and 0.5 are significantly smaller than at 5 mA (Sidak;
p < 0.05), P2-N3 amplitudes at 1, 2 and 3 mA did not differ from at 5 mA
(Sidak; p > 0.05) and P2-N3 amplitude at 4 mA was significantly higher
than at 5 mA (Sidak; p < 0.05).
Latencies
For P1, N1 and N3 a strain x stimulus intensity interaction was found
(F6,169 = 5.07, p < 0.001, F6,151 = 4.79, p < 0.001 and F6,133 = 3.07, p < 0.01,
respectively), indicating a different dose-response curve per strain for those
peaks (see figure 10).
For the P1 latencies, post-hoc analysis showed that for the WKY the
latencies at 1, 2 and 4 mA are significantly increased compared to at 5 mA
(Sidak; p < 0.05), whereas latencies at 0.2, 0.5 and 3 mA did not differ
from at 5 mA (Sidak; p > 0.05). For the FH, the P1 latency of 1 mA was
significantly longer compared to at 5 mA (Sidak; p < 0.05), whereas 0.2, 0.5,
2, 3 and 4 mA did not differ from at 5 mA (Sidak; p > 0.05). Furthermore,
the P1 latencies of the FH were significantly longer compared to the WKY
at 0.5, 1 and 5 mA (Sidak; p < 0.05), whereas no differences were found
between strains at 0.2, 2, 3 and 4 mA.
For the N1 latencies, post-hoc analysis showed that for the WKY the
latencies at 0.2 and 0.5 mA are significantly longer compared to at 5 mA
(Sidak; p < 0.05), whereas latencies at 1, 2, 3 and 4 mA did not differ from
at 5 mA (Sidak; p > 0.05). For the FH, the N1 latencies of different stimulus
intensities showed no differences compared to at 5 mA (Sidak; p > 0.05).
Furthermore, the N1 latencies of the FH were significantly longer compared
to the WKY at 3, 4 and 5 mA (Sidak; p < 0.05), whereas no differences were
found between strains at 0.2, 0.5, 1 and 2 mA.
For the N3 latencies, post-hoc analysis showed that for the WKY the
latencies of different stimulus intensities did not differ when compared to at
5 mA (Sidak; p < 0.05). For the FH, the N3 latency of 0.5 and 4 mA were
significantly shorter and longer compared to at 5 mA, respectively (Sidak;
p > 0.05), whereas 0.2, 1, 2, and 3 mA did not differ from at 5 mA (Sidak;
p > 0.05). Furthermore, no differences were found between strains at any
stimulus intensity (Sidak; p > 0.05).
	Both the N2 and P2 did not show a significant strain x stimulus intensity
interaction (F6,153 = 1.08, p = 0.38 and F6,157 = 0.588, p = 0.74, respectively).
For the N2 latency both a main effect of strain (F1,23 = 63.61, p < 0.001) and
stimulus intensity (F6,152 = 20.07, p < 0.001) were found. Latencies shortened
with increasing stimulus intensities: the latencies of 0.2, 0.5 and 1 mA were
significantly longer compared to at 5 mA (Sidak; p < 0.05). Furthermore, the
latencies of the FH are longer compared to WKY. For the P2 a main effect
of strain (F1,23 = 60.02, p < 0.001) was found, with the latencies of the FH
being longer compared to WKY. No effect stimulus intensity (F6,157 = 2.92,
p = 0.057) was found.
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Figure 10. Mean latencies per stimulus intensity (x-axis) shown by strain and recording (left)
and by strain (right) for the (A) P1, (B) N1, (C) N2, (D) P2 and (E) N3. A different effect of
stimulation intensity was found for WKY and FH for the P1, N1 and N3 (* p < .05 (Sidak)
versus 5 mA amplitude within strain). For the N3, a main effect was found for stimulus
intensity († p < 0.05 (Sidak) versus 5 mA amplitude for both strains) and strain. For the P2, a
main effect of strain was found. Data are presented as ms ± SEM. FH = Fawn Hooded, WKY
= Wistar Kyoto. See result section for details.
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Discussion

This is the first study to compare multiple phylogenetically distant inbred rat
strains (i.e. FH, BN, WKY and LE) in various tests for pain and nociception.
Significant differences in behaviour were found between strains during
these tasks, including hot plate, automated Von Frey and Pavlovian fear
conditioning. Furthermore, in the two most contrasting strains regarding
behaviour during the hot plate test and Pavlovian fear conditioning (i.e.
FH and WKY ) the SEP was investigated, showing differences in cortical
processing of a nociceptive stimulus between these strains. This data therefore
shows that the rat strain selected plays a critical role when studying pain and
nociception.

Hot plate test

During experiment 1, thermal nociceptive thresholds differed per strain. The
FH and BN showed the highest thermal thresholds, in comparison to the
WKY and LE. Strains differed in body weight, which might have influenced
latency times. However, a recent study showed that this effect is weak[33] and
therefore unlikely to fully account for the large differences in latency in this
study. Two types of behavioural endpoints were measured, i.e. the hind-paw
lick and the jumping response. Animals were removed from the hot plate
immediately after showing one of these behaviours. The type of behavioural
endpoint observed, differed per strain: the BN showed mainly the jumping
response, while within the WKY strain paw licks were most prevalent. The
FH and LE showed both behavioural endpoints with equal prevalence.
Therefore, when selecting behavioural endpoints the strain used is a factor
to be considered. Since the latency within a strain did not differ between the
two types of behavioural endpoints (i.e. paw licking and jumping responses)
it is recommended to use both types of behaviours as endpoint for the hot
plate test.
During experiment 2 however, the findings of experiment 1 could not be
replicated. The FH and WKY did not show differences in latency time nor
type of behavioural endpoint. Several factors could explain this difference
between experiment 1 and 2. Firstly, unlike the animals in experiment 1,
the animals in experiment 2 underwent surgery. Despite adequate pain
control and washout period, this procedure could theoretically have
influenced outcomes on subsequent tests for pain and nociception. This
influence is, however, unlikely to fully explain the lack of strain difference
in the hot plate test during experiment 2, as the other tests of pain and
nociception in experiment 2 (i.e. Von Frey and SEP) did show a difference
in outcome between strains. An alternative explanation involves the fact
that the two experiments were carried out in series (i.e. different time
periods). Therefore, unrecognized factors could have played a role, such
as batch differences or (subtle) unintended environmental differences.
Furthermore, a relatively low temperature (i.e. 50° Celsius) for the hot plate
test was used to investigate more subtle (i.e. baseline) differences between
animals[34]. It has been shown however, that lower temperatures increase
the variance of response latencies[34]. This increased variance could have
contributed to the fact that no statistical difference was found between
strains during experiment 2.
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Pavlovian fear conditioning

The duration of freezing behaviour during session 1 (i.e. the training phase)
and 2 (i.e. extinction phase) of Pavlovian fear conditioning differed per
strain. During session 1, the WKY, LE and FH showed a learning curve,
with the duration of freezing behaviour increasing over the CS-US pairings.
Remarkably, the BN did not show a learning curve. However, the finding
that shock reactivity of the BN did not differ from the FH and WKY
suggests that the US was felt by the BN. The poor performance of the BN
in shock motivated tasks has been described previously[35, 36]. However, it has
been shown that the BN performs well in other cognitive task[35], suggesting
that it does not reflect a general cognitive impairment. During session 2 (i.e.
extinction phase) the duration of freezing behaviour over time differed per
strain. All strains showed markedly increased duration of freezing behaviour
during the first CS bin, compared to the 30 seconds before the CS onset.
This suggests that the CS-US association was indeed present in all strains.
The observed differences in the duration of freezing behaviour between
the four strains both during session 1 and 2 can represent differences in
various underlying domains, including cognition (i.e. learning of the CSUS association[37]), emotional reactivity and coping style (i.e. the response to
aversive situations[38, 39]), and pain sensitivity[8, 40, 41]. The exact roles of these
domains in documented strain differences in freezing behaviour are yet
unclear and need to be addressed in future studies. Importantly, as the degree
of freezing duration differs between strains during both the training phase
and extinction phase, the rat strain needs to be considered when comparing
and performing studies involving (conditioned) freezing behaviour.

C-Fos expression

Currently, the exact neural substrates involved during expression of
conditioned fear, fear memory retrieval and extinction learning are unclear.
This study shows that recruitment of brain areas during extinction learning
(including fear expression and memory retrieval[42]) after Pavlovian fear
conditioning differs per rat strain. This limits the generalizability of study
outcomes and comparability of studies investigating this process, especially
when different strains or even species are used. Studies investigating the
expression of conditioned fear and extinction learning should therefore
include multiple rat strains in order to increase the generalizability and
comparability of results.
This study is the first to provide evidence that specific brain areas
recruited during the extinction learning after Pavlovian fear conditioning
differ per rat strain. The influence of specific parts of the procedure on c-Fos
expression cannot be determined as shock-controls (i.e. animals undergoing
Pavlovian fear conditioning during session 1, but receive no CS during
session 2) or CS-controls (i.e. animals receive a CS during session 2, but
do not undergo Pavlovian fear conditioning during session 1) were not
included, However, this study does show strain differences in recruitment
of brain areas induced by the procedure as a whole (i.e. session 1 and 2 of
Pavlovian fear conditioning). Future studies should investigate the precise
relationship between strain differences, specific brain areas and specific
processes involved in Pavlovian fear conditioning.
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Von Frey test

During the automated Von Frey test the WKY demonstrated a lower
mechanical threshold than the FH. In our view, differences in body weight
did not influence the automated Von Frey test, as the Von Frey device
applied and measured the force administered on a constant surface area on
the hind paw. Important to note is that the direction of this strain difference
in mechanical threshold is in line with other behavioural pain-related tasks
(i.e. hot plate and Pavlovian fear conditioning experiment 1), consistently
showing the WKY to react more sensitive to tests of pain and nociception
than the FH. The documented difference between strains during the Von Frey
test under baseline conditions stresses the importance of strain dependent
outcome of baseline measurements in studies of pain and nociception.

Somatosensory evoked potential recordings

The WKY and FH showed differences in cortical processing of nociceptive
stimuli. Regarding the SEP’s amplitudes, supramaximal stimulation (the
stimulation intensity after which there is no increase in the SEP) was
lower for the FH for the P1-N1 and P2-N2 when compared to the WKY,
whereas no difference between strains was found for the P2-N3. In general,
the amplitudes were higher for the WKY. Especially at higher stimulation
intensities, the amplitudes of the WKY continued to increase while the FH
showed a supramaximal response. Altogether, the FH appeared to be less
reactive to increasing stimulus intensities when considering both amplitudes
and peak latencies (i.e. P1 and N1). Therefore, when selecting stimulus
intensities during studies administering nociceptive stimuli to rats, the rat
strain should be carefully considered, as the optimal stimulus intensity and
the response to a specific stimulus intensity potentially differs per rat strain.

Choice of strain

The choice of the rat strain should be primarily driven by the aim(s) of
the research. When a high pain sensitivity is important (for example when
studying antinociception), the WKY might be the first choice as this strain
showed the highest pain sensitivity during the tests performed within this
study. However, when investigating learning curves during conditioning
paradigms using noxious stimuli, the FH might be the first choice as this
strain shows a gradual learning curve over trials. In conclusion, when
selecting a strain for a particular study it should be considered how this
strain behaves during the tests used in that study.
Importantly, it should be considered that other factors than rat strain
can influence pain behaviours as well, including gender[3], laboratory
environment[43], age[44] and circadian rhythm[45]. Furthermore, previous
research suggests an interaction between gender and strain differences[3].
Whether laboratory environment, age and circadian rhythm interact with
strain differences has not been investigated yet. In order to optimize strain
choices in future studies, these factors need to be addressed.

Conclusions

This is the first study demonstrating that different inbred rat strains show
differences in outcomes of tests for pain and nociception, both on the
behavioural and cerebral level. These findings show the significance of the
selected rat strain when studying pain and nociception. Studies on pain and
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nociception performed in rats reported in the current literature typically
include one single strain per study, limiting the generalizability to other
species or strains. In order to increase the generalizability of study results,
including multiple rat strains is strongly recommended. Additionally,
including multiple rat strains in studies of pain and nociception could
contribute to the unravelling of more fundamental underlying mechanisms.
Taking strain-dependent differences in performance in tests of nociceptive
sensitivity, emotionality, and cognition into consideration is essential in
order to facilitate the identification of phenotypes involved in pain and
nociception.
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Pain is described as a subjective unpleasant sensory and emotional experience,
which is generated in the brain[1]. Pain in humans and animals is associated
with ethical and/or welfare issues, as both mental and physical health are
negatively affected by pain[2, 3]. Therefore, and viewed from those different
perspectives, adequate pain management is considered mandatory. In both
humans and animals, pain is frequently undertreated[2, 4]. The primary barrier
to an effective pain treatment is the incomplete knowledge about underlying
central mechanisms[5]. In animals, the recognition and effective treatment of
pain is furthermore hampered by a lack of reliable and quantifiable read-out
parameters of pain[6]. This necessitates the generation of more fundamental
knowledge about animal pain (patho)physiology.
When investigating and treating pain, it is important to acknowledge
and address the multidimensional character of pain, i.e. affirm the relevance
of both the sensory and emotional component[1]. The sensory component
relates to the recognition and determination of the type of stimulus,
location, intensity, temporal pattern and duration of the pain experience.
The emotional component relates to the affective-motivational aspect (e.g.
pain unpleasantness). It is the latter component which determines the
‘painfulness’ or ‘hurtfulness’ in the subject’s experience[7]. One promising
tool to investigate pain is the somatosensory-evoked potential (SEP), which
potentially quantifies and differentiates between the sensory and emotional
component[8, 9].
SEPs are used in humans and animals to study the central processing
of pain[10]. Previous research, using pharmacological (i.e. anaesthetic)
interventions, supports the SEP as a valid method to objectively quantify
central pain processing in animals[11, 12]. The studies described in this
thesis focus on refinement of the technique to measure the SEP in rats
and the subsequent validation of the SEP as a method to study central
pain processing. Here, the simultaneous measurement of SEPs and the
behavioural expression of pain unpleasantness will be discussed. Secondly,
the effects of non-pharmacological factors on the generation of the SEP,
such as predictability of the SEP-evoking stimulus and the rat strain used,
will be described and discussed. Finally, it will be discussed how the SEP
might enable the differentiation of the emotional and sensory component
of pain. Based upon the findings described, further directions for future
research are provided.

SEP and behavioural indexes for studying
pain unpleasantness

In order to support the validity of the SEP as quantifiable read-out parameter
of central pain processing in animals, the evaluation of the relationship
between specific SEP characteristics and the emotional component of pain is
essential. To this aim, behavioural indexes for studying pain unpleasantness
are to be linked to the SEP. In rats, the relationship between the SEP and
pain unpleasantness can be studied using Pavlovian fear conditioning[13].
During the training phase of the Pavlovian fear conditioning paradigm a
neutral stimulus (conditioned stimulus; CS) is paired with an aversive (i.e.
painful) stimulus (emotion producing unconditioned stimulus; US) in a
novel conditioning chamber. Initially, the CS will evoke no response, but
after several trials of CS-US pairing, the CS itself will induce a conditioned
116

GENERAL DISCUSSION

emotional response (CER). The animal learns the CS-US association over
trials, and consequently the magnitude of CER follows a typical learning
curve[14]. This learning curve increases over trials, but at a declining rate until
a maximum level is reached (asymptote), as shown in figure 1.
Figure 1. A typical learning curve of the
magnitude of CER during the training
phase of Pavlovian fear conditioning.
The shape of learning curve typically
increases over trials, but at a declining
rate until a maximum (asymptote) is
reached[14].

7
A CER commonly assessed in rats is freezing behaviour (considered to be an
adaptive defensive reaction (e.g.[15]), which is defined as absence of all visible
movements with the exception of breathing movements and pendulum
motion of the head[16]. After the training phase (when the learning curve
has reached its maximum), the duration of CS induced freezing behaviour is
positively correlated to the intensity of the US[17-19]. Furthermore, analgesic
treatment during the training phase, reduces CS induced freezing behaviour
(i.e. the maximum/asymptote of the learning curve is decreased). Therefore,
the duration of CS induced freezing serves as a measure for the adversity to
the US (i.e. pain unpleasantness)[8, 20].
Previous studies have shown that the amplitude of the SEP correlates
positively to the duration of freezing behaviour[18]. However, due to the
methodological setup of these studies, the SEP and freezing behaviour
could not be assessed simultaneously, thereby limiting the evaluation of
the relationship between specific SEP characteristics and the emotional
component of pain. In order to measure the SEP, the rats were fitted with
an electrode at the tail base, to administer the electrical SEP-evoking (i.e.
noxious) stimuli. To prevent the animals from gnawing at the stimulation
cables, a tight fitting jacket was used[21]. This jacket considerably limits free
movement of the rat (personal observations) and thereby hindering the
adequate assessment of freezing behaviour. Consequently, the previous studies
reporting on the relationship between SEPs and freezing behaviour, did not
allow freezing behaviour and SEPs data to be collected simultaneously (i.e.
they were determined during different sessions). To allow the simultaneous
measurement of SEPs and freezing behaviour, an Elizabethan neck collar
was developed for the rat (chapter 3), thereby allowing the evaluation of the
direct relationship between the SEP characteristics and behavioural indexes
for studying pain unpleasantness (such as freezing). In the two subsequent
studies (chapter 4 and 5) the neck collar was used during Pavlovian fear
conditioning, in which SEP-evoking stimuli served as US. During the
training phase, both SEPs and freezing behaviour were measured within one
session. It was expected that, as the animals learn the CS-US association,
freezing behaviour would increase over trials until a maximum (asymptote)
was reached[14] (see figure 1). In contrast however, results from the studies
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described in chapter 4 and 5 did not demonstrate such a learning curve
(i.e. most animals immediately showed the maximum duration of freezing;
unpublished data). Therefore, it is unlikely that the freezing observed during
this particular session reflected the CS-US association. Consequently, with
the current methodological setup, CS induced freezing behaviour does not
provide an adequate behavioural index for studying pain unpleasantness
experienced from the US (i.e. SEP-evoking stimulus).
Importantly, freezing behaviour is a fear response in rats often seen as
part of a defensive reaction. This behaviour is not specific as a CER during
Pavlovian fear conditioning, as it also occurs as unconditioned behaviour
in the case of threatening stimuli[15]. Therefore, it is likely that freezing
behaviour during the SEP measurements is not solely influenced by the
formation of a CS-US association. Being fitted with the neck collar and tail
electrode could potentially have added to the induction of freezing behaviour.
When the neck collar and tail electrode were applied, the majority of the
animals showed an aversive reaction, including vocalizations, struggling
and trying to remove the electrode by biting (personal observation). After
unsuccessful attempts to remove the tail electrode, most animals expressed
freezing behaviour (unpublished data). During the studies described in
chapter 4 en 5, in which freezing behaviour and SEPs were simultaneously
measured, immediate onset of freezing behaviour was observed (i.e. absence
of a learning curve over CS-US pairings). This strongly suggest that when
using the current methodology, CS induced freezing behaviour during
SEP measurements is not ultimately suitable as a behavioural index for
studying pain unpleasantness experienced from SEP-evoking stimuli. In
order to enable the evaluation of the relationship between the specific SEP
characteristics and behavioural indexes for studying pain unpleasantness
such as freezing, the behaviour of the animal should be unaffected by the
methodology used to measure SEPs. To this end, the technique currently
used to measure SEPs should further be refined.
Such refinement options to be considered exclude the application
of all ‘cumbersome’ materials, including the tail electrode, stimulationand recording cables, and jacket or neck collar. This can potentially be
accomplished with the measurement of pain-related potentials evoked by
laser stimulation[22] instead of electrical stimuli. These laser-evoked SEPs
(conventionally called LEPs in literature) do not require electrodes fixed
to the skin, as the laser beam can be aimed to the stimulus site from a
distance. LEPs were previously successfully recorded in freely moving
rats[23]. However, when using laser stimulation multiple other issues need to
be addressed, including the protection of the animal’s eyes[24], the prevention
of skin burns and the accurate and consistent aiming of the laser beam at
freely moving animals under red light conditions. Additionally, to eliminate
the need for recording cables attached to the rat, evoked potentials can be
recorded using a wireless (telemetric) system[25]. With such an approach,
behavioural indexes for studying pain unpleasantness, such as freezing, are
not influenced by instrumentation and consequently the rat’s behaviour
can be interpreted as related more specifically to the stimuli evoking painrelated potentials.
For future research, other additional parameters for studying pain
unpleasantness might be assessed during the measurement of SEPs, such
as (ultrasonic) vocalizations and facial expressions[26]. Although ultrasonic
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vocalizations have been suggested as tool for investigating affective states
in laboratory rodents[27], its reliability in detecting and quantifying acute
pain has been challenged[28]. The outcome of the facial coding scale for rats
has recently been shown to correlate well to the morphine dose provided
during inflammatory pain, thereby suggesting a relationship with analgesic
treatment. In the rat, this scale is in the process of validation and being
investigated in inflammatory assays and postoperative pain (i.e. postlaparotomy[26]). Further research is needed to determine whether this facial
coding scale can be a useful tool in assessing the pain perceived (i.e. pain
unpleasantness) following the application of SEP-evoking stimuli.
In conclusion, in order to definitively determine the relationship between
specific SEP characteristics and behavioural indexes for studying pain
unpleasantness, the methodology to measure pain-related evoked potentials
should be refined further. Ideally, all instrumentation physically connected
to the animal should be avoided. Furthermore, the use of additional
behavioural indexes for studying pain unpleasantness other than freezing
behaviour should be explored. Consequently, the relation between specific
SEP characteristics and pain unpleasantness needs to be investigated further
and in more detail, in an effort to support the validity of the SEP as a readout parameter of animal pain.

The SEP as reflection of affected central pain processing

In the studies described in this thesis, SEPs were evoked by using electrical
stimuli. Notably, when low intensity electrical stimuli are administered
intradermally, specific nociceptive fiber (i.e. Aδ) mediated responses are
elicited[29, 30]. In the studies described in this thesis however, high stimulation
intensities were used as SEP-evoking stimuli (i.e. up to 5 mA). This type
of stimulation does not specifically activate nociceptive fibers (i.e. Aδand C-fibers) only, as it also co-activates Aβ-fibers[31]. Therefore, next to
nociceptive components, it needs to be considered that non-nociceptive
components may have contributed, albeit to an unknown extent, to the SEP
reported upon in these studies. However, the fact that 1) the u-opiate receptor
agonist fentanyl, which specifically modulates nociceptive processing[32, 33],
modulates the SEPs in our model[8], 2) there is a strong correlation between
freezing behaviour and the SEP[18], and 3) aversive behaviours (i.e. jumping
and vocalization; personal observations) are frequently observed following
the stimulation together are in a strong support of a noxious component
in the SEP. In future studies however, laser stimulation (more selectively
activating Aδ-and C-fiber nociceptors) might be used to more specifically
target and stimulate nociceptive fibers[34].
Conventionally, SEPs are generated by averaging multiple potentials
evoked by painful stimuli (see chapter 1: general introduction). The modality
of administering these multiple stimuli (i.e. predictably or unpredictably)
needs to be considered a factor potentially influencing pain- and nociceptive
processing. It has been shown that the predictability of painful stimuli
influences the emotional state, both in animals[35-37] and humans[38-40]. In
animals, it has been demonstrated that repeated exposure to unpredictable
painful stimuli results in long term negative emotional (i.e. depressive-like
states in rats, dogs and cats) and physiological (i.e. stomach ulcers in rats)
effects, in contrast to exposure to predictable stimuli[35-37]. Furthermore, in
both animals[41] and humans[38-40, 42, 43] it has been found that unpredictability
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of painful stimuli (i.e. stimuli which are temporally uncertain) such as
electrical shocks or radiant heat, induce an increase in anxiety. In humans,
it has been shown that this increased anxiety is paralleled by increased pain
sensitivity[38-40, 42, 43] and increased SEP amplitude[39]. It cannot be excluded
that predictability of nociceptive stimuli may influence the results in animal
studies investigating (anti)nociception using the SEP.
To investigate the relationship between the predictability of painful stimuli
and the animal SEP in our model, classical fear conditioning was applied to
compare SEPs between rats receiving SEP-evoking electrical stimuli either
predictably or unpredictably. The study described in chapter 4 shows that
averaging 32 SEP-evoking stimuli administered over 45 minutes with a
variable inter-stimulus interval can be used to reproducibly generate a SEP.
Subsequently, the effect of predictability (and subsequently the associated
emotional state) on the SEP was investigated in the study described in
chapter 5. This study shows that, in rats, the SEP’s amplitude increases when
stimuli are administered unpredictably. This finding demonstrates that the
central processing of pain in these animals is affected by predictability. It
is hypothesized that the associated emotional state plays a distinctive role
in the observed changes in the SEP’s amplitude, and that consequently the
SEP can be used to study psychological factors (such as predictability) and
thereby the influence of the emotional state in central pain processing.
	Next to the emotional state, also the innate pain sensitivity affecting central
pain processing is reflected in the SEP. The study in chapter 6 describes
differences in pain sensitivity between different inbred rat strains, using
multiple different tests associated with pain and nociception. This difference
in pain sensitivity is also reflected in central pain processing, as measured
by the SEP. Specifically, in the strain (i.e. Fawn Hooded) which was more
reactive to pain-related tasks (i.e. lower nociceptive thresholds and more
aversive behaviour) a SEP-waveform was recorded which was more reactive
to increasing stimulus intensities. This shows that when determining the
stimulus intensity to be applied, the rat strain should be considered, as the
optimal stimulus intensity and the response to a specific stimulus intensity
may likely differ between strains. Furthermore, this study underscores the
SEP to be a suitable tool for investigating baseline differences in innate pain
sensitivity.
The SEP is a highly valuable measurement tool in studying central
pain processing that can be recorded in awake, freely moving animals, as
opposed to brain imaging techniques such as fMRI (were the animal has
to be anesthetized) or immunohistochemistry (where the animal has to be
euthanized). Previous studies from our laboratory showed that the SEP reflects
changes in central pain processing caused by pharmacological interventions
(i.e. anaesthetics)[44, 45]. The studies described in the present thesis show that
the SEP also reflects changes in central pain processing following nonpharmacological interventions (i.e. differences in predictability of painful
stimuli and innate pain sensitivity). Consequently, the SEP can also be used
to study central pain processing under the latter conditions, generating a
more broad knowledge about pain (patho)physiology in animals.

120

GENERAL DISCUSSION

Differentiating the sensory and emotional component of
pain using the SEP

The sensory and emotional components of pain are processed within the
central nervous system by different functional somatosensory pathways,
which are depicted as the medial and lateral pain system. The medial pain
system is involved in the emotional aspects, whereas the lateral pain system
is involved in the sensory aspects of pain[1]. Previous research[11, 12] suggested
that SEPs recorded from different locations on the scalp represent different
functional somatosensory pathways. It was hypothesized that SEPs recorded
at the vertex (Vx-SEP) represent the medial pain system (i.e. the emotional
component) and SEPs recorded at the primary somatosensory cortex (S1SEP) represent the lateral pain pathway (i.e. sensory component)[8].
Multiple studies investigating early peaks (up to 26 ms) of the SEP
waveform showed that the S1-SEP and Vx-SEP react differently to specific
experimental conditions. It was shown that the Vx-SEP and S1-SEP were
differently affected by stimulus intensity and frequency[44, 46]. In the study
described in chapter 6, it was found that peaks up to 100 ms of the VxSEP and S1-SEP of two different rat strains (Wistar Kyoto and Fawn
Hooded) were affected differently by the stimulus intensity (analysis not
shown), replicating the results described earlier in Wistar rats by Stienen
and colleagues[44, 46]. Therefore, this strongly supports the view of robust
differential effects of stimulus intensity on the Vx-SEP and S1-SEP,
supporting the SEP to be a valid tool to investigate different functional
somatosensory pathways.
Previous research has furthermore shown that, compared to the S1SEP, the Vx-SEP is affected to a greater extent by anaesthetic treatment,
including treatment by fentanyl[8, 44, 46], thiopental[44], ketamine[44] and
dexmedetomidine[47]. When applying the Pavlovian fear conditioning
paradigm, analgesic treatment by fentanyl and dexmedetomidine caused
a dose dependent decrease in CS induced freezing, indicating that
painful (SEP-evoking) stimuli were experienced as less unpleasant[8, 20].
Additionally, the amplitude of the Vx-SEP correlated with CS induced
freezing behaviour, whereas the S1-SEP did not[8]. Together, the findings
of these pharmacological studies support the hypothesis that the Vx-SEP
is representing pain unpleasantness (i.e. the emotional component of
pain) and the S1-SEP is representing the sensory component. Therefore,
in the studies described in the present thesis, it was expected that nonpharmacological interventions known to differentially affect the sensory
and emotional component of human pain would likewise affect the Vx-,
and S1-SEP in animals differently. In the study described in chapter 5
the relationship between the animal SEP and predictability of the stimuli
was investigated. Predictability of painful stimuli creates subtle differences
between the sensory and emotional component of human pain[38]. In contrast
however, our study (chapter 5) showed the Vx-SEP and S1-SEP not to be
affected differently by a variable predictability of painful stimuli. This can
possibly be explained by the fact that pharmacological interventions as used
in earlier studies[11, 12] might cause larger differences between the sensory and
emotional component of pain as compared to the relatively subtle difference
caused by predictability of painful stimuli[38]. Because of the low spatial
resolution of scalp-recorded SEPs (i.e. the SEP waveform represent activity
from a mix of different brain areas, this technique may not be ultimately
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suitable to study the more subtle differences between brain areas specific for
the sensory or emotional component of pain.
However, as the temporal resolution of (scalp-recorded) SEPs is high,
it is possible that different latencies of the SEP-waveform do reflect
different processes related to the sensory and emotional component of
pain, independent of the recording site on the scalp. It has been described
that early peaks are involved in the sensory component of pain, whereas
later peaks are involved in the emotional component of pain[9]. In chapter
5 it is described that later peaks (between 30 - 150 ms) showed a more
pronounced effect of predictability per se compared to early peaks (< 30
ms). This suggests that later peaks, regardless of the recording site, are more
suitable to assess the emotional component of pain. This latter hypothesis
needs to be substantiated with further research, relating behavioural indexes
for studying pain unpleasantness to specific cortically-derived peaks and to
specific brain areas associated with the emotional or sensory component of
pain. To this aim intra-cranial measurements are needed.
In the literature, several methods are described to perform intracranial
measurements of brain activity in the awake, freely moving rat, including
local field potentials[48] and a portable micro positron emission tomography
(microPET) scanner[49]. The portable microPET scanner is a device which
is mounted on the rat’s head. This technique however, is not optimal for
performing research into animal pain, as it induces elevated corticosterone
levels in rats, suggesting a high stress level which in itself may influence pain
sensitivity and behavioural indexes of pain[50-52]. Furthermore, the temporal
resolution of PET is low. In contrast, local field potentials, generated by
way of intracranially implanted electrodes in predetermined brain areas,
provide a high spatial and temporal resolution during measurements in
awake, freely moving animals[48]. Using this technique, pain-related evoked
potentials can be measured in a similar fashion as the SEP recorded from
the scalp. Therefore, and in contrast to scalp-recorded SEPs, local field
potentials enable the more detailed study of central pain processing looking
at specific brain areas associated with the sensory and emotional component
of pain. Consequently, local field potentials hold the promise of great added
value, and may subsequently allow for the linkage of behavioural indexes for
studying pain unpleasantness with specific brain areas associated with the
emotional or sensory component of pain. Ultimately, this would facilitate
the development of highly reliable and quantifiable read-out parameters of
animal pain.

Overall conclusion en future directions

The studies described in this thesis focused on refinement of the technique
to measure the SEP in rats and to further support the validity of the SEP
in studying central pain processing. The principal conclusion of the studies
described in this thesis is that the SEP as such is to be considered a highly
suitable tool to assess alterations in central pain processing caused by nonpharmacological interventions. Effects of an altered emotional state and
differences in innate pain sensitivity on central pain processing are reflected
in the cortically-derived SEP, further supporting the SEP as a valid and
valuable read-out parameter in pain research.
However, in order to further optimize the SEP as a tool to study central
pain processing and its underlying mechanisms, several aspects of the
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methodology need to be further refined. Future attempts to differentiate
between the sensory and emotional components of pain should preferably
focus on intracranial SEP measurements (i.e. local field potentials). These
potentials provide a higher spatial resolution, thus enabling the determination
of brain activity in areas specifically related to the sensory and emotional
component of pain.
Secondly, in order to support the validity of the SEP as a measurement tool
of central pain processing in animals, the relationship between specific SEP
characteristics and pain unpleasantness must be evaluated in more detail. To
that aim, behavioural indexes for studying pain unpleasantness need to be
linked to the SEP. For this purpose, the neurophysiological measurement
methodology should be technically refined to such an extent, that the
measurement (technique) itself does not influence the animal’s behaviour.
To this end, the hard-wired EEG recording system could be replaced with
a telemetric (i.e. wireless) recording system. Furthermore, stimulation cables
can be avoided by replacing electrical stimuli with laser stimuli to evoke painrelated potentials. The lack of this type of instrumentation more elegantly
allows for and supports the critical combination of neurophysiological
measurements and the measurement of behavioural indexes for studying
pain unpleasantness. Consequently, the specific and direct relationship
between the discrete neurophysiological characteristics and the sensory and
emotional component of pain can be evaluated in detail.
Thirdly, laser stimulation should be considered as an alternative to
electrical stimulation to circumvent the co-activation of non-nociceptive
fibers. This would result in evoked potentials being more specifically mediated
by nociceptive fibers, and thus support a more unambiguous interpretation
of evoked potentials elicited by painful stimuli regarding the nociceptive
processing.
Fourthly, the rat strain should be carefully considered when studying
pain and nociception, as nociceptive thresholds and pain-related behaviours
differ between rat strains. Consequently, the optimal stimulus intensity and
the response to a specific stimulus intensity potentially differs per rat strain.
In conclusion, the SEP is considered to be a highly valuable measurement
tool for studying central pain processing and its underlying mechanisms.
However, to investigate and differentially determine the underlying
mechanisms of the sensory and emotional component of pain, the SEP’s
measurement technology applied needs to be refined further. More detailed
and differential knowledge about the underlying central mechanisms of pain
will ultimately contribute to the adequate treatment of animal pain.
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Appendix S1

The exact onset times of the CS and US in the paired and random group during
session 2 and 3. The CS consisted of a 10 second tone. In the paired group, the US
(an electrical pulse of 5 mA and 2 ms) always started 9 seconds after the CS onset,
creating a temporal overlap between the CS and US in this group. In the random
group, US onsets where identical to those of the paired group. The CS however, was
presented randomly throughout the session. See “procedure” for details.
Number
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Paired group: Onsets
CS (in seconds)

Random group: Onsets
CS (in seconds)

Paired and random
group: Onsets US (in
seconds)

1

17

26

89

2

53

62

198

3

68

77

219

4

232

241

437

5

325

334

467

6

396

405

485

7

424

433

529

8

542

551

545

9

556

565

609

10

573

582

702

11

830

839

728

12

891

900

772

13

935

944

865

14

955

964

911

15

978

987

961

16

1263

1272

1052

17

1333

1342

1064

18

1346

1355

1084

19

1463

1472

1111

20

1508

1517

1143

21

1533

1542

1154

22

1549

1558

1172

23

1873

1882

1269

24

1886

1895

1289

25

2076

2085

1318

26

2106

2115

1377

27

2229

2238

1588

28

2265

2274

1947

29

2297

2306

2023

30

2378

2387

2319

31

2609

2618

2342

32

2656

2665

2657
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In hoofdstuk 1 wordt een algemene inleiding gegeven, waarin staat
beschreven dat pijn bij zowel mensen als dieren vaak wordt onderbehandeld.
Een belangrijke oorzakelijke factor hierbij is het gebrek aan kennis over de
onderliggende mechanismen van pijn. Bij dieren wordt het herkennen en
behandelen van pijn verder bemoeilijkt door het ontbreken van betrouwbare
en kwantificeerbare uitleesparameters van pijn. Om de pijnbestrijding te
verbeteren is er meer fundamentele en gedetailleerde kennis nodig van de
onderliggende mechanismen van pijn bij dieren.
Pijn wordt gedefinieerd als een onplezierige sensorische en emotionele
ervaring. Wanneer we pijn bestuderen en behandelen, is het belangrijk zowel
de sensorische als de emotionele component van pijn te onderkennen. De
sensorische component betreft de herkenning en bepaling van het type
stimulus, de locatie en de intensiteit, het temporele patroon en de duur van
de pijnervaring. De emotionele component betreft het ‘onplezierige’ aspect
(hoe negatief de pijn ervaren wordt). Het laatste aspect bepaalt hoe ‘pijnlijk’
de pijnervaring is.
Een veelbelovende manier om pijn bij dieren te onderzoeken
betreft het kijken naar pijngerelateerde hersenactiviteit, waarbij we de
‘somatosensory-evoked potential’ (SEP) meten. De SEP is een tijds- en
stimulusgebonden fragment van het elektro-encefalogram (EEG), die de
verwerking van een pijnlijke stimulus representeert. Eerder onderzoek
heeft aangetoond dat middels de SEP karakteristieken het mogelijk is om
de emotionele en sensorische component te onderscheiden en separaat te
kunnen kwantificeren. SEPs worden zowel in mensen als dieren gebruikt
om de centrale verwerking van pijn te bestuderen. Eerdere bevindingen
uit onderzoek middels farmacologische interventies (bijv. anesthetica)
ondersteunen de bevinding dat de SEP bepaling een valide methode is om
de centrale pijnverwerking in dieren objectief te kwantificeren. Het doel
van dit promotieonderzoek is het verder verfijnen van de SEP metingen in
ratten en daarmee ook het onderbouwen van de validiteit van de SEP als
methode om centrale pijnverwerking te bestuderen.
In hoofdstuk 2A wordt een zelf ontwikkeld programma beschreven
waarmee de amplitudes en latentietijden van de verschillende pieken in de
SEP semi-geautomatiseerd gedetecteerd kunnen worden.
In hoofdstuk 2B worden twee multimodale pijnbestrijdingsprotocollen
met elkaar vergeleken in ratten. Deze pijnbestrijdingsprotocollen worden
toegepast na het operatief implanteren van elektroden voor het meten van
SEPs. Dit onderzoek laat zien dat het gebruikelijke toedienen van 3x per
dag buprenorfine t.o.v. 2x per dag leidt tot meer bijwerkingen, terwijl het
analgetische effect vergelijkbaar blijft. Daarom heeft in deze specifieke
situatie (zijnde het gebruik van een multimodaal pijnbestrijdingsprotocol na
neurocraniale chirurgie in de rat) het gebruik van 2x per dag buprenorfine
de voorkeur boven 3x per dag. Tevens onderstreept dit onderzoek het belang
om niet alleen analgetische effecten van pijnstilling te evalueren, maar ook
de bijwerkingen.
Om de gemeten SEP te kunnen relateren aan de emotionele ervaring van
het dier, wordt het Pavlovian fear conditioning paradigma gebruikt. Hierbij
wordt een neutrale stimulus (de geconditioneerde stimulus; CS) gepaard
met een aversieve stimulus (ongeconditioneerde stimulus; US). Na meerdere
CS-US paringen veroorzaakt de CS op zichzelf (dus in de afwezigheid
van de US) een geconditioneerde emotionele respons (in dit geval zgn.
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‘freezing-gedrag’) en is er sprake van ‘geconditioneerde angst’. De duur
van het freezing-gedrag dient als een maat voor de aversieviteit van de US.
In hoofdstuk 3 wordt een methode beschreven waarbij SEPs en freezinggedrag gelijktijdig gemeten kunnen worden. Tijdens de SEP metingen
moet het voorkomen worden dat de ratten aan de stimulatiekabels knagen.
In eerdere onderzoeken is hiervoor altijd een strak passend jasje gebruikt.
Hierdoor konden de dieren nog wel lopen, maar ze konden zich niet meer
omdraaien om aan de stimulatiekabels te knagen. Echter, dit jasje beperkt
ook het beoordelen van het freezing-gedrag. In het huidige onderzoek
kregen de dieren een Elizabethaans nekkraagje om, waardoor ze niet meer
aan de stimulatiekabels konden knagen en gedragingen zoals ‘freezing’ nog
goed beoordeeld kunnen worden. De betreffende studie laat zien dat de
morfologie van de SEP niet verschilt tussen de dieren met het jasje en het
nekkraagje, en dat de nekkraag dus bruikbaar is om in toekomstige studies
de relatie tussen SEPs en gedrag te evalueren.
Het is bekend dat psychologische factoren (bijv. negatieve emoties)
pijnsensatie zowel kunnen verhogen als verlagen. Mensen die pijnlijke
prikkels kunnen voorspellen, rapporteren minder angst en een lagere
pijnintensiteit dan wanneer de pijnlijke prikkels niet voorspeld kunnen
worden. Het kunnen voorspellen van de pijnlijke prikkel gaat gepaard met
een lagere SEP-amplitude. Bij dieren is het bekend dat het ontvangen van
onvoorspelbare pijnlijke prikkels uiteindelijk leidt tot depressieachtige
symptomen (“learned helplessness”) en fysieke symptomen zoals maagzweren,
terwijl deze symptomen niet optreden als zij dezelfde pijnlijke prikkels wel
kunnen voorspellen. Echter, het effect van de voorspelbaarheid van pijnlijke
prikkels op de SEP bij dieren is nog niet bekend. In hoofdstuk 4 wordt
een SEP stimulatie paradigma beschreven, waarbij het mogelijk is om met
behulp van Pavlovian fear conditioning het effect van voorspelbaarheid op de
SEP in ratten te onderzoeken. In hoofdstuk 5 wordt een studie beschreven
waarin dit paradigma is toepast. Uit deze studie blijkt dat ratten die pijnlijke
prikkels kunnen voorspellen een lagere SEP-amplitude laten zien dan ratten
die deze prikkels niet kunnen voorspellen. Deze data ondersteunen de
hypothese dat de voorspelbaarheid van pijnlijke stimuli een belangrijke rol
spelen bij het verwerken van deze stimuli. Bij het bestuderen van pijn moet
dan ook rekening gehouden worden met de invloed van voorspelbaarheid.
Om de validiteit van de SEP te ondersteunen als methode om centrale
pijnverwerking te bestuderen, is de SEP gemeten in twee rattenstammen
die contrasteerden in pijngerelateerde testen (hoofdstuk 6). Uit deze studie
kwam naar voren dat rattenstammen die verschillen in pijngerelateerde tests
zoals de hot-plate, Von Frey en Pavlovian fear conditioning, ook verschillen
in SEP-amplitude en latentietijden. Deze data suggereren dat genetisch
gebaseerde verschillen in pijngevoeligheid worden gereflecteerd in de SEP.
In hoofdstuk 7 staan de algemene conclusies beschreven. Er kan
geconcludeerd worden dat de SEP een waardevolle methode is om
ook de invloeden van niet-farmacologische interventies op de centrale
pijnverwerking te meten. Invloeden van de voorspelbaarheid van pijnlijke
prikkels en genetisch gebaseerde verschillen in pijngevoeligheid op de
centrale pijnverwerking worden gereflecteerd in de SEP. Dit onderbouwd de
validiteit van de SEP als methode om centrale pijnverwerking te bestuderen.
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