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Abstract
This thesis investigated aspects of emotion processing in two animal species, the rat 
and the monkey (Macaca mulatta). Studies in rats (Studies I and II) aimed at 
elucidating whether paracetamol, a widely used pain-killer and fever-reducing 
medication, might also affect the animal’s mood, as suggested by some studies in
humans. The studies in monkeys (Studies III and IV) aimed at investigating the neural 
basis of emotion in the amygdala and orbitofrontal cortex (OFC) during auditory 
emotion processing. 

A peripheral nerve injury-induced neuropathy has been associated with affective 
pain and disorders such as anxiety and depression. The spared-nerve injury (SNI) is 
an animal model of chronic neuropathy. Using the rat model of SNI, Study I 
investigated the development of mechanical hypersensitivity following nerve injury 
in animals treated with an antagonist of the transient receptor potential ankyrin 1 
(TRPA1) channel that is putatively involved in mediating the paracetamol-induced 
actions. SNI produced marked hypersensitivity which was attenuated by block of the 
spinal TRPA1 channels.  

Paracetamol is a common medication that is used to alleviate pain and reduce 
fever. Besides its antinociceptive and fever-reducing effects, paracetamol has been 
suggested to affect various cognitive functions such as motivation, and to reduce 
discomfort related to decision making and empathy for pain. Study II investigated 
effects of paracetamol on anxiety, mood, activity and memory in healthy rats and in 
rats with SNI. The results showed that, in healthy rats, a high dose of paracetamol 
produced anxiety-like and anhedonic behavior, and impaired recognition memory. In 
neuropathic rats, a low dose of paracetamol reduced anxiety probably by reducing 
neuropathic pain. 

Prepulse inhibition (PPI) refers to a decreased reaction of an organism to a 
stimulus when another weaker stimulus precedes it.  Using the local field potentials 
(LFPs) recording technique and a PPI paradigm, Study III explored the cortical
responses in the monkey caudolateral belt of the superior temporal gyrus (STGcb) to 
simple auditory stimulation in two conditions; when the monkey was alone, and when 
another monkey was in the same room drawing attention away from the auditory 
stimuli. The LFPs to an auditory Pulse stimulus were significantly suppressed by an 
auditory Prepulse stimulus. The PPI of LFPs was not affected by distraction produced 
by the presence of a conspecific. These results demonstrate the PPI in the monkey 
STGcb and suggest that the PPI of auditory cortical responses in the monkey STGcb 
is an inhibitory process that is independent of conscious attention.

Both the amygdala and the orbital frontal cortex (OFC) are key components of the 
central circuitry underlying emotion processing. Neural underpinnings of emotion 
processing have been extensively studied using visual stimuli but much less using 
auditory stimulation. In Study IV, LFPs were recorded in the amygdala, OFC and two 
control cortical areas, STGcb and V1 to investigate whether oscillatory activity in 
these areas reflects the valence of the auditory stimuli. Four types of monkey 
vocalizations (neutral, happy, fearful, threatening) were used as stimuli.  The results 
showed that the amygdala and the OFC have a role in the processing of emotionally 
salient, naturalistic auditory stimuli. The functional interactions in the amygdala–
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OFC axis were distinct to the different emotional valences suggesting that the 
functional coherence between amygdala and OFC contributes to the emotion-
associated behavior. 

In conclusion, this thesis applied behavioral testing, pharmacological 
manipulations and electrophysiological recordings in animal experiments, and 
focused on questions that have relevance in understanding human emotion 
processing. The thesis showed that even in rats, the widely used fever and pain 
medicine paracetamol affected their behavior in tests that measured anxiety, 
anhedonia and memory, warranting further investigation of the effects of widely used 
analgesics on cognition. The thesis also elucidated neural mechanisms of the 
understudied auditory emotion processing and showed that the basolateral nucleus of 
the amygdala and the OFC have a role in the processing of emotionally valenced 
auditory information.  
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1. Introduction 

Emotions are feelings experienced at one time or another and associated with 
affective connotations. Feelings of pleasure, sadness, anxiety, fear and other emotions 
shape our colorful lives every day, compel us to take action, and influence our 
decision making. Thus exploring aspects of emotion processing, which was the 
purpose of this thesis, is a worthy endeavor that promotes understanding of the effects 
of emotions on life. The emotional responses are "automatic, largely unconscious 
behavioral and cognitive responses triggered when the brain detects a positively or 
negatively charged significant stimulus" (Eric R. Kandel, 2013). Some stimuli, e.g. 
pain (Porreca & Navratilova, 2017; Price, 2000) and auditory stimuli (Fecteau, Belin, 
Joanette, & Armony, 2007; Royet et al., 2000), trigger emotions, even in the absence 
of prior experience. This thesis investigates neural mechanisms underlying emotion 
processing using two animal species, rats and rhesus monkeys. Studies I & II were 
performed on healthy rats and rats with neuropathic pain to investigate whether a 
common pain killer and fever-reducing drug, paracetamol, might also affect anxiety, 
mood, motor activity and memory. Studies III & IV were performed on rhesus 
monkeys to investigate intracortical neural responses in several brain areas to natural 
auditory stimuli carrying information with an emotional valence. 

Neuropathic pain is a chronic pain disorder (Backonja, 2003), which also affects
emotion processing and causes mood disorders such as anxiety or depression 
(Descalzi et al., 2017; Goncalves et al., 2008). Spared-nerve injury (SNI) is an 
experimental model of peripheral neuropathy that can be induced by ligation and 
axotomy of the peroneal and tibial nerve branches of the sciatic nerve, to produce the 
symptoms mimicking peripheral neuropathy in humans (Decosterd & Woolf, 2000). 
The sensory neuron-specific cation channel, Transient Receptor Potential Ankyrin 1 
(TRPA1), is primarily a sensor of irritant chemical compounds such as reactive 
oxygen species (Bandell et al., 2004; Jordt et al., 2004). Additionally, it has been 
suggested to be involved in the detection of noxious mechanical stimulation (Kwan 
et al., 2006; Zappia, O'Hara, Moehring, Kwan, & Stucky, 2017), and noxious cold 
(Laursen, Bagriantsev, & Gracheva, 2014; Story et al., 2003). Gene knock-out 
mouse models suggest that TRPA1 may promote anxiety and depression (de Moura 
et al. 2014). Moreover, pharmacological results suggest that amygdaloid TRPA1 may 
promote mechanical hypersensitivity and affective pain behavior in neuropathy 
(Sagalajev et al., 2017). Study I explored the role of TRPA1 in the development of 
mechanical hypersensitivity.  

The antinociceptive effects of systemic administration of paracetamol have 
been suggested to be produced by its metabolites that activate TRPA1 channel 
(Andersson et al., 2011), and therefore, TRPA1 was considered to be among 
potential analgesic targets of paracetamol. Moreover, in addition to its 
antinociceptive and fever reducing effects, paracetamol has been suggested to affect 
cognition such as motivation, anxiety related to decision making and feeling empathy 
for pain (DeWall, Chester, & White, 2015; Mischkowski, Crocker, & Way, 2016; 
Randles, Heine, & Santos, 2013). Study II was conducted on healthy rats and on rats
with a spared-nerve injury (SNI) to investigate effects of paracetamol on pain, 
anxiety, mood and memory. 
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Amygdala is known to have an important role in emotion processing (LeDoux, 
2000). Also, the orbital frontal cortex (OFC) plays a role in affective processing and 
emotion regulation (E. T. Rolls, 1999, 2008; Sommer, Peters, Glascher, & Buchel, 
2009). The interaction between the amygdala and the OFC has been suggested to be 
involved in the processing and governing of negative and positive emotions 
(Burgdorf & Panksepp, 2006; Davidson, 2002). Studies III and IV aimed at 
investigating the processing of emotionally valenced auditory stimuli in the STGcb, 
amygdala, OFC and amygdala-OFC axis using LFP recordings. Study III explored 
the LFPs in the STGcb to simple auditory stimulation by using a prepulse inhibition 
(PPI) paradigm. Study IV investigated responses to naturalistic monkey vocalizations 
with four types of emotional contents (neutral, happy, threatening and fear) in the 
STGcb, amygdala, and OFC and in visual area V1 as a control area. Study IV also 
investigated the neural coherence between the amygdala and OFC. 
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2. Review of literature 

2.1. The anatomy and physiology of the emotion system  

2.1.1 History of emotion study 

Modern research on the neural substrate underlying emotion began in 1890s when an 
American psychologist, William James (1842−1910), proposed a peripheral feedback 
theory which suggested that the sensory cortex processes the feelings and transfers 
the signals to the motor cortex for emotional expression (Barbalet, 1999). Walter 
Cannon (1871−1945) modified the peripheral feedback theory based on his 
experiments which suggested that the hypothalamus is essential for the "sham rage" 
reaction in animals. He proposed the central theory by adding the two subcortical 
regions, i.e. the thalamus and hypothalamus, into the neural pathway of emotion in 
1920s (Brown & Fee, 2002). James Papez (1883−1958) extended the central theory 
by adding the hippocampus into the circuitry and by specifying the cortical areas in 
the neural pathway (Bhattacharyya, 2017). At the same time, Heinrich Klüver 
(1897−1979) and Paul Bucy (1904−1992) found that after removal of the bilateral 
medial temporal lobe, including the amygdala, monkeys exhibited bizarre oral 
behaviors, hyperactivity, hypersexuality, loss of recognizing objects and no fear to 
hazardous goods (Nahm, 1997). Humans with lesions of the amygdala show similar 
symptoms (now known as "Klüver-Bucy syndrome") as the monkeys without the 
medial temporal lobes described above (Lilly, Cummings, Benson, & Frankel, 1983).  
Based on Klüver and Bucy’s experiments and combined with Papez’s theory, Paul 
MacLean (1913–2007) proposed an evolutionary triune brain theory and suggested 
the concept of "visceral brain" as a center for processing of emotions.  The main 
structures of the center are the hippocampus, the amygdala and the hypothalamus. 
The "visceral brain" was renamed later as the limbic system, which derived from 
"limbic lobe" named by Paul Broca (1824–1880) in 1878 (Schiller, 1992). The 
description of the system underwent revisions and now it is generally accepted that 
the limbic lobe is a set of structures including the amygdala, parts of the orbital and 
medial prefrontal cortex, the parahippocampal gyrus, cingulate cortex, ventral parts
of the basal ganglia, and the mediodorsal nuclei of the thalamus (Pessoa & Hof, 
2015). Together with the paralimbic system (comprised of the piriform cortex, 
entorhinal cortex, and the cingulate cortex above the corpus callosum), the two 
systems are considered as the neural substrate for emotion.   

2.1.2 Amygdala 

The amygdala, also called the amygdaloid complex, is an important part of the limbic 
system (LeDoux, 2000). The amygdala comprises ~13 nuclei including the lateral 
nucleus (LA), basal nucleus (BA), accessory basal nucleus (AB), central nucleus 
(CeA), medial nucleus (MeA), paralaminar nucleus (PL), intercalated nuclei, anterior 
amygdaloid area, nucleus of the lateral olfactory tract, anterior cortical nucleus, 
periamygdaloid cortex, posterior cortical nucleus and amygdalo-hippocampal area in 
humans (Sorvari, Soininen, & Pitkanen, 1996) and primates (Goldstein, 1992). In 
addition to the 13 nuclei, there is the bed nucleus of the accessory olfactory tract in 
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rodents (Aggleton, 2000). The main amygdala nuclei in the rat and monkey include 
the basolateral neuleus (BLA, composed of LA, BA, AB), CeA, and MeA (Figure 1) 
(Chareyron, Lavenex, Amaral, & Lavenex, 2011).  
 
 
 
 

 
Figure 1. Coronary schematic representation of the main amygdaloid nuclei in the rat and 
rhesus monkey. The main amygdaloid nulcei include the basolateral neuleus (BLA, composed 
of LA, BA, AB), CeA, MeA and PL (only in primates). (Adapted from Chareyron et al., 2011). 
 

Amygdala has connections with cortical and subcortical regions. Afferent 
connections to amygdala are from two sources. One is from cortical and thalamic 
structures which provide sensory and memory-associated information. Another is 
from the hypothalamus or brain stem involved in emotional responses and autonomic 
systems. Efferent connections arise from BLA, MeA and CeA and project to cortical, 
hypothalamic and brain stem regions. The amygdaloid nuclei have extensive intra- 
and internuclear connections (Aggleton, 2000). The main information flow in the 
amygdala starts at LA, which receives projections from the thalamus and sensory 
cortices (Pitkanen, Savander, & LeDoux, 1997). The LA has internuclear projections 
to BA and AB. The BLA has reciprocal connections with the prefrontal cortex (PFC), 
hippocampus and sensory association cortices. The unidirectional connections are 
predominantly projected to CeA, striatum, and the bed nucleus of the stria terminalis 
(BNST) as a signal for behavioral responses (Janak & Tye, 2015). In addition to the 
intra-amygdaloid main flow, the CeA receives nociceptive input from the spinal cord 
through the lateral parabrachial nucleus and is involved in behavioral processes 
independent of the main flow (Corbit & Balleine, 2005).  
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The amygdala plays an important role in emotion processing and emotion 
associated behaviors. The amygdala receives sensory information from all modalities, 
which can be converged extensively in the amygdala. The amygdala forms the 
associations between current sensory inputs and past experience, combined with 
information from the medial temporal memory systems (Sah, Faber, De Armentia, & 
Power, 2003). Below is a description from the Klüver and Bucy’s study of the 
behavior of a monkey with a lesion in the amygdala (Klüver & Bucy, 1937):

"The monkey does not exhibit the reactions generally associated with anger and 
fear. It approaches humans and animals, animate as well as inanimate objects 
without hesitation, and although there are no motor defects, tends to examine them 
by mouth rather than by the use of the hands."

The description suggested that the amygdala is involved in the neural processing
of negative emotions.  Later, the involvement of the amygdala in the processing of 
negative emotions, especially fear, stress, anxiety, and aversive conditioning was 
extensively studied (LeDoux, 2000). Some studies (Murray, 2007; E. T. Rolls, 2008; 
Watanabe, Sakagami, & Haruno, 2013), on the other hand, suggested that the 
amygdala is also involved in the processing of positive emotions and reward. 
Amygdala is engaged in the processing of stimuli not only based on valence but also
arousal (Hamann, Ely, Hoffman, & Kilts, 2002), which are psychological dimensions
of emotion.

In addition, the amygdala plays a role in the modulation of memory processes, 
particularly under emotionally salient conditions (Roozendaal, McEwen, & Chattarji, 
2009). The amygdala is linked to the neural systems underlying normal social 
behavior (R. Adolphs, 2009) and is involved in the processing of information 
conveyed by the face (Whalen et al., 2013), body (Grezes, Pichon, & de Gelder, 
2007), and vocalizations (Fecteau et al., 2007) in emotion perception. In addition, the 
amygdala is involved in the processing of unpredictability and reward learning in 
social cognition (Ralph Adolphs, 2010). 

The BLA and CeA are two intensively studied regions of the amygdala involved 
in the control of emotional behaviors. The BLA, which is the more "cortex-like" 
amygdala nucleus, consist of the lateral nucleus (LA), the basal nucleus (BA), and 
the accessory basal nucleus (AB). The LA is located dorsally in the amygdala where 
it abuts the BA ventrally. It has three subdivisions: the smaller part called the 
dorsolateral subdivision, the larger part called the ventrolateral subdivision, and the 
medial subdivision. The BA is located ventral to the LA and is subdivided into the 
rostral magnocellular subdivision and the more caudal intermediate and parvocellular 
subdivisions. The AB is ventral to the basal nucleus and lies adjacent to the 
amygdalohippocampal area (Mcdonald, 1982).  The BLA is comprised of two types 
of neurons: glutamatergic principal cells and  GABAergic neurons (Pape & Pare, 
2010). The CeA is located at the dorsomedial part of the rostral amygdala.  It is 
subdivided to lateral, medial and capsular subdivisions. Compared to the BLA, the 
CeA is a "striatal-like" and "pallidal-like" amygdala nucleus where the neurons are 
primarily GABAergic. The CeA has been shown to be involved in emotion 
processing, fear conditioning, autonomic response, memory and social behavior. The 
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CeA affects the descending modulation of emotional and sensory aspects of pain 
(Veinante, Yalcin, & Barrot, 2013).  

2.1.3 Orbitofrontal cortex (OFC) 

The orbitofrontal cortex (OFC) is located in the ventromedial frontal cortex. 
Compared to other parts of the prefrontal cortex, it is considered an independent area
due to its distinct afferent connections with the magnocellular part of the mediodorsal 
thalamus, (Kringelbach & Rolls, 2004). The OFC area is restricted to Brodmann’s
areas (BAs) 10, 11 and 47 in the human brain while to 11, 12 and 13 in the monkey 
brain (Kringelbach, 2005). The OFC shares extensive reciprocal connections with 
multiple cortical areas, such as the somatosensory, visual, auditory and motor cortices.
Through integration of multiple modalities to various corticocortical networks, the 
OFC is involved in higher-order cognition. The OFC also has reciprocal connections
with the limbic system.  The LA, BA, AB and MeA nuclei of the amygdala send 
extensive projections to different areas of the OFC (Carmichael & Price, 1995; 
Yeterian, Pandya, Tomaiuolo, & Petrides, 2012). The OFC sends projections to the 
CeA, BLA and the intercalated cells of the amygdala (Ray & Zald, 2012).

2.2. The anatomy and physiology of the auditory system  

A sound reaching the ear undergoes amplification. The vibrations representing the 
sound are transferred to the cochlea by the ossicles in the middle ear (malleus, incus, 
and stapes). In cochlea, the mechanical vibration is transformed to electrical neural 
signals, i.e. action potentials, by the hair cells in the organ of Corti. The neural signal 
is then conveyed to the cochlear nucleus in the medulla. From the medulla, the signal 
is bilaterally sent to the superior olive and then to the inferior colliculus. The auditory 
pathway from the inferior colliculus is projected to the medial geniculate via two 
pathways (Figure 2). One projection goes to the ventral division of the medial 
geniculate nucleus and from there to the primary auditory cortex processing the 
spatial and content-related information of sounds (Rauschecker & Scott, 2009). The 
other projection goes to the medial division of the medial geniculate and from there 
to the primary auditory cortex, auditory association cortex and BLA of the amygdala 
(Kandel, Schwartz, Jessell, Siegelbaum, & Hudspeth, 2000), and is involved in the 
processing of emotional information and emotional learning (LeDoux, 1992). The 
auditory emotional signals access the BLA indirectly via the auditory cortex and 
directly from the medial division of the medial geniculate (Garrido, Barnes, Sahani, 
& Dolan, 2012; Purves et al., 2008). 

In primates, the auditory cortex has three major regions, the core (including the 
primary auditory cortex), belt and parabelt areas, and the auditory information is 
hierarchically processed (Hackett et al., 2014; Kaas & Hackett, 2000; Rauschecker & 
Scott, 2009).  The ventral nucleus of the medial geniculate complex projects to  
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Figure 2. Neural pathway involved in the processing of auditory emotional information.
The cochlea transforms the auditory stimulus to electrical signals. The signal is conveyed to 
medulla and relayed at super olive, and inferior colliculus. The auditory signal is transmitted 
to thalamus from inferior colliculus via two pathways: lemnisical pathway (solid line) delivers 
the signal to the ventral division of the medial geniculate nucleus (MGN) and then projects to 
the primary auditory cortex; an extralemniscial pathway (dashed line) delivers the signal to 
the medial part of the MGN and then projects to the primary auditory cortex, auditory 
association cortex and the BLA in amygdala. (Adapted from Kandel et al., 2000).
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the core area, constituting the first stage of cortical processing (Kaas & Hackett, 
2000). The core processes auditory information using a tonotopical organization of 
frequencies (Kikuchi, Horwitz, & Mishkin, 2010).   The neurons of the core send 
projections to the surrounding auditory belt areas which, in turn, mainly project to the 
auditory parabelt regions, constituting the second and third stages of auditory 
processing (Hackett et al., 2014; Koelsch, Skouras, & Lohmann, 2018). The caudal 
part of the primary auditory cortex is surrounded by the belt area of the superior 
temporal gyrus. The neurons in this belt respond to both pure tones and complex 
sounds, e.g. species-specific vocalizations (Rauschecker, Tian, & Hauser, 1995; Tian, 
Reser, Durham, Kustov, & Rauschecker, 2001). Neurons in the antero-lateral belt 
area are more specific for the contents, e.g. type of monkey vocalizations, while 
neurons in the caudo-lateral belt (STGcb) are more responsive to the spatial location 
of the sounds (Randles et al., 2013; Tian et al., 2001).

2.3. Paracetamol  

Paracetamol, also known as acetaminophen, is the most over-the-counter purchased
pain killer and fever-reducing drug (Kaufman, Kelly, Rosenberg, Anderson, & 
Mitchell, 2002). It was first synthesized by Harmon Northrop Morse in 1873 
(Remsen, 1920) and became as an available drug on sale in 1950s’ (Toussaint et al., 
2010a). Paracetamol is rapidly absorbed mainly by the intestine and metabolized 
primarily in the liver and then excreted by the kidneys. Although it is usually well 
tolerated at recommended dosages, an acute overdose can cause severe hepatic 
failure. The hepatic cytochrome P450 metabolizes paracetamol to N-
acetylimidoquinone (NAPQI). Normally, NAPQI is quickly detoxified by 
conjugation with glutathione. However, an overdose of paracetamol may produce 
hepatotoxicity due to depletion of hepatocellular glutathione and secondary reaction 
of NAPQI with essential cellular proteins (Bunchorntavakul & Reddy, 2013; G. G. 
Graham, Davies, Day, Mohamudally, & Scott, 2013).

Paracetamol has analgesic and antipyretic effects but the mechanisms of these 
actions are still not fully clear (Toussaint et al., 2010b). It has generally been assumed 
that the primary action of paracetamol is inhibiting the synthesis of prostaglandins
(PGs), especially PGE which produces localized pain hypersensitivity by 
sensitizing peripheral nociceptor terminals (McCleskey & Gold, 1999) and 
mediates the pyresis (Engblom et al., 2003). Unlike nonsteroidal anti-inflammatory
drugs (NSAIDs), paracetamol largely lacks peripheral anti-inflammatory properties
(Ghanem et al., 2016). The potential reason is that paracetamol inhibits selectively 
the cyclooxygenase pathway in the central nervous system while the inhibition is 
absent in the peripheral tissue (Flower & Vane, 1972; Engstrom et al., 2013).

Several neurotransmitter systems might be involved in the action of paracetamol 
(Smith, 2009). In the brain and spinal cord, paracetamol can be metabolized to N-
arachidonoylaminophenol (AM404) by the conjugation of de-acetylated products, p-
aminophenol, with arachidonic acid (Anderson, 2008). The AM404 is an agonist of 
transient receptor potential vanilloid type 1 (TRPV1) which transduces noxious 
stimuli into electrical signals.  The AM404 is also a ligand at selective cannabinoid 
subtype 1 receptors (Pertwee et al., 2010) and an inhibitor of cellular anandamide 
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uptake (Smith, 2009), whose inhibition leads to an increase in endogenous 
cannabinoids. By this way, the AM404 activates, at least in part, the opioidergic and 
cannabinoid systems to produce an antinociceptive effect. The involvement of the 
cannabinoid system is also suggested by the study showing that the analgesic effect 
of paracetamol is prevented by the antagonists of cannabinoid receptors (Ottani, 
Leone, Sandrini, Ferrari, & Bertolini, 2006). Furthermore, the serotonergic system 
may be involved in the analgesic effect of paracetamol. The 5-hydroxytryptamine (5-
HT) levels in brain and spinal cord increase after treatment with paracetamol 
(Pelissier, Alloui, Paeile, & Eschalier, 1995; Pini, Sandrini, & Vitale, 1996). The 
increased 5-HT can mediate the neuropathic hyposensitivity by acting on the 5-HT 
receptors in the spinal cord (Sagalajev, Bourbia, Beloushko, Wei, & Pertovaara, 
2015). Paracetamol may also produce spinal antinociception by affecting the 
TRPA1. Andersson et al. (Andersson et al., 2011) found that the electrophilic 
metabolites of paracetamol, N-acetyl-p-benzoquinoneimine and p-benzoquinone, 
activate the spinal TRPA1 in rodents and humans. According to Andersson et al. 
(2011), the activated TRPA1 reduces voltage-gated calcium and sodium currents 
in primary sensory neurons to produce the analgesic effect.  

Paracetamol has multiple analgesic mechanisms in the brain and spinal cord 
(Smith, 2009) implicating its potential to adverse effects on the function of the 
brain. Several recent studies (DeWall et al., 2015; DeWall et al., 2010; 
Mischkowski et al., 2016; Randles et al., 2013) in humans have suggested that 
paracetamol may affect a wide variety of cognitive functions. A psychological study 
showed that paracetamol lowered the arousal of emotion, irrespective of whether the 
stimuli had a negative or positive valence (Durso, Luttrell, & Way, 2015). Another
study using brain imaging showed that, compared to a placebo, daily doses of 
paracetamol for 3 weeks reduced neural responses to social rejection in the insula and 
dorsal anterior cingulate cortex (DeWall et al., 2010). Acute doses of paracetamol 
have been shown to ameliorate negative reactions to threats (Randles et al., 2013),
and to reduce discomfort that people experience when making difficult decisions 
(DeWall et al., 2015) and empathy for pain (Mischkowski et al., 2016). In animals, 
acute neonatal exposure to paracetamol at an early developmental stage altered 
locomotor activity during exposure to a novel home cage arena, and impaired spatial 
learning in adulthood (Viberg, Eriksson, Gordh, & Fredriksson, 2014). The finding
in animal studies suggesting that neonatal exposure to paracetamol can affect later 
performance in behavioral and cognitive tasks is alarming considering the wide use 
of the drug by humans. The effects of short-term use of paracetamol on cognitive 
performance in adult human subjects are likely temporary, but little is known about 
possible long-term effects. Evidence is accumulating that chronic use of paracetamol 
may cause clinically significant adverse effects such as gastrointestinal bleeding, mild 
elevation of blood pressure, liver and renal problems, and there is some evidence of 
a relation with neurodevelopmental diseases when used during pregnancy (McCrae 
et al. 2018). All in all, too little is still known about the possible side effects of acute 
and long-term use of paracetamol on the various aspects of cognitive performance.
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2.4. Nociception, neuropathic pain and SNI model  

Pain is "an unpleasant sensory and emotional experience associated with actual or 
potential tissue damage, or described in terms of such damage" (defined by 
International Association for the Study of Pain). The peripheral nociceptor
transduces the noxious stimulus into electrical signals. Primary afferent nociceptive 
nerves convey the signal to the spinal dorsal horn. The nociceptive signal ascends
from the dorsal horn via the spinothalamic, spinomesencephalic, spinoreticular, 
spinohypothalamic and spinoamygdalar tracts to elicit pain sensation in the brain. In 
addition, the hypothalamus and amygdala and various other brainstem nuclei 
modulate nociception by descending pathways (Julius & Basbaum, 2001).

Neuropathic pain is chronic pain developed after a lesion or disease of the central 
or peripheral somatosensory nervous system. The sensory signs and symptoms of 
neuropathic pain may include "sensory loss", "thermal hyperalgesia", and 
"mechanical hyperalgesia" (Baron et al., 2017). Neuropathic pain can be reflected by 
both peripheral and central sensitization mechanisms (Campbell & Meyer, 2006). 
Peripheral sensitization involves changes in the expression of nociceptors such as 
transient receptor potential (TRPs) channels TRPVI and TRPAI that are expressed on 
primary afferent endings, where they transduce thermal, chemical and mechanical 
stimuli to electrical signals (Levine & Alessandri-Haber, 2007).  Hyperactivity of 
nerve fibers (Wu et al., 2001) and dysfunction of the immune system (Kleinschnitz, 
Brinkhoff, Zelenka, Sommer, & Stoll, 2004) may also lead to promotion of pain by a 
peripheral mechanism. Central sensitization refers to an increase in the responses of 
relay neurons which is caused by a state of facilitation in pain-relay neurons, and 
amplification of synaptic transmission (Latremoliere & Woolf, 2009). 

The spared-nerve injury (SNI) is a typical animal model of peripheral neuropathic 
pain developed by Decosterd and Woolf (Decosterd & Woolf, 2000). The SNI is 
characterized by hypersensitivity to normally innocuous mechanical stimuli after the 
ligation and axotomy of the peroneal nerve and tibial nerve that leave the sural nerve 
branch of the sciatic nerve intact. SNI induced hypersensitivity in the sural nerve 
territory. In addition to the peripheral and central sensitization mechanisms 
mentioned above, nerve sprouting-triggered organization of neuronal fibers 
(Mannion et al., 1999) and disinhibition, due to a loss of spinal segmental inhibitory 
mechanism (Neumann, Doubell, Leslie, & Woolf, 1996), might contribute to 
hypersensitivity in SNI model.  

2.5. Behavioral tests 

"Emotionality" is a term coined by Hall (Hall, 1934) to conceptualize the behavior 
presumed to accompany high sympathetic nervous activity. Later, the term was 
defined as a subjective experience associated to behavioral/physiological changes, 
which are generated by non-ordinary situations (Ramos & Mormede, 1998), such as 
anxiety- and depression-like behavior. Hall also introduced the open-field test (OFT) 
as a tool to study emotionality. Since then, a number of behavioral tests, such as the 
elevated plus-maze (EPM) (Montgomery, 1955), water maze (Morris, 1981), and 
light-dark box (LDB) were employed to assess the emotionality. In the current thesis, 
the OFT, EPM, and LDB tests were used to assess the effects of paracetamol on 
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emotionality. In addition, effects of paracetamol on memory, anhedonia, and 
locomotor activity were investigated with novel object recognition (NOR), sucrose 
preference test (SPT), and rotarod tests, respectively. 

2.5.1 Open-field Test (OFT) 

The original paradigm of the OFT was described by Hall (Hall, 1934).  The apparatus 
was composed of a circular arena with a diameter of 1.2 m and encircled by a 0.45 
m-high wall and was kept in a bright environment. The rat was placed in the outer 
ring of the open field and its behavior was observed for 2 min. The measured 
parameters included eating, defecation, and urination. Subsequent studies added the 
ambulation (Broadhurst, 1958), freezing and grooming (Doyle & Yule, 1959), entries 
to the inner circle (Ader & Conklin, 1963) and time spent at the center (DeFries, 
1964) as measures. Usually the rodent walks close to the walls due to stress/anxiety 
when it is first put in the arena of the OFT. With lower stress/anxiety, the spontaneous 
exploration drives the rodent to move to the center. An increase of the time spent in 
the center indicates anxiolysis or exploration. Rearing is also a useful marker of 
environmental novelty and exploratory behavior and it can be modulated by various 
factors such as anxiety/fear emotionality (Lever, Burton & O’Keefe, 2006).

2.5.2 Elevated plus-maze (EPM) 

The elevated plus-maze (EPM) is an extensively used method to assess emotionality.
The method was developed from the Montgomery’s procedure (Montgomery, 1955).  
In this procedure, Montgomery used a Y-maze with a varying ratio of open/closed 
arms to assess the activity of a rodent in the arms. He interpreted that the reason why 
an animal preferred the closed arm is that the elevated open arm evokes a greater fear, 
and therefore more avoidance behavior, than the closed arm. The approach-avoidance 
conflict behavior in an elevated arm is driven by both exploration and fear 
(Montgomery, 1955). Handley and Mithani (Handley & Mithani, 1984) used a plus-
maze with two open and two closed arms instead of a Y-maze to assess the extent of 
anxiety. Due to its simplicity, inexpensiveness and validity, the EPM paradigm was 
employed to assess anxiety-like or anxiolytic effects of drugs (Pellow, Chopin, File, 
& Briley, 1985) and to investigate brain structures related to fear/anxiety (Kim et al., 
2013). In addition to the assessment of fear- and anxiety-like behavior, the EPM was 
extended to assess emotionality related to e.g. memory and pain (Carobrez & 
Bertoglio, 2005). 

2.5.3 Light-dark box (LDB) 

The light-dark box (LDB) test is a method to assess anxiety-like behavior. The 
apparatus is comprised of two chambers separated by a plexiglas board, one of which 
is a dark chamber covered with black masking tape, the other is a light chamber 
covered with white paper and illuminated by a light. The animals are free to move in 
the two chambers. The time spent in each chamber is measured to assess the 
preference. The method is based on the rodents’ innate aversion to a bright 
environment and on their spontaneous tendency to explore novel bright environments 
(Bourin & Hascoët, 2003). The aversion-exploration conflict reflects the current level 
of stress/anxiety in the rodents.
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2.5.4 Novel-object recognition (NOR) 

When a healthy rat or mouse is exposed to a familiar object alongside a novel object, 
the animal approaches more frequently the novel and spends more time to explore the 
novel than the familiar object (A. Ennaceur, 2010). The animal prefers to explore the 
novel object as it has a natural instinct to novelty that can be used to evaluate 
stimulus-recognition associated behavior. Ennaceur and Delacour (Abdelkader 
Ennaceur & Delacour, 1988) first developed the novel-object and novel-location 
recognition tests based on the instinct. In the novel-object recognition (NOR) 
paradigm, the rat undergoes a two-trial test: in the first trial, the rat is exposed to one 
or two identical objects; and in the second trial, after an intertrial interval (~ 1 min), 
to two dissimilar objects, a familiar and a new one. The rat spends more time 
exploring the new object than the familiar one. The performance of the animal is
measured by a discrimination index, index of global habituation, or a preference index 
depending on the aim of  the study (Antunes & Biala, 2012). The paradigm is a simple 
behavioral assessment of memory that relies primarily on the rodent’s innate 
exploratory behavior in the absence of externally applied rules or reinforcement 
(Antunes & Biala, 2012). Despite the NOR has been mostly limited to memory 
studies (A. Ennaceur, 2010), it was extended to measure also attention, anxiety, and 
the preference for novelty (Silvers, Harrod, Mactutus, & Booze, 2007). NOR is also 
used to investigate the effects of various pharmacological treatments and 
consequences of brain damage (Goulart et al., 2010).  

2.5.5 Sucrose preference test (SPT) 

The sucrose preference test (SPT) was developed from the two-bottle choice 
paradigm (Stockton & Whitney, 1974). A healthy rat is strongly attracted to the sweet 
taste of sucrose while rats exposed to chronic stress regime fail to increase their fluid 
consumption when saccharin or sucrose is added to their drinking water (Katz, 1982).
Therefore the test can be used to assess anhedonia (i.e. inability to feel pleasure) and 
depressive-like like behavior in rodents (Saenz, Villagra, & Trias, 2006; Willner, 
Towell, Sampson, Sophokleous, & Muscat, 1987).  

2.5.6 Rotarod test 

The rotarod test is used to measure motor coordination.  The paradigm was first 
developed by Dunham and Miya (Dunham & Miya, 1957).  The procedure requires 
the rat to maintain its equilibrium on a rod that rotates at a constant speed. In a 
modified procedure, the speed of the rotating rod is gradually increased while the rat 
is walking on the rod, to improve the sensitivity of the task (Jones & Roberts, 1968). 
It is a frequently used test to evaluate the effects of various drugs (Hamm, Pike, Odell, 
Lyeth, & Jenkins, 1994) and disease models on the motor function (Rozas, Guerra, 
& Labandeira-Garcıa, 1997; Tesla et al., 2012). 

2.6. Local field potentials (LFPs)  

Local field potentials (LFPs) are electric potentials recorded in the extracellular space 
using micro-electrodes (e.g. metal, silicon or glass micropipettes). Unlike multi-unit 
activity, the LFPs are the low-frequency range (below 500 Hz) extracellular field 
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potentials representing slow electrical signals and sub-threshold activity (Einevoll, 
Kayser, Logothetis, & Panzeri, 2013). LFPs differ from their counterparts, 
the electroencephalogram (EEG) and the electro-corticogram (ECoG), which are 
recorded on the surface of the scalp and on the surface of the dura with macro-
electrodes (Buzsaki, Anastassiou, & Koch, 2012).   

The biophysical origin of LFPs is extracellular field potentials. The extracellular 
space and intracellular space of a neuron forms a closed electrical loop. The 
extracellular positive ions (e.g., Na+) flow into neurons as an inward current during 
activation.  To keep the electrical neutrality in the closed loops, an outward current 
for balance flows from distant sites of the inactive membrane to the injection site of 
the inward current through the extracellular medium. The extracellular field 
potentials are generated by the resistance of extracellular medium, which can be 
measured by electrodes (Buzsaki & Draguhn, 2004; Logothetis & Wandell, 2004).
The synaptic transmembrane current is the major contributor to the extracellular 
current flow. In addition, synchronous action potentials from many neurons can 
contribute to high-frequency components of the LFP. Afterpotentials generated by 
long-lasting (10–100 ms) calcium spikes propagate within the cell and therefore 
contribute to the extracellular field potentials.  Intrinsic current and ionic fluxes 
through voltage- and ligand-gated channels can shape the extracellular field (Buzsaki 
et al., 2012).

The LFPs represent summed extracellular field potentials located in a small 
volume around the recording site. The two factors affecting the LFPs are the cellular-
synaptic architectural organization of the network and synchrony of the current 
sources in the volume (Buzsaki et al., 2012). Thus the LFP amplitude reflects the 
extent and geometry of dendrites in each recording site. 

The signal measured by the LFP technique is neural oscillation. It can be 
characterized by amplitude, frequency and phase. According to the spectral range of 
the frequency, the oscillatory activity can be divided into delta (0.5−3 Hz), theta
(3.5−8 Hz), alpha (9−14 Hz), beta (15−25 Hz) and gamma (> 30 Hz) oscillation. The
spectrum of selectively distributed oscillations acts as resonant communication 
networks through large populations of neurons and plays a major role in functional 
communication in the brain in relation to cognition, memory and integrative functions 
(Erol Başar, Başar-Eroglu, Karakaş, & Schürmann, 2001).

The spectral oscillations are invaluable for understanding cortical function 
(Mehring et al., 2003), and useful for long term chronic experiments and for clinical 
applications such as Brain Machine Interfaces (Hwang & Andersen, 2013).
Compared to ECoG and electroencephalography (EEG)/magnetoencephalography 
(MEG), the LFPs are more local and fewer "volume conducted" potentials from 
distant sites mixes in LFPs (Kajikawa & Schroeder, 2011). Furthermore, because 
MEG/EEG signals are produced mainly by postsynaptic currents in the apical 
dendrites of cortical pyramidal neurons (Hari & Puce, 2017), these methods cannot 
substitute LFP recordings to study the neuronal activity in the deep nuclei of the brain.
However, LFPs have also a drawback. Due to the multiple neuronal processes that 
contribute to them, the LFP is partly an ambiguous signal and more difficult to 
interpret than spikes (Mazzoni, Logothetis, & Panzeri, 2012).  
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2.7. Prepulse inhibition (PPI) 

Prepulse inhibition (PPI) is a neurophysiological phenomenon in which a weaker 
stimulus (prepulse) suppresses the reaction of an organism to a subsequent strong 
stimulus (pulse) (F. K. Graham, 1975). PPI was first described in 1863 by Sechenov,
who showed that reflexes of frogs to painful cutaneous stimuli could be inhibited by 
stimulation of the brain (Chang & Slikker Jr, 1995). Hoffman discovered it again in 
1963 and first termed the "prepulse inhibition" (Powers & Leitner, 2007).

PPI is highly reliable, requires no training, and is readily observable in animals
and humans (Hoffman & Ison, 1980). In PPI, the startle response is considered as a 
behavioral "probe" to determine the effectiveness or salience of sounds that modulate 
the startle. To inhibit startle response, the prepulse must precede the pulse by 30–500 
ms (Ison & Hoffman, 1983). The loss of normal PPI is thought to be a measure of the 
deficient sensorimotor gating, by which excess or trivial stimuli are screened or 
"gated out" of awareness to focus attention on the most salient aspects in environment
(Braff & Geyer, 1990). Studies using animal models have investigated the 
neuroanatomical basis of PPI and suggested a role for the medial PFC, ventral 
striatum, thalamus, and mesial temporal lobe in the regulation of the PPI (Swerdlow 
et al. 2016).  The inhibition of a pulse by a prepulse was reported in a number of 
studies, using startle stimuli in tactile, acoustic, or electrocutaneous modalities 
(Cohen et al. 1981; Perlstein et al. 1993; Blumenthal et al. 1996; Norris & Blumenthal 
1996; Blumenthal et al. 2001). Clinically the PPI is often assessed by the 
measurement of a blink reflex or acoustic startle response (Swerdlow, Geyer, & Braff,
2001). Studies in humans using MEG and EEG have shown that neural responses to 
the pulse are suppressed by a preceding prepulse in both amplitude and frequency
(Ford, Roth, Menon, & Pfefferbaum, 1999; Inui et al., 2012; Kedzior, Koch, & Basar-
Eroglu, 2006).
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3. Aims of the thesis 

The goal of the thesis was to better understand the neural mechanism of auditory 
emotion processing and to investigate whether paracetamol, a common pain killer 
and fever-reducing drug, might also affect emotion processing as suggested in recent 
human studies.  

The logic of using animal experiments to study effects of paracetamol is manifold. 
The mechanisms of action of paracetamol have been studied quite extensively in 
animal models and thus knowledge about the pharmacokinetics as well as dose-
response effects are available. Several behavioral tests for rats have been developed 
that can be used to investigate drug effects on motor control, memory and anxiety. 
Furthermore, it is also valuable to study drug effects on complex behaviors in lower 
animals and in controlled experimental set-ups as interpretation of the results may be 
more straightforward, though not simple, than in studies on humans.  

Several questions regarding emotion processing that have been extensively 
investigated in the visual domain, using both experiments on animals and on humans, 
are still unanswered in the auditory domain. As one aim of the current thesis was to 
investigate the role of the amygdala in auditory emotion processing, the LFP 
recording method in animals was chosen as it enables spatially accurate positioning 
of the microelectrodes into the amygdala and recording of the responses with high 
temporal accuracy. Non-invasive electrophysiological methods (EEG and MEG) that 
can be used in humans have also high temporal resolution but do not allow accurate 
recording of electrical activity in the deep structures of the brain.  

Four studies are included in this thesis. Study I characterized the development of 
neuropathic symptoms following SNI and investigated the role of the TRPA1 channel 
that is putatively involved in paracetamol-induced actions in the development of 
mechanical hypersensitivity in SNI rats. Study II applied the SNI rat model to 
investigate the effects of paracetamol on emotional as well as pain behavior of healthy 
and neuropathic rats. Studies III and IV applied LFP recordings in rhesus monkeys 
and aimed at investigating the role of the amygdala and OFC in auditory emotion 
processing.  

The specific aims were the following:  
1. To explore how an acute, intraperitoneal injection of paracetamol affects the 

behavior related to anxiety, mood, motor activity and memory in healthy and 
neuropathic rats (Study I & II). 

2. To investigate whether prepulse inhibition (PPI) of auditory cortical 
responses can be demonstrated by using intracortical LFPs recording in 
monkey STGcb (Study III).

3. To investigate whether the amygdala and OFC, in monkeys, process emotions 
embedded in natural monkey vocalizations, and the functional interactions 
between the two brain areas during auditory emotion processing (Study IV). 
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4. Methods 

4.1. Animals 

In total 115 adult male Hannover-Wistar (HW) rats were investigated in Studies I and 
II. All rats were housed in standard laboratory conditions with the temperature of 22 
ºC, the humidity of 55%, a 12-h light-dark cycle, and food and water access ad
libitum. The rats were housed in groups of 2 rats per cage. The animals were 
euthanized after completion of the experiments by an overdose of sodium 
pentobarbital. The experimental procedures were approved by the Science and 
Technology Commission of Shanghai Municipality (Shanghai, China) and the 
Experimental Animal Ethics Committee of the Provincial Government of Southern 
Finland (Hämeenlinna, Finland). The experiments were performed according to the 
guidelines of European Communities Council Directive of 22nd September 2010 
(2010/63/EU).  

The data in Studies III and IV were collected at Kunming Institute of Zoology, 
Chinese Academy of Sciences. Four adult male rhesus monkeys (Macaca mulatta,
7.2–10.6 kg, age 6 years) participated in Study III. Three of the four monkeys 
participated in Study IV. The monkeys were selected from four different social male 
groups raised in the Kunming Primate Center of the Chinese Academy of Sciences. 
They had no contact with each other prior to the experiment and were thus unfamiliar 
with each other. During the experiments, they were housed in cages individually in 
different rooms with standard primate laboratory conditions (temperature 23 ºC, 
humidity 55%, a 12-h light-dark cycle). The experiments were approved by the 
Internal Review Board at Kunming Institute of Zoology, Chinese Academy of 
Sciences and all experimental procedures were in compliance with National Institutes 
of Health Guidelines for the Care and Use of Laboratory Animals (NIH Guidelines). 

All efforts were made to limit distress and to use only the number of animals 
necessary to produce reliable scientific data. 

4.2. Drugs  

For Study I & II, sodium pentobarbital, buprenorphine, physiological saline and 
paracetamol were obtained from OrionPharma (Espoo, Finland). The drugs were 
administered intraperitoneally (i.p.).

In Study I, Chembridge-5861528, TRPA1 antagonist (Koivisto & Pertovaara, 
2015), was obtained from ChemBridge Corp. (San Diego, CA). The results of the 
other drugs used in Study I [carbenoxolone (a gap junction decoupler), 
cinnamaldehyde (a TRPA1 agonist) and gabapentin (a widely used analgesic 
compound against neuropathic pain)] are not reported in the thesis because they were 
outside the main scope of the thesis. The drugs were administered intrathecally (i.t.)
to the lumbar level of the spinal cord. Vehicle consisted of polyethylene glycol (75 %) 
and physiological saline (25 %).

For Study III and IV, vitamin AD was purchased from Shenghuo Pharm. 
Company (Kunming, China). Hydrochloric acidulated ketamine (150 mg/ml) was 
obtained from Shanghai No.1 Shenghua Pharmaceutical Industry Limited Company 
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(Shanghai, China). Sodium pentobarbital was purchased from Sigma-Aldrich (St. 
Louis, MO) and dissolved in saline (40 mg/ml). Before anesthesia, atropine (KPC 
Pharmaceuticals Inc., Kunming, China) was injected intramuscularly (0.5 mg/ml, 
i.m.). Hydrochloric acidulated ketamine and sodium pentobarbital were administered
intramuscularly (i.m.) for anesthesia. Penicillin was purchased from KPC 
Pharmaceuticals Inc. (Kunming, China) and was dissolved in saline (80 MU in 2 ml 
saline per monkey).

4.3 Course of the studies  

In Study I, the rats were first habituated to the experimental environment for two 
days. After habituation, the experimental procedures took 8 days (Figure 3A). On
Day 0, a monofilament test before surgery, surgery for installation of an i.t. catheter, 
the first spinal drug/vehicle delivery and then the SNI/sham operation were 
performed. On Day 0, drugs were administrated only once after the installation of an 
i.t. catheter. On Day 2–6, drugs were administered twice daily (Figure 3A). On Day 
7, the rats underwent a monofilament test (before drug), followed by spinal 
drug/vehicle delivery and then 3 monofilament tests at 15, 30 and 60 min after drug. 
Results of 2 SNI and 1 sham group are reported in the Thesis (Table 1 and Figure 
3A). Of the 2 SNI groups, one group received treatment with CHEM twice daily and 
one with vehicle. The sham-operated group received vehicle treatment. 

In Study II (Figure 3B), unoperated rats received the treatment of saline, low-dose 
(50 mg/kg) or high-dose (300 mg/kg) paracetamol injection (i.p.). The paracetamol 
doses were based on earlier findings in rats indicating dose-dependent antinociceptive 
effects of intraperitoneally injected paracetamol that were apparent already at the 
dose of 50 mg/kg and more effective at the high dose (300 mg/kg) which, however, 
did not produce side effects such as drowsiness (Im et al. 2012).  

Three unoperated groups underwent a series of behavioral test of OFT, EPM, LDB 
and SPT and another three unoperated groups underwent the NOR and rotarod tests 
after vehicle/drug. The four groups of operated rats (sham/SNI) received the 
treatment of saline or low-dose paracetamol injection. The assessment of limb-
withdrawal threshold was performed after vehicle/drug. After the assessment of the 
limb-withdrawal threshold, they underwent a series behavioral tests of OFT, EPM, 
LDB and SPT.
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Figure 3. Course of Study I & II. A. Course of Study I. D0–D7 represent Day 0–Day 7. The 
Broken arrows represent time points for repeated spinal drug/vehicle applications. The cross 
on D7 represents the time point (30 min after the last monofilament test) when animals were 
euthanized. m = monofilament test; i.t = intrathecal. SNI = spared-nerve injury. Ch = 10 ug 
of Chembridge-5861528. V = vehicle.  . B. Course of Study II. OFT = open field test; EPM = 
elevated plus maze; LDB = light-dark box test; NOR = novel object recognition; SPT = 
sucrose preference test.



25 
 

In Study III & IV, the monkeys underwent a surgery for anchoring the markers 
and MRI scanning of the brain under anesthesia to localize the target areas. After a 
recovery time of one week, the monkeys underwent the second surgery for 
implantation of electrodes into the target areas. The monkeys were allowed to recover 
from the second surgery for a period of one month. They were then familiarized with 
the recording room and accustomed to sitting in a primate chair for a period of about 
one week before the recordings. During the recordings, the monkey sat in the primate 
chair and received auditory stimuli. The monkeys were not trained to perform any 
behavioral tasks. In Study III, intracortical LFPs recordings were performed in two 
conditions (ALONE and ACCOMP). In the ALONE condition, the monkey sat alone 
in the recording room and listened to the stimuli passively. In the ACCOMP 
condition, the monkey, while listening to the stimuli, was accompanied by another 
monkey (one of the three other subjects of the study) that was sitting face to face in 
another primate chair at a distance of 2 meters. In Study IV, the monkey sat alone in 
the recording room in the primate chair and listened to the stimuli. The auditory 
stimuli in Study III & IV were presented through two loudspeakers (Edifier, China) 
located on both sides of the primate chair (Figure 4B). During the intracortical 
recordings, a video camera was used to monitor the monkeys’ behavior and to record 
their possible vocalization. 

4.4. Surgery 

4.4.1 Surgery for SNI model in rats (Study I & II) 

Anesthesia 

The surgery was performed under anesthesia with i.p. administration of 60 mg/kg of 
sodium pentobarbital. During surgery, additional doses (15–20 mg/kg, i.p.) were 
administered to keep the depth of anesthesia so that the animal did not react to noxious 
stimulation. To prevent postoperative pain, the animals were treated with 
intramuscular or subcutaneous administrations of 0.01 mg/kg of buprenorphine for 3 
days after SNI/sham surgery. 

Surgery for SNI 

The aim of the surgery was to axotomize and ligate the tibial and common peroneal 
nerves, and keep the sural nerve branch of the sciatic nerve intact. After anesthesia,
the rat was shaved in the left hind limb area for surgery. The area was sterilized by 
70% ethanol and Povidone-iodine, the limb skin was opened with a scalpel and an 
incision was made in the muscle to allow the access to the sciatic nerve. The common 
peroneal nerve and the tibial nerve were separated from the sural nerve with a glass 
stick and were tight-ligated with 4-0 silk. The two nerves were axotomized by 
ophthalmic surgery scissors without touching the sural nerve. Muscle and skin were 
sutured separately. The rat was under surveillance until it recovered from anesthesia. 
During the following days the animal was carefully monitored to ensure that the 
recovery was complete. The sham operated rats underwent the same procedure except 
that no axotomy and ligation of tibial and common peroneal nerves were done. 
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4.4.2 Surgery for electrode implantation in monkeys (Study III and IV) 

Electrode preparation 

The recording electrode is shown in Figure 4A. It is comprised of two Teflon-coated 
platinum-iridium alloy wires (diameter of the wire 50 μm) in a carrier silicon tube. 
The length of the two wires was unequal with a difference of about 1 mm at the tip. 
The tip impedance was 50–100 kΩ at 10 Hz.

Anesthesia 

Anesthesia was induced by intramuscular (i.m.) administration of hydrochloric 
acidulated ketamine (10 mg/kg). Atropine was injected (0.05 mg/kg, i.m.) to decrease 
mucose secretion and prevent bradycardia during anesthesia. The anesthesia was 
maintained with sodium pentobarbital (20 mg/kg, i.m.). During surgery, additional 
doses (10 mg/kg, i.m.) were administered to keep the depth of anesthesia so that the 
animal did not react to noxious stimulation. After the surgery, penicillin was injected 
to prevent postoperative infection.

Electrode implantation 

A magnetic resonance imaging (MRI) guided stereotaxic method (Jing et al., 2010),
was used to accurately implant the stereotrodes. After anesthesia, the monkey’s head 
was fixed on the stereotaxic apparatus, the scalp was incised and retracted along with 
the muscles overlying the skull. The surface of the skull was cleaned and dried 
thoroughly. Then, nine pores were drilled with the purpose of anchoring the markers. 
The coordinates of the nine pores were based on a brain atlas of the rhesus monkey 
(Paxinos, Huang, & Toga, 2000). Six of the pores were targeted to bilateral STGcb, 
caudal OFC and basolateral nuclei of the amygdala and the other three to the midline. 
A rigid glass capillary was anchored stereotaxically in the pores and was used as an 
external marker in MRI. The capillary tubes were filled with vitamin AD to provide 
a bright signal in the MR image and thereby to serve as reference points in both the 
MR image and the skull of the monkey to determine the implantation coordinates for 
the electrodes. After anchoring of the glass tubes, the monkey underwent structural 
MRI scanning on the brain. The MRI images were used to identify target areas. The 
calculation of the final implantation coordinates of the target areas was based on the 
stereotaxic coordinates of the external markers (glass capillaries) on the skull and on 
the location of the target areas in the MR images.  

The implantation surgery was performed after one week of recovery from the pre-
MRI surgery. Using the same anesthesia as in the pre-MRI surgery, the electrodes 
were implanted by a standard electrode carrier and vertically fixed into bilateral 
caudolateral belt of the superior temporal gyrus (STGcb), amygdala, caudal 
orbitofrontal cortex (OFC) and into unilateral V1 (in two monkeys on the left 
hemisphere and in other(s) on the right hemisphere). A stainless steel chamber was 
anchored by screws and dental cement on the skull that allowed fixing the head to the 
primate chair for the time of the electrophysiological recordings and connecting the 
electrodes to the amplifier. Additionally, five titanium bone screws (diameter: 3.5 
mm) were implanted to the skull at a distance of about 1 cm from the chamber. The 
screws were connected by wires and used as a reference to the recording electrodes. 
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After a recovery period from the surgery of about one month, the monkey was 
familiarized with the recording room and accustomed to sitting in a primate chair; 
this training took about one week. 

Figure 4 Recording methods in Study III & IV. A. The recording electrode. The 
electrode was comprised of two Teflon-coated platinum-iridium alloy wires (diameter 
of the wire 50 μm) in a carrier silicon tube. B. The participant monkey sat in a primate 
chair and received auditory stimuli. The stimuli were presented by two loudspeakers 
(Edifier, China) located on both sides of the primate chair. A video camera was used 
to monitor the monkeys’ behavior and recorded their possible vocalization. C. 
Coronary MRI slices showing recording sites of STGcb, OFC and AMY. STGcb =
caudolateral belt of superior temporal gyrus. OFC = orbitofrontal cortex. AMY =
amygdala. The "∆", "*" and "X" indicate the recording sites.
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4.5. Data collection and analysis 

4.5.1. Assessment of hypersensitivity (Study I & II) 

In Study I and II, verification of the SNI model was done with the monofilament test,
i.e. with the limb-withdrawal threshold test. The habituation of the rats to the animal 
room and handling by the experimenter lasted 3 consecutive days before the 
experiments. The rats were also habituated to the transparent box, which was used 
when assessing the responses to mechanical stimulation. The rat was habituated in 
the device for 2 hours daily for 2 days.  The assessment of the limb-withdrawal 
threshold was performed in a plexiglas chamber (21 cm × 15 cm × 15 cm), which was 
inverted upon an elevated metal grid. Hypersensitivity was verified by measuring 
with monofilaments the hind limb withdrawal threshold to stimulation of the lateral 
foot pad of the hind paws, which is the terminal area of the spared sural nerve.  A
series of 10 monofilaments (North Coast Medical, Inc. Morgan Hill, USA) with 
increasing force ranging from 0.4 to 60 g (0.4, 1, 2, 4, 6, 8, 10, 15, 26 and 60 g) were 
applied to test the limb withdrawal responses. For each force level, the stimulus was 
repeated 5 times in a row and one withdrawal response to the stimulus represented a 
20% response rate at the studied test force level. The test in Study II was blinded to 
reduce the bias from the experimenter. In Study I and II, the percentage of withdrawal 
responses at each stimulus intensity (0.4–60 g) represented an index mechanical 
sensitivity. If the rat had no withdrawals to five presentations of a monofilament, the 
percentage of withdrawal responses was 0%. If the rat withdrew to all five 
presentations of the monofilament, the percentage of withdrawal responses was 
100%. For assessment of the effect of drug, the difference between the post-drug and 
pre-drug responses was calculated at each test stimulus force and experimental 
condition. 

4.5.2 Behavioral tests in rats (Study II) 

The behavioral tests used in this thesis include open-field test (OFT), elevated plus-
maze (EPM), light-dark box (LDB), sucrose preference test (SPT), novel-object 
recognition (NOR), and rotarod test.  

The OFT was performed in an environment with the light level of 300 lux. The 
arena for OFT was circular with an 85-cm diameter white floor and a 50-cm high 
white wall. The floor was divided into 19 sections by three concentric black circles, 
twelve radial lines in the middle circle and six radial lines in the outer circle.  The rat 
underwent free exploration for 5 min in the arena. The number of line crossings, the 
number of rearings and leanings, the time spent grooming, and the number of 
defecations were counted for the statistics. 

The EPM test was performed in an environment with the light level of 300 lux. 
The device consisted of two open arms 45 cm × 10 cm and two closed arms 45 cm × 
10 cm × 35 cm with an open roof, elevated to 50 cm from the floor and arranged so 
that the open arms were opposite to each other. Each rat underwent a 5-min test and 
the moving of the rat was recorded by a digital video camera. The performance of the 
rat in the EPM was evaluated by calculating the percentage (%) of time spent in the 
closed arms of the maze.  



29 
 

The LDB test was carried out in an experimental arena consisting of two 
compartments (each 30 × 30 cm), one of which was dark and the other illuminated
with a cold light source of a xenon lamp (100 lux). Each rat was released to the light 
zone and allowed to explore the experimental chamber for 5 min. The performance 
was evaluated by calculating the percentage of time the rat spent in the light box.

The SPT test was performed in the home cage during a time period of 20:00–8:00 
on the testing day. Each rat was presented with two bottles: one filled with tap water 
and the other with 0.8 % sucrose solution (200 mL each). The 12-hour consumption 
of water and sucrose solution was calculated by weighing the bottles both before and 
after the test, and by subtracting the weight of the bottle after the test from the weight 
before the test. The preference percentage, i.e. the ratio of the sucrose solution 
consumption divided by the total fluid consumption, multiplied by 100, was 
calculated. A reduction in sucrose preference was considered to represent anhedonia. 

The NOR test was performed in an environment with the light level of 300 lux. 
The arena was the same one used for OFT tests. The procedures included 
prehabituation, habituation, exposure 1 and exposure 2. The prehabituation was 
performed on the day before the test and lasted for 20 min. The rats were put in the 
arena in the absence of objects. The habituation, exposure 1 and 2 were performed on 
the test day. The habituation period lasted for 3 min and then the rat was put back to 
its home cage for 7 min. During exposure 1, two identical objects were placed in 
opposite quadrants of the arena, 16 cm from the perimeter. The rat underwent free 
exploration of the arena and the objects for 3 min. Then the rat was removed from the 
arena and returned to its home cage for an interval of 5 min. During exposure 2, one 
familiar object was replaced with the novel object and the rat was allowed to freely 
explore the objects for 3 minutes. For NOR, the performance was calculated as 
follows:   

(Total time spent for exploring either object) / (Total time spent for exploring both 
objects). 

The rotarod test was performed on a rotating drum (Ugo Basile, Varese, Italy) to 
measure the time that the rat stayed on. The rat was trained 5 min per day for two 
days to stay on the drum. On the third day, performance was assessed once by 
measuring the duration (s) that the rat stayed up on the drum at the maximum drum 
speed. During training and testing, the speed was increased to the maximum 
revolution speed (26 revolutions/minute) in 2 revolutions/s after starting the test. The 
duration (s) that the rat stayed up on the drum at the maximum drum speed was 
measured. 

Three groups of unoperated rats and four groups of operated rats underwent OFT, 
EPM, LDB, and SPT. Another three groups (saline, low-dose of paracetamol [50 
mg/kg], high-dose of paracetamol [300 mg/kg]) of unoperated rats underwent the 
NOR and rotarod tests.  

4.5.3. Experimental setups in electrophysiological recordings (Study III & IV) 

In Study III and IV, intracortical LFP recordings were conducted in monkeys 
receiving auditory stimulation. In Study III the stimuli were tones whereas in Study 
IV they were monkey vocalizations. The monkeys sat in a primate chair and 
performed no tasks. In Study III, a PPI paradigm was applied. The PPI had two types 
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of stimuli, a Prepulse stimulus that was followed by a Pulse stimulus. As a control, 
the Pulse stimulus was also presented alone, i.e. without a Prepulse, and was then 
called Pulse-only.  In Study III, the Prepulse + Pulse and Pulse-only stimuli were 
presented 50 times in a random order in one block. The interval between the Prepulse 
+ Pulse and Pulse-only trials varied randomly in the range of 8–12 seconds with 1-s
steps. The Prepulse, Pulse and Pulse-only tones had the same frequency (1000 Hz) 
and duration (10 ms). For the Prepulse + Pulse trials, the interval between the Prepulse 
and Pulse was 300 ms. The amplitudes of the tones were set by the Psychtoolbox 2 
(http://psychtoolbox.org/) in Matlab (Natick, MA, USA). The amplitude of the Pulse 
in the Prepulse + Pulse trial was the same as the amplitude of the Pulse-only. The 
amplitude of the Prepulse was 10% of the amplitude of the Pulse and Pulse-only.  The 
peak intensity of the Prepulse was 70 dB sound pressure level (SPL) and the peak 
intensity of the Pulse and Pulse-only was 110 dB SPL measured at the location of the 
primate chair.   

In Study IV, four types of monkey vocalizations (coo, pant threat, scream and 
warble) were used as stimuli. The duration of the vocalizations ranged between 0.95–
1.55 s.  Based on evaluations of human listeners and on the spectrogram of the sound, 
the monkey vocalizations were categorized as neutral (coo), threatening (pant threat), 
fearful (scream) and happy (warble). The vocalizations were presented among other 
sounds (white noise and a 1000-Hz pure tones, duration of both 1.5 s), in a random 
order in one block. The peak intensity of these sounds was 80 dB SPL measured at 
the primate chair. Each monkey underwent two LFP recording sessions a day; one in 
the morning and another in the afternoon. During each recording session, the monkey 
received one blocks of auditory stimuli and, thus, responses to 40 trials of every type 
of stimuli were collected. The recordings lasted for one week resulting in a total of 
14 blocks for each monkey.  

During the recordings, the signal from the electrodes was amplified, bandpass 
filtered (0.1–120 Hz), and digitized (sampling frequency of 1000 Hz) by an amplifier 
(Symtop, Beijing, China). Data were saved for off-line analysis.

In Study III and IV, the FieldTrip toolbox (http://www.fieldtriptoolbox.org/) in 
MatLab (Natick, MA, USA) was used to analyze the electrophysiological signals. 
The signals were averaged from the two electrodes of one stereotrode to improve the 
signal-to-noise ratio. The collected data were segmented with respect to each stimulus 
for analysis of the amplitude of averaged cortical responses, spectral analysis and 
coherence estimation. For the amplitude analysis, the N1 response amplitude was 
investigated while other components of the cortical responses were very weak. The 
N1 was defined as the first negative deflection after the tone (Pulse-only or Pulse) 
onset within a time window of 0–70 ms. The N1 amplitude was the maximum 
absolute value within this time window. The N1 amplitude was used to calculate the 
percentage of PPI (%PPI).  For the power analysis, the time-frequency 
representations (TFRs) were computed by using plain Morlet wavelets for lower 
frequencies (0.01–30 Hz) and multitapered wavelets for higher frequencies (30–120 
Hz). The wavelet transform was to convolve the original time-series signal with a 
mother wavelet function (t). The transform leads to a new signal of wavelet 
coefficients, i.e. TFRs:
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where denotes the complex conjugation of the wavelet function, b is the 
translation parameter, a is the wavelet’s scaling parameter, and denotes a 
(wavelet-specific) normalization parameter. The LFPs power was normalized by the 
mean value in the 100-ms window before stimulus onset, and then averaged over the 
band of interest (alpha: 9–14 Hz, beta: 15–25 Hz, gamma: 30–120 Hz). In Study III, 
the percentage of power change (% power change) was calculated to evaluate the 
effect of condition on oscillatory PPI. In Study IV, the peak value and the mean value 
of the averaged power was calculated in two time-windows. The first time-window 
was 0−500 ms, and the second time-window was 501−950 ms. The coherence was 
calculated to evaluate the functional connectivity between the OFC and amygdala. 
The coherence for two signals x and y recorded respectively at OFC and amygdala 
was calculated by the following formula:

where , and denotes the auto-spectra and the cross-spectrum of 
the two signals x and y. Auto-spectra and cross-spectra are averaged across trials 
before the coherency computation. 

4.5.4 Statistical analyses 

In Study I & II, the statistical analysis of the limb withdrawal was done with Prism 5 
(GraphPad Software Inc., CA, USA). The statistical evaluation of the other 
behavioral data in Study II was performed using SPSS (IBM, NY, USA). Statistical 
tests used were a one-, two- or three-way ANOVA followed by Bonferroni-corrected 
t-tests, or t-test when comparing only two groups. Non-parametrically distributed data 
were analyzed using Kruskal-Wallis or Friedman’s test followed by Dunn’s test, or 
using Mann-Whitney U-test when comparing only two groups. 

In Study III, the N1 amplitude, the power, %PPI and %power change were 
compared by a two-way (hemisphere, condition) repeated-measures factorial 
ANOVA.  In Study IV, Statistical significance on the differences of TFRs to every 
type of stimuli was estimated by using a nonparametric test (Maris & Oostenveld, 
2007). The peak value and the mean value of the averaged power to the four types of 
vocalizations were compared with a two-way ANOVA (factors: hemisphere and 
stimulus) in the amygdala, OFC and STGcb, and with a one-way ANOVA in V1. To 
evaluate the differences of TFRs, multiple sample-specific t-tests on every time-
frequency sample were used. Statistical significance on the differences of coherence 
was estimated by a permutation test (Maris, Schoffelen, & Fries, 2007).

In all tests, P < .05 was considered to represent a statistically significant difference. 
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5. Results

5.1. Hypersensitivity in rats (Study I and II)

Figure 5A shows the results of the induction of mechanical pain hypersensitivity by 
SNI. At the stimulus force level of 2g and 15 g, sham operation did not produce a 
significant effect on pain behavior on Day 7, while SNI operation induced a
significant mechanical hypersensitivity effect on the rats (P < 0.01 at 2 g and P < 0.05 
at 15 g, n = 5, Mann-Whitney U test). The TRPA1 antagonist CHEM (Chembridge-
5861528; 10 μg i.t.), unlike vehicle, attenuated hypersensitivity in the SNI group of 
rats (Figure 5B). 

Figure 5. Hypersensitivity induced by SNI operation and antihypersensitivity induced by 
paracetamol. A. Hypersensitivity induced by SNI operation in Study I. The graph shows 
responses to stimulus force of 2 g. The graph shows medians, the boxes extend from the 25th 
to the 75th percentile, and the whiskers extend from the smallest to the largest value (Mann-
Whitney U test, n=5). B. Hypersensitivity induced by SNI operation in Study II (two-way mixed 
design ANOVA, n = 6). C and D. Antihypersensitivity induced by paracetamol in Study II. The 
stimulus forces in C and D are from 0.4 to 26 g. Error bars indicate SEM (two-way mixed 
design ANOVA, n = 6). * P < 0.05, **P < 0.01, *** P < 0.005.  
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In Study II, the SNI operation produced significant hypersensitivity to the 
monofilament stimulus in the limb-withdrawal test compared to the sham operation 
(main effect of operation: F (1, 10) = 6.85, P = 0.0257). The significant difference was 
observed at the force levels of 2, 4 and 6 g (Figure 5C).  

In Study II, paracetamol at a low dose (50 mg/kg) significantly decreased 
mechanical hypersensitivity (Figure 5D) in the injured hind limb (main effect of 
treatment: F (1, 6) = 111.761, P = 0.001) in SNI rats. In sham operated rats, the 
paracetamol treatment did not affect the response rate (main effect of treatment: F (1, 

6) = 0.894, P = 0.388). 

5.2. Emotional behavior in rats (Study II) 

Table 1. Behavioral tests in unoperated rats

Saline
(n = 6)

Low-dose
(n = 6)

High-dose
(n = 6)

p-value

OFT

Line crossing 
(#)

52.33 ± 4.00 28.33 ± 7.18 20.67 ± 
2.04

0.001 **

Center time (%) 7.50 ± 1.62 5.72 ± 2.52 5.83 ± 3.10 0.853

Rearing and 
leaning (#)

19.33 ± 1.52 10.83 ± 3.57 5.67 ± 1.65 0.004 **

Grooming time 
(s)

15.83 ± 3.66 2.33 ± 1.31 2.50 ± 2.50 0.003 **

Defecation (#) 1.00 ± 1.00 1.83 ± 1.08 2.00 ± 0.58 0.714
EPM Closed arm time

(%)
61.3 ± 6.76 64.88 ± 5.42 89.06 ±

4.54
0.007**

LDB Light box time 
(%)

56.41 ± 3.48 43.44 ± 2.89 38.94 ±
4.96

0.033*

SPT Sucrose 
consumption
(%)

90.79 ± 2.78 92.29 ± 1.66 38.06 ±
11.46

0.001**

Rotarod Drop latency (s) 112.17 ±
31.73

143.83 ±
24.03

65.33 ±
12.22

0.383

OFT = open field test; EPM = elevated plus-maze test; LDB = light-dark box; SPT = sucrose 
preference test; Low-dose = paracetamol 50 mg/kg; high-dose = paracetamol 300mg/kg. *: 
P < 0.05. **: P < 0.01. 

Study II investigated whether paracetamol, administered intraperitoneally, affects the 
behavior of healthy and neuropathic rats in tests measuring anxiety, mood, motor 
activity, and memory. The applied tests were the OFT, EPM, LDB, rotarod, SPT and 
NOR. In healthy rats, neither the low dose (50 mg/kg), nor the high dose (300 mg/kg) 
of paracetamol affected the number of defecations, time spent in the center area in 
the OFT, or the drop latency in the rotarod test. Several other parameters of the tests 
were, however, affected by acute administration of paracetamol (Table 1). Post-hoc 
tests showed that both the low-dose and the high-dose of paracetamol decreased 
significantly the line crossings and grooming in the OFT. The high-dose of 
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paracetamol decreased the rearing and leaning in OFT, the time spent in the light box 
in the LDB, the sucrose consumption in the SPT, and increased the time spent in the 
closed arm in the EPM. 

In the NOR test, there were no statistically significant main effects of exposure, 
drug or object, but the 3-way interaction of exposure, drug and object was significant: 
the saline-treated group recognized the novel object from the familiar object in the 
second exposure whereas the rats that had received paracetamol, could not make a 
distinction between the novel and the familiar object. 

Table 2. Behavioral tests in operated rats 

Sham SNI
Eff.
SNI

Eff.
drug

Int.

Saline
(n = 6)

Para.
(n = 6)

Saline
(n = 6)

Para.
(n = 6)

OFT

Line 
crosses (#)

52.17 ± 
13.46

41.33 ± 
5.48

18.83 ± 
5.24

27.83 ± 
7.76

* -- --

Center 
time (%)

11.33 ± 
3.30

6.06 ± 
2.04

6.22 ± 
3.17

3.22 ± 
1.14

-- -- --

Rearing 
and 
leaning (#)

19.50 ± 
5.43

8.00 ± 
1.84

4.17 ± 
1.22

1.33 ± 
0.42

** * --

Grooming 
(s)

6.33 ± 
3.00

4.50 ± 
2.92

4.33 ± 
2.93

2.67 ± 
2.67

-- -- --

Defecation 
(#)

2.83 ± 
0.98

1.67 ± 
0.42

2.00 ± 
2.61

1.00 ± 
1.06

-- -- --

EPM Closed arm 
time (%)

59.94 ±
4.85

57.94 ±
5.51

85.56 ±
3.49

60.11 ±
6.41

* * *

LDB Light box 
time (%)

52.22 ±
4.40

53.67 ±
3.19

33.72 ±
3.15

35.5 ±
1.89

** -- --

SPT Sucrose 
cons. (%)

91.34 ±
2.38

94.17 ±
1.06

96.73 ±
0.60

93.78 ±
1.08

-- -- --

OFT = open field test; EPM = elevated plus-maze test; LDB = light-dark box; SPT = sucrose 
preference test; Para. = paracetamol; Sucrose cons. = sucrose consumption; Eff.: effect of; 
Int. = interaction; -- = no effect. *: P < 0.05. **: P < 0.01. 

In operated rats, SNI operation had no significant effect on the grooming time, 
number of defecations, time spent in the center in OFT, and the sucrose consumption 
in SPT (Table 2). The operation affected significantly the number of line crossings 
and rearings and leanings in OFT, the time spent in the closed arm in EPM, the time 
spent in the light box in LDB, and the sucrose consumption in SPT. Post-hoc test 
showed the SNI operation decreased the line crossings, rearings and leanings in OFT, 
the time in light box in LDB, and increased the time spent in the closed arm in EPM. 
Paracetamol had a significant effect on the number of rearings and leanings in OFT 
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and the time spent in the closed arm in EPM. Post-hoc tests showed that paracetamol 
decreased the rearings and leanings in the OFT in sham operated rats, and the time 
spent in the closed arm in the EPM in SNI rats. In EPM test, the operation x drug 
showed the significant interaction on the time spent in the closed arm: the saline-
treated SNI rats spent a significantly longer time in the closed arm of the EPM 
compared to saline-treated sham operated rats and to paracetamol-treated SNI rats. 

5.3. The PPI of cortical responses in monkeys (Study III) 

In Study III, the amplitude of N1 was analyzed to estimate the PPI of cortical 
responses (Figure 6A) and effect of condition (ALONE or ACCOMP) on PPI. The
N1 amplitude to the Pulse stimulus was significantly suppressed by Prepulse (F (1, 3)

= 6.906, P = 0.039) (Figure 6B). To exclude the possibility that a possible shift of the 
baseline of the LFPs to the Pulse by the late component of the LFP to prepulse might 
have caused the result, the peak-to-peak amplitude, i.e. N1 – P1 amplitude, was 
calculated to estimate the PPI of cortical responses. The peak-to-peak amplitude was 
also significantly suppressed by the Prepulse (F (1, 3) = 22.557, P = 0.003) (Figure 6C).  

Figure 6 The response to the Pulse is suppressed by the Prepulse (Study III). A. The 
evoked responses to the Prepulse and Pulse stimuli in one monkey (M4). Shading shows the 
SEM across all trials (n = 135). B. The N1 to the Pulse is suppressed compared to the Pulse-
only. C. The Peak-to-Peak N1/P1 to the Pulse is suppressed compared to Pulse-only. Error 
bar indicates SEM. * P < 0.05, **P < 0.01, n = 4, repeated-measures factorial ANOVA.

The effect of Condition on the extent of the PPI of cortical responses was assessed 
to investigate whether directing the monkey’s attention away from the auditory 
stimuli by the presence of another monkey might affect the PPI. Condition had no 
significant effect on the PPI of the cortical responses (F (1, 3) = 2.049, P = 0.248) but 
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had a significant effect on the N1 amplitude to the Pulse-only (F (1, 3) = 70.459, P =
0.004). 

In Study III, the LFP power was considered as another index to evaluate the PPI 
and the effect of the Condition on the PPI in oscillations. The Prepulse suppressed 
significantly the power in the gamma (F (1, 3) = 16.293, P = 0.027) and beta (F (1, 3) =
14.853, P = 0.031) band but not in the alpha band (F (1, 3) = 7.529, P = 0.071). 
Condition had no significant effect on the extent of PPI in oscillations, i.e. the %
power change, in the gamma (F (1, 3) = 0.769, P = 0.414) and beta (F (1, 3) = 0.890, P =
0.069) band was not significant.  

5.4. Auditory emotion processing in the amygdala and OFC of monkeys (Study 
IV) 

In Study IV, the peak values of the averaged gamma power and the mean values of 
the averaged beta power to the four types of vocalizations were compared in two 
time-windows (0–500 ms; 500–950 ms). For the averaged gamma power, the type of 
vocalizations showed a significant main effect in the first time-window in amygdala 
(F (1, 3) = 10.15, P < 0.01), but not in the OFC, STGcb and V1 (Figure 7). Post-hoc 
tests showed that the peak value of the averaged gamma power (30–120 Hz) in 
amygdala was larger to fearful vocalizations than neutral vocalizations (P < 0.01).  

Figure 7. The LFP power to the four types of vocalizations in the amygdala, OFC, STGcb 
and V1 (Study IV). A. The peak value of the normalized gamma power (30−120 Hz) within 
the 0−500 ms time window. B. The mean value of the normalized beta (15−25 Hz) power 
within the 500−950 ms time window* P < 0.05, ** P < 0.01, n = 3.  Vertical bars show mean 
± SE. Two-way repeated measures ANOVA. N = neutral, T = threatening, H = happy, F = 
fearful vocalizations.

In the second time-window of 500–950 ms, the mean values of the averaged beta 
power in the amygdala differed among the different types of stimuli (F (1, 3) = 12.35, 
P < 0.05); the mean values of the averaged beta power in amygdala was greater to the 
threatening than to fearful vocalizations (P < 0.05, post hoc with Bonferroni’s 
correction). Also in the OFC, the mean value of the power in the beta range differed 
among the stimuli (F (1, 3) = 6.288, P < 0.05); the mean values of the averaged beta 
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power was greater to the happy vocalizations than to threatening, and neutral 
vocalizations (P < 0.05, post hoc with Bonferroni’s correction). There were no 
significant differences among the types of stimuli in the averaged power to the three 
types of stimuli in the STGcb (F(1, 3) = 5.368, P = 0.146) and V1 (F(1, 3) = 1.357, P = 
0.342).  

5.5. Functional interactions between the amygdala and OFC of monkeys (Study 
IV) 

Study IV investigated functional interactions between the amygdala and the OFC by 
examining the spectral coherence to the four types of vocalizations. The coherence 
between the left amygdala and left OFC showed significant differences among the 
different vocalizations (Figure 8). The coherence was stronger to the vocalizations 
with salient emotional content (threatening (T), happy (H) and fearful (F)) than to the 
neutral (N) vocalizations. The coherence was the strongest to the fearful 
vocalizations, and stronger to the threatening and fearful vocalizations than to the 
happy vocalization. However, the coherence between the right amygdala and right 
OFC in the same conditions was inconsistent in the three monkeys. 
 

 
 
Figure 8. Significant clusters of coherence in the left amygdala − left OFC axis (Study IV). 
Coherence in the left amygdala − left OFC axis, evoked by monkey vocalizations, differed 
significantly between emotion categories as shown by cluster-based permutation tests (p < 
0.05) between emotion categories. Red denotes a positive and blue denotes a negative raw 
effect. N = neutral, T = threatening, H = happy, F = fearful, M = Monkey. 
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6. Discussion 

6.1 Antihypersensitivity effect induced by TRPA1 antagonists and paracetamol 
(Study I & II). 

In Study I & II, the SNI rats developed hypersensitivity after 1−2 weeks from the 
operation. No mechanical hypersensitivity was detected in the sham operated rats 
indicating that the SNI operation produced the expected nerve injury as shown 
previously (Decosterd and Woolf, 2000). The mechanical hypersensitivity in the SNI 
rats was attenuated by acute spinal administration of Chem, a selective TRPA1 
antagonist (Study I). The result is line with the earlier studies which showed that acute 
pharmacological blocking of the spinal TRPA1, an ion channel that has been 
implicated in paracetamol-induced actions (Andersson et al., 2011), produces an 
antihypersensitivity effect in the rat models of diabetes-induced neuropathy and in 
treatment of postoperative pain (Wei et al., 2010; Wei, Karimaa, Korjamo, Koivisto, 
& Pertovaara, 2012; Wei et al., 2011). Interestingly, in Study I, blocking the TRPA1 
channel produced attenuation of pain behavior, whereas in the study of Andersson et 
al. (2011), paracetamol-induced activation of the pronociceptive TRPA1 channel 
produced analgesia. A plausible explanation of this apparent discrepancy is that 
paracetamol produced desensitization of the pronociceptive TRPA1 channels thereby 
attenuating TRPA1-mediated effects.  

In Study II, paracetamol had a significant analgesic effect at a low dose (50 mg/kg) 
in SNI operated rats. The result is in line with two earlier studies experimental animals 
showing that paracetamol reduced mechanical allodynia in neuropathic rats (Im et al., 
2012), and had a dose-related antinociceptive effect in a diabetic mouse model 
(Micov, Tomić, Pecikoza, Ugrešić, & Stepanović-Petrović, 2015). Several potential 
mechanisms have been proposed to explain the antihypersensitivity effect of 
paracetamol (Andersson et al., 2011; Aronoff, Oates, & Boutaud, 2006; Ottani et al., 
2006; Smith, 2009). The analgesic effect has been suggested to be mediated by 
inhibiting the prostaglandin synthesis (Lee et al., 2007) and through modulation of 
the serotonergic and other monoaminergic neurotransmission (Guindon & Beaulieu, 
2006). Additionally, a peripheral antiallodynic and antihyperalgesic effect of 
paracetamol that involves adenosine A1 (Liu, Reid, & Sawynok, 2013), cannabinoid 
(Dani, Guindon, Lambert, & Beaulieu, 2007) and TRPA1 (Andersson et al., 2011)
receptors has been demonstrated. Since paracetamol was administered 
intraperitoneally, Study II does not allow concluding whether the attenuation of 
neuropathic hypersensitivity in SNI rats was due to central, peripheral, or both of 
these mechanisms. Due to its high permeability across the blood brain barrier,
paracetamol may spread to affect emotions and cognition by multiple receptor 
systems at various brain sites (Ghanem, Perez, Manautou, & Mottino, 2016; Smith, 
2009).

6.2. Effects of paracetamol in healthy unoperated rats (Study II). 

Study II investigated effects of paracetamol on anxiety, mood, motor activity, and 
memory in healthy unoperated, sham operated and SNI rats. In healthy rats, the low-
dose of paracetamol (50 mg/kg) did not affect anxiety-related behavior in the EPM 
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and LDB tests. The high-dose of paracetamol (300 mg/kg), however, increased 
anxiety-like behavior in the EPM and LDB tests. In the OFT, paracetamol did not 
affect the time spent in the center and defecation, both of which have been suggested 
to reflect emotionality in this test. Paracetamol, however, did reduce line-crossings, 
rearing and leaning and grooming behavior in the OFT. Since paracetamol had no 
effect on the motor performance in the rotarod test measuring motor coordination, the 
effects of paracetamol on the OFT were not likely to be caused by motor impairment. 
In the SPT, only the high dose of paracetamol reduced significantly the sucrose 
preference which suggested that paracetamol has a dose-related anhedonic effect. 
These results are consistent with the interpretation that a high (300 mg/kg) but not a 
low (50 mg/kg) dose of paracetamol produces in healthy control rats a mood change 
that has a negative valence as reflected by increased anxiogenic-like and anhedonic 
behavior. Paracetamol impaired the cognitive performance in the NOR task in
unoperated rats so that after paracetamol, the rats did not recognize the familiar from 
the novel object. It has been argued that the NOR test measures “familiarity 
recognition” and “novelty preference” (Ennaceur, 2010) and that the “familiarity 
recognition” would be a measure of memory. The result of the NOR test thus suggests 
that paracetamol might impair recognition memory, but this should be further 
investigated with other memory tests. The result of the NOR test bears resemblance
with the finding of an earlier clinical study in elderly humans whose cognitive 
capacity was reduced by a high dose of paracetamol (Karplus & Saag, 1998). Some
earlier studies in mice have reported paracetamol-induced anxiolytic effects and 
suggested that the cannabinoid receptor system might have mediated the effect
because the cannabinoid type-1 receptor antagonists reversed the anxiolytic-like 
effect (Umathe, Manna, Utturwar, & Jain, 2009; Zaitone, El-Wakeil, & Abou-El-Ela, 
2012). The difference between these studies and Study II is that paracetamol, at low 
or moderate doses, produced the anxiolytic-like effects at 30 min after drug 
administration in mice, whereas in Study II, the anxiogenic-like effects were induced 
by a high dose of paracetamol, and at the time point of 90−120 min after drug 
administration that represents the time point of the peak effect of paracetamol in rats 
(Im et al., 2012; Siepsiak et al., 2016). Some studies have also shown that paracetamol 
produces the anxiogenic-like effects in Vogel conflict, social interaction and EPM 
tests (Umathe et al., 2009; Zaitone et al., 2012).

6.3. Paracetamol reduces nerve injury-associated anxiety (Study II). 

Study II showed that the SNI operation per se increased anxiety. The saline treated 
SNI rats spent more time in the closed arm of the EPM and less time in the light box 
of the LDB than saline treated sham-operated rats. The result is in line with earlier 
studies showing that SNI produces anxiety-like behavior in the EPM test that is not 
explained by motor impairment (Leite-Almeida et al., 2009). In Study II, the anxiety-
like behavior in the SNI rats was observed already in the third postoperative week, 
which is different from an earlier study (Seminowicz et al., 2009) that reported 
anxiety-like behavior 5–9 weeks after injury. The discrepancy may be due to the 
repeated use of OFT and EPM tests in their study which may have caused adaptation 
and familiarity to the tests and may explain the time differences in the occurrence of 
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anxiety-like behavior.  In SNI animals, the anxiety-like behavior was reduced by a 
low dose of paracetamol in the EPM but not in the LDB. This discrepancy between 
the two results may reflect different sensitivity of these two tests to anxiety-like 
behavior. In unoperated rats, only the high dose of paracetamol reduced significantly 
the time spent in the light box of the LDB test and increased the time spent in the 
closed arm of the EPM, both results suggesting that the high dose of paracetamol 
increased anxiety-like behavior in the rats. In the LDB, the saline treated SNI rats, on 
the other hand, spent significantly less time in the light box than sham operated rats 
suggesting that the nerve injury per se produced anxiety-like behavior and that a low 
dose of paracetamol did not affect their behavior. However, since the SNI rats were 
not tested with a high dose of paracetamol it remains unclear whether a high dose 
could have affected the anxiety-like behavior of these rats in the LDB. 

Study II showed that, in SNI rats, paracetamol reduced the anxiety-like behavior 
in the EPM. A possible explanation for this finding is that paracetamol reduced the 
anxiety-like behavior indirectly by attenuating neuropathic pain that per se was 
causing anxiety. This explanation is in line with an earlier study showing that 
impairment of attention by visceral pain was reversed by a moderate (200 mg/kg) 
dose of paracetamol (Millecamps, Etienne, Jourdan, Eschalier, & Ardid, 2004).
Another possibility is that paracetamol had a direct anxiolytic effect through an action 
on mood mechanisms in the brain of the SNI animals. This explanation, however, is 
not supported by the finding that, in unoperated rats, paracetamol produced a dose-
related anxiogenic-like rather than anxiolytic-like effect.  

6.4. PPI of auditory evoked responses in the STGcb (Study III). 

Considering that the PPI can be relatively easily measured in humans and that it is 
used to investigate the neurobiology of neuropsychiatric disorders, there is a need to 
better understand the neural mechanisms that regulate the PPI. The PPI has mainly 
been investigated by measuring behavioral responses and only few earlier studies 
have demonstrated the PPI by using electrophysiological recordings. Study III thus 
adds to the understanding of the neural underpinnings of the PPI by demonstrating 
this phenomenon in the auditory cortical responses in the monkey STGcb and by 
showing that it was independent of conscious attention.  

In the STGcb, both the amplitude of the N1 response and oscillations of the 
cortical responses to the Pulse were attenuated by a preceding weaker tone, the
Prepulse, in a manner similar to the PPI of the startle response. The result regarding 
the PPI of the N1 response is in line with an MEG study in humans that showed 
suppression of an auditory change-related related potential by a preceding prepulse 
(Ford et al., 1999; Inui et al., 2012). Studies that investigated effects of the properties 
of the preceding stimulus on the PPI have reported that the extent of the PPI of the 
cortical response depends on the duration and intensity of the preceding stimulus and 
on the interval between the prepulse and the pulse (Braff, Geyer, & Swerdlow, 2001; 
Inui et al., 2012; N. R. Swerdlow, Weber, Qu, Light, & Braff, 2008).

Study III showed that both the gamma and beta oscillations to the Pulse were 
suppressed by the Prepulse. The suppression of the gamma oscillations occurred at 
~100 ms from the Pulse. The finding is in accordance with earlier studies reporting 
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that evoked gamma oscillations to sensory stimuli occur at ~100 ms and ~300 ms 
after sensory stimulation (Schürmann et al., 1997; Basar et al. 2001). The gamma 
oscillations at ~100 ms from the sensory stimulation have been suggested to represent 
sensory processing independent of cognitive tasks (E Başar, Rosen, Başar-Eroglu, & 
Greitschus, 1987; Pantev et al., 1991), whereas the response in the later time-window 
has been linked with multiple cognitive processes such as attention, memory and, in 
humans, language processing (Basar et al. 2001). In Study III, the presence of a 
conspecific that likely drew attention away from the presented auditory stimuli, did 
not affect the PPI of the cortical responses suggesting that the suppression of gamma 
oscillations that occurred at ~100 ms was independent of attentional modulation. PPI 
of auditory evoked gamma oscillations have also been demonstrated in humans using 
EEG (Kedzior et al., 2006; Kedzior, Koch, & Basar-Eroglu, 2007). Although not 
directly comparable with Study III due to the differences in the recording methods, 
and in the applied intervals between the Prepulse and Pulse that in Study III was 300 
ms but in Kedzior et al. (2007) varied between 0–240 ms, the two studies shared a
similarity; subjects listened to the auditory stimuli passively (no task). The PPI 
experimental paradigm thus offers a possibility to investigate cortical processing in 
clinical populations with an impaired capacity to follow instructions.  The beta 
oscillations were also suppressed by the Prepulse. The beta oscillations are suggested 
to be involved in mediating auditory sensory gating (Haenschel, Baldeweg, Croft, 
Whittington, & Gruzelier, 2000; Hong, Buchanan, Thaker, Shepard, & Summerfelt, 
2008), encoding and consolidating sensory information (Bibbig, Faulkner, 
Whittington, & Traub, 2001), and in the  higher-level neural processing of sensory 
information, and to reflect the feedback to lower-order cortices (Engel & Fries, 2010).

The alpha oscillations were not suppressed by the Prepulse. This result is 
inconsistent with an earlier EEG study in humans (Kedzior et al., 2007). The reason 
for the discrepancy may be that the interstimulus intervals between the Prepulse and 
Pulse stimuli differed between the two studies. In Study III, we used only one 
interstimulus interval that was 300 ms, whereas Kedzior et al. studied several shorter 
intervals that ranged from 0 to 240 ms. Furthermore, the recording site in Study III 
was STGcb that may not be the origin of the alpha band modulation reported by 
Kedzior et al..  

Study III used the presence of a conspecific as an exogenous distraction in the 
environment to investigate the effect of external factors on the PPI of the cortical 
response. The presence of a conspecific neither affected the PPI of the N1 amplitude 
nor the oscillations. The presence of a conspecific, however, affected the responses 
to the Pulse-only auditory stimulus. The cortical responses to the Pulse-only in 
ACCOMP condition were significantly suppressed compared to those recorded in 
ALONE condition indicating that the presence of a conspecific drew attention away 
from the auditory stimuli thereby suppressing the responses. The result that an 
exogenous distracter attenuated the cortical responses to the Pulse-only, but had no 
effect on the PPI, suggests that the PPI is independent of attentional modulation and 
support the suggestion that, in monkeys, the PPI is a pre-attentional process (Inui et 
al., 2012; Swerdlow et al., 2001). 
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6.5. Amygdala and OFC in auditory emotion processing (Study IV) 

In Study IV, the STGcb did not show differential responses to the different types of 
vocalizations suggesting that the STGcb is not involved in the processing of the 
emotional content, e.g. emotional valence, of the auditory stimuli. The result is in line 
with previous studies that showed that the neurons in the antero-lateral belt respond 
to the content, e.g. type of monkey vocalizations, while neurons in the caudo-lateral 
belt (STGcb) area respond to spatial location of the sounds (Randles et al., 2013; Tian 
et al., 2001).  

In the amygdala, the TFRs to the threatening, happy and fearful vocalizations 
differed significantly from that to neutral vocalizations. This result showed that the 
amygdala responded specifically to valenced social vocalizations at the population 
level, which is line with studies in humans (Anders, Eippert, Weiskopf, & Veit, 2008; 
Fecteau et al., 2007). In the 0–500 ms time-window, the peak gamma power in the 
amygdala to fearful vocalizations was significantly larger than that to neutral 
vocalizations. The gamma oscillations in this time-window have been suggested to 
be involved in the exogenous stimulus-driven affective processing of emotion and 
responses in the intermediate latencies in explicit attention to novel stimuli, 
irrespective of the sensory modality (Wagner & Heatherton, 2012). In the 500–950 
ms time-window, the averaged beta power in the amygdala to threatening 
vocalizations was greater than that to fearful vocalizations. In amygdala, the beta 
responses were suggested to be negatively correlated to individual’s state anxiety 
(Schneider et al., 2018). In this study, the weaker beta power to fearful vocalization 
is possibly due to that fear signals are judged more fearful (Garfinkel & Critchley, 
2016) and thus produce higher anxiety (Sah, 2017).

In the OFC, the TFRs to threatening, happy and fearful vocalizations were greater 
than that to neutral vocalizations, suggesting that the OFC participates in emotion 
processing in the auditory domain as in visual domain (Ralph Adolphs, 2002; Phillips, 
Drevets, Rauch, & Lane, 2003). In time-window (500−950 ms), the mean value of 
the averaged beta power to the happy vocalizations was greater than to the neutral 
and threatening vocalizations. The result is in line with an earlier positron emission 
tomography (PET) study in humans, which reported that the evaluation of the visual 
stimuli as pleasant, relative to unpleasant visual stimuli, was associated with 
increased blood flow in the OFC (Paradiso et al., 1999).

Study IV also investigated functional interactions between the amygdala and the 
OFC by examining the spectral coherence to the four types of monkey vocalizations.
The coherence between the left amygdala and left OFC showed significant 
differences between the four types of vocalizations so that the coherence was stronger 
to vocalizations with salient emotional content (threatening, happy and fearful) than 
to the neutral vocalizations. Earlier studies using visual stimuli have suggested an 
inverse interaction between these two areas such that negative stimuli produce a 
greater response in the amygdala, and positive stimuli a greater response in the 
prefrontal cortex in an area corresponding to the OFC (Kim et al. 2003, Urry et al. 
2006). Supporting the notion that the OFC exerts an inhibitory regulatory signal on 
amygdala, a study in which the subjects were engaged in an effortful self-regulation 
task reported exaggerated neural responses to emotional stimuli, especially to 
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negatively emotional stimuli, in the amygdala (Wagner & Heatherton, 2012). Study 
IV suggests that the functional interaction between these two regions plays a role in 
the emotion recognition and regulation also in the auditory domain.
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7. Conclusions 

This thesis sought to better understand the neural mechanism of auditory emotion 
processing and to investigate whether paracetamol, a common pain killer and fever-
reducing drug, might also affect emotion as suggested in recent human studies.  The 
results can be concluded as follows: 

Study I demonstrated that peripheral nerve injury produces chronic 
neuropathic pain-like behavior that can be attenuated by blocking of TRPA1,
an ion channel that has been suggested to be involved in paracetamol-induced 
modulation of pain and emotional behavior. 
Study II showed a novel finding that, in neuropathic rats, paracetamol 
reduces pain associated anxiety, probably by reducing neuropathic pain. 
Moreover, in non-operated or sham-operated rats, a high dose of paracetamol 
produced anxiety-like and anhedonic behavior, and impaired recognition 
memory.
Study III demonstrated PPI in the monkey STGcb for the first time and 
suggests that the PPI of auditory cortical responses in the monkey STGcb is 
a process that is independent of attentional modulation. 
Study IV suggests a role for the amygdala and OFC in the processing of 
emotionally salient, naturalistic auditory stimuli. The processing in the 
amygdala–OFC axis differentiated the emotional valences.  
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8. Suggestions for future work 

Study II suggested that in unoperated healthy rats paracetamol can produce 
anxiogenic and anhedonic behavior and impaired recognition memory. Also some 
earlier studies have suggested that paracetamol may affect a wide variety of cognitive 
functions (DeWall et al., 2015; DeWall et al., 2010; Mischkowski et al., 2016; 
Randles et al., 2013). To better understand these variable effects of paracetamol, 
future studies should delineate which receptor systems are involved in the adverse 
effects produced by paracetamol, and search for the target brain structures that 
mediate the effects, to develop novel treatments with only the desired effects of 
paracetamol. Additionally, Study II left open the question whether high paracetamol 
doses induce anxiogenic-like and anhedonic behaviors in SNI rats, as was observed 
in unoperated healthy controls. Assessing the effects of higher paracetamol doses on 
emotional behavior in chronic neuropathy might provide clinically relevant 
information for those treating patients with chronic neuropathic pain.

Study III investigated the cortical responses applying the PPI paradigm, which is 
also used as a clinic tool to detect the sensorimotor gating deficits in schizophrenia 
(Geyer, Krebs-Thomson, Braff, & Swerdlow, 2001). The result of Study III, 
demonstrating the PPI in cortical responses, provides the possibility to study the 
cortical responses in patients with schizophrenia, especially in patients with auditory 
hallucinations, using the PPI paradigm.  

Study IV showed that the amygdala and the OFC represent the emotional valences 
of the auditory stimuli. However, the amygdala and OFC are involved in both 
emotion processing and emotion expression (Kringelbach & Rolls, 2004; Edmund T 
Rolls, 2004). These processes could be separated by designing a behavioral task that 
requires both emotion processing and expression.  Furthermore, the directionality of 
the left amygdala – left OFC functional interaction could be analyzed using this kind 
of a task. In Study IV, the functional interactions between the right amygdala and 
right OFC axis varied between the subjects. It is unclear what caused the differences 
in the functional interactions between the two hemispheres. It would therefore be 
interesting to investigate whether other factors, e.g. social hierarchy or the level of 
arousal, affect emotion processing. 
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