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Abstract

The pathways by which painful stimuli are signaled within the human medial temporal lobe are
unknown. Rodent studies have shown that nociceptive inputs are transmitted from the brainstem
or thalamus through one of two pathways to the central nucleus of the amygdala. The indirect
pathway projects from the basal and lateral nuclei of the amygdala to the central nucleus, while the
direct pathway projects directly to the central nucleus. We now test the hypothesis that the human
ventral amygdala (putative basal and lateral nuclei) exerts a causal influence upon the dorsal
amygdala (putative central nucleus), during the application of a painful laser stimulus.

Local field potentials (LFPs) were recorded from depth electrode contacts implanted in the medial
temporal lobe for the treatment of epilepsy, and causal influences were analyzed by Granger
causality (GRC). This analysis indicates that the dorsal amygdala exerts a pre-stimulus causal
influence upon the hippocampus, consistent with an attention-related response to the painful laser.
Within the amygdala, the analysis indicates that the ventral contacts exert a causal influence upon
dorsal contacts, consistent with the human (putative) indirect pathway. Potentials evoked by the
laser (LEPs) were not recorded in the ventral nuclei, but were recorded at dorsal amygdala
contacts which were not preferentially those receiving causal influences from the ventral contacts.
Therefore, it seems likely that the putative indirect pathway is associated with causal influences
from the ventral to the dorsal amygdala, and is distinct from the human (putative) indirect pathway
which mediates LEPs in the dorsal amygdala.
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Introduction

Structures in the medial temporal lobe, including the amygdala, the hippocampus, and
associated cortices, are well known to be involved in emotional learning, such as fear
conditioning (Davis, 1992; LeDoux, 1992; Squire, 1992). Fear conditioning occurs when a
neutral conditioned stimulus, such as a light, is paired with an unconditioned aversive
stimulus, such as a foot shock. After conditioning, the conditioned stimulus itself acquires
the ability to evoke a conditioned response, such as autonomic arousal. Although any
stimulus that produces pain is inherently an unconditioned aversive stimulus, there has only
recently been direct evidence of nociceptive processing in the primate medial temporal lobe
(Liu et al., 2010).

A model of nociceptive processing in the amygdala was recently described by Neugebauer,
as being composed of two nociceptive pathways (Neugebauer et al., 2009) see also (Pare et
al., 2004; Dong et al., 2010). The direct pathway transmits nociceptive inputs from the
pontine parabrachial nucleus and the thalamus directly to the central nucleus of the
amygdala (Neugebauer et al., 2009; Slugg and Light, 1994; Bernard et al., 1996;
Neugebauer, 2007; Lanuza et al., 2008). The indirect pathway transmits polymodal,
associative inputs from the brainstem or the thalamus through the ventral amygdala (lateral
and basal nuclei) to the dorsal amygdala (central nucleus)(Lanuza et al., 2008; Neugebauer,
2007; Neugebauer et al., 2009). These two pathways can synapse on the same cells so that
they may jointly process nociceptive inputs as a local network (Dong et al., 2010;
Neugebauer et al., 2009).

Another feature of nociceptive processing within the amygdala may involve inhibitory
circuits. Specifically, the lateral nucleus projects to the central nucleus through two serial
inhibitory connections in the inhibitory intercalated cell groups (Pare et al., 2004). In this
pathway, increased activity in the lateral nucleus could activate the central nucleus by
disinhibition. A better understanding of these pathways and their interaction in humans
could be used to design therapies targeting anxiety and the emotional dimension of pain.

We have now tested the hypothesis that neuronal activity in the ventral amygdala exerts a
causal influence or driver role (Granger causality - GRC, see Methods: ERC) upon neuronal
activity in the dorsal amygdala (Granger, 1969). Recordings of local field potentials (LFPs)
in the amygdala and hippocampus were made during application of a painful cutaneous laser
stimulus over the week between implantation and removal of depth electrodes for the
investigation of epilepsy. The results suggest that the putative indirect pathway mediates
nociceptive transmission through the amygdala which is separate from the pathway
mediating laser evoked potentials (LEPS).

Materials and Methods

The protocol for these studies was reviewed and approved annually by the Institutional
Review Board of Johns Hopkins Medicine. These studies were carried out after implantation
of depth electrodes in the amygdala and hippocampus for the investigation of medically
intractable epilepsy in four subjects. We have previously published patient characteristics,
laser evoked potentials and changes in ongoing LFPs in these subjects (Liu et al., 2010).
Preoperative evaluation by a neurologist and neurosurgeon, including standard somatic
sensory testing, disclosed no neurological abnormality except epilepsy (Lenz et al., 1993).
All subjects gave informed consent for participation in these studies.
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Surgical Procedures and Electrode Location

Depth electrodes were implanted in the frontal lobe, amygdala and hippocampus by a
stereotactic procedure using the Leksell frame as previously described (Liu et al., 2010).
Briefly, targeting was carried out using a coronal MRI scan of the head to determine the
predicted location of implantation of the electrodes in the amygdala and hippocampus. The
location of the electrode contacts was confirmed to be at the stereotactic target by
intraoperative fluoroscopy, as demonstrated in the companion paper (Figure 1 in (Liu et al.,
2010)). Along electrodes through the amygdala, contacts 1 and 2 were in the ventral
amygdala, while 4 and 5 were in the dorsal amygdala; along hippocampal electrodes,
contacts 4 and 5 were in the body of the hippocampus (Schaltenbrand and Bailey, 1959).

Laser Protocols

During the laser study, the patient wore protective glasses and reclined in bed with his/her
eyes open, quietly wakeful. Noxious cutaneous heat stimulation, that the patient expected
could be painful, was delivered by a Thulium YAG laser (Neurotest, Wavelight Inc,
Starnberg, Germany). Stimuli were applied to the dorsum of the left or right forearm with a
~6 sec interval in between stimuli in order to avoid sensitization or fatigue of primary
nociceptive afferents (Meyer et al., 1994). The laser beam was moved at random to a
slightly different position for each stimulus.

The average energy level for laser stimulation, the patients’ pain intensity and
unpleasantness ratings were measured at the end of each block of stimuli. The ratings were
made with an intensity scale with 0 as no pain, and 10 as the most intense pain imaginable.
A total of 25 laser pulses were applied during a single run and the inter-run interval time was
2 min. The signal was first amplified (12A5, Astro-Med Grass, Inc., West Warwick, RI),
then band-pass filtered at 0.1-300 Hz and finally, digitized at 1000 Hz.

Granger Causality (GRC)

To evaluate the directional interactions between brain areas, the concept of Granger
causality was used in this study (Granger, 1969). For two observed time series, variables X
and Y, it is said that X is Granger causal of Y if the past knowledge of X significantly reduces
the prediction error of Y. The number of coefficients of past knowledge is characterized by
the auto-regressive model order which optimizes the description of the system. We have
now used this technique to address the directional causal influences between structures in
the medial temporal lobe.

The Granger causality analysis for the multichannel LFP data was realized using a
multivariate auto-regressive (MVAR) modeling-based technique named short-time direct
directed transfer function (SdDTF) (Korzeniewska et al., 2003; Korzeniewska et al., 2008;
Liu etal., 2011). The SADTF measures the directions, intensities, and spectral contents of
direct causal interactions among acquired signals and is also adapted for the signals with
short durations.

In this study, the GRC analysis was applied to signals recorded from electrode contacts
located over different cortical structures to evaluate the strength of GRC interactions
between these structures. The GRC was calculated in the 6-14 Hz frequency band which
was based on the frequencies of peaks in ensemble averages of the LFP autopower,
coherence and GRC (Liu et al., 2010). These frequencies were consistent with those of other
studies of intracranial recordings (Ohara et al., 2001; Ohara et al., 2006; Tallon-Baudry et
al., 2001), and were higher than those of recordings from the scalp (Andres et al., 1999; von
Stein et al., 1999).
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To determine causality in the frequency domain, we used a multivariate autoregressive
modeling (MVAR) approach. The signals acquired during the experimental trials were
treated as if they were produced by a common stochastic process, and were used to estimate
the MVAR model coefficients for that process (Ding et al., 2000). In this study, a
windowing approach was applied for the GRC analysis, and the length of the sliding
window was set to 0.1 sec and the slide was set to 0.04 sec for consecutive windows. The
MVAR model order was determined by the Akaike information criteria (AIC)(Akaike,
1974) as an estimate for the number of coefficients which would optimize the MVAR
analysis.

If the first channel is a driver of the second channel, then this causal influence will be
identified by the GRC method, However, he inverse of this statement is not necessarily true.
In addition, all signals relevant to system under study must be observed before final
conclusions can be drawn from this analysis. All selected channels are included in the
MVAR model used for the computation of GRC so that it is not computed for each of the
cortical areas separately. Therefore, effects within modules, such as SI, will not determine
GRC influences across the network.

In general, the significant GRC influences are observed for pairs of channels which are both
active and correlated. However, larger activation or correlation within an area like the
ventral amygdala does not necessarily influence the level or directionality of GRC due to the
normalization of the signals before the computation of GRC. In fact, the coefficients of the
MVAR model used in this analysis are calculated using correlation matrices for all observed
channels. Therefore, the correlation may influence the magnitude of the GRC but will not
determine the directionality of the GRC effect. This additional information about
directionality of influences is determined by the GRC analysis.

The programs for the event-related causality analysis were written in C language and
developed in the Linux environment and run on a cluster of sixteen computers implemented
as a distributed system. The number of the knots was operationally chosen in order to obtain
adequate time and frequency resolution.

Statistical Testing

Results

To test the significant changes in the causal influences, a baseline statistical test was applied
in this study. The significant level was set to a=0.05. For each paired electrode combination,
this test compared the causal influence in every frequency and time between baseline and
the interval of interest using a semi-parametric regression model. The durations for the
interval were set to 1 second. The number of the knots used in this study was set to 20 for
both time and frequency and was operationally chosen in order to obtain adequate time and
frequency resolution. In addition, a formal bivariate smoothing model that takes into account
both the frequency and time was used to reduce the effect of inhered noise in the recorded
signals. The significant causal influence in the post-stimulus interval was declared if the
causal influence was significantly greater than all those occurred in the pre-stimulus interval.
In this study, the significant causal influences were color coded and shown in a time-
frequency plot. The computer programs for the statistical test were written in R language
and has been previously tested and used in similar multichannel human intracranial
recordings (Korzeniewska et al., 2008; Boatman-Reich et al., 2010).

This study was carried out in four subjects with medically intractable complex partial
seizures, but without tonic clonic seizures. Scalp monitoring suggested the possibility of
temporal lobe onsets in all subjects leading to further investigation by bilateral implantation
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of depth electrodes in the hippocampus and amygdala. Seizure monitoring was carried out
over a one week period starting on the day after implantation. All seizure medications were
discontinued for 36 hours after the implantation of the electrodes, so that all subjects had
substantial blood levels of these drugs at all points relevant to this study (Levy et al., 2002).
No subject had any medical or psychiatric condition other than epilepsy, or chronically took
medications other than anti-epileptic drugs. These studies were carried out over a one week
period starting the day after implantation. Laser stimulations evoked painful, pin-prick
sensations in all four patients.

The ensemble autopower and coherence (not partial coherence) spectra were first computed
from estimated MVVAR models for each subject across electrode contacts that were
associated with significant GRC. The coherence was averaged across all pairs of electrodes
with significant GRC. The statistical threshold for ensemble coherence cannot be given
since it varies with each pair of signals studied. Table 1 shows the ensemble autopower,
coherence, and GRC spectral peaks for all such electrodes in the amygdala and hippocampus
in each of four subjects. The autopower of a signal is the square of the magnitude of the
signal as a function of frequency (Oppenheim and Schafer, 1975). For all four subjects, the
average autopower spectra showed that peak oscillatory activities during the experimental
task period occurred within the alpha band (8-13 Hz). Synchrony was assessed by
coherence. The averaged coherence spectra showed that the alpha band oscillatory activities
were often synchronous overall. Based upon these results, we examined GRC in the alpha/
beta range.

GRC Estimates of Causality within the Amygdala

Figure 1A shows the plot of time from one second before the stimulus (at time 0) to one
second after. We examined the statistical significance of directional causal influences among
electrode contacts in the amygdala. We tested the null hypothesis that the causality for
prestimulus interval and poststimulus interval causality did not differ from that during
baseline (1 sec before the prestimulus interval). Specifically, bivariate smooth SADTF
estimates in the pre-stimulus (baseline) and post-stimulus intervals were compared using the
statistical testing procedures described in the “Statistical Testing” section. The threshold for
significant level is different, based upon different electrode site paired combinations.

The onset and offset of the response is not precisely interpretable because the sliding
window approach is used in GRC analysis for the data in this figure. Decreases in the causal
influences were not taken into consideration because the physiological interpretation of
decreases in GRC during task performance is unclear.

The relationship for the directional causal influences within the amygdala can be interpreted
from the time-frequency plots in a 5x5 grid of time-frequency plots in the Figure 1B. In this
grid, the time frequency plots show the GRC exerted by the signal at the contact (numbered
across the top of the grid) upon the signal at the contact (numbered along the left side of the
grid). Therefore, the plot in Figure 1B is identified as the plot with the heavy black margin
in Figure 2, subject 3. The diagonal of the grid of the time frequency plots from top left to
lower right indicates the comparison of the contact with itself, and so is blank.

Increases in GRC are seen from signals at contacts 1, 2, 3 upon those at contacts 4 and 5. In
this study, it is clear that the laser stimulation induced significant oscillatory activities in low
frequency range up to Beta band range (<30 Hz) during the experimental period. In addition,
the event-related increase in signal energy had already been demonstrated at these
frequencies (Liu et al., 2010).
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GRC Estimates of Causality between Contacts within the Amygdala

Figure 2 shows the consistency across subjects of the pattern of significant GRC pairs
following the laser stimulus seen in the putative indirect pathway. These pairs are indicated
by contact pairs within the six plots enclosed by the heavy yellow margin at the lower left
hand corner of Figure 2, subject 1. The proportion of contact pairs with significant GRC
pairs consistent with putative indirect pathway (1-2-3 > 4-5, maximum of 6 contacts/
subject), was significantly more likely than that for all other causal pairs by subject (20
pairs/subject minus 6 in the putative indirect pathway = 14). On this basis, analysis by
subject revealed evidence for the putative indirect pathway in subjects 1 & 2 (5/6 vs. 1/14,
P=0.002), subject 3 (6/6 vs. 4/14, P=0.01), and subject 4 (4/6 vs. 2/14, P<0.03). Therefore,
significant GRC pairs were more common for the pathway from the ventral (1-2-3) to the
dorsal electrodes (4-5), consistent with the putative indirect pathway. The time frequency
plots indicate that significant GRC occurred after the stimulus, which is consistent with the
response to a sensory stimulus.

We next tested the possibility that the proportion of GRC pairs from 4-5 > 1-2-3 are greater
than the proportion from 1-2-3 > 4-5. The proportion of contacts with significant GRC 1-2-3
> 4-5 pairs was significantly more likely versus 4-5 > 1-2-3 for subjects 1 & 2 (5/6 vs. 0/6,
P<0.02), and 3 (6/6 vs. 0/6, P=0.001), but not for subject 4 (4/6 vs. 1/6, P=0.24). The
numbers of contacts across all four subjects with significant GRC was greater for amygdala
contacts 1-2-3 > 4-5 vs. 4-5 > 1-2-3 (19/24 vs. 5/24, P=0.0001, Fisher).

Contralateral stimuli led to causal pairs consistent with the putative indirect pathway more
frequently versus ipsilateral stimuli (contacts consistent with putative indirect pathway 6 per
subject x 4subject, 20/24 vs. 6/24, P=0.0001), which is consistent with Figure 2. We next
examined the effect of the laterality of recordings and found that among contralateral
electrodes the number of activated contacts was not different between the left versus the
right side (9/12 vs. 11/12, P=0.59). Differences between left and right were significant
neither for ipsilateral contacts nor for contacts overall.

Studies of LEPs in these patients indicate that contralateral responses to laser stimuli occur
exclusively at amygdala contact 5, as described in the companion paper (Liu et al., 2010),
and as indicated by the red line adjacent to the contact number in Figure 2. Table 2 shows
the contacts at which reproducible LEPs and significant causal pairs from 1-2-3 > 4-5 were
found. This table shows that LEPs and causal pairs were found together for a pair (bold font)
as commonly as either one was found separately (plain or italic font)(8/20 versus 12/20,
P=0.21, Chi square), although this analysis does not prove the lack of the association. In
view of this finding and the lack of basolateral electrodes with LEPs, it seems unlikely that
the pathway from ventral to dorsal amygdala is the same as that transmitting LEPS to the
dorsal amygdala.

GRC Estimates of Causality between the Amygdala and the Hippocampus

Figure 3 (left) shows significant GRC pairs between the amygdala and hippocampus
contralateral to the side of the stimulus. Amygdala contacts 4 or 5 or both exert a causal
influence upon hippocampal electrodes 4 or 5. The number of causal pairs of contacts with
this pattern varied from one to four, and significant GRC occurred consistently before the
stimulus. The four contact pairs involved in this amygdala to hippocampus connection are
the four time frequency plots in Figure 3 (patient 1), which are enclosed in the heavy yellow
margin.

The proportion of contacts with significant GRC from among the 4 amygdala 4-5 >
hippocampal 4-5 contact pairs, (both contralateral), were significantly more likely than for
all other pairs (21 contacts outside the box with the heavy yellow margin in Figure 3) for
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subject 1 (2/4 vs. 0/21, P<0.02), subject 2 (2/4 vs. 1/21, P=0.05), subject 3 (3/4 vs. 0/21,
P=0.002), but not for subject 4 (1/4 vs. 2/21, P=0.42). The proportion of significant GRC
pairs for contralateral amygdala 4-5 > hippocampal 4-5 (4 contacts x 4 subjects = 16
contacts) was significantly greater (8/16 vs. 3/84, P<0.00001) versus the proportions at all
other GRC pairs (21 contacts x 4 subjects + 84). Significant GRC from amygdala upon
hippocampus uniformly occurred before the stimulus, which may be related to vigilance or
anticipation of the stimulus.

Significant GRC pairs tended to be more common for the causal influence from amygdala
4-5 to hippocampus 4-5 versus from hippocampus 4-5 to amygdala 4-5 (11/16 vs. 5/16,
P=0.076, Chi Square). Overall, these results suggested that signals at the dorsal contacts in
the amygdala exerted a causal influence upon the dorsal contacts in the hippocampus (see
companion paper (Liu et al., 2010)). In Figure 3B, the hippocampus does not seem to exert
any consistent significant GRC upon the amygdala ipsilateral to the stimulus.

Contacts with both reproducible amygdala LEP and significant GRC from amygdala 4-5 >
hippocampus 4-5 were not apparently more common versus those at which either one is
found separately (Table 3)(5/11 vs. 6/11, P<1, Fisher)(Table 3). Therefore, the presence of
input arising from nociceptors is not associated with evidence of causal influence from the
amygdala upon the hippocampus, although this analysis does not prove the lack of this
association.

Pain Ratings

Table 4 indicates that the pain intensityand unpleasantness ratings were comparable across
all patients during the experiment. In this study, the VAS ratings recorded from all four
patients were not significantly correlated with the number of electrode contacts that were
associated with significant GRC relative to other contacts in the amygdala by regression
analysis (a=0.05).

Discussion

These results demonstrate that LFP activity recorded from the human ventral amygdala
(putative basal and lateral nuclei) during a train of laser stimuli exerts a post-stimulus GRC
effect upon that recorded from the dorsal amygdala (putative central nucleus). In rodents,
there is good evidence of a nociceptive pathway from the spinal cord to the amygdala
through the pontine parabarachial nucleus or the thalamic posterior intralaminar nucleus
(Bernard et al., 1992; Neugebauer et al., 2009; Pare et al., 2004). This nociceptive pathway
is based upon anatomical evidence of connections from the spinal dorsal horn via the
parabrachial nucleus to the central nucleus of the amygdala (Saper, 1995; Ma and
Peschanski, 1988; Bernard and Besson, 1990). An alternate nociceptive pathway is through
the thalamic posterior intralaminar nucleus or parabrachial nucleus to the central nucleus of
the amygdala via the basal and lateral nuclei of the amygdala (Lanuza et al., 2008;
Neugebauer, 2007). Noxious stimuli activate neurons in the central nucleus (Slugg and
Light, 1994; Bernard and Besson, 1990; Bernard et al., 1992) and may lead to synaptic
plasticity such as hypersensitivity to subsequent noxious stimuli (Neugebauer et al., 2000;
Neugebauer et al., 2009)(see also (Shi and Davis, 1999; Lanuza et al., 2008)).

Methodological Considerations

The subjects in the studies described here all have epilepsy with associated clinical,
radiological and electrical abnormalities related to seizure onsets, and with significant blood
levels of antiepileptic drugs (see Table 1 in Liu et al., 2010)(Williamson et al., 1993;Levy et
al., 2002). As described previously, the occurrence of LEPs was not related to mesial
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temporal sclerosis (Liu et al., 2010), scarring of the medial temporal lobe which is
associated with epilepsy (Williamson et al., 1993). Furthermore, the side of the brain where
LEPS were recorded was not related to the side upon which seizure onsets were located.
Therefore, differences in the side on which LEPs were recorded could not be explained by
the absence of mesial temporal sclerosis or electrical seizure related activity.

There are limitations to GRC analysis which constrain the interpretation of causality. The
observation of significant GRC between signals recorded from a pair of electrode contacts
does not itself prove that neurons around one recording contact exert a causal influence over
those at the other contact through an observed pathway. It is important to consider the
possibility that causality may be the result of functional connections through other
structures, which are ‘unobserved’, such as the intercalated cell group.

In addition, GRC influences might be detected between signals that are both active and
correlated, but not truly causal. However, the coefficients of the MVAR model used in this
analysis are calculated using correlation matrices for all observed channels. Therefore, the
correlation may influence the magnitude of the GRC but not the directionality.

Nociceptive Connections of the Hippocampus

There is evidence of nociceptive input to the rodent hippocampus. Neurons in the rodent
hypothalamus, which project to the hippocampus, respond to nociceptive stimuli applied in
large receptive fields (Dutar et al. 1985). In rats, immersion of the tail in hot water produces
hippocampal theta activity and prolonged modification of hippocampal synapses (Khanna
and Sinclair, 1989). Similar changes have been observed following injection of formalin into
the hind paw, and may be associated with pain-related behavior (Tai et al., 2006).

In humans, hippocampal activation measured by BOLD signals has been observed in
response to mild to moderate pain (Derbyshire et al., 1997). The hippocampus was activated
during pain which occurred unexpectedly or randomly in a mismatch learning task
(Ploghaus et al., 2000; Bingel et al., 2002). Pain may be used as an unconditioned stimulus
in conditioned fear protocols.

Experimentally-induced anxiety in humans can evoke increased sensitivity to painful stimuli
which is correlated with hippocampal activation (Ploghaus et al., 2001). The evidence of
imaging studies indicates that the hippocampus is involved in all the procedural phases of
fear conditioning, and that hippocampal BOLD activations occur in response to conditioned
stimuli used in fear conditioning (Knight et al., 2004; Delgado et al., 2008). Hippocampal
activity is often proposed to mediate the role of the environment or the context of fear
conditioning, and hippocampal activations may be better related to context than to the
unconditioned stimulus (Marschner et al., 2008).

In the present study, the pre-stimulus GRC of amygdala upon hippocampus may be related
to vigilance as the subject attends the next painful stimulus in a random series of such
stimuli. Involvement of the amygdala in attention is supported by studies demonstrating that
anticipation leads to increased neuronal activity in the primate amygdala (Belova et al.,
2008), and stimulation of the central nucleus leads to low voltage fast EEG activity (Kapp et
al., 1994), as well as orienting responses (Applegate et al., 1983; Davis and Whalen, 2001).
In addition, lesions of the central nucleus lead to decreased conditioned, but not
unconditioned, attentional responses in rodents (Gallagher et al., 1990; Holland et al., 2000)
so that the hippocampus may be involved in learning and memory processes related to
painful stimuli.
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Nociceptive Pathways through the Amygdala

In primates, anatomical studies have demonstrated that the spinothalamic tract (STT)
projects to the amygdala, particularly the central nucleus (Newman et al., 1996). Imaging
studies have shown that the amygdala or hippocampus or both show changes in blood flow
and blood oxygen level dependent (BOLD) activity in response to a painful contact heat
stimulus (Derbyshire et al., 1997; Becerra et al., 1999), or a painful laser stimulus (Bingel et
al., 2002; Bornhovd et al., 2002; Apkarian et al., 2005). The companion paper demonstrates
that these activations may be related to LEPs which are recorded from the dorsal amygdala
(Liu et al., 2010).

These results are consistent with a putative indirect pathway through the amygdala, although
the presence of LEPs at a contact does not correlate with involvement of that contact in a
significant GRC pairs. However, LEPs were also recorded at contacts which often received
causal influences from ventral contacts. Therefore, analysis of larger numbers of subjects
might reveal the presence of a subpopulation of dorsal contacts characterized by inputs
giving rise to both LEPs and causal influence from ventral electrodes (Dong et al., 2010;
Neugebauer et al., 2009).

These results suggest that activity involved in 1-2-3 > 4-5 GRC pairs is not phase locked to
the afferent volley evoked by the laser stimulus (Kenton et al., 1980; Kobayashi et al.,
2009). Perhaps this volley is temporally dispersed after transmission from the spinal cord
through the brainstem or medial thalamus, and the basolateral amygdala, to the central
nucleus. This is consistent with the multiple sequential responses with wide dispersion of
response latencies of neurons in the parabrachial pathway to the central nucleus in rodents
(Bernard and Besson, 1990; Bernard et al., 1992; Bernard et al., 1994), or the spinothalamic
pathway to the medial thalamus in primates (Whitlock and Perl, 1961; Casey, 1966), and
cats (Albe-Fessard and Kruger, 1962; Dong et al., 1978). Similar dispersion of the afferent
volley might occur by activation of the central nucleus after processing through circuits
involving the basolateral amygdala or the intercalcated cell group (Pare et al., 2004).

Less temporal dispersion may result from transmission of the afferent volley through the
direct pathway to the central nucleus via the parabrachial nucleus (Neugebauer, 2007). We
recorded LEPs in the amygdala but only at dorsal contacts, which were not preferentially
involved in pairs with ventral contacts having significant GRC. These findings suggest the
presence of two separate nociceptive pathways in the human central nucleus. The putative
direct pathway may lead to a synchronized volley which produces LEPs. The putative
indirect pathway may be based upon a causal influence or driver role exerted by the basal
and lateral nuclei, upon the central nucleus.

The putative direct and indirect nociceptive pathways have been associated with different
pain-related pathological processes (Bernard et al., 1996; Neugebauer, 2007; Neugebauer et
al., 2009). Specifically, different rodent models of chronic pain are distinguished by the
presence of different excitatory amino acid receptors in different nuclei included in these
pathways. Modulation of these receptors in the central nucleus of the amygdala will
influence behaviors related to pain and emotion (Palazzo et al., 2008), and the relationship
between them (McGaraughty and Heinricher, 2002) (Neugebauer, 2007; Ikeda et al., 2007;
Carrasquillo and Gereau, 2007). These effects are mediated through widespread, reciprocal
connections to structures mediating affective and autonomic emotional behaviors related to
noxious stimuli and conditioned fear (Price and Amaral, 1981; Davis et al., 1994; Cassell et
al., 1999; LeDoux, 1996). Therefore, these human pain-related pathways through the medial
temporal lobe may subserve multiple different mechanisms of chronic pain, fear and
anxiety.
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Figure 1.

A. causality between a pairs of electrodes within the amygdala as displayed in time
frequency plots for subject 3. Specifically, the causal influence (GRC) of the signal for
amygdala contact 2 upon contact 4 for subject 3, is shown with time and frequency
represented along x and y axes. The presence of a significant increase in the GRC is
indicated by hot colors while white indicates time frequencies which are subthreshold for
GRC. B the grid of all time frequency plots for the patient 3, where the contacts numbered
along the horizontal indicate contacts exerting a causal influence or driver role (GRC) upon
contacts numbered along the vertical axis. The time frequency plot in A is shown in B with a
heavy margin around the plot.
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Figure 2.

Time frequency plots of GRC for all patients studied, where each row indicates results
contralateral and ipsilateral to the stimulus, as labeled. For each patient the side of the
recording is indicated for each patient on the contralateral side in A. The red or blue lines
under the contact number indicate the presence of a reproducible LEP in response to a
contralateral or ipsilateral laser stimulus. The time frequency plot in Figure 1A is shown in
2B with a heavy margin around the plot in patient 3, left grid.
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Figure 3.

The GRC in time frequency plots between pairs of contacts with analysis of amygdala >
hippocampus (A), and hippocampus > amygdala in each of the four patients (B), as labeled.
A. the time frequency plots in the grid show causal influence of amygdala contacts
numbered along the horizontal axis, while those for the hippocampus numbered along the
vertical axis. B. the time frequency plots in the grid show causal influence of hippocampus
contacts numbered along the horizontal axis, while those for the amygdala are numbered
along the vertical axis, i.e. axes reversed from A.
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Average pain intensity and unpleasantness ratings as well as energy level for laser stimulation should be

reported
Subject | VAS Intensity unple\;?aitness Laser energy
1 5/10 6/10 720 mj
2 5/10 na 720 mj
3 3/10 3/10 640 mj
4 7/10 4/10 720 mj
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