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Abstract: Pain is a complex experience consisting of sensory-discriminative, affective-motivational, and cognitive-evaluative
dimensions. Now it has been gradually known that noxious information is processed by a widely-distributed, hierarchically-
interconnected neural network, referred to as neuromatrix, in the brain. Thus, identifying the multiple neural networks subserving
these functional aspects and harnessing this knowledge to manipulate the pain response in new and beneficial ways are
challenging tasks. Albeit with elaborate research efforts on the cortical responses to painful stimuli or clinical pain, involve-
ment of the hippocampal formation (HF) in pain is still a matter of controversy. Here, we integrate previous animal and human
studies from the viewpoint of HF and pain, sequentially representing anatomical, behavioral, electrophysiological, molecular/
biochemical and functional imaging evidence supporting the role of HF in pain processing. At last, we further expound on the

relationship between pain and memory and present some unresolved issues.
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1 Introduction counting for attention, anticipation and memory of past

) o experiences. Therefore, the understanding of pain as a multi-
It has been now widely accepted that pain is a complex . . . .
: ) ) } ) dimensional experience suggests that the inherent charac-
phenomenon resulting from a three-dimensional integration - . . . . .
T ) o } teristics of pain experience are likely to be reflected in a matrix
of sensory-discriminative, affective-motivational and cogni- . o . . .
i ) o ) of widely distributed and hierarchically interconnected neu-
tive-evaluative axes [, In addition, it is currently believed . 67
hat the | Loai ) olved i g ral network in the brain 27,
that the lateral pain system 1s more mvolved in sensory-dis- . . .
o pai sy ) ) ) v ) There is now a consensus of idea that pain, when be-
criminative aspects of pain processing, subserving the abil- . .
. L i . . comes persistent or chronic, may cause not only sensory
ity to analyze location, intensity and duration of the stimulus, . . . .
) ] ) dysfunction (spontaneous pain, hyperalgesia and allodynia)
whereas the medial system is more responsible for process- . . o .
) i S o ) but also various functional brain disorders, such as anxiety,
ing the affective-motivational component, giving rise to the o . T e
) ) o amnesia, insomnia and depression ). These co-morbidi-
unpleasant character of pain perception B-l. The cognition . . . . .
o ) o ) ties of chronic pain make it necessary to extend the pain
axis is probably associated with higher brain centers, ac- o . . .
research from lower levels of the ‘pain matrix’ into the higher
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tools and techniques, to examine pain-related changes in the
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forts exerted on the cortical responses to painful stimuli or

clinical pain 3¢

!, the limbic system has received the least
attention.

The hippocampal formation (HF), an integral component
of the limbic system ['!¥], has long been implicated in sev-
eral functions such as arousal and attention '), learning and
memory %21 emotion and affect %], sensory motor inte-
gration 172%1 and so on. However, cumulating efforts from
many laboratories over the past years have allowed the more
clear dissection of the roles of HF in pain processing. Indeed,
there have been substantial behavioral, electrophysiological,
molecular/biochemical and functional imaging evidence sup-
porting the putative relationship between the HF and affec-
tive/motivational component of pain perception [!%27-36],
Melzack and Casey!! proposed that the limbic forebrain
structures, including the HF, play important roles in the ‘aver-
sive drive and affect that comprise the motivational dimen-
sion of pain’. Here, we review previous studies regarding the
involvement of HF in pain perception, presenting various
aspects of evidence for an association between the hippoc-

ampus and pain.
2 Anatomy of the HF related to pain

2.1 A brief overview The HF is a bilaterally symmetrical
structure that is situated in the caudal part of the brain, com-
prising the hippocampus proper (consisting of CA3, CA2,
and CA1), dentate gyrus (DG) and subiculum ['7373], Both
hippocampal and DG fields are folded into a shape reminis-
cent of the letter “C”. Generally, the HF appears as an elon-
gated structure with its long axis ranging from the septal
nuclei rostrodorsally to the incipient temporal lobe
caudoventrally. The long axis is generally referred to as the
septotemporal axis and the orthogonal axis referred to as
the transverse axis 4%, The cortex that forms the HF mainly
has a three-layered appearance. The first layer is a deep layer,
comprising a mixture of afferent/efferent fibers, basal den-
drites of the cell layer and interneurons. In the DG this layer
is called the hilus, whereas in the CA regions it is referred to
as the stratum oriens. Superficial to this polymorph layer is
the cell layer, which is composed of principal cells and

interneurons. In the DG this layer is called the granule layer,

whereas in the CA regions and the subiculum it is referred to
as the pyramidal cell layer (stratum pyramidale). The most
superficial layer is referred to as the molecular layer (the stra-
tum moleculare) in the DG and the subiculum. In the CA re-
gion the molecular layer is subdivided into a number of
sublayers. In CA3, three sublayers are distinguished: the
stratum lucidum, which receives input from the DG (mossy
fiber); the stratum radiatum, comprising the apical dendrites
of the neurons located in the stratum pyramidale; and, most
superficially, the stratum lacunosum-moleculare, comprising
the apical tufts of the apical dendrites and connecting with
the perforant path. The lamination in CA2 and CA1 is similar,
with the exception that the stratum lucidum is missing?®”-3%!,
For an extensive description of the hippocampal structure
and cytoarchitecture, please refer to the following original
books and reviews, which is beyond the scope of the present
paper!!7:3940],

2.2 Afferents to the HF Neuronal tracing studies have re-
vealed an enormous complexity of the afferent and efferent
connection of the HF. However, it is not the intention of this
article to present a detailed review of these neuroanatomical
studies. Conversely, only those anatomical connections as-
sociated with pain ascending systems are briefly outlined. It
is really a formidable and contentious issue how the periph-
eral noxious information is conveyed to the HF. Presumably,
we suppose two major pathways associated with painful in-
formation entry into the hippocampus that will be discussed
below.

2.2.1 Entorhinal cortex as a main station relaying pain sig-
nals to the HF On the basis of neuroanatomical studies, the
entorhinal cortex (EC), an elementary part of the parahi-
ppocampal area in lower species and the parahippocampal
gyrus in primates or humans, has long been regarded as a
relay station that provides the major source of afferent input
to the hippocampust*#42, According to standard views,
sensory information mainly enters the hippocampus via two
inputs from the EC, the so-called perforant path. The first
input comprises the axons of layer II EC neurons that termi-
nate on the dendrites of the DG. This input is then processed
serially via the traditional trisynaptic pathway!*-**l. The sec-

ond input comprises the axons of layer III EC neurons that
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terminate directly on the distal dendrites of CA1 and subicu-
lum647), This bundle of axons is accompanied by a projec-
tion from layer II EC neurons to CA3 neurons**>%. Together
with the EC-CA1 pathway, this cortico-hippocampal input is
often called the temporoammonic path. The two separate
branches of the perforant path projection to the HF have
also been corroborated by electrophysiological studies®!%),
In addition, there is a prominent and topologically arranged
circuitry between the EC and the HF (for details, seel®®). Of
the two EC inputs, the trisynaptic pathway has long been
assumed as the major route by which cortical information
reaches the HF. However, mounting evidence have pointed
towards to the importance of the direct pathway, i.e. the
temporoammonic path, in determining hippocampal func-
tion!*"**) Then what is the relationship between the two
perforant path pathways to pain? Given the electrophysi-
ological results from Khanna’s group®®-#l, it might be logi-
cally predicted that formalin-induced pyramidal cell excita-
tion is dependent on the excitatory input from the EC, impli-
cating a possible link between EC and pain processing in the
HF (see below). Nonetheless, the exact route by which pe-
ripheral noxious information enters the HF via the EC is still
unclear, but here we try to propose two possibilities.

2.2.1.1 The Papez circuit In 1937, Papez proposed the
well-known ‘Papez circuit’, including the hypothalamus
(mammillary bodies), anterior thalamic nuclei, cingulate cortex,
and the hippocampus, which he believes contributes a har-
monious mechanism responsible for the expression of cen-
tral emotion"®!, From this circuit, one may feel not difficult to
find a reciprocal connection between some pain-related re-
gions with the HF, such as the anterior cingulate cortex (ACC).
Indeed, there are reports showing that the ACC projects fi-
bers to the subiculum of the HF and the ECP.. Furthermore,
the cingulum bundle, one part of the ‘Papez circuit’, contains
fibers that project from the anterior thalamic nuclei to the
ACC and HF®! as well as fibers from the frontal cortex to the
hippocampus and cingulate cortex®!. Using evoked potentials,
Foltz and White!®? demonstrated that the cingulum bundle
connects the medial frontal cortex, anterior thalamic nuclei,
and the rostral midline and intralaminar nuclei with the HF

through the EC. Taken these descriptions together, it seems

not unreasonable to speculate that peripheral-ascended pain-
ful information may gain access to the HF via other pain-
related brain areas, such as the thalamus and ACC, through a
route similar to the ‘Papez circuit’, of which the cingulum
bundle and EC may play fundamental roles. As supportive
evidence, Vaccarino and Melzack!®* found that microinjec-
tion of lidocaine into the cingulum bundle, either pre- or post-
treatment, resulted in a time-dependent analgesia in the for-
malin test (see below).

2.2.1.2 Cortico-limbic pathway It is well known that the EC
receives massive synaptic input from neocortical associa-
tion areas and also less pronounced input from primary sen-
sory areas. In addition, it receives input from many subcorti-
cal regions, including the midbrain raphe nuclei, the ventral
tegmental area, the locus coeruleus, and so onl*!l.
Interestingly, a cortico-limbic pathway has been described
to pass from the primary and secondary somatosensory cor-
tices to insular and parietal cortical structures, then to the
amygdala, the perirhinal cortex and the hippocampus, and
ultimately converges on the same structures that are directly
activated by the spinothalamic pathways®*%!. This pathway
integrates sensory pain characteristics with information from
other sensory systems as well as learning and memory, thus
adding a cognitive aspect regarding long-term consequences
to affective pain processing®®"l, According to this cortico-
limbic pathway, an indirect route for pain signals into the HF
is naturally expected: the interaction or crosstalk between

%I, To note, the insula is one

the lateral and medial system!
critical region in this cortico-limbic pathway and the efferents
from the insula supply the HF via its projection to the para-
hippocampal region, among which is the EC[6465),

2.2.2 Septo-hippocampal pathway An alternative pathway
conveying painful information to the HF, in our hand, may be
the septo-hippocampal pathway, the major cholinergic input
to the HF®7!], The anatomical connections between the hip-
pocampus and the septal area, through fibers in the fimbria-
fornix system, have been well-known, for some time.
Furthermore, the septo-hippocampal system has numerous
functional cross-connections with other areas of the brain,
such as the hypothalamus, locus coeruleus, periaqueductal

gray matter, raphe magnus and cerebral cortex!”>"*.. This
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extensive connection makes it possible that peripheral nox-
ious information, when arriving at the higher level of the
brain, may indirectly get access to the HF by means of other
pain-related areas. In this context, Dutar et al. ¥ found that
a large proportion of septo-hippocampal neurons (SHNs),
which are at the origin of the cholinergic septo-hippocampal
pathway, exhibited an activation pattern in response to pe-
ripheral somatic noxious stimulation. In the discussion, the
authors explained the finding by saying “One could hypoth-
esize that the responses of SHN's to noxious peripheral stimu-
lation are due to the input coming from locus coeruleus, raphe
nuclei, and/or other brainstem structures.” In addition, sev-
eral studies from Khanna’s group have shown a modulatory
effect of this sepo-hippocampal pathway on hippocampal
neuronal responses to formalin-evoked painP*3%7], A sys-
temic description of the cholinergic modulation of pain pro-
cessing in the HF, either behaviorally or electrophysio-
logically, will be presented below.

2.3 Efferents from the HF According to Henkel, the
efferents from the HF comprise two major systems: the dor-
sal pathway through the fimbria-fornix system and the ven-
tral pathway via the entorhinal region. The fimbria-fornix con-
nections are fairly well documented. Fornix fibers originate
mostly in hippocampal field CA1 and project to the medial
and lateral septum, the diagonal band nucleus, the anterior
thalamus, the mammillary region, and the so-called limbic
midbrain. Fimbria fibers originate in CA2, CA3, CA4 and the
subicular complex and project to the anterior thalamus, the
preoptic area, the hypothalamus, and the bed nucleus of the
stria terminalis”’®7®), The ventral projection system connects
the HF with the EC3%793%1, All these cortical and subcortical
regions connected by the dorsal and ventral projection sys-
tem are further associated with some pain-processing struc-
tures anatomically or functionally, thus providing a link be-
tween HF output and pain. Therefore, hippocampal activity
would be expected to project to a number of limbic and corti-
cal areas which may be involved in processing the motiva-

tional-affective component of pain''!,
3 Behavioral studies

3.1 Effects of activation of the HF on pain

3.1.1 Effects of the HF stimulation in animals There have
been implications from previous stimulating studies that the
HF might be involved in the aversive events processing. In
the paper of Lico et al.®, the authors observed that the
guinea pig under light anesthesia showed a sequence of re-
sponses to a painful stimulation (dental pulp electrical
stimulation), including defensive-offensive movements, au-
tonomic manifestation (respiration) and high-pitched vocal-
ization which are interpreted as signals of a subjective sen-
sation of pain, and that stimulation of limbic structures such
as the septum and dorsal hippocampus resulted in either
analgesic-like or algesic-like effect, thus indicating limbic
modulation in the perception of painful messages®!). In con-
trast to the above-mentioned results in guinea pigs, Prado
and Roberts® reported somehow contradictory results in
rats. One hundred and fourteen sites in the rat brain have
been stimulated with a gradient of increasing intensity and
the aversive and antinociceptive thresholds determined for
each site using the aversion analysis and tail-flick test. When
it comes to the hippocampus, the results demonstrated that
electrical stimulation of lateral and ventral hippocampus elic-
ited neither aversion nor antinociception, while stimulation
of dorsal and medial hippocampus caused strong
antinociception without significant aversion®. The discrep-
ancy may be due to differences in stimulation location and
parameters, animal species, and pain assays. A similar find-
ing from Yeung et al.®! stimulated the hippocampus of three
animals and found one site to be antinociceptive, but the
aversiveness of the stimulation was not reported. Sinha et al.3¥
found that stimulation of the hippocampus disrupts the jaw-
opening reflex evoked by phasic tooth pulp pain in rats.
Furthermore, there are still previous reports concerning stimu-
lation of the anterior hippocampus in other species such as
cats and monkeys, all of which could evoke pain-like behav-
iors®,

The above-described stimulating experiments mainly
focus on the limbic modulation of acute nociception. Then
what about the roles of HF in modulating pathological pain
processing? Abbott and his colleagues reported that electri-
cal stimulation of the dorsal hippocampus resulted in a pro-

longed analgesia in the formalin test, a well-established ani-
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mal model of tonic pain, when the stimulation produced epi-
leptiform after-discharges®’. However, repeated stimulation
at levels that produced after-discharges abolished the
analgesia.

3.1.2 Effects of the HF stimulation in humans Besides the
stimulating studies carried out in the animals, earlier clinical
observations on the human subjects also demonstrated that
the hippocampus is involved in processing of noxious
stimuli®” and electrical stimulation of the HF evoked painful
sensations in humans®.

3.2 Effects of disruption of the HF on pain

3.2.1 Effects of hippocampal lesioning in animals

3.2.1.1 Hippocampectomy or surgical ablation Jackson and
Regestein®™! examined the effects of partial or total hippoc-
ampal ablation on the performance of a prolonged titrated
avoidance aversive schedule by the monkeys, a particularly
useful model for assessing changes in pain sensation. They
found that three of the four monkeys with total hippocampal
damage were unable to continue for the entire session of the
schedule compared with partial hippocampectomized mon-
keys and monkeys without hippocampal lesions. In addition,
the authors also pointed out that the hippocampal cells which
support prolonged titrating avoidance behavior are spread
through the length of the hippocampus, rather than concen-
trated within a specified anterior or posterior location. Exten-
sive hippocampectomy in other animal species, such as cats
and baboons, has also been reported to result in a dimin-
ished reaction to pain®**!J,

3.2.1.2 Electrical lesion There have been a variety of previ-
ous reports studying the consequences of electrical lesion
of hippocampus in animals. In one previous study, rats with
electrical lesion in the medial part of the dorsal hippocampus
were found to be more active than normal and brain damaged
controls. This hyperactivity was manifested in a greater num-
ber of light-beam interruptions in an activity cage and in
increased running speed in an unbaited T mazel?!. When
placed in a situation involving inhibition of movement, rats
with hippocampal lesion were unable to inhibit movement to
avoid shock, suggesting impairment of passive avoidance
behavior®®l. In another report, electrical lesions of the hip-

pocampus resulted in increased open-field activity in rats®,

similar to the hyperactivity observed in the above paper®
and other previous related experiments®-?. Moreover, sig-
nificant decreases in shock-induced aggression was observed
following electrical hippocampal lesions®, consistent with
previous findings from Blanchard and Blanchard®”.

3.2.1.3 Aspiration A significant advance in the experimental
study of the relationship between brain lesions and avoid-
ance conditioning was the distinction between active and
passive avoidance tasks®®. Subsequent experimentation has
indicated that an equally important differentiation must be
made between one-way and two-way active avoidance tasks®®”’.
There is a great deal of evidence to indicate that animals with
lesions of the hippocampus are deficient in the performance
of passive avoidance tasksP®>*'%l, Importantly, Olton and
Isaacson!'’!! extended these findings by showing differen-
tial effects of hippocampal aspiration lesion on the acquisi-
tion and retention of two types of active avoidance tasks.
Rats suffering from lesions of the hippocampus were found
to be superior to control animals in the performance of a two-
way active avoidance task, but were inferior to normal ani-
mals in the performance of a one-way active avoidance task.
The performance increments found in the two-way task ap-
peared only during acquisition training, while the decrements
in the one-way task appeared during both acquisition and
retention. Here, it is of necessity to note that lesions of dor-
sal and ventral hippocampus will produce different effects
on active-avoidance tasks, as claimed by one previous study!'??l.
Differences between the dorsal and ventral areas of the
hippocampus have been demonstrated anatomically in the rat!'%*!
and physiologically in the cat!®, and there have been sug-
gestions from work with both species that they might differ
in function as well'®). As regards the active avoidance tasks,
this paper showed that dorsal electrolytic lesions in the hip-
pocampus produced deficits in the acquisition of one-way
avoidance, while ventral lesions produced somewhat facili-
tated avoidance. Therefore, it would seem necessary to con-
sider the dorsal and ventral areas as functionally separate
entities when evaluating roles of HF in various types of
behaviors, including the pain perception (see below). To sum-
marize discussions from avoidance paradigms, it seems that

lesion of the hippocampus would lead to deficits or improve-
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ments in all three types of avoidance tasks.

3.2.1.4 Neonatal chemical lesion Overviewing the literature
will retrieve a few reports investigating effects of neonatal
excitatory damage to the hippocampus by microinjection of
chemicals on the neurodevelopment of pain perception. One
study demonstrated clearly that neonatal lesion of the ven-
tral hippocampus, via bilateral injection of ibotenic acid, al-
tered the neurodevelopment of supraspinal (but not spinal)
mechanisms involved in the control of acute thermal and
mechanical nociception, revealed as decreased latency after
puberty in the hot plate and paw pressure tests (both
supraspinally mediated) but without effect in the tail-flick
test that is mediated mostly at the spinal level®”. This alter-
ation cannot be attributed to ventral hippocampus lesion per
se as similar lesions in adults did not produce the same effects.
This negative result of ventral hippocampus lesion in adult
rats, compared with positive influences of dorsal hippocam-
pus stimulation/lesion mentioned above!®!-3336921" further
strengthened the idea that the dorsal and ventral hippocam-
pus are functionally distinct!®?., One important implication
from this paper is that although ventral hippocampus ap-
pears not to play essential roles in pain processing of adult
rats, early lesion of the ventral part of the HF would predict-
ably alter the development of nociception. In another study,
concerning postnatal hippocampal lesion, it has been dem-
onstrated that behavioral outcomes of such ventral hippoc-
ampal lesions in rats, are determined by early postnatal envi-

1061, Con-

ronmental variables, including social interactions!
sistent with this assertion, another study of neonatal chemi-
cal hippocampal lesions reported different transfer of noci-
ceptive sensitivity from rats with postnatal hippocampal le-
sions to control rats, i.e. their siblings with whom they were
housed®s!.

3.2.2 Effects of hippocampal lesioning in humans The above
outlined papers were all concentrating on effects of bilateral
hippocampal lesions on pain-related responses in animals,
so what about the results from human subjects? As early as
1960s, Gol and Faibish have successively published two clini-
cal reports showing effects of human hippocampectomy on
pain relief in patients suffering from intractable pain!'®’-1%%],

There was usually appreciable reduction in pain following an

extensive bilateral hippocampectomy, whereas the effective-
ness of unilateral hippocampal ablation varied a lot and did
not last for a long period. After hippocampectomy, the pa-
tients also showed flattening of affect and were relatively
less concerned about the seriousness of their disease
condition. With regard to the involvement of the HF in pain
perception in humans, there is a classical description of the
well-known patient H.M. with a surgical bilateral lesion of
the hippocampus!'®. This patient was less sensitive to more
intensive painful stimuli, whereas his capacity to detect light
touch (pressure sensitivity) was preserved. Furthermore, H.
M. could not be classically conditioned to electrical shocks,
reportedly because the most intense level of electrical stimu-
lation that could be administered safely was below his noci-

ceptive threshold!''®

1. To sum up, these observations sup-
port the notion that hippocampal lesion can alter the percep-
tion of nociception and partially alleviate chronic pain.

3.3 Microinjection studies Several pieces of evidence have
been accumulating to support the roles of HF in pain pro-
cessing by virtue of microinjection of a diverse array of drugs
(anesthetics, receptor antagonists, neuropeptides, enzyme
inhibitors, neurotransmitter/neuromodulator antagonists, efc.)
into the hippocampus. Here we will list these microinjection
experimental studies and provide a full view of the relation-
ship between HF manipulation and nociception modulation.
3.3.1 Lidocaine To interrupt the neuronal activity within
the HF, regional analgesia of the DG region, a gate to the
HFBo41:484934] '\was accomplished by bilateral microinfusion
of 2% lidocaine into the DG area 20 min after subcutaneous
injection of 2.5% buffered formalin but 10 min prior to behav-
ioral investigation within the formalin test®?. Noticeably, be-
havioral assessment commenced 30 min after formalin injec-
tion and ended 40 min later in this experiment. The early phase
of formalin test was not evaluated. The results indicate that
injection of lidocaine into the DG is capable of reducing a
pre-existing formalin-induced tonic pain®?!. This analgesic
effect is incremental in its onset and is considerably stronger
when administered to the contralateral side of the injury.
However, local anesthetic infusion into the DG 10 min prior
to formalin injury failed to produce significant analgesia. A

similar study from the same lab, examining effects of lidocaine
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microinjection into the cingulum bundle, fornix and medial
bulboreticular formation, also revealed a time-dependent an-
algesia in the formalin test, although the specific temporal
patterns of lidocaine action varied'®*!. Taken together, these
results indicate that blocking neural transmission along both
afferent’® and efferent!® hippocampal pathways could re-
duce pain-related behaviors in the formalin test.

3.3.2 NMDA receptor antagonists To date, there have been
two reports studying the effects of blocking NMDA receptor
activation in the HF on the nociceptive responses in the
formalin test™**4, In the paper of McKenna and Melzack??,
the authors utilized almost the same experimental procedure
as presented above except that the 1 uL 2% lidocaine solu-
tion was replaced by 3.75 ng/0.75 uL APS. In addition, the
exact time point of drug microinfusion also differs. In this
study, the competitive NMDA receptor antagonist AP5 was
bilaterally injected into the DG area, either 5 min before or 15
min after the onset of formalin injury. Also, both acute and
tonic phases of formalin pain were evaluated. AP5 injected
into the DG of the HF, prior to hindpaw irritation, reduced
both acute and tonic behavioral responses of the formalin
test; moreover, APS administered to the DG after the injury
also effectively suppressed formalin-induced tonic pain.
These results indicate that: (1) the DG of the HF serves as an
important forebrain structure involved in the pain-related
neural processing; and (2) NMDA-sensitive mechanisms in
this part of the forebrain can influence both acute and tonic
behavioral responses to formalin-induced injury.
Nevertheless, bilateral injection of AP5 into the CA1 area of
the HF failed to elicit any analgesia in the formalin test**!,
This finding is partially at odds with another previous study
exploring antinociceptive effect of intra-hippocampal CA1
and DG injection of AP5 and MK-801, a non-competitive
NMDA channel blocker?. In that study, AP5 (3.75 pg/
0.75 pL) or MK-801 (3 ng/0.5 uL) administered into the DG
region 5 min prior to formalin injection significantly reduced
pain behaviors in both acute and tonic phases of the forma-
lin test, which is in concurrence with the results from
McKenna and Melzack. In the CA1 region, injection of
APS5 had no effect while injection of the effective dose of
MKS801 (3 pg/0.5 pL) produced a significant antinociceptive

effect in the tonic, but not the acute phase. The authors
further proposed that MK801 exerted its antinociceptive ef-
fect by inhibiting GABAergic interneurons in the hippocam-
pal CA1 areaP*. It can be concluded, from all these two papers,
that NMDA -sensitive mechanisms in the DG modulate both
acute and tonic noxious sensory processing. On the contrary,
the hippocampal CA1 region might modulate tonic pain be-
havior only, implicating possible differential involvement of
hippocampal subregions in mediating pain processing*>34.,
3.3.3 Cholinergic agonists Acetylcholine (ACh) is one of
the main neurotransmitters released in the hippocampus and
plays an important role in hippocampal nociceptive
processing. Here, we will only discuss behavioral experiments
performed regarding cholinergic modulation of pain process-
ing in the HF. There are still a large number of electrophysi-
ological studies elucidating how Ach and atropine affects
peripheral painful stimulus-modified excitability of the hip-
pocampal neurons, as well as molecular/biochemical studies
showing changes in Ach release or activity of Ach-synthe-
sizing enzyme, choline acetyltransferase (ChAT), in the HF
in response to a noxious stimulation. These two latter con-
tents will be specified sequentially below.

On the basis of widely-accepted notion that central cho-
linergic mechanisms participate in the process of pain modu-
lation!''"'3] and the well-established cholinergic innervations
into the hippocampus!’®!'+1151 Klamt and Prado!''®), using
the tail-flick test and calibrated pinch test, mapped the sites
in the rat brain where intracerebral administration of carbachol,
a drug exhibiting both muscarinic and nicotinic agonist
properties, evoked antinociception. Among those structures
containing sensitive sites are the temporal lobe of the ventral
hippocampus and rostral aspect of the dorsal hippocampus,
consonant with the above-mentioned stimulating experiments
demonstrating strong antinociception by focal electrical
stimulation of the HF®-838¢] and with previously reported
wide distribution of cholinergic receptors in this areal''l.

Possible roles of cholinergic neurotransmission of the
dorsal hippocampus in modulation of nociception were also
investigated in another previous behavioral/pharmacologi-
cal study, using the vocalization test in guinea pigs, where a

peripheral noxious stimulus (electric shock applied to the
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thigh) provoked the emission of a vocalization response by
the animal, which was interpreted as a manifestation of pain.
Additionally, the paper examined the participation of
opioidergic and GABAergic systems in modulation of
nociception and their interactions®!. The results demonstrate
that activation of the cholinergic or opioidergic system of
the dorsal hippocampus promotes antinociception in guinea
pigs, while GABAergic activation promotes pronociception.
In addition, antinociception produced by cholinergic stimu-
lation depends on opioid synapses present at the same site.
On the other hand, antinociception observed after microin-
jection of morphine into the dorsal hippocampus occurs
through the inhibition of tonically active GABAergic inter-
neurons®!. In summary, these two behavioral reports point
towards to the conclusion that cholinergic systems are likely
to play vital roles in modulating pain processing occurring in
the HF.

3.3.4 5-Hydroxytryptamine (5-HT) receptor antagonists
The anatomy of the serotonergic projection from the median
raphe nucleus to the hippocampus in the rat has been well
documented!'¢!17], A sizeable body of evidence has also sup-
ported the involvement of 5-HT in pain modulation!!!811%],
Subcortical serotonergic afferents to hippocampus might be
excited during noxious stimulation!>’l. According to
these implications, Soleimannejad et al.*%! tested the role
of 5-HT,,»c receptors in the CA1 and DG in the formalin
model of tonic pain. The 5-HT,, ¢ receptor antagonist
ritanserin was bilaterally injected into the CA1 area and DG
of behaving rats 5 min before subcutaneous injection of for-
malin irritant. Nociceptive behaviors in both phases of the
formalin test were significantly decreased by ritanserin, sup-
porting the hypothesis that the HF may modify the process-
ing of incoming nociceptive information through 5-HT,, .
receptor-dependent mechanisms.

3.3.5 Noradrenaline Noradrenaline (NE) has been repeat-
edly implicated in the ability of mammalian organisms to re-
spond effectively to challenging situations!'?!. The locus
coeruleus gives rise to most of the important central noradr-
energic fibers supplying several brain structures including
the septo-hippocampal system!”?. The relationship between

the noradrenergic system and the septo-hippocampal activ-

ity has been demonstrated through several techniques!'?>123!,
Thus, an interaction between NE in the HF and pain modula-
tion is reasonably expected. Although application of tail-pinch
was found to elicit similar increase in hippocampal NE and
serotonin release!'?*!24 evidence from animal experiments
and clinical investigations has suggested that an antagonis-
tic relationship exists between NE and 5-HT!%), Intriguingly,
the functional antagonism between NE and 5-HT also ap-
plies to the pain processing in the hippocampus. As reported
in one previous study, NE and serotonin exerted dose-de-
pendent but opposite modulating effects on behavioral reac-
tivity to hot plate heat and footshock noxious stimulus when
injected into the dorsal or ventral hippocampus of rats!'?!,
Specifically, NE injections resulted in an increase in the be-
havioral reactivity to painful stimuli, while 5-HT injections
elicited a decrease in the sensitivity. Moreover, NE injec-
tions were more effective in increasing reactivity when in-
jected into the dorsal hippocampus while 5-HT injections
were more effective in decreasing behavioral reactivity when
injected into the ventral hippocampus. When NE and 5-HT
were injected simultaneously they resulted in no change in
behavioral reactivity as compared to saline control injec-
tions!'?], These results confirm an important functional role
for the interaction between NE and 5-HT in the pain process-
ing in the HF.

3.3.6 Nitric oxide synthase inhibitor Nitric oxide (NO) is an
important neuroregulatory agent present in the hippocampus,
which has been implicated in many physiological and
pathological brain processes including stress-induced an-
algesial'?’! and nociceptive processing!!?#!2%1, Given these
considerations, Echeverry et al.'*® has investigated the ef-
fects of intrahippocampal administration of N®-nitro-L-argi-
nine methyl ester hydrochloride (L-NAME), an inhibitor of
NO synthase (NOS), on nociceptive behavioral responses in
stressed and nonstressed rats. Unilateral microinjection of
L-NAME (50-300 nmol/0.2 mL) into the DG of the dorsal HF
significantly increased the tail-flick latency in animals
submitted, 5 d before, to 2-h single restraint stress.
Nonetheless, L-NAME failed to modify nociception in
nonstressed rats!'3%. This stress modulatory effect on

antinociception caused by NOS inhibition in the HF was later
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confirmed in the hot plate test??®]. Moreover, the same effect
was detected after subchronic restraint stress episodes (i.e.
5 d after 5 repeated restraint episodes), indicating lack of
tolerance for the stress-antinociception modulating effect.
The delayed antinociceptive effect of NOS inhibition in the
HF, after a single or repeated restraint episode, is accompa-
nied by significant increase in the number of NO-producing
neurons in the HF and related brain structures such as the
entorhinal cortex?®l. Summarizingly, the results suggest that
the modulation of nociceptive processing by NO in the dor-
sal hippocampus is dependent on previous stress exposure
and on poststress interval and that this stress-antinociception
modulatory effect may involve plastic changes in the HF.
3.3.7 Platelet-activating factor receptor antagonists Plate-
let-activating factor (PAF) is a potent phospholipid mediator
that participates in inflammatory responses (for review, seel'*!),
including formalin-induced nociception in rats!'*?. Evidence
suggests that PAF exerts cellular actions through two high
affinity intracellular (i.e. microsomal) binding sites and a low-
affinity plasma membrane receptor!'*3]. The anatomical loca-
tions at which PAF affects formalin-induced tonic inflamma-
tory pain processing were recently elucidated by intra-hip-
pocampal administration of PAF antagonists acting on either
plasma membrane (BN 52021) or intracellular (BN 50730) PAF
binding sites!'*4l. These two kinds of PAF receptor antago-
nists were administered into the contralateral CA1 region
(with respect to the injected hindpaw) of rats 20 min prior to
formalin insult. The data showed that intrahippocampal in-
jection of BN 52021, but not BN 50730, decreased the late-
phase of nociceptive response in the formalin test in a con-
centration-dependent manner, suggesting that hippocampal
plasma membrane PAF receptors, but not intracellular PAF
binding sites, mediate processing of painful information of
an inflammatory nature in ratst'**.

3.3.8 Vasoactive intestinal peptide The vasoactive intesti-
nal peptide (VIP) is an essential neuropeptide widely distrib-
uted in the peripheral and central nervous systems!'**!, with
a large spectrum of biological actions in mammals, including
hormonal regulation, analgesia, neurotrophic and mediation
of circadian rhythmicity!*?!. In the hippocampus, VIP is ex-

137

pressed only in the interneurons!!*”!, VIP receptor subtypes

have also been identified in the hippocampus!'**l. Numerous
studies provide compelling evidence for the implication of

1391 On account of these statements,

VIP in pain sensitivityl
Ternianov et al.!'*! demonstrated that unilateral or bilateral
infusion of VIP into the hippocampal CA1 area dose-depen-
dently increased the pain threshold compared to the control
group. The intra-hippocampal VIP induced antinociception
was repeated in a model of depression in rats!"#!l. In this
paper, the authors firstly examined the pain threshold in bi-
lateral olfactory bulbectomy (OBX) rats, a widely used ani-
mal model of depression. Then antinociceptive effects of VIP
microinjected unilaterally or bilaterally into the hippocampal
CAL area were investigated by using an analgesy-meter test.
It was found that: (1) the pain threshold was increased in the
OBX rats when compared to the sham operated controls,
implicating a correlation between depression and pain
sensitivity; (2) VIP showed differential antinociceptive ef-
fects depending on the side and dose of administration. Mi-
croinjections of VIP into the left CA1 area and into both CA1
areas significantly increased the pain threshold in OBX rats,
while there was no significant difference between right-side
VIP-treated and right-side saline-treated OBX rats. These find-
ings indicate that the hippocampal lateralized antinociceptive
effect of VIP in OBX rats depends on the hemisphere of in-
jection and that VIP-ergic neurons in the hippocampal CA1
area may play differential role in nociception of rats with a

model of depression!'*!,
4 Electrophysiological studies

4.1 Electroencephalographic recording Besides the above-
delineated behavioral evidence, there are substantial indica-
tions from electrophysiological studies that the HF is involved
in pain mechanisms, among which is the electroencepha-
lographic (EEG) recording in the hippocampus. As early as
1960s, Soulairac et al."* reported that strong electrical stimu-
lation of the tail in conscious animals synchronized the hip-
pocampal EEG and produced a ‘hippocampal awakening’
which lasted several seconds and was correlated with the rat
vocalizing and biting the electrodes. Morphine and related
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agents blocked all of these responses!!*s. Subsequently,

Sinnamon and Schwartzbaum!'**! examined the response of
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dorsal hippocampal units and EEG responses, with respect
to both slow-wave synchronous activity (4-12 Hz) and fast
activity (20-40 Hz), to stimulation of rewarding sites in the
lateral hypothalamus and of aversive sites in the dorsal teg-
mentum of the rat midbrain. It is concluded in this paper that
rewarding and aversive brain stimulation can both produce,
in the dorsal hippocampus of the rat, strong theta responses
and non-specific increases or decreases in the activity of
most units. Nevertheless, a selectivity of the hippocampal
response is indicated by changes in fast EEG activity and in
the activity of a relatively small number of units.

Another EEG study regarding hippocampus and
nociception derives from Archer and Roth!'*4, who explored
the pharmacodynamic relationship between thiopentone con-
centrations and both hippocampal EEG and nocifensive
reflexes, measured as mechanical withdrawal threshold to
noxious pressure stimulation on the tail. The results of this
study showed that subanaesthetic concentrations of thio-
pentone enhanced hippocampal EEG power and reduced
nocifensive reflex threshold in the same range of plasma con-
centrations!"*. The correlation between changes in
nocifensive reflex threshold and total power in hippocampal
EEG offered an indirect line of evidence in favor of hippoc-
ampus involvement in nociceptive processing.

4.2 Influences of cholinergic input on pain-evoked responses
in the HF As outlined above, Ach, one of the most important
neurotransmitters in the septo-hippocampal system, is sup-
posed to play an important role in hippocampal processing
of noxious information. A wealth of evidence has been pre-
sented by previous electrophysiological experiments show-
ing that Ach and atropine could affect peripheral painful
stimulus-modified excitability of the hippocampal neu-
ronst’*14-147 There is general agreement that cholinergic
neurons in the medial septum and vertical limb of the diago-
nal band of Broca (MS-VLDBB) are the major source of cho-
linergic afferents to the HF®*71, Thus, Dutar et a/."* identi-
fied septo-hippocampal neurons, by their antidromic response
to the electrical stimulation of the fimbria, from the MS-
VLDBB and characterized their firing properties (latency and
frequency), nature of responsive stimuli (both mechanical

and thermal stimulation), topography of receptive fields (tail,

hindpaw, forepaw or the whole body surface), as well as
types of response to peripheral stimulation (excitation,
inhibition, rhythmic bursting activity). The predominant re-
sponse of septo-hippocampal neurons to noxious stimula-
tion is excitatory, suggesting that the activity of septo-hip-
pocampal system is indeed increased during painful
stimulation. Since the septo-hippocampal pathway is known
to be a cholinergic pathway!®*’! and the dominant effect of
ACh in the hippocampus is to facilitate pyramidal cells firing
by various mechanismst!*#1%1_ it follows that noxious stimu-
lation should result in an increased activity of hippocampal
neuronst. This assumption was further testified by Sinclair
and Lo, who obtained almost the same results in the CA1
region of the dorsal HF. They found that none of the cells
responded to non-noxious stimuli but 91 of 216 cells were
excited by noxious stimuli (pinch and heating of the tail). The
receptive fields of these nocifensive neurons were generally
large, similar to pain-responding septo-hippocampal neu-
rons’. However, this study failed to detect the significant
effect of atropine, producing only transient changes of an
inconsistent nature!*l.

Besides the above two reports, there is another previ-
ous study determining electrophysiological patterns in the
hilus of the DG in response to two different types of sensory
stimuli: olfactory and noxious stimulation!'*!. The results
showed that noxious stimulation (tail clamp) produced a block-
ade of spontaneous slow waves (1-12 Hz) in the DG but did
not increase fast wave activity in urethane-anaesthetized rats.
This slow wave blockade was independent of olfaction but
abolished by scopolamine hydrobromide, a central cholin-
ergic antagonist.

The last paper regarding Ach and pain processing in the
HF examined the effects of Ach, pilocarpine (a muscarinic
acetylcholine receptor agonist) and atropine on pain-evoked
responses of pain-excited neurons (PEN) and pain-inhibited
neurons (PIN) in the hippocampal CA1 area of rats. The trains
of electric impulses applied to the sciatic nerve were used as
the noxious stimulation. The results showed that intrahi-
ppocampal microinjection of ACh (2 ng/1 pL) or pilocarpine
(2 pg/1 pL) inhibited the electric activities of evoked dis-
charges of PEN and potentiated those of PIN at the same
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time, while atropine (0.5 pg/1 uL) produced opposite re-
sponses!'’l. Overall, all of these four studies provide con-
verging evidence that painful stimulation can indeed elicit
electrophysiological changes in the septum and HF, the re-
sponse pattern of which partially relies on the cholinergic
inputs.

4.3 Involvement of HF in pain processing Since the early
1990s, Khanna’s group has been continuously studying elec-
trophysiological properties of hippocampal pyramidal and
interneurons in response to acute and tonic painful stimula-
tion and published a series of papers, providing convincing
evidence for the involvement of HF in pain processing. The
major publications about hippocampal electrophysiology and
pain are listed below.

4.3.1 Depression of CA1 neuronal excitability by noxious
heat stimulation As an initial step into dissecting electro-
physiological responses of hippocampal CA1 neurons to
pain, Khanna and Sinclair first discovered that a noxious
heat stimulation applied to the tail produced a profound and
prolonged depression of the dorsal hippocampal CA1 popu-
lation spike which habituated upon subsequent exposures.
Furthermore, this depression of neuronal transmission was
found to be dependent on the hippocampal EEG state of the
animal™%, To further characterize this phenomenon, Khanna
and Sinclair” reported that: (1) noxious stimulation-induced
persistent depression and habituation were topographically
represented; (2) noxious stimulus-induced CA1 synaptic
depression was mediated at the apical dendritic region, in-
volving postsynaptic changes in apical dendritic excitability
and/or a presynaptic decrease in neurotransmitter release
from CA3 afferent terminals; (3) the mechanism leading to
synaptic depression involved Ach release in the apical den-
drites of CA1 pyramidal cells upon activation of septo-hip-
pocampal neurons by noxious stimuli.

4.3.2 Persistent pain-induced ‘signal-to-noise’ processing
in the HF

4.3.2.1 Comparison of dorsal hippocampal field CA1 pyra-
midal cell responses between acute and persistent pain The
two papers introduced above mainly focus on the effects of
acute noxious stimulation, for example exposing the tail to a

noxious hot water stimulus, then what about the effects of

tonic, persistent painful stimulus? In 1997, Khanna published
a classical paper describing essential differences in the dor-
sal hippocampal CA1 pyramidal cell responses to a persis-
tent (formalin pain) versus an acute nociceptive stimulus?®l.
The major differences lie in: (1) the duration of field rhythmic
sinusoidal activity (RSA or theta rhythm); (2) the degree of
CA1 pyramidal cell population spike amplitude depression;
(3) the proportion of CA1 pyramidal cells excited relative to
those suppressed by pain. A hindpaw injection of formalin,
compared to acute noxious heat stimulus, produced a pro-
longed increase in the period of theta and a long-lasting de-
pression of CA1 pyramidal cell synaptic excitability. More
interestingly, formalin-evoked persistent pain selectively ex-
cited a discrete population of CA1 complex spike cells
(putative pyramidal cells) with relatively higher spontane-
ous activity against the background of widespread pyrami-
dal cell suppression, generating a ‘signal-to-noise’ response.
Such response occurred in parallel with increased theta™¢,
The author proposed that such formalin-induced ‘signal-to-
noise’ processing might contribute to the affective-motiva-
tional component of pain.

4.3.2.2 Formalin-induced changes in hippocampal field CA1
interneuronal nociceptive responses An enormous variety
of experiments suggest that during periods of extracellular
theta, intracellularly recorded pyramidal cells will display a
rhythmic, GABAergic inhibitory postsynaptic potentialt!>!-!52],
whereas GABAergic interneurons in this region should de-
polarize and/or exhibit rhythmically modulated increased
firing rates!'*?. Thus, it is natural to speculate that formalin-
induced suppression of CA1 pyramidal cell spike activity in
correlation with local theta might involve a perisomatic inhi-
bition via GABAergic inhibitory interneurons. To test this
hypothesis, Zheng and Khanna!'*¥ determined the changes
in discharge rates and firing pattern (rhythmicity) of field
CA1 putative inhibitory interneurons in response to a hindpaw
formalin injection. The results showed that a majority of the
extracellularly recorded dorsal CA1 putative GABAergic in-
terneurons were excited rhythmically in conjunction with
theta activation on formalin injection. This finding, in con-
junction with the above descriptions, adds strength to the

conclusion that the concerted excitation of rhythmically
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modulated interneurons may underlie formalin-elicited exten-
sive pyramidal cell suppression!'**!.

4.3.2.3 Morphine effect on formalin-induced pyramidal cell
suppression and interneuronal activation In the study of
Khanna and Zheng!'>¥, concurrent systemic administration,
or pre-treatment, of morphine sulphate reversed formalin-in-
duced pyramidal cell suppression (population spike or extra-
cellular activity) and theta activation in a dose-dependent
and naloxone-reversible manner. Moreover, the authors de-
clared that morphine sulphate exerted its actions via an ef-
fect on the septo-hippocampal neural processing, without
any change in pyramidal cell basal extracellular responses or
excitability!"**. In addition, concurrent administration of mor-
phine and formalin also reduced the excitation of presumed
interneurons in the dorsal field CA1 area with a decline in
theta activity!'}]. In summary, morphine could reverse for-
malin-induced pyramidal cell suppression and interneuronal
activation, thus blocking the ‘signal-to-noise’ response in
the dorsal hippocampal field CA1 area via its effect on septo-
hippocampal neural network processing.

4.3.2.4 Modulation of formalin-induced nociceptive process-
ing in the CA1 area by MS-VLDBB-derived cholinergic in-
put As mentioned earlier in this review, the septo-hippocam-
pal neurons, which are at the origin of the cholinergic septo-
hippocampal pathway!"!), are activated following peripheral
noxious stimulation®!. Secondly, the MS-VLDBB input to
the HF, the major source of cholinergic afferents to this struc-
turel®®7% is related to sensory events and exerts an inhibi-
tory effect on CA1 neuronal activity!'>3. Thirdly, the induc-
tion of theta activity is critically dependent upon MS-VLDBB
cholinergic and GABAergic inputs to the hippocampus!'>®,
Fourthly, the cholinergic muscarinic receptor antagonist, at-
ropine sulphate, when administered systemically in a dose
that blocked theta activity or applied iontophoretically in the
CA1 pyramidal cell dendritic region, prevented depression
of CA1 population spike amplitude caused by noxious heat
stimulation”. Fifthly, subcutaneous formalin injection pro-
duced complex changes in dorsal hippocampal activity of
choline synthesizing enzyme choline acetyltransferase or Ach
release (see below). Lastly, the septohippocampal cholin-

ergic input, though might enhance the excitement of CA1

pyramidal cells (via disinhibition) at the cell body region#%141,
evokes a presynaptic inhibition of excitatory synaptic trans-
mission across the apical dendrites of these neurons and
increases the inhibitory GABAergic tonus impinging upon
them!"*”). Based on these considerations, Khannal*! also
tested whether the MS-VLDBB region is involved in those
pain-evoked changes in CA1 pyramidal cell activities. Both
the pyramidal cell suppression and theta activation were pre-
vented by electrolytic lesions centered in the MS-VLDBB
region, so did the signal-to-noise processing. More solid
evidence favoring the involvement of MS-VLDBB in forma-
lin-induced nociceptive processing in the HF has been sug-
gested by another previous report from Khanna’s lab, where
the MS-VLDBB cholinergic neurons were selectively de-
stroyed by intraseptal injection of an immunotoxin, 192 IgG-
saporin®”. In comparison to vehicle-treated animals, selec-
tive cholinergic destruction attenuated formalin-induced: (1)
theta activation (amplitude but not frequency), (2) suppres-
sion of CA1 pyramidal cell population spike and dendritic
field excitatory postsynaptic potential, (3) inhibition of com-
plex spike cell extracellular activity and ‘signal-to-noise’
processing, and (4) excitation and theta-rhythmicity of local
putative GABAergic interneurons. However, pretreatment
with the immunotoxin did not alter the strength and propor-
tion of complex spike cells excited following injection of
formalin, indicating different neural networks for formalin-
induced excitation®®”). Collectively, these results provide fur-
ther support to the idea that formalin-induced theta activation,
pyramidal cell suppression and ‘signal-to-noise’ processing
are all influenced, at least partially, by a common network
involving CA1 perisomatic inhibitory interneurons modulated
by MS-VLDBB cholinergic inputs.

4.3.2.5 Involvement of intra-hippocampal tonic inhibition in
the formalin-induced nociceptive processing in the CA1 area
Given the results stated above, one can postulate that forma-
lin-induced ‘signal-to-noise’ processing in CA1 is mediated,
at least in part, by the excitation of the septohippocampal
cholinergic neurons®-"! which, in turn, activate a network of
GABAergic inhibitory interneurons in CA1 to suppress the
discharge of CA1 pyramidal cellst**'*8). To further verify the

proposition, Zheng and Khannal®® examined the effect of
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disruption of intra-hippocampal GABAergic mechanisms
(local application of bicuculline) on formalin-induced CA1
nociceptive responses, due to the well-documented roles of
GABA, receptors in mediating tonic inhibition in the hippoc-
ampus'>, It was found that ventral- (applied to the apical
dendritic region), but not dorsal-bicuculline (applied to the
pyramidal cell layer and stratum oriens) attenuated formalin-
induced suppression of pyramidal cell extracellular discharge.
The antagonism was selective in such a way that the excita-
tion of pyramidal cell was unaffected. Altogether, the find-
ings favor the notion that GABAergic mechanisms, espe-
cially in the region of apical dendrites, facilitate formalin-
induced ‘signal-to-noise’ processing in part by masking a
basal excitatory drive impinging upon pyramidal cells and
consequently, biasing the majority towards greater suscep-
tibility to inhibition (suppression of ‘noise’) on formalin in-
jectionl®®!,

4.3.3 Formalin-evoked changes in hippocampal theta state
Theta wave activity refers to the sinusoidal pattern of hip-
pocampal field activity at 3-12 Hz (3 to 6 Hz in anesthetized
rat and 4-12 Hz in behaving animals), occurring spontane-
ously or in response to sensory stimuli, which reflects the
intracellular membrane potential oscillations generated in CA1
pyramidal cells during processing of information!'3¢16%1, Us-
ing extracellular electrophysiological recording techniques,
Tai et al.l'% explored the temporal characteristics of hippoc-
ampal theta activation in relation to formalin nociception and
demonstrated that hind paw injection of formalin evoked
biphasic increase in duration of dorsal CA1 theta in behav-
ing rats. The biphasic profile of theta activation broadly par-
alleled animal biphasic behavioral activation, especially lick
and moment-to-moment agitated behaviors. Correspondingly,
theta-modulated cell firing was also observed following for-
malin injection in the anesthetized rat!'®”. However, it is wor-
thy of noting that in the formalin model the theta state of the
hippocampus reflects a neural drive that is dissociated or
delinked from the duration of nociceptive experience and is
not selective to the typical nociceptive indices of lick, flinch,
and lift of the injured paw.

4.4 Pain-evoked synaptic plasticity in the HF Up to this

point, the evidence has begun to accumulate that long-term

plastic changes in sensory-related synapses are a key mecha-

nism for chronic painl'¢!-1¢4

1. Unfortunately, there is still a
paucity of basic research exploring pain-related synaptic plas-
ticity in the HF!'>!%), Using in vivo electrophysiology, Wei
et al.'®! first showed that hippocampal pyramidal cells re-
sponded to peripheral noxious stimuli in adult anesthetized
rats. Then by slice electrophysiology, the authors found that
in CA1l neurons, synaptic plasticity of excitatory
glutamatergic transmission was altered after tissue injury,
reflected as the enhancement of long-term potentiation (LTP),
induced by a single tetanic stimulus in the CA1 region, after
tail amputation in mice. Consistent with this finding is that
subcutaneous injection of whole bee venom (BV) solution, a
well-established animal model of persistent inflammatory
pain experimentally mimicking honeybee sting-evoked natu-
ral tissue injury!'é¢-1"!
duction probability and the magnitude of LTP, elicited in both
DG and CAl1 area by theta burst stimulation (TBS), when

compared to the control"?. Notably, an important finding

1 also significantly enhanced the in-

added by the latter study is that spatial features of neuronal
plasticity, a less concerned phenomenon, were also dramati-
cally altered after BV-induced persistent nociception, in that
the synaptic connection size over the whole HF was robustly
enlarged and the input-output function of individual synap-
tic efficacy was distinctly elevated!'?. Persistent pain-evoked
spatial plasticity also resided in the deformation or split of
the shape/structure of the fEPSP by a TBS conditioning un-
der the state of persistent nociception!!?. These findings,
coupled with those mentioned above, provide at least sug-
gestive but compelling evidence that peripheral painful
stimulation, when becomes persisting or severe, can result in
long-term, intense and complicated changes in spatiotempo-

ral neural plasticity in the HF.
5 Molecular and biochemical studies

5.1 Pain-induced changes in immediate early genes ex-
pression in the HF Immediate early genes (IEGs) are crucial
intermediates in a cascade linking membrane stimulation to
long-term alterations of neuronal activity!7>!"*], Stressful and
noxious stimuli induce not only short-lasting hormonal and

behavioral modifications, but also lasting changes in numer-
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ous physiological parameters, indicating profound alterations
in protein synthesis. Accordingly, it is conceivable that pe-
ripheral noxious stimulation would probably lead to corre-
sponding changes in IEG expression in the HF, to fulfill the
necessary physiological and behavioral functions pertinent
to pain. As a matter of fact, there have been certain amounts
of previous studies disclosing the relationship between pain
and hippocampal IEG expression and they will be addressed
below.

5.1.1 c-Fos expression c-Fos is one of the most extensively
studied and best characterized IEGs in the central nervous
system. Actually, c-Fos expression has been widely used as
a sensitive and reliable marker for neuronal activity through-
out the neuroaxis following appropriate stimulation!'7+!76),
What’s more, an enormous variety of experiments have been
performed to elucidate pain-related c-Fos expression in the
HF, but the data to date give an inconsistent picture.
5.1.1.1 Increase in c-Fos expression following painful stimu-
lation in the HF There are mainly five papers, in our hands,
reporting pain-evoked increase in c-Fos expression in the
HFUESI77-1801 - Aloisi et al.l'7") investigated, by immunohis-
tochemistry, the effects of a persistent painful stimulus
(formalin injection) and restraint stress (immobilization) on c-
Fos expression in the hippocampus and septum of male and
female rats. The results displayed that in both male and fe-
male rats, unilateral injection of formalin induced bilateral c-
Fos expression in the hippocampus, but the number of la-
beled neurons was two-fold higher in females than in males.
Restraint stress was not effective in c-Fos induction in the
hippocampus of both sexes. In the septum, both treatments
increased c-Fos, but this increase tended to be greater in
males than females!'””). It should be aware that formalin-treated
and restrained animals were killed 90 min after the beginning
of treatment. Based on this paper, Ceccarelli et al.l'’! further
tested the time course of formalin pain-provoked c-Fos ex-
pression in all hippocampal subregions. In male rats, at 2 h
after formalin injection, a remarkable increase in c-Fos ex-
pression was detected in the DG and CA3, but this increase
declined to the control level at 24 h. In formalin-treated
females, c-Fos levels were lower, or tended to be lower, than

control in all hippocampal subfields at 2 h and 24 h after

formalin injection!'”. To conclude, formalin-induced persis-
tent pain seem to have different effects on c-Fos expression
in the hippocampus, depending on the time after treatment,
the sex of the subject and the specific subregion analyzed. In
2001, Aloisi’s group published another paper studying the
interaction between gonadal hormone, nociceptive input and
neuronal activity (c-Fos expression as the marker) in the
hippocampus. In this study, formalin injection into the dor-
sal hindpaw was again found to produce an increase in c-Fos
expression in the dorsal DG of both sexes of rats. The ventral
subfields of male rats also displayed a higher c-Fos expres-
sion levell!8,

The fourth paper reporting pain-increased c-Fos expres-
sion actually delineated the expression of various kinds of
inducible transcription factors in response to noxious
stimulation, including c-Fos, Fos B, c-Jun, Krox-24 and
Krox-20U'%, In the case of c-Fos, the authors observed that a
brief, strong electrical stimulation of sciatic nerve C-fibers
induced little or no expression of c-Fos in the hippocampus.
In contrast, this type of sciatic electrical stimulation, when
coupled with a weak noxious cutaneous stimulation applied
to one hindpaw simultaneously, a significant induction of c-
Fos did occur™®”, Noxious stimulation (single or combined)
also resulted in different temporal patterns of other IEGs
expression, reflecting cell type-dependent complex sequences
of events initiated by the C-fiber input. In this review, we will
only focus on two IEGs: c-Fos and Krox-24 (see below).

The last related paper unraveled time-related changes in
hippocampal c-Fos expression in response to tail amputation
in mice. The major finding was that amputation of a mouse
tail segment increased hippocampal c-Fos induction and this
heightened c-Fox expression depended heavily on the pe-
ripheral sensory inputs and activation of NMDA receptors!'®*,
5.1.1.2 Decrease in c-Fos expression following painful stimu-
lation in the HF There are also two previous studies report-
ing decreased c-Fos induction by painful stimulation. One is
the work conducted by Funahashi et al.'*!!, who immunohis-
tochemically examined changes in the c-Fos expression in
both hippocampus and retrohippocampus, triggered by nox-
ious mechanical stimulation of the mandibular incisor pulp.

Whereas weak dentinal stimulation caused increases in c-
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Fos expression in some regions which were not statistically
significant, strong tooth pulp stimulation caused a bilateral
decrease in c-Fos expression in almost every region, with the
statistical significance reached in superficial layer of
parasubiculum bilaterally, bilateral CA1 and ipsilateral side
of superficial layer of medial entorhinal cortex!'3!, The au-
thors explained this result by stating that “inhibitory circuitry
in hippocampal formation regions may be activated by pe-
ripheral noxious somatosensory inputs and this change in
activity is accompanied by a change in the expression of the
immediate early gene, c-fos.” However, comparison of
Aloisi’s studies with this work would lead us to deduce that
differences in a number of subtle experimental variables might
contribute to the inconsistent results, such as the status of
the animal subjecting to noxious stimulation (awake and
anesthetized), stimulating site (hindpaw and mandibular in-
cisor pulp), stimulus modality (chemical and mechanical), time
point of perfusion (90 min, 2 h, 24 h and 2 h) and so on.

Even in the same formalin test, quite different results
have been obtained from Khanna’s group, who mapped the
effect of different concentrations of formalin on the induc-
tion of c-Fos protein along the whole length of the hippocampus,
including DG, CA3, the anterior-posterior and dorsal-ventral
parts of the field CA1B%. Although injection of saline in-
creased induction of c-Fos along the length of hippocampus,
injection of formalin decreased the number of c-Fos-positive
cells in whole CA1, CA3 and DG, with a greater significant
effect in the posterior—ventral regions of the hippocampus.
In the discussion part of this paper, the authors mentioned
one important reason for their contrasting results with Aloisi
et al.'77);

“The difference between present study and the previ-
ous study ... is partly because the latter compared change in
Fos-positive cell counts following injection of formalin to
that observed in non-injected animal. The basal induction of
FLI in undisturbed, relatively non-stressed animals is gener-
ally low and, additionally, does not take into account the
facilitatory effect of injection per se on induction of hippoc-
ampal FL1.”G
5.1.2 Egrl expression The zinc finger transcription factor

Egrl, with the full name as early growth response protein 1

(also called NGFI-A, Krox-24, or zif/268), is critical for cou-
pling extracellular signals to changes in cellular gene expres-
siont'®. Wei et al.l'! found that either digit removal in rat or
tail amputation in mice initiated a higher level of Egr1 expres-
sion in the hippocampus, whereas non-noxious heating or
brush of the paw failed to induce marked Egrl expression.
Increased Egrl activation was most dramatic in the CA1 re-
gion of the HF!'%, This pain-associated Egrl induction, like
the c-Fos (see above), is activity- and NMDA receptor-
dependent. An important implication of these data is that
Egrl may act as an important regulator of pain-related neural
processing in the HF.

As introduced above, Pearse et al."" also evaluated
the temporal profile of Egrl (called Krox-24 in that paper)
expression initiated by noxious stimulation (sciatic electrical
stimulation and/or noxious clamp of the hindpaw). Although
a single brief electrical stimulation of the sciatic nerve failed
to evoke an increase in the expression of Krox-24, combining
these two stimuli, applied sequentially or simultaneously,
strongly induced the Krox-24, indicating its possible role as
“genetic coincidence detector” in the hippocampal pain pro-
cessing!!8,

5.2 Pain-induced changes in neurokinin-1 receptor and
brain-derived neurotrophic factor expression in the HF The
tachykinin neuropeptide substance P (SP) and brain-derived
neurotrophic factor (BDNF), as well as their preferred
receptors, neurokinin-1 (NK-1) receptor and tyrosine kinase
B (TrkB) respectively, have been well accepted as mediators
of nociceptive sensory information in somatosensory path-
ways in the central nervous system[33184, NK-1 receptors
and BDNF have previously been implicated in nociception-
induced spinal central sensitization!!31¥7); however, the ef-
fects of painful stimuli on the expression of these two genes
in the mood/affect and emotion-processing brain regions have
not yet been characterized. In addition, their potential in-
volvement in the neurobiology of stress-related mood disor-
ders has also been demonstrated!'**1°% suggesting that the
effects of pain and stress may converge and activate similar
neuronal pathways in the higher brain centers. Moreover,
overwhelming evidence has been presented to support that

stress can have profound effects on the hippocampus, a cen-
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tral component of the limbic system involved in the regula-
tion of mood or affect, including alteration in hippocampal
structure™!), neural genesis!'®?, and synaptic plasticity!*!
and so on. Implicit within these observations is the hypoth-
esis that chronic pain may regulate the expression of NK-1
receptor and BDNF in the hippocampus in a manner similar
to that exerted by stress. To address this issue, McCarson’s lab
has conducted lots of work by using multiple approaches, such
as solution hybridization-nuclease protection assays?+>>1%5],
and in-situ hybridization"*®. One of the major insights that
emerge from these studies is that both NK-1 receptor and
BDNF mRNA levels are significantly attenuated by acute
(formalin injection) or chronic pain (CFA injection), in accor-
dance with the results initiated by acute or chronic restraint
stress. These findings in the hippocampus are in sharp con-
trast to those uncovered in the spinal cord®18], potentially
reflecting varied roles of these neuromodulators in the de-
velopment of central sensitization in the sensory components
of the central nervous system versus affective modulation of
pain in the limbic structures. In addition, these results sug-
gest that NK-1 and BDNF genes may provide useful molecu-
lar markers of hippocampal activation by pain, suggesting a
possible role of these neuromediators in processing of pain
in higher brain centers.

5.3 Pain-induced morphological changes in the HF One
new gain of McCarson’s work is that chronic inflammatory
nociception (repeated injection of CFA into the hindpaw),
but not acute pain (a single formalin injection), significantly
reduced the neurogenesis in the DG area of the HF, mea-
sured by bromedeoxyuridine staining!*®, similar to previous

observations from various stress models!!°%1%7

1. This pain-
induced decrease in hippocampal cell proliferation was re-
cently confirmed by another immunoblotting study, compar-
ing the apoptotic effects of chronic inflammatory pain and
immobilization stress in rats!'®®], In this report, repeated ex-
posure to injections of 5% formalin gave rise to an increased
ratio of Bax/Bcl-2 and activated caspase-3 in both lumbar
spinal cord and hippocampus of both intact and adrenalec-
tomized rats, implicating enhanced apoptosis in these two

regions by chronic paint'*®,

5.4 Pain-induced changes in the activation of extracellular
signal-regulated kinase in the HF The generic term of mito-
gen-activated protein kinase (MAPK) is used to denote a
family of signal transduction molecules that transduce a
broad range of extracellular stimuli into diverse intracellular
responses, by producing changes in transcriptional modula-
tions of key genes as well as posttranslational modifications
of target proteins!'*®!. The ERK (extracellular signal-regulated
kinase) members of the MAPK family are originally identified
as the primary effectors of growth factor receptor signaling>*”’
and supposed to regulate a wide array of cellular functions,
including cell growth, differentiation, survival, as well as neu-
ronal plasticity?°!-23], Nowadays, a growing number of re-
ports also indicate that activated forms of ERKs would act
both in the peripheral nociceptor terminal and the dorsal horn
to produce pain hypersensitivity and hence contribute to
the pathology of inflammatory and neuropathic painf2%4-208],
Recently, our lab has performed series of behavioral, electro-
physiological and biochemical experiments to examine po-
tential roles of the MAPK signaling family in the develop-
ment and maintenance of BV-induced pathological painf?%-2¢],
One of the papers relevant to this review is the immunoblotting
study by Guo et al.?'!), who determined the spatial and tem-
poral expression and activation of two ERK isoforms, ERK 1
and ERK?2, in the spinal cord, primary somatosensory cortex
(ST area of cortex), and hippocampus under normal, transient
pain and persistent pain states. Intraplantar saline or BV
injection, mimicking transient or persistent pain respectively,
could equally initiate an intense and long-lasting activation
of ERKSs in all three areas examined, though ERK 1 was more
remarkably activated (phosphorylated) than ERK?2 in the hip-
pocampus?'Y). Therefore, it appears that peripheral persis-
tent nociception is also likely to induce a prolonged and
profound change in the phosphorylation of the MAPK fam-
ily of signaling molecules in the HF.

5.5 Pain-induced changes in Ach release in the HF Apart
from the above described behavioral®2!'" and electrophysi-
ological evidencel*®57:775:145-147] concerning the roles of cho-
linergic inputs in hippocampal processing of painful
information, Aloisi’s lab has addressed pain-elicited changes

in Ach release or activity of Ach-synthesizing enzyme, ChAT,



Ming-Gang LIU and Jun CHEN. Roles of the hippocampal formation in pain information processing 253

in the HF in response to persistent pain stimulation. At first,
Aloisi et al.?'® reported that unilateral formalin injection
greatly impaired bilateral ChAT activity. Subsequently, Aloisi
et al.?"! confirmed the result by showing that formalin injec-
tion reduced ChAT activity in male rats and increased
adrenocorticotropic hormone in female rats. In addition, Alosi
et al." assessed the effects of novelty, persistent pain
(formalin test) and stress (restraint) on hippocampal Ach re-
lease in male rats, by means of transversal microdialysis tech-
nique and high-performance liquid chromatography. While
the introduction to a new environment (Novelty) induced in
all rats higher ACh levels than baseline, formalin treatment
decreased ACh release only in animals considered ‘Inactive’
during the Novelty phase. Restraint did not produce any
modification of ACh release but increased corticosterone
plasma levels both in sham- and formalin-treated animals. In
conclusion, all these findings are compatible with the argu-
ment that formalin-induced persistent pain may indeed elicit
a decrease in hippocampal ChAT activity or Ach release, at
least in male rats. However, more strikingly, using almost the
same experimental technique and design, Ceccarelli et al.?*"
obtained opposite conclusions, that is, Ach release increased
in both sexes of rats following formalin injection in terms of

either raw values or the percentage of change.
6 Functional imaging studies

It has been generally believed that pain is characterized
as a complex experience, dependent not only on the regula-
tion of nociceptive sensory systems, but also on the activa-
tion of mechanisms that control mood-affect and emotion-
cognition in higher brain centers!"272195:19.2211 'The emer-
gence of imaging approaches such as positron emission to-
mography (PET) and functional magnetic resonance imaging
(fMRI) allows functional mapping of the intact brain and
measurement of the responses in multiple areas
simultaneously, thus bringing the study of pain into a deep
level™. The involvement of the HF in pain processing has
also been investigated using these functional imaging
approaches. However, reports of pain-related responses in
the hippocampal complex have been rare and contradictory

in comparison with other areas. To date, no satisfactory ex-

planations for these discrepancies have been provided, but
possible causes are the variability in stimulus paradigms,
experimental procedures, imaging tools (PET or fMRI), and
other complementary variations. In the following paragraphs,
we will present previous imaging studies performed on both
animal and human subjects, reporting involvement of the HF
in pain processing under various conditions.
6.1 Imaging studies in animals Compared to traditional
human brain imaging, it is difficult to measure nociception-
induced cerebral blood flow or metabolic changes in animals,
although it is of particular importance to perform preclinical
exploration of pain processing in the brain and evaluation of
the efficacy of pain-relief drugs or strategies. Recently, Jaw’s
lab, using blood oxygenation level-dependent (BOLD) fMRI
(combined with a refined atlas registration-based event-re-
lated analysis technique) and 18F-fluorodeoxyglucose small-
animal PET respectively, successfully mapped formalin-in-
duced nociceptive responses and activities in the whole rat
brain??222], Formalin-induced nociceptive processing re-
sulted in increased BOLD signals or significant metabolic
changes in a wide range of subcortical and cortical regions,
demonstrating an activation pattern covering several parts
of'the nociceptive system, including bilateral cingulate cortex,
motor cortex, primary/secondary somatosensory cortex, in-
sular cortex, caudate putamen, periaqueductal gray, amygdala,
thalamus, hypothalamus and bilateral hippocampus???>?23,
Overviewing the literature, there is still one previous
study measuring pain-related global (gCBF) and regional
cerebral blood flow (rCBF) changes in anesthetized cats***.
In this paper, using PET with a camera specifically designed
for use in small animals, the authors found that noxious in-
ward or outward rotation of normal or inflamed elbow joints
increased both gCBF and rCBF along the anterior to poste-
rior axis of the cat brain. Of particular relevance is the finding
that noxious rotations of the normal joint induced a signifi-
cant increase in rCBF in the ipsilateral hippocampus, while
the same stimulation of the inflamed joint produced an ap-
parent increase in rCBF in both sides of the HF?4,
6.2 Imaging studies in human subjects
6.2.1 Imaging studies in normal human volunteers

6.2.1.1 Acute painful stimulation Several previous imaging
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studies have been conducted on normal human subjects,
using acute painful stimulation of the skin as the pain para-
digm (for reviews, seel?>>). If looked at carefully, one could
find certain numbers of papers among them which have re-
ported activation or de-activation of the HF by pain. Next, a
brief list of these papers is presented.

6.2.1.1.1 Enhanced hippocampal activity by acute painful
stimulation By adopting a promising paradigm of inflating
an indwelling balloon catheter into a dorsal foot vein to in-
duce vascular pain, Schneider et al.?*” elucidated the re-
gional cerebral substrates subserving affective processing
of acute pain. A correlation analysis was performed between
the subjective ratings and fMRI data, revealing the main ac-
tivated brain regions underlying affective aspects of pain,
including amygdala, posterior cingulate cortex, superior tem-
poral cortex, as well as the ipsilateral hippocampus!**”). Be-
sides this study, there are still two additional papers report-
ing enhanced bilateral hippocampal activation by noxious
heat stimulation measured by event-related fMRI?23-22%),
6.2.1.1.2 Decreased hippocampal activity by acute painful
stimulation In clear contrast with the above-described en-
hanced activation of HF by pain, there are also some results
pointing to a decrease in hippocampal activity under the state
of acute pain**2*2, First of all, a model of acute traumatic
nociceptive pain with concomitant autonomic/somatic reflex-
ive response, by intracutaneous injection of a minute amount
of ethanol into the lateral aspect of the right upper arm in
normal human subjects, was found to elicit significant acti-
vation of the hypothalamus, periaqueductal gray, insular
cortex, cingulate cortex, supplementary cortex and so on.
Curiously, traumatic nociceptive pain resulted in a signifi-
cant decrease in rCBF in the ipsilateral hippocampus?!,
Second, studies of brain processing of thermal pain with dif-
ferent intensities have obtained almost the same results re-
garding hippocampal responses to acute painf?*%. Using
twelve healthy volunteers and PET, the rCBF responses to
four intensities of stimulation, delivered by a CO2 laser, were
recorded, ranging from warm (not painful), pain threshold
(just painful), mildly painful or moderately painful. The fol-
lowing group subtractions were made to examine the chang-

ing cerebral responses as the stimulus intensity increased:

(1) just painful - warm; (2) mild pain - warm; and (3) moderate
pain - warm. In addition, rCBF changes were correlated with
the subjective stimulus ratings. These comparisons and cor-
relation analysis indicated a wide range of active regions
associated with the multidimensional aspects of painful ex-
perience (for the details, see the original paper), and we will
only discuss relevant findings related to the HF here. They
are the follows: (1) comparisons of the warm stimulation with
the ‘just painful” state revealed significant rTCBF decreases in
the region of the contralateral para-hippocampal gyrus; (2)
comparisons of warm with other painful states, such as ‘mild
pain’, ‘moderate pain’, also disclosed reduced activation in
the para-hippocampal gyrus region; (3) comparisons of ‘mild
pain’ with warm revealed rCBF increases in the contralateral
hippocampus but this increase no long existed when com-
paring ‘moderate pain’ with warm. The authors interpretated
the hippocampal changes by stating that “the connections
between ACC, insula and amygdala-hippocampal-prefrontal
circuits constitute a network within which fear and contex-
tual information relevant to pain can be integrated.”
Finally, Peyron et al.?*? has revealed the effects of dif-
ferent attentional states on both pain perception and pain-
related haemodynamic changes in the human brain using
PET. For the details of the attentional modulation of pain and
the underlying brain substrates, see the below description,
but here, it is necessary to point out that, in this manuscript,
noxious thermal stimulation, applied via a heat thermode, led
to a decreased rCBF in the ipsilateral HF*4, in agreement
with what has been discovered from the above mentioned
two reports!230-231],
6.2.1.2 Abnormal pain processing in the HF In spite of the
huge numbers of previous reports assessing the brain
haemodynamic responses to experimental acute phasic or
tonic thermal pain (for reviews, see!??>22)) there is no suffi-
cient information, so far, about the brain processing of
allodynia (perception of pain from a normally non-painful
stimulus) in normal human subjects, although it is a very
distressing painful syndrome frequently encountered in pa-
tients suffering from a variety of chronic pain conditions
such as postherpetic neuralgia, peripheral neuropathies and

reflex sympathetic dystrophy. Intradermal injection of
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capsaicin, a main ingredient from hot chili peppers, elicits a
strong acute pain accompanied by a multitude of sensory
abnormalities including hyperalgesia (more pain to noxious
stimuli) and allodynia?*****l. Hence, ladarola et a/.?*! de-
signed experiments to image regional brain activity in normal
volunteers during capsaicin-induced intense pain and me-
chanical allodynia by using the PET H,"*O-bolus method.
They showed that the capsaicin stimulus immediately acti-
vated a widespread network of brain regions and a large, but
only partially overlapping, set of regional activations occurred
during the subsequent capsaicin-induced allodynia. When
it came to the HF, two findings needed to be noted: (1) light
brush, but not capsaicin-evoked acute pain, elicited activa-
tion of the contralateral hippocampus; (2) capsaicin-induced
allodynia caused robust activation in the contralateral para-
hippocampal gyrus. These data raise the possibility that the
HF and the para-hippocampus is also assumed to participate
in the abnormal processing of allodynial?*],

6.2.1.3 Psychological modulation of pain perception
6.2.1.3.1 Attention Current research suggests that psycho-
logical state, such as attention, is able to modulate the per-
ceived intensity and unpleasantness of painful experience.
There has been ample evidence indicating attentional modula-
tion of pain, in either behavioral™ or electrophysiologicall®*”
dimension. However, our understanding of the precise cog-
nitive mechanisms and brain substrates behind this modula-
tion of pain by attention remains poor. Peyron et al.*** in-
vestigated with PET the influences on the haemodynamic
brain responses exerted by selective manipulation of the at-
tention allotted to a painful stimulus. The results identified, within
the previously reported pain-activated areas, an intensity
coding matrix superimposed on an attentional network. The
attentional network could be further divided into a non-spe-
cific arousal component and a selective attention and orien-
tating component. Nevertheless, in that study, the decrease
of rCBF in the ipsilateral HF was only ascribed to affective-
motivational response to pain and not further discussed by
the authors™®2. In this regard, it is of great necessity to refer
to another paper regarding imaging of the attentional modula-
tion of pain**], who examined using fMRI the predictions of

attentional®) and non-attentional®*” associative learning

theories, demonstrating that hippocampal responses to pain
varied as a function of attention. Attention was manipulated
by varying the degree to which painful stimulation, or its
omission, was surprising or unexpected. In that report, acti-
vation of the hippocampal system was detected during three
types of mismatch: (1) novelty; (2) presentation of a stimulus
when different or no stimulation is expected; (3) absence of
an expected stimulus, as exemplified by unexpected omis-
sion of pain. Thus, one of the hippocampal functions in pain
processing may resides in detecting mismatches between
the expectation and the delivery of painful stimulation lead-
ing to increased attention?*®!. Relevant to this finding is that
from Bantick et al.**!1, who elucidated the underlying neural
systems and mechanisms involved in the phenomenon of
reduced pain perception whilst attention is distracted away
from noxious stimulus. When subjects were distracted dur-
ing painful stimulation by an analogue of the Stroop task,
many areas of the “pain matrix’ displayed reduced activation,
including the HF?*, The result showing that the hippocam-
pal activity is reduced when attention is directed away from
the painful stimulus is in concert with those findings of
Ploghaus et al. >** that the hippocampus is activated during
attention to the noxious stimulation site.

6.2.1.3.2 Anxiety The positive relationship between anxiety
and pain is a common experience in clinical settings®*?!, Ex-
perimental studies have also confirmed the enhancing effect
of anxiety on pain for different components and measures of

243

pain, e.g., ratings of pain intensity!*’! and unpleasantness!***,

251 However, little is known about the

and pain threshold!
human forebrain mechanisms underlying emotional modula-
tion of pain, especially by anxiety. Using event-related fMRI,
Ploghaus et al.?**) compared brain activation responses to
noxious thermal stimulation while perceived pain intensity
was manipulated by changes in either physical intensity or
induced anxiety. They found that the entorhinal cortex of the
HF responded differentially to identical noxious stimuli, de-
pendent on whether the perceived pain intensity was en-
hanced by anxiety. Strikingly, pain modulation by tempera-
ture also activated the hippocampal formation, but the
haemodynamic response originated in the more dorsal re-

gion of the hippocampus proper (see above). According to
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the Gray-McNaughton theory, the authors explained the data
by proposing that during anxiety, the HF amplifies the va-
lence of aversive events to prime behavioral responses adap-
tive to the worst possible outcome of pain**°..

6.2.2 Imaging studies on patients Previous studies with
normal volunteers have demonstrated widely-distributed cor-
tical responses to experimental pain within a network of
structures, including the thalamus, insula, anterior cingulate
cortex, prefrontal, inferior parietal and somatosensory cortices.
In addition, subcortical structures have also been involved
in different processes that are closely linked to pain
perception, such as basal ganglia, cerebellum, amygdala and
hippocampus®?®l. Subsequently, we will review some imag-
ing studies performed on clinical patients suffering from vari-
ous kinds of pain, where the HF has been detected to exhibit
significant activation or de-activation in response to further
painful stimulation.

One previous report was conducted on patients with
acute nociceptive pain following surgical extraction of a lower
impacted wisdom tooth?*¢), In these patients suffering acute
post-dental extraction pain, the cortical responses to further
experimental heat pain, applied to the back of the right hand
by heating thermodes, were examined using PET. As illus-
trated in the original paper, experimental heat pain in the sur-
gical patients resulted in significant increases in rCBF in the
ipsilateral prefrontal cortex, contralateral putamen and bilat-
eral insula and clear decreases in rCBF in bilateral occipital
cortex, ipsilateral posterior cingulate cortex, and ipsilateral
hippocampus. This pain-induced decrease in hippocampal
rCBF in patients suffering acute dental-extraction pain is in
tandem with the results on normal human volunteers as men-
tioned abovel?30-232],

The pathophysiology of neuropathic pain due to pe-
ripheral nerve injury is not completely understood®*”.. The
peripheral nerve lesion may result in different clinical mani-
festations such as spontaneous ongoing pain and allodynia®*”),
Petrovic et al.**¥ explored the central processing of dynamic
mechanical allodynia in patients with mononeuropathy with
PET. In marked contrast with the work of Tadarola et al.*% in
normal volunteers, this study failed to observe an allodynia-

related hippocampal activation but bilateral deactivations were

revealed in the hippocampus/para-hippocampal gyrus, prob-
ably reflecting a meaningful suppression of brain systems
subserving episodic memory and emotional response to aver-
sive stimuli®#l.,

The last report imaging hippocampus and pain in pa-
tients measured rCBF changes during painful and silent myo-
cardial ischemia induced by intravenous dobutamine infu-
sion*1, The results demonstrated that during both silent
myocardial ischemia and angina pectoris, a significant acti-
vation of hippocampal gyrus was consistently detected, but
the exact causes and functional significance of this hippoc-

ampal activation remained less understood?*’).
7 Pain and memory

The involvement of HF in learning and memory has been
validated by a tremendous variety of previous experiments
and emerging evidence suggests that the HF is likely to par-
ticipate in multiple forms of memory, including spatial
navigation, declarative memory, recognition memory and so
onl20-23:23051 Additionally, the abundant evidence presented
in this review supports the hypothesis that the HF may also
be involved in the manifold dimensions of pain processing,
whilst on the other hand, pain of certain severity and persis-
tence will produce significant influences upon the hippoc-
ampal morphology, metabolism and function. Then an inter-
esting question arises: does the pain share common mecha-
nisms with memory? To this point, there is still no definitive
conclusion regarding this concern, but some investigators
have devised insightful ideas that will be discussed here.

Synaptic plasticity is fundamental to many neurobio-
logical functions, including memory and pain. The present
mostly accepted synaptic and cellular model of pain hyper-
sensitivity maybe the central sensitization occurring in the
central nervous system!'¢2207247l Moreover, the mammalian
hippocampal LTP is a widely studied model of activity-de-
pendent changes in synaptic efficacy that is assumed to pro-
vide the physiological basis for learning and memory?5234),
Consequently, Ji et al.»*'made a comparative analysis of
the molecular mechanisms underlying the generation and
maintenance of central sensitization and LTP, and found strik-

ing similarities between the two phenomena. However, there
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is also an important mechanistic distinction between the two
phenomenal®>, Consistent with this notion is the incrementing
studies reporting induction of LTP in pain-related signaling
pathways at each level of the neuromatrix. Actually, there
have been a number of previous experiments investigating
LTP phenomenon in multiple pain-related central nervous
system regions, including the spinal cord dorsal horn!?%-2*7],
primary somatosensory cortex?%2%° amygdalal?>*>*l, ante-
rior cingulate cortex!*164261 and so on. With regard to HF,
an enhanced LTP by pain was also reported by two previous
studies!'>'%]. To summarize, all of these reports have pointed
unanimously to the strong resemblance and associations
between pain and memory.

Despite these excitements, it is still far away from equat-
ing pain with LTP. As a matter of fact, there are indeed a wide
array of problems that remain to be resolved. First, until now,
not every area related to pain processing has been demon-
strated to bear the ability to induce LTP; that is the question,
whether the induction of LTP in pain pathways, as reviewed
by Sandkiihler’??”), is a common phenomenon or just a char-
acteristic feature of certain limited areas? Second, subtle dif-
ferences do exist in the specific molecules underlying central
sensitization and LTP™; Third, hippocampal LTP, account-
ing mainly for learning and memory, and LTP induced in pain
pathways, indicative of pain signal amplification, may har-
ness different sets of signaling transduction cascades for
induction and maintenance; Last but not the least, our previous
and ongoing work demonstrate that peripheral persistent
nociception tends to produce indeed various forms of neural
plasticity in the pain-related brain areas, with the specific
pattern and extent of plasticity varying a lot depending on
the individual regions analyzed. For example, as stated above,
a long-term experience of persistent pain in the periphery
could cause both spatial and temporal plasticity of synaptic
connection, transmission and function in the HF!!2!, whilst
our unpublished data suggest that persistent pain stimuli of
similar intensity and duration would only induce spatial
plasticity, but not temporal plasticity, in the ACC area, re-

flecting the complexity of brain dysfunction caused by the

persistence of painful stimuli. Thus, pain-induced synaptic
plasticity in the brain might be more complicated, manifested
in the forms of not only temporal plasticity (LTP), but also
spatial plasticity. In addition, there are also indications that
chronic pain states can change the structure and morphol-
ogy of the brain, namely central structural plasticity, which
probably results in long-term dysfunction of synaptic trans-
mission and modulation at different levels of the central ner-
vous system?22%%, Future experiments are certainly warranted
to address these issues more clearly.

There have been numerous studies reporting disruption
or functional impairment of memory formation or consolida-
tion in chronic pain patients®!%. On the other hand, pain-
related memory bias has also been frequently reported in
patients with somatic pain disorders?$+2¢¢l, Nevertheless,
whether pain-induced plastic changes in the HF contribute
to these clinical symptoms remain less characterized. This is

another critical issue entailing further elucidations.
8 Concluding remarks

The HF, an integral component of the limbic system and
the hub of the ‘Papez circuit’, has long been recognized as
playing an essential role in learning and memory. However,
accumulating evidence from animal and human studies sug-
gest that the HF may also bear significant associations with
pain processing and also pain, when becomes persistent or
chronic, could produce profound effects on hippocampal
anatomy, metabolism, morphology and function. Novel in-
formation about modulation of sensitivity, plasticity, and
activity of the hippocampus by painful stimuli may give us a
better idea of how to control the negative emotional or cog-
nitive consequences of pain, offering an alternative approach
to the development of improved therapeutic regimens for

treating comorbidities of chronic pain in the clinical setting.
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