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1. ABSTRACT

The elongated structure of the hippocampus
is critically involved in brain functions of profound
importance. The segregation of functions along the
longitudinal (septotemporal or dorsoventral) axis of
the hippocampus is a slowly developed concept and
currently is a widely accepted idea. The segregation of
neuroanatomical connections along the hippocampal
long axis can provide a basis for the interpretation of
the functional segregation. However, an emerging and
growing body of data strongly suggests the existence of
endogenous diversification in the properties of the local
neural network along the long axis of the hippocampus. In
particular, recent electrophysiological research provides
compelling evidence demonstrating constitutively
increased network excitability in the ventral hippocampus
with important implications for the endogenous
initiation and propagation of physiological hippocampal
oscillations yet, under favorable conditions it can also
drive the local network towards hyperexcitability. In
addition, important specializations in the properties of
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dorsal and ventral hippocampal synapses may support
an optimal signal processing that contributes to the
effective execution of the distinct functional roles played
by the two hippocampal segments.

2. INTRODUCTION

The hippocampus is an elongated brain
structure that in rodents is roughly positioned in
dorsal-ventral plane extending from the region of
the septum to the medial temporal lobe (1) while in
the human and other primates the hippocampus is
positioned in the anterior-posterior plane of the brain
(2). Thus, the longitudinal axis of the hippocampus is
also known as the septotemporal or dorsoventral axis.
The hippocampus is deeply implicated in forms of
declarative memory (3-5), in spatial navigation (6-9)
and also plays important roles in other brain functions
including fear and anxiety (10-13) and sensorimotor
processing (14, 15).
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Scattered studies during the first periods of
hippocampus research revealed the existence of some
heterogeneity of function along the long axis of the
hippocampus (16-18) as well as different anatomical
and functional connectivity patterns between distinct
segments along the hippocampal long axis with a
first review appearing in 1959 (19). Following the
concurrent demonstration of fundamental mnemonic
functions attributed to hippocampus (20) a number
of studies showed that the dorsal hippocampus is
involved in some forms of spatial learning and memory
more than the ventral hippocampus; for a review of
these studies see (21). Currently, this kind of research
has culminated in a rather general dichotomous
view of hippocampus function; In particular that the
dorsal hippocampus has a preferential involvement
to cognition-related processes like spatial memory
and navigation while the ventral hippocampus plays
more important roles in emotion-related functions like
fear and anxiety (10, 22, 23). The well established
different extrinsic connectivity patterns of the dorsal
and ventral hippocampus (24, 25) have dominated
explanations of the functional segregation along the
hippocampal long axis. However, several lines of early
and recent research strongly suggest the existence of
specialization in the local intrinsic neural network along
the dorsoventral axis of the hippocampus providing
evidence that extends from early electrophysiological
observations on epileptiform activities (26, 27), to later
neuroanatomical and neurochemical observations
concerning the different levels of the various
neurotransmitters and neuromodulators (many of
them referenced in Strange et al., (23), to more recent
evidence regarding fundamental population activities
of the hippocampus (28-31).

This survey presents the early and recent
electrophysiological evidence that suggests or
directly demonstrates the existence of endogenous
specializations along the long hippocampus axis. This
review is focused on electrophysiology for several
reasons. First, electrical activity of the neurons is the
ultimate expression of their activity. Electrophysiological
studies can provide information for most of the levels
of neural organization, from the synaptic, to the
single-cell, to the local circuitry level and can also
provide evidence on basic properties of the neural
circuitry such as cell and network excitability, neuronal
synchronization and synaptic plasticity, the knowledge
of which is necessary in order to understand signal
processing in the network. Also, electrophysiological
studies were among the first to show or to suggest that
significant differences occur between the dorsal and
the ventral hippocampus of experimental animals or
the corresponding posterior and anterior hippocampus
in humans. Electrophysiology has been used in
comparative dorsal-ventral studies of the hippocampus
for a wide range of purposes including the dissection of
connectivity patterns, the study of epileptic/epileptiform
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activity, the study of physiological population activities,
the single-cell properties, the study of behavioural
outcomes of hippocampus stimulation and the study
of synaptic plasticity. However, in this review the
most pertinent evidence for the concept of intrinsic
diversification will be presented and discussed.

The main aim of this review is to collectively
present the current electrophysiological evidence that
supports the notion of the intrinsic diversification along
the dorsoventral axis of the hippocampus and to briefly
discuss some possible implications. First, the presumed
historical roots of the concept of functional segregation
will be examined and the current views on this topic will
be briefly described introducing the reader to the idea
of endogenously organized diversification along the
long axis of the hippocampus. Then, following a level
approach, the electrophysiological evidence obtained
for the physiologic and aberrant network activities, the
synaptic transmission and synaptic plasticity as well
as for the properties of single-cells will be presented.
The implications of this evidence for the functioning
of the local neural network on the dorsal and the
ventral hippocampus will be tentatively discussed in
a separate section while the possible future research
directions will be described at the end of the article.

3. THE CONCEPT OF FUNCTIONAL
DIVERSIFICATION ALONG THE LONG
AXIS OF THE HIPPOCAMPUS

3.1. Historical background

The first ever study that detected differences
in the tissue organization between the dorsal and the
ventral hippocampus was published as early as 1944 by
Nilges and colleagues (32). These authors, motivated
by the selective vulnerability of the pyramidal cells
of the CA hippocampal fields after carbon monoxide
poisoning or epileptic activity, performed their study in
six different species (opossum, guinea pig, rabbit, cat,
dog and monkey) and found a richer vascularisation
in the ventral than the dorsal hippocampus, an
observation that has been confirmed and extended
recently (33). More than a decade later Dunlop (34)
using evoked potentials described that the vulnerability
to carbon dioxide is lower in the ventral than in dorsal
hippocampus. Although these findings have significant
implications for the comparative susceptibility of
the two hippocampal poles to ischemia and hypoxia
only after several decades it was demonstrated
the higher resistance of the ventral hippocampus
to ischemia (35-37). Most of the following studies
that revealed differences between the dorsal and
ventral hippocampus concerned with the patterns of
anatomical connectivity between the two segments of
the hippocampus and other brain regions as well as
with the epileptiform afterdischarges. Thus, from the
eighteen studies detected and published until 1970,
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seven of them investigated the connectivity patterns
(26, 38—43) with six out of the seven studies using
electrophysiology. During the same period were also
published the first dorsoventral studies of epileptiform
activity (26, 27, 41, 44) and of behavioural responses
to selective stimulations or lesions of dorsal and
ventral hippocampus (16-18, 45-49). Three studies
were focused on physiological population activities
(46, 47, 50) and one study detected neurochemical
differences (51).

Already in the first studies it was emphasized
the possibility of existence of significant functional
diversification along the hippocampus or at least
between its two extremities, the dorsal and the
ventral poles. Thus, in 1960 Adey and colleagues
(46) suggested that “It appears . that there is a
considerable functional differentiation, both within
the cell grouping at any one level and from different
parts of the hippocampal arch as a whole”. In the mid
1960s Elul (27) highlighted the fragmentary at that
time nature of the evidence about possible regional
differentiation of the hippocampus while a few years
later Nadel (49) ascribed the failure of researchers to
make a consistent picture of hippocampal function to
the “observation that lesions in different regions of the
hippocampus can produce quite different behavioral
effects”, and he noted that “differences between the
dorsal and the ventral areas of the hippocampus have
been demonstrated anatomically . and physiologically
. and that they might differ in function as well”. At the
same period Brazier (50) suggested that “in terms of its
electrophysiological characteristics, the hippocampus
in man does not have uniformity throughout its length”.

Despite these early suggestions, however, the
first dorsoventral studies did not apparently succeed
to appreciably influence the general perception of
researchers for the homogeneity of the hippocampus.
Thus, Adey and coll. (46) noted that “It has been widely
assumed that a functional homogeneity characterized
the hippocampus as a whole, presumably by reasons
of its apparent structural homogeneity”, and Elul
highlighted the fact that the current prevailing view
of the hippocampus was as a “uniform structure
throughout its length”. It is notable that even many
years later Bragdon and colleagues (52) criticized the
“tendency to regard the hippocampus as functionally
homogeneous” which was “especially prevalent in
studies related specifically to epilepsy” despite the
fact that significant differences between the dorsal
and the ventral hippocampus were already described.
Thus, the idea of functional diversification along the
long axis of the hippocampus developed rather slowly
over time most probably because of the apparent
homogeneity of the hippocampus at the macroscopic
level as described above. Following early behavioural
studies (16, 53, 54) comparative dorsoventral studies
in the 1990s showed that the dorsal hippocampus is
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involved in spatial learning and memory more than the
ventral hippocampus (21, 55-58). Early (39, 40, 43, 59,
60) and more recent evidence of distinct connectivity
patterns of successive segments along the hippocampal
longitudinal axis with other cortical and subcortical brain
structures (24, 61-65) has provided strong mechanistic
support to the concept of functional segregation along
the dorsoventral axis of the hippocampus. Importantly,
however, the different patterns of extrinsic anatomical
connections are apparently accompanied by a vast
repertoire of intrinsic specializations as presented and
discussed in the following sections.

3.2. Intrinsic diversification

The distinction between extrinsic and
intrinsic nature of dorsoventral differences was
suggested even in the first studies, especially those
that investigated and compared the evoked and
spontaneous population discharges between the
dorsal and the ventral hippocampus. For instance,
Elul (27) implicitly pointed to intrinsic mechanisms
to interpret the differences in the threshold and
morphology of induced epileptiform discharges
between the dorsal and the ventral hippocampus.
However, more explicit reference to the possibility that
intrinsic mechanisms may contribute to the observed
dorsoventral differences was given in in vitro studies
on the hippocampal slice preparation. For instance, the
authors of one of the first in vitro studies proposed that
intrinsic factors in the hippocampus may contribute to
the gradient of increased frequency of spontaneous
population epileptiform discharges observed in slices
along the dorso-ventral axis (52). Similarly, a following
in vitro study of electrophysiological responses
(again epileptiform) recognized the possibility that the
observed differences between the dorsal and ventral
hippocampus may be intrinsic to the hippocampus (66).
However, despite the rather convincing accumulation
of data suggesting that several aspects of the intrinsic
network display specialization along the dorsoventral
axis of the hippocampus, apparently many researchers
continue to thing about the hippocampus as an
internally homogeneous structure. Thus, although the
comparative behavioural studies has rendered the
concept of functional segregation a rather established
influential topic in the research of the hippocampus, the
idea of intrinsic specialization has only very recently
been treated with the attention it deserves. The reasons
for this may be manifold. For instance, during the first
comparative studies it became clear that consecutive
segments of the hippocampus are differentially
connected anatomically with other brain structures and
consequent detailed anatomical studies provided strong
evidence that the dorsal and the ventral hippocampus
have distinct extrinsic connectivity patterns (see above
section). The anatomical evidence can provide a
reliable explanation of functional segregation along the
hippocampus long axis.
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It is important to note the hippocampus has
been traditionally viewed as a homogeneous structure
not only macroscopically (as described above) but
also at the level of its endogenous organization. In
early 1970s Per Andersen and his co-workers (67—69)
elegantly demonstrated using in vivo electrophysiology
that the excitatory activity in the hippocampus flows
across a “trisynaptic circuit’, which is the basis for
the organization of independent slice shaped micro-
modules repeated in a parallel “lamellar” fashion
along the longitudinal axis of the hippocampus.
Although Andersen and coll. recognized the existence
and possible consequences of the longitudinal
excitatory and inhibitory connections, firstly noted by
Lorente De No (70), their work apparently led to a
strong impression of internal homogeneity along the
hippocampus. Additionally, it also suggested that the
physiology of the hippocampus can be studied in the in
vitro slice preparation. The idea that the basic circuit of
the hippocampus can be contained in a lamellar piece
of tissue and can function as a relatively autonomous
module, in combination with the previously invented
acute brain slicing method (71, 72) fuelled an explosive
development in the basic electrophysiological research
of the hippocampus (73-75). Thus, the psychological
impact of unprecedented potentiality offered by the
hippocampal slice preparation apparently covered
the importance of longitudinal anatomo-functional
peculiarities and contributed to a significant degree
in neglecting inter-slice differences. Accordingly,
the apparent homogeneity of the hippocampus
was so influential that became a permanent implicit
assumption during the consequent hippocampus
research. Evidently, under these conceptual conditions
only a few researchers remembered of the differences
already found between consecutive segments of the
hippocampus and even fewer were interested to study
them. Certainly, the “lamellar” view of the internal
structure of the hippocampus is the fundamental basis
for perceiving the hippocampus internal organization
and working on it albeit with some necessary
adaptations (76, 77). Nowadays, as described in the
following sections, there is a continuously growing
body of evidence showing that many aspects in the
fine organization of the hippocampus appear to be
differentiated or specialized along the long axis of the
“lamellar” hippocampus. The evidence comes from all
levels of organization of the local hippocampal circuitry,
from the level of gene expression (22, 78, 79) to the
level of emergent, collective oscillations (28-31).

Here, it would be noted that the hippocampal
slice preparation because of its isolation from the
activities of other brain regions and the elimination
of intra-hippocampal influences through the
longitudinal anatomical connections can accurately
provide evidence on the intrinsic specialization of
the local neural network along the dorsoventral axis
of the hippocampus. Thus, the hippocampal lamella,
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which obviously contributed to the idea of internal
homogeneity, can on the other hand, pave the way for
a more systematic study of endogenous heterogeneity
along the hippocampal long axis. Obviously, the
knowledge of the relevance of the hippocampal
intrinsic specializations to the emergent functional
diversification along the hippocampus requires the
understanding of how these specializations lead
to specific functional outcomes. Similarly, intrinsic
cannot be completely separated from the extrinsic
diversification. For example, a different innervation
pattern of the dorsal and the ventral hippocampus
from brain stem nuclei will be expectedly accompanied
by a similarly diversified pattern of neurotransmitter
receptor distribution. However, any difference in
the structure and cellular actions of these receptors
between the dorsal and ventral hippocampus should
be categorized as a sign of endogenous specialization.
Therefore, the endogenous diversification is intimately
related with the extrinsic connectivity patterns of the
hippocampus and emphasis should be given to the
specific contributions of the different levels of neural
organization to the functional segregation at the
behavioural level.

4. NETWORK ACTIVITIES
4.1. Physiological rhythms

The dominant electrical activity patterns of
the hippocampal circuit that appear in the local field
potential signal are the theta rhythm, the sharp wave
and ripples complexes and the gamma oscillation,
which display characteristic frequencies, occur at
specific behavioural states, are generated by different
mechanisms and they are thought to play distinct
functional roles in hippocampal signal processing
(80-82). Briefly, the most widely assumed functions
for these rhythms are as follows: a) the theta rhythm
is engaged in coordination of multimodal sensory
information and encoding of new information
associated with exploration-related behaviours; also
a putative role for theta is in memory consolidation
during REM sleep (82, 83). b) SPW-Rs appear to be
fundamentally involved in the mnemonic processes of
stabilization and long-term consolidation of information
(84—88), and they also appear to play important roles
in the processes of memory-driven future planning
(89-91) and decision making (92). The function of
gamma oscillation is much less clear although it
may be engaged in the encoding of current sensory
information (93).

The first observation that a physiological
population activity differs between the dorsal and
the ventral hippocampus was made as early as
1960 by Adey and colleagues (46). These authors
showed that trains of slow waves at 5-6 Hz (i.e. theta
waves) that emerge in the hippocampus during a
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goal-directed approach locomotor task were rapidly
restricted on successive trials to the region of the
dorsal hippocampus while they disappeared from the
ventral hippocampus where the discharge reverted to
a random irregular mode of generation with a slower
component at ~4 Hz. At that time, Paul MaclLean
had observed rhythmic slow activity (perhaps theta)
in the dorsal but not in the ventral hippocampus
during exploration and during response to novel
stimuli (94). A few years later in a systematic review
M. Jouvet (95) described that the theta rhythm (4—
4.5. Hz) can be regularly recorded in the dorsal but
only occasionally in the ventral hippocampus during
intense arousal in the cat. Then, in a study made
in epileptic patients, Brazier (50) described that
the anterior hippocampus (that corresponds to the
ventral hippocampus in rodents) of the normal or
less abnormal hemisphere displayed a higher ability
for generation of spontaneous network activity while
the posterior hippocampus was characterized by poor
potentiality for electrogenesis. This conclusion was
based on the observed excess of delta activity (2—4
Hz) in the most anterior part of the hippocampus and
a prominent theta activity (6 Hz) in the middle zone
of the hippocampus. Despite the fact that dorsoventral
differences in theta activity were detected early, only
recently the properties of the theta oscillation have
been studied more systematically with respect to the
longitudinal axis of the hippocampus. In an vitro study
made on a whole hippocampus preparation Goutagny
and colleagues (31) showed that although the theta
oscillation can be simultaneously generated along a
large extension of the dorsoventral axis the dorsal
hippocampus appears to be entraining the ventral
hippocampus since functional disconnection of the two
hippocampal segments leads to a slowing of the theta
oscillation in the ventral hippocampus. Also Lubenov
and Siapas (96) have recently demonstrated that
the phase of theta oscillation changes systematically
along the dorsal third of the hippocampus of freely
behaving rats comparing thus the theta oscillations as
travelling waves preferentially propagating along the
dorsoventral direction. Furthermore, recent studies by
Chrobak and colleagues and Buzsaki and colleagues
have shown that differentfeatures of the theta oscillation
are more pronounced in the dorsal than in the ventral
hippocampus. For instance, the theta rhythm power
is higher in dorsal than in ventral hippocampus (97,
98); for a review, see (28). These differences between
the dorsal and the ventral hippocampus may in part be
accounted for by a different intrinsic organization of the
hippocampal network along the septotemporal axis.

The other main network activity of the
hippocampus is the complex activity of sharp waves
and ripple oscillation (sharp wave-ripples, SPW-Rs)
(82, 88), formerly named large irregular amplitude
activity (LIA) (99). SPW-Rs occur mainly during
consummatory behaviours characterized by tranquil
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alertness (88, 100). SPW-Rs represent a default
pattern of the hippocampus since it is self-organized
by the hippocampus when disconnected by its
extrinsic inputs (101, 102) and it is also spontaneously
generated in isolated hippocampal preparations
under normal conditions (103-109). The particularly
interesting recent observation that neurons that are
activated in the intact animal during exploration are later
reactivated during SPWs that occur spontaneously in
hippocampal slices in vitro (110) further corroborates
the idea that SPW-Rs is a basic default activity pattern
of the hippocampus. The intrinsic emergence of SPW-
Rs suggests that they may are implicated in memory
retrieval (111) and also in imagery and future planning
(89-91). An early hint for some difference in the
generation of sharp waves between the dorsal and the
ventral hippocampus may be the observation made by
Adey and colleagues (46), several years before the first
description of this activity (99) and its more systematic
characterization (100, 112), that irregular slow waves
of high amplitude at 2—4 Hz occurred mainly in the
ventral hippocampus of immature cat.

Another recent in vitro study reported
markedly different modes of generation of SPW-Rs
between ventral and dorsal hippocampal slices (30).
In particular, it was found that SPW-Rs are larger and
they are generated at a considerably higher rate in
ventral than in dorsal hippocampal slices. In addition,
the frequency of the ripple oscillation is increased
in the ventral hippocampus. The observation of
increased likelihood of generation of SPW-Rs in the
ventral hippocampus is corroborated by a recent in
vivo study performed by Patel and his colleagues (29)
who showed that although SPW-Rs can be initiated
at any site of the hippocampus, however, SPW-Rs
that are locally generated in the ventral hippocampus
often remain isolated; In addition, the ripple oscillation
propagated in the ventral-dorsal direction with a quasi
two-fold higher probability compared with the dorsal-
ventral direction. Also, SPWs in the intact hippocampus
in vitro preparation from immature animals start in
the ventral hippocampus and then propagate toward
the dorsal hippocampus (108) presumably due to a
dominance in coupling strength in the ventral-dorsal
direction and a stronger inhibition along the ventral-
dorsal direction as predicted in a model study (113).

An important observation made in the study of
SPW-Rs in hippocampal slices was that the generation
of SPW-Rs in multiple consecutive events forming
clusters was much more frequent in ventral than in
dorsal hippocampus (30). Remarkably, consecutive
events in clusters occurred at a frequency of ~10 Hz
in ventral but at ~5 Hz in dorsal hippocampus. Several
lines of evidence suggest that clusters is an important
feature of SPW-Rs. Clusters is a frequent mode of
SPW-Rs occurrence in intact animals (89, 90), they
require the activity of NMDARs (103) and they are
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long-term potentiated following physiologically relevant
pattern of presynaptic activation (103). In addition, the
events inside the clusters occur at a pace (30, 103)
that can lead to long-term synaptic modifications in
the local network (114). Also, the multiunit activity that
accompanies SPW-Rs occur at about two milliseconds
earlier in dorsal than in ventral hippocampus. This
difference in the timing of cell firing with respect to
the network oscillation may have important impact on
synaptic plasticity (115). Because clusters of SPW-
Rs typically occur also in isolated hippocampal slices
(103, 116) it has been speculated that clusters may
represent an endogenous default mode of SPW-Rs
generation that can provide the basis for organizing
patterns of activity independently of the actual current
behavior (117). This conforms to the suggested role
of SPW-Rs in imaging not-yet experienced events
(89-91) and is consistent with the proposed role of the
hippocampus in episodic future thinking (118-121). It
is therefore proposed that the ventral hippocampus
dominate the endogenous initiation of SPW-Rs in
the hippocampus and that the different pace of SPW-
Rs inside clusters may reflect local requirements
for optimal induction of synaptic plasticity in the two
hippocampal segments (30).

4.2. Epileptiform activity

If memory is the first concept that is
associated with (normal) hippocampus function, the
second one is most probably epilepsy, a prominent
pathological attribute of the hippocampus. Indeed,
early observations showed that the hippocampus is
the brain region most susceptible to epileptic activity
displaying a particularly low threshold for the generation
of seizure discharges (122-126). Subsequent in
vitro experimentation in brain slices showed that
epileptiform discharges were generated much more
easily in hippocampal than other brain preparations
(127). Thus, it is well established that the hippocampus
plays a central role in the pathophysiology of temporal
lobe epilepsy the most common type of epilepsy (128,
129). Furthermore, on the basis of accumulated,
mainly experimental, observations it is now widely
assumed that the ventral hippocampus in rodents and
other experimental species is the most vulnerable
segment of the structure to epileptiform discharges.
Likewise, in epileptic patients the seizures most often
start on the anterior hippocampus (that corresponds
to the ventral hippocampus in rodents), which is the
most affected area of the structure (130-132). The
first comparative studies that reported differences
in the pattern of epileptiform discharges between
the dorsal and the ventral hippocampus were made
on cats in the early 1960s (26, 27). Ironically, the
conclusion that can be drawn from these early studies,
with respect to threshold stimulation for the induction
of discharges and the discharge frequency, is that the
dorsal rather than the ventral hippocampus is more
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prone to epileptiform activity. The observations from
another contemporary study that was also performed
on cats (44) do not permit a safe conclusion on this
matter. For the purpose of this review, a systematic
search of the literature yielded thirty two studies that
provide evidence on the generation of epileptiform
activities comparatively between the dorsal and the
ventral hippocampus or along the longitudinal axis
of the hippocampus. Apart of the first three studies
that were made on cats, the vast majority of both in
vivo and in vitro studies (contributing equally) were
conducted on rats (25 studies) and only four studies
were made on mice.

Different experimental methods have been
used for the induction of epileptiform activity, which
were generally based on intense electrical stimulation,
on altered ionic composition of the perfusion medium
(in in vitro preparations) or on intervention to excitatory
orinhibitory neurotransmission while some approaches
used a combination of the above mentioned methods.
Virtually, the in vivo studies followed the methodology
of stimulation including the kindling model, the kainic
acid model and the photostimulation. All the other
models of induction of epileptiform activity were
applied to in vitro hippocampal preparations. Five
criteria were used to draw conclusions on the relative
excitability of the intrinsic neural network along the
dorsoventral axis of the hippocampus: (a) the site of
spontaneous activity initiation, (b) the probability of
activity emergence from a particular location, (c) the
stimulation threshold required for the induction of
epileptiform activity, (d) the rate of occurrence and
finally (e) the duration or intensity of epileptiform
activity. The spontaneous initiation of epileptiform
activity can be studied either in vivo or in vitro.
However, because epileptiform activity in the in vivo
approaches typically starts at the site of stimulation,
conclusions about the site of spontaneous initiation of
epileptiform activity were drawn from in vitro studies
that used the intact hippocampus or a longitudinal
hippocampal slice. Thee of these studies reported that
the preferred site of epileptiform activity initiation was
the ventral hippocampus as observed in the disinhibited
longitudinal slice that contained only the CA3 field
(133) and in the whole hippocampus preparation from
immature rodents in which epileptiform activity was
induced either by low magnesium/high potassium
concentration in the perfusion medium (134, 135) or by
anoxia (136). However, the generation of epileptiform
activity in the low Mg?* model was ultimately (i.e. after
establishment of the activity in the tissue) occurred
first in the dorsal hippocampus and then propagated
to the ventral hippocampus. In another study NMDA
receptor-independent epileptiform activity induced by
the blocker of potassium channels 4-aminopyridine
in the neonatal rat whole hippocampus was generally
initiated at the dorsal hippocampus, but sometimes the
activity could start from either the dorsal or the ventral
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hippocampus (137). More specifically, the preferable
site of initiation of interictal-like bursts and tonic ictal-
like discharges was the dorsal hippocampus while
both the dorsal and the ventral hippocampus were
potential sites of initiation of clonic ictal-like events.
On the other hand, all the in vitro studies made on
transverse hippocampal slices have unambiguously
shown that the probability of emergence and/or the
rate of occurrence or intensity of epileptiform activity
are higher in the ventral than in dorsal hippocampal
slices (52, 66, 138—144). Interestingly, the frequency
of occurrence of epileptiform discharges increase
gradually from the dorsal to the ventral hippocampus
(52, 143) suggesting that the mechanisms
underlying the increased network excitability change
gradually along the dorsoventral axis. The in vitro
electrophysiological studies performed either on slices
or on the whole hippocampus preparation, provide
the most homogeneous and compelling body of
evidence demonstrates the relatively higher network
excitability of the ventral hippocampus versus the
dorsal hippocampus. Also, most of the in vivo studies
concluded that the ventral hippocampus plays a
dominant role on the initiation and/or the intensity
of induced epileptiform activity (145-151). A typical
parameter in the studies of epileptiform activity in the
intact animal is the strength of the particular stimulation
pattern that is required to trigger an epileptiform
afterdischarge, i.e. the induction threshold (152),
which can be considered as an index of the excitability
of the local neural circuitry (153). Analyzing the relative
literature it was surprising to find rather conflicting
results on which of the two hippocampal segments
shows the lower afterdischarge threshold. Thus, four
studies have shown that the dorsal hippocampus
displays the lower threshold (27, 154-156) while two
other studies found lower threshold in the ventral
hippocampus (145, 157). However, the kindling rate
(i.e. the number of intermittent stimulations required
before spontaneous epileptiform discharges are
established) was most often found higher in the ventral
than in the dorsal hippocampus (145, 149, 154), but
in one study the kindling rate was higher in the dorsal
hippocampus (155).

Regarding the propagation properties of
the epileptiform activity along the longitudinal axis
of the hippocampus, two in vivo studies have shown
that afterdischarges preferentially spread along the
ventral-dorsal direction (27, 158). Interestingly, one of
these studies reported lower threshold for epileptiform
activity induction in the dorsal hippocampus (27). In
this study, seizures evoked in the ventral hippocampus
propagated toward the dorsal hippocampus, which was
readily activated, whereas the discharges evoked in
the dorsal hippocampus propagated toward the ventral
hippocampus very slowly and the ventral hippocampus
was activated at an advanced stage of dorsal
hippocampus seizures. The properties of propagation
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of epileptiform activity were also investigated in four
in vitro studies using either the intact hippocampus
preparation from immature animals (134-136) or the
longitudinal CA3 slice preparation (133). In these
studies the seizure-like activity induced in low Mg?/
high K* medium (134, 135) or in the absence of
synaptic inhibition (133) as well as the anoxia-induced
depolarizations (136) initially originated in the ventral
hippocampus and propagated dorsally. However, after
the establishment of seizures in the whole hippocampus
the seizures or the intra-seizure epileptiform events
became bidirectional with the dorsal hippocampus
playing a leading role (133—135). The bidirectionality
was also the rule in a recent in vivo study that used
photostimulation to trigger afterdischarges (159).
Summarizing, the results from most of all studies
on epileptiform activity including all in vitro studies
converge to the idea that the ventral hippocampus is
the most excitable segment of the hippocampus. This
conclusion is principally based on evidence regarding
the criteria of the site of spontaneous initiation, the
likelihood of emergence and the rate of occurrence
or the duration/intensity of epileptiform activity in the
hippocampus. The evidence, however, regarding the
direction of propagation of the established epileptiform
activity along the longitudinal axis of the hippocampus
is less homogeneous mainly pointing to a bidirectional
spread of activity. The systems of longitudinal excitatory
and inhibitory projections along the dorsoventral
axis of the hippocampus (76, 160-164) may play
an important role in the bidirectional propagation of
activity (165). In addition, mechanisms of synaptic
plasticity may contribute to the bidirectionality of
propagation after the establishment of the epileptiform
activity. For instance, epileptiform bursts initially
generated in the ventral hippocampus and propagated
along the hippocampus will drive activity at the dorsal
hippocampus. This condition is favorable to trigger
synaptic strengthening (166, 167) and establish
epileptogenesis in the dorsal hippocampus (168).
It is then expected that the potentiated synapses in
the dorsal hippocampus will contribute to increasing
local network excitability facilitating the local initiation
of epileptiform discharges that can then be spread
toward the ventral hippocampus.

5. SYNAPTIC FUNCTION

Although there is a plethora of neurochemical,
neuroanatomical and behavioural comparative
dorsoventral  studies regarding the various
neurotransmitters and neuromodulators the respective
electrophysiological literature is rather limited and
relatively recent. Most of the electrophysiological studies
that provide comparative evidence on the excitatory
and inhibitory synaptic transmission in the dorsal and
ventral hippocampus have been performed on the CA1
field of transverse hippocampal slices using recordings
of evoked and spontaneous activity and only a few
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studies have been made on the dentate gyrus (DG)
or the CA3 field. Major roles of the neurotransmitters
and their receptors are their direct contribution to the
mediation of the postsynaptic potentials, the regulation
of neurotransmitter release, the control of neuronal
excitability and the modulation of synaptic plasticity.
Because of their significance to network functioning
and the amount of observations currently available,
the comparative findings regarding the excitatory and
inhibitory transmission in the dorsal and the ventral
hippocampus will be discussed separately.

5.1. Excitatory transmission

The excitatory synaptic transmission in
the hippocampus, as in other brain regions, is
mediated by the glutamate, which activates three
types of ionotropic receptors, the AMPA, kainate and
NMDA receptors (NMDARs) (169). Fast excitatory
transmission in the hippocampus is primarily mediated
by the AMPA and NMDARSs, which are composed of
different combinations of subunits (170), forming thus
receptors with distinct functional properties. Glutamate
also activates three groups of metabotropic receptors
(mGIluRs) (171), which can modulate the activity of
hippocampal pyramidal neurons by acting at pre- and
postsynaptic sites (172—175).

The excitatory transmission in the
hippocampus is typically studied by electrically
activating the afferent fibers in a particular dendritic
area of the principal cells. In the CA1 field, stimulation
of the Schaffer collaterals, which consist the projection
of the CA3 to CA1pyramidal neurons (176) leads to the
appearance of three different temporally consequent
extracellular potentials: the presynaptic volley, which is
the population action potential generated by the afferent
fibers, the field excitatory postsynaptic potentials
(fEPSP), and when postsynaptic depolarization is
enough to cause neurons to fire the extracellular
summation of synchronous action potentials gives
rise to a population spike (PS). The fiber volley has
been generally found similar between the dorsal and
the ventral hippocampus (177-181). The fEPSP is
consisted of an early fast rising phase and a late slowly
decaying phase. The two components are based on
partially different mechanisms and can be quantified
by different measurements. Thus, non-NMDARs
underlie the early fast phase of fEPSP (182), which
is a measure of the number of activated synapses
(183) and typically quantified by its maximal slope.
Non-NMARs also participate to the late slower phase
of fEPSP, which may also include the contribution of
NMDARs that mediate a current with slow rise and
decay times (184). The slow decaying phase of fEPSP
can be quantified by the area of the fEPSP (185, 186).
Most studies have shown that the basal synaptic
effectiveness in the CA1 field, which is measured by
the maximal slope of the rising phase of fEPSP evoked
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with stimulation of varying strength, is similar between
the dorsal and the ventral hippocampus (177-179,
181, 187-192). Similar results have been obtained
also when the fEPSP is measured with reference to the
fiber volley (30, 178-180, 186, 188, 193). In contrast
to the slope of fEPSP, the area of fEPSP evoked
with moderate or strong stimulation strength and at a
given value of the slope or fiber volley has been found
greater in the ventral hippocampus than in dorsal
hippocampus (186). The participation of NMDARs
to the fEPSP evoked with relatively weak stimulation
strength of the Schaffer collaterals under normal
conditions is very small (194). However, under strong
stimulation the postsynaptic depolarization produced
by AMPA receptors is apparently enough to relief the
magnesium block of the NMDARSs channel leading to
a appreciable contribution of these receptors to the
fEPSP more in ventral than in dorsal hippocampus
(186). The relatively increased ratio between NR2B
and NR2A subunits of NMDARs in the ventral
hippocampus (195) that confers a lower magnesium
block of the NMDARs (196) and a prolonged decay
of the NMDAR-mediated currents (197) may be a
significant determinant for the increased participation
of these receptors to the NMDAR-dependent evoked
and spontaneous population activities in the ventral
hippocampus (140, 143, 186). The distinct subunit
composition of NMDARs in the ventral hippocampus
may also contribute to the increased NMDAR-mediated
epileptogenesis in the ventral hippocampus observed
under blockade of adenosine A1 receptors (A Rs)
(142). Interestingly, the NR2B subunit contributes to
the spontaneous intrinsic generation of d-frequency
network activity recorded in the whole hippocampus
in vitro significantly more at the ventral than the dorsal
segment of the hippocampus (198). Also, intense
exogenous activation of NMDARs produces a stronger
suppression in the fEPSP in the ventral than in the
dorsal hippocampus (188). Finally, as in CA1 field,
the evoked synaptic potentials in the DG and the CA3
field are similar between the dorsal and the ventral
hippocampus (199-201). Regarding neuronal firing,
most of the studies have shown that the PS is fairly
similar between the two hippocampal segments (30,
178, 188, 190, 202-204).

Excitatory synaptic transmission in the
hippocampus as in other mammalian synapses
depends on the release of neurotransmitter from the
presynaptic terminal (205-207). The probability of
transmitter release is a basic property of a synapse and
is a function of the calcium entry from the extracellular
space into the presynaptic terminal through voltage-
dependent channels (208-210). Increasing or
decreasing the extracellular concentration of calcium
produces a corresponding change in the transmitter
release and the postsynaptic response (211, 212). The
calcium influx is antagonized by magnesium ions that
block calcium channels, so increasing extracellular
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magnesium concentration suppresses the transmitter
release; the inverse result occurs when magnesium
concentration is decreased (212). Remarkably,
while the CA1 synapses in the dorsal hippocampus
conforms very well to these rules the ventral synapses
are insensitive to increases of extracellular calcium
concentration (187) and to reduction in magnesium
concentration (188). These observations can be
interpreted by an increased probability of transmitter
release in the ventral hippocampus. The probability
of transmitter release directly impacts on phenomena
of synaptic plasticity that depends on presynaptic
mechanisms as it is synaptic facilitation (213) and
observations on dorsoventral difference in synaptic
facilitation provide further corroborative evidence for
the increased probability of transmitter release in the
ventral hippocampus (see section 5.3.).

In the hippocampus the release of the
excitatory neurotransmitter glutamate is controlled
by a number of presynaptic receptors (214). Among
other receptors, adenosine ARs (215, 216) and
GABA_Rs (217-219) powerfully control the release
of glutamate in the hippocampus. Recently, it has
been shown that also presynaptic cannabinoids
CB1 receptors effectively control excitatory synaptic
transmission in the hippocampus (220-222). An early
study showed that exogenous activation of A Rs
suppressed the evoked fEPSP in the CA1 field more
in dorsal than in ventral hippocampal slices and that
dorsal hippocampus had an increased number of AR
binding sites (223). In addition, very recently has been
shown that GABA,Rs (179) and CB1 receptors (188)
tonically control the excitatory synaptic transmission in
the dorsal but not the ventral hippocampus. In addition
to ionotropic receptors, glutamate activates also
metabotropic receptors which comprise three groups of
receptors (224). The metabotropic glutamate receptors
type 5 (mGIuRb5) interact synergistically with NMDARSs
to potentiate the actions of the later (225) under the
permissive control of adenosine A, receptors (A,,Rs)
(226). Accordingly, mGIuR5 and A, ,Rs have excitatory
effects on the hippocampus (175, 226-228). It has
been recently shwon that under intense activation of
NMDARSs the excitatory effects of mGIuRS or A,,Rs
were absent in the ventral hippocampus although they
were robust in the dorsal hippocampus (188).

5.2. Inhibitory transmission

The inhibitory synaptic actions in the
hippocampus are mediated by the actions of
y-aminobutyric acid (GABA) on the GABA, and GABA,
receptors (229). The GABA, receptors (GABA,Rs) are
heteropentameric ligand-gated chloride-ion channels
formed by different subunit combinations that display
distinct cellular localizations and functional properties
(230, 231). GABA,Rs located at synapses transiently
inhibit the postsynaptic neuron through phasic actions
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while GABA,Rs located at extrasynaptic sites are
tonically activated by spillover GABA (232-234)
to mediate prolonged changes in the membrane
potential of the postsynaptic neuron (230, 235, 236).
Both phasic and tonic GABAergic inhibition powerfully
regulates the excitability in the hippocampus (237-239).
Considering that GABA,Rs play fundamental roles in
the neural networks functioning (240) and are subject
to extensive modulation by neuroactive substances
(241, 242) it is expected that they will be the site of
significant dorsoventral differences. For instance, the
activity of mineralocorticosteroid receptors reduces
the frequency of spontaneous IPSCs in ventral but
not in dorsal hippocampus pyramidal cells (243). The
function of GABA,R is positively and strongly modulated
by benzodiazepines, barbiturates and neurosteroids
(241, 242, 244). It has been demonstrated that the
barbiturates thiopental and pentobarbital and the
neurosteroid anfaxalone enhance the strength and
duration of GABA,R-mediated inhibition in the CA1
field more in dorsal than in ventral hippocampus, but
the enhancement of inhibition by benzodiazepines is
similar in the two hippocampal segments (204). The
subunit composition and the pharmacological properties
of GABA,R differ between the dorsal and the ventral
hippocampus (245, 246). In particular, the relative
expression profiles for the various subunits suggest that
the prevailing types of GABA,R in dorsal and ventral
hippocampus are those containing the a1 and a2 subunit
respectively (245). Interestingly, the expression of a5
subunit-containing GABA,R (a5-GABA,Rs) is higher in
the ventral than in the dorsal hippocampus (245).

Regarding the GABA,R-mediated
postsynaptic actions, the effectiveness of both phasic
and tonic inhibition appear to be different between the
dorsal and the ventral hippocampus. The comparative
study of the properties of GABA,R-mediated inhibitory
postsynaptic events is rather limited. The amplitude of
GABA,R-mediated spontaneous and evoked inhibitory
postsynaptic currents (IPSCs) (243) and evoked
inhibitory postsynaptic potentials (IPSPs) (202) is
higher in the dorsal than in ventral hippocampus. The
rise time of evoked IPSCs and the peak amplitude of
IPSPs are similar in the two hippocampal segments
(202, 243). The decay time of IPSCs has been
found similar in dorsal and ventral hippocampus,
however, the duration at half amplitude of IPSPs is
twofold longer in dorsal than in ventral hippocampus
(202). Also, the reversal potential of IPSP appears
to be slightly more negative in dorsal than in ventral
hippocampus (202). On the other hand, the frequency
of miniature IPSCs (192) but not the spontaneous
IPSCs (243) is higher in the ventral than in dorsal
hippocampus. These observations provide a first look
at the GABA,R-mediated cellular actions in dorsal
and ventral hippocampus leaving, however, a more
comprehensive comparative study of these actions
in the two hippocampal segments for the future. The
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GABA,R-mediated inhibitory actions on the local
networks of dorsal and ventral hippocampus are more
systematically studied (202-204). Thus, using the
experimental paradigm of paired-pulse stimulation it
has been shown that the GABA,R-mediated recurrent
inhibition in the CA1 field displays a twofold lower
strength, a threefold faster decay and a more than
twofold shorter duration in the ventral than in dorsal
hippocampus (203). These differences may to some
extent be attributed to the different GABA,R subunit
stoichiometry since the inhibitory currents mediated by
GABA,Rs that contain the a1 subunit, which dominates
in the dorsal hippocampus, have increased amplitude
(247). In contrast to the situation in the CA1 field, the
GABA ,R-mediated recurrent inhibition in DG has been
found stronger in ventral than in dorsal hippocampus
while the inhibition in the CA3 field is similar in the
two hippocampal segments (200). As mentioned,
the a5-GABA R prevails in the ventral than in dorsal
hippocampal CA1 field (245). The a5-GABA,R is one
of the most abundant subtypes of GABA,Rs in the
CA1 hippocampus field (248, 249) and is activated
by relatively high levels of ambient GABA (250) to
mediate tonic inhibition (237, 250). Taking into account
that the levels of extracellular GABA are higher in the
ventral than in the dorsal hippocampus (251) and that
blockade of a5GABA,Rs facilitates the induction of LTP
in the ventral but not the dorsal hippocampus (178) it is
tempting to speculate that the GABA,R-mediated tonic
inhibition is increased in the ventral hippocampus.

The GABA, receptors (GABARs) are G
protein-coupled receptors located at postsynaptic
and presynaptic sites. Postsynaptic GABA,Rs by
activating potassium channels produce membrane
hyperpolarization and regulate membrane excitability
while presynaptic GABA,Rs regulate neurotransmitter
release (252, 253). In addition, postsynaptic receptors
directly modulate glutamate receptors (254). GABA,
autoreceptors located on GABAergic terminals and
GABA, heteroreceptors located on glutamatergic
terminals regulate the release of GABA and glutamate
respectively (219). Activation of GABA, autoreceptors
during paired-pulse stimulation leads to a reduction in
GABA release and postsynaptic inhibition facilitating
the enhancement of the postsynaptic excitatory
response (255-257). This GABA R-dependent action
is more prominent when the inter-pulse interval is
around 200 ms, i.e. the stimulation frequency is ~5
Hz, and strongly facilitates short-term and long-term
potentiation of excitatory synapses (179, 185, 186, 258,
259). Both presynaptic (179, 186) and postsynaptic
(143) GABA_R-mediated actions appear to be stronger
in the dorsal than in ventral CA1 hippocampal field.

5.3. Synaptic plasticity

Synaptic plasticity is the activity-dependent
change in synaptic efficacy maintained over short
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or long periods of time (260, 261). Short-lasting and
long-lasting changes in synaptic efficacy are thought
to play fundamental roles in the processes of neural
information processing and learning and memory
(262, 263). Synaptic facilitation (also called paired-
pulse facilitation) is among the simplest and shortest
phenomena of synaptic plasticity observed when
two stimuli are applied to presynaptic fibers in rapid
succession (typically < 1 s). Facilitation consists of an
enhancement of postsynaptic response caused by an
increased transmitter release evoked by the second
stimulus and it is therefore thought to be primarily
based on presynaptic mechanisms (264). The
excitatory CA1 synapses display considerably diverse
properties including transmitter release probability
(265) and facilitation/depression during consecutive
activation (213). Furthermore, this heterogeneity
can be observed even between synapses formed
by a single neuron (266-269). It has been also
concluded that most of the excitatory CA1 synapses
release with low probability (266, 267, 269, 270).
Expectedly, considering that the synaptic facilitation
is inversely related to the probability of transmitter
release (213, 271), the hippocampal synapses show
substantial facilitation. However, this conclusion
was drawn from studies of the dorsal hippocampus.
Thus it was astonishing to observe the remarkably
low facilitation shown by the ventral hippocampal
synapses (187). Because the facilitation studied with
field potential recordings represents a large population
of synapses the observed dorsoventral difference
in facilitation should not be influenced by a local
heterogeneity in synaptic properties; rather it may
indicate actual differences in the average probability of
transmitter release between the dorsal and the ventral
hippocampus. In addition, the higher degree of change
of facilitation with decreasing calcium concentration in
the ventral than in the dorsal hippocampus (187) is
also consistent with the idea that synapses with high
probability of transmitter release are more sensitive to
conditions that reduce the release of transmitter (266).
Interestingly, the facilitation at the CA3-CA3 and DG-
CAZ3 synapses follows a similar pattern of dorsoventral
difference, i.e. dorsal synapses display higher
facilitation than ventral synapses (200, 201). Also the
GABAergic synapses display higher facilitation in the
dorsal than in the ventral hippocampus (192, 243). The
observations on synaptic facilitation in combination
with the insensitivity of the ventral CA1 synapses
to manipulations that should increase synaptic
responses have led to the hypothesis that ventral
compared with dorsal synapses may have a higher
basal probability of transmitter release (186, 187).
However, the results of a recent study showed that the
frequency of miniature excitatory postsynaptic currents
and the activity-dependent inhibition of NMDAR-
mediated currents by the channel non-competitive
NMDAR antagonist MK-801 are similar in the dorsal
and ventral CA1 synapses (193) suggesting that the
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probability of transmitter release is the same at the
dorsal and the ventral hippocampal synapses (266,
272). Nevertheless, another recent study showed
that the frequency of miniature inhibitory postsynaptic
currents is higher in the ventral than in the dorsal
CAT1 field suggesting that the probability of transmitter
release is increased in the ventral hippocampus also
at GABAergic synapses (192). Thus, it seems that
although the large dorsoventral difference in synaptic
facilitation is well documented (186-188, 192, 193,
201, 273) further studies are required in order to
definitely conclude whether the transmitter release
probability differs or not between the dorsal and the
ventral hippocampus.

Another form of short-term synaptic plasticity
is the response of a synapse during consecutive
activation with more than two pulses delivered at a
varying frequency. Under these conditions and when
the number of pulses does not exceed a few decades
the synapse reach a steady state of facilitation or
depression. When the pulses are delivered to Schaffer
collaterals at frequencies from 0.1. to 100 Hz, ventral
CA1 synapses respond with a strikingly different
mode compared with the dorsal synapses. Thus,
dorsal synapses show facilitation from 1 to 40 Hz
and afterwards are depressed while ventral synapses
are steadily depressed at frequencies greater than
10 Hz showing only a small facilitation at 1 Hz (187).
With a similar fashion, during the first few decades of
consecutive pulses delivered at 5 Hz the dorsal and the
ventral CA1 synapses show facilitation and depression
respectively (193). Any dorsoventral difference in
the machinery of neurotransmitter handling at the
presynaptic terminal could contribute to the different
response patterns displayed by the dorsal and the
ventral synapses. For instance, the presynaptic
Ca? sensor synaptotagmin VIl is crucially involved
in paired-pulse synaptic facilitation and frequency
facilitation (274). Interestingly, the dorsal hippocampal
synapses of mutant mice lacking the gene that
encodes synaptotagmin VII show very reduced paired-
pulse facilitation or frequency depression instead of
frequency facilitation (193, 274) a situation that reminds
the behaviour of the ventral hippocampus (187).

As abovementioned, the synaptic strength at
excitatory synapses is typically measured by the slope
of excitatory postsynaptic potential (EPSP) since it is
linearly related to the number of activated synapses.
Changes in the slope of fEPSP that occurs during
phenomena of short-term plasticity are mediated
almost exclusively by presynaptic mechanisms (264).
However, synaptic plasticity can be induced also
in the late phase of EPSP by both presynaptic and
postsynaptic mechanisms. For instance, the facilitation
of the area of fEPSP requires the activity of presynaptic
GABA_Rs, postsynaptic GABA,Rs and NMDARs
(186, 257, 275). By virtue of their different underlying
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mechanisms the fast and slow components of EPSP
signal different frequency domains of the presynaptic
activity. Thus, facilitation of the slope of EPSP appears
to be more suited to signal inputs of relatively high
frequency while facilitation of the late phase of EPSP
more reliably codifies slower inputs providing optimal
input gain for frequencies around 3-7 Hz (185, 186,
257, 276) which falls into the frequency range of the
theta rhythm in the hippocampus (277). The dorsal and
the ventral hippocampal synapses display markedly
different paired-pulse facilitation of the late phase of
fEPSP induced at inter-pulse intervals that correspond
to the frequency of theta rhythm (186). Thus, the
late component of fEPSP is optimally facilitated with
paired-pulse stimulation at theta frequency (5 Hz) in
the dorsal but not the ventral hippocampus (186).

Among the many forms of synaptic plasticity
n the hippocampus (278) long-term potentiation
(LTP) has attracted the interest of researchers
since it appears to serve as a primary experimental
model to study the basic mechanisms of learning
and memory (279-281). Accordingly, LTP has been
extensively studied in the hippocampus and especially
at the synapses between the CA3 and CA1 pyramidal
cells (more than 50% of all published studies on
hippocampal LTP are performed in CA1; based on a
PubMed survey). Until recently, however, virtually all
studies on LTP in the hippocampus were performed on
the dorsal part of the hippocampus. The first study that
examined comparatively the LTP between the dorsal
and the ventral hippocampus appeared in 2000. This
study, conducted in the CA1 field of hippocampal slices
showed that the classical high-frequency stimulation
protocol that consisted of 100 pulses at 100 Hz and
readily produces LTP in the dorsal hippocampal
synapses induced a strikingly small-amplitude LTP
in the ventral synapses (177). This dorsoventral
difference was then confirmed with both in vivo (273)
and in vitro experiments (106, 190, 192).

Higher magnitude of LTP in the dorsal
compared with the ventral CA1 hippocampal field has
been also found with lower (10 Hz) (178) or higher
(200 Hz) than 100 Hz frequency of stimulation (189).
It appears that with 10 Hz stimulation the activity of
a5GABA,Rs hampers the induction of LTP in the
ventral hippocampus (178) while with 200 Hz the
interaction of NMDARs with type-L calcium-dependent
calcium channels (VDCC) is more effective in the dorsal
hippocampus resulting in LTP of higher magnitude in
the dorsal than in ventral hippocampus. Nevertheless,
the LTP elicited with 200 Hz is maintained in both
hippocampal segments for at least seven hours (189).
The more physiologically relevant activity pattern of
theta burst stimulation, which is known to reduce the
activation threshold for LTP induction (258), also elicits
NMDAR-dependent LTP more reliably in dorsal than
in ventral CA1 synapses virtually through mechanisms
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that lead to increased postsynaptic depolarization
and excitability (179). Similar mechanisms appear
to underlie the higher ability of the dorsal compared
with the ventral hippocampus to show robust NMDAR-
dependent LTP following 5-Hz stimulation (193).

Yet, in another recent study performed,
however, in disinhibited slices the threshold for
LTP induction has been found higher in dorsal CA1
neurons by virtue of activity of G protein-coupled
inward-rectifying potassium channels (GIRKs) on
dendritic excitability (282). The ability of the two
hippocampal segments to undergo long-term synaptic
changes appears to be modulated by corticosteroid
receptors. Thus, acute stress or exogenous activation
of membrane glucocorticoid receptors reduce LTP
and increase long-term depression in the dorsal
CA1 field while the opposite effects occur in the
ventral hippocampus through activation of membrane
mineralocorticoid receptors (180, 283). Interestingly,
similar modulations of LTP in the dorsal and the
ventral hippocampus of adult rats have been observed
following juvenile stress and these effects were
accompanied by a decrease in B-adrenergic receptor
activity in the dorsal and a corresponding increase
in the ventral hippocampus (284, 285). Furthermore,
prenatal stress facilitates LTP in the ventral but not
dorsal hippocampus (286).

The magnitude of VDCC-dependent LTP
has been found higher in the CA3 field of the dorsal
as compared with the ventral hippocampus (201).
However, in the dentate gyrus of freely moving rats
200 Hz stimulation induces LTP of similar magnitude
in the dorsal and intermediate hippocampus (199).
Low frequency stimulation at 1 Hz does not induce
any long-term change in the synaptic effectiveness
either in the dorsal or the ventral CA1synapses in
anesthetized rats (287) although it induces long-term
depression in the dentate gyrus of the dorsal but not
the intermediate hippocampus (199). Interestingly,
however, low-frequency burst stimulation induces
long-term depression more reliably in the ventral than
in the dorsal CA1 field of anesthetized animals (287).

6. INTRINSIC CELL-PROPERTIES

Only recently the intrinsic cell properties
have been studied comparatively in the dorsal and
the ventral hippocampus. Several of these properties
have been found to differ between dorsal and ventral
CA1 pyramidal cells. There is no absolute consensus,
but various observations suggest that the ventral
CA1 pyramidal cells are more intrinsically excitable
compared with their dorsal counterparts. This
difference is attributed to dorsoventral differences
in the morphological and physiological properties
of the neurons. Thus, the ventral neurons have
smaller dendritic length and surface area than the
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dorsal neurons (288, 289), but see also (290). More
depolarized resting membrane potential in CA1 ventral
than in dorsal pyramidal neurons has been found in
three studies (288, 290, 291), but three other studies
have reported no significant dorsoventral difference
(193, 202, 243) and one study has reported that the
ventral neurons have more hyperpolarized resting
membrane potential (79). Similarly, some studies have
shown higher input resistance in ventral compared
with dorsal neurons (79, 192, 288, 290, 291) yet, other
studies have reported no difference between dorsal
and ventral neurons (193, 202) or increased input
resistance in dorsal neurons (243). Furthermore, the
threshold for action potential generation appears to be
lower in ventral than in dorsal neurons (79, 243, 288),
but see also (193). The after-depolarization appears
similar in the two kinds of neurons (79, 193) and the
after-hyperpolarization has been reported either similar
(193) or larger in the ventral neurons (79). There is
also a lower expression of A-type potassium channels
in ventral than in dorsal hippocampus neurons (292)
and M-type potassium channels, which also reduce
excitability, are stronger in dorsal than in ventral
neurons (291). In addition, the resting A,R-mediated
GIRK (potassium) conductance at the soma (293) and
the apical dendrites (282) is lower in ventral than in
dorsal pyramidal neurons and this may also contribute
to increasing excitability in ventral neurons. The back
propagation of action potentials is enhanced and the
summation is decreased in the dendrites of the ventral
hippocampus (292). Differences in other properties
may confer different integrative properties to dendrites
of dorsal and ventral hippocampal neurons. For
instance, the amplitude and activation kinetics of the
hyperpolarization-activated current (1,) differ between
dorsal and ventral neurons and the resonance
properties differ accordingly (290, 292, 294), but see
also (291).

7. PHYSIOLOGICAL IMPLICATIONS

7.1. Dorsal and ventral hippocampus: which
is the most excitable?

Stricto sensu, excitability is the property of
some cells to generate action potentials. This property
is based on a number of basal ionic conductances
in the cell membrane in combination with given
extracellular and intracellular concentrations of
respective ions. However, in a more physiologically
meaningful way, the neuronal excitability, i.e. the
excitability of a cell or intrinsic neuronal excitability,
is determined by a plethora of ion channels in the
cell membrane with diverse distribution, density and
functional properties in combination with the particular
structural characteristics of the neuron (295-297). The
membrane ion channels influence neuronal excitability
by controlling the impact of any synaptic input on
the probability of action potential generation (182).

© 1996-2018



Intrinsic diversification in the hippocampus.

Accordingly, the intrinsic membrane conductances and
excitability properties of a neuron shape the neuronal
firing pattern translating in this way the synaptic input
into a particular output of the neuron. Furthermore,
neuronal excitability may have important implications
for the network activity since single principal neurons
in cortical circuits can drive the activity of the whole
local population (298, 299). Actually, however, because
neurons are integral constituents of the synaptic
neural networks and their activity is meaningful only
as components of these circuits, the excitatory and
inhibitory synaptic inputs in a given neuron play an
important role in determining the neuronal excitability.
Therefore, the neuronal excitability can be perceived
as a property that is dynamically determined by both
intrinsic neuronal conductances and the synaptic inputs
and can be called network-driven neuronal excitability.
The synaptic activities, in addition to their implication
in cell excitability, are also basic determinants of
the excitability state of local neuronal circuits. The
excitability of a local neural network is therefore
determined by the relatively stable intrinsic excitability
of the neuronal cells and the continuously changing
synaptic activities (300). It would therefore be assumed
that ultimately the excitability in working local neuronal
networks is generally determined by a dynamic balance
between synaptic excitation and inhibition (301). The
dynamically and spatiotemporally controlled network
excitability state modulates fundamental properties of
local neuronal circuits including the degree of network
responsiveness to inputs, the signal initiation and the
propagation of the activity in the network (302).

As described above, several lines of evidence
suggest that the local neuronal network of the ventral
hippocampus is the more excitable segment of the
structure. Historically, the idea of the increased
excitability of the ventral hippocampus originated from
early studies of temporal lobe epilepsy that showed
a higher susceptibility of the anterior part of the
human hippocampus to epileptiform discharges. This
idea was further corroborated by subsequent in vitro
studies carried out in hippocampal preparations (most
often transverse slices) that showed that the ventral
hippocampus generates epileptiform activity more
readily than the dorsal hippocampus. In summary,
direct evidence for the higher network excitability of the
ventral hippocampus is provided by the observation
that epileptiform activity starts or itis more intense in the
ventral than in the dorsal hippocampus (52, 66, 133—
136, 138-151) and it preferably propagates (at least
at the beginning of its generation) along the ventral-
dorsal direction (27, 134-136, 158). Furthermore, the
ventral hippocampus is revealed as the favorable site
of physiological rhythms generation as well. Thus, the
activity of SPW-Rs, the generation of which requires
increased excitability (110, 117, 303-306), is more
readily generated in the ventral than in the dorsal
hippocampus (30) and propagates preferably along
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the ventral-dorsal direction (29, 108). In addition, delta
activity is more prominent in the anterior than in the
posterior human hippocampus (50).

A number of mechanisms appear to
contribute to the increased excitability of the ventral
hippocampus. Most notably, the increased intrinsic
excitability of principal cells (192, 288, 289, 291,
294), the reduced GABAergic inhibitory actions (143,
202-204, 243) and the reduced control of glutamate
release by presynaptic receptors (179, 188, 223) may
represent direct mechanisms underlying the increased
excitability of the ventral hippocampus. Also, NMDARs
may especially contribute to the hyperexcitability of the
ventral hippocampus under favorable conditions such
as low extracellular concentration of magnesium (134,
135, 140, 142, 143). Considering the activity of SPW-
Rs, it should be noted that the mechanisms underlying
its initiation in the hippocampus are unclear; what is
clear, however, is that SPW-Rs is a self-organized
endogenous activity of the hippocampus that does not
requires input activity from other brain regions (307).
Therefore, the mechanisms contributing to increased
intrinsic excitability in the ventral hippocampus appears
to be essential for the initiation of SPW-Rs.

During the previous discussion becomes
apparent that ventral hippocampus is more excitable
than dorsal hippocampus. The question then arises
whether the increased network excitability of the
ventral hippocampus plays a physiological role or it is
a secondary effect of other functional requirements of
the ventral hippocampus. It is argued that the higher
tendency of the ventral (or anterior) hippocampus
to organize physiological rhythms such as SPW-Rs
in combination with the constitutively higher intrinsic
neuronal excitability and the lower synaptic inhibition
in this hippocampal segment strongly support the view
of increased excitability being a basic property of the
ventral hippocampus local network.

7.2. Stability in the ventral hippocampus

It is clear from the previous discussion
that under physiological conditions the ventral
hippocampus displays increased excitability, which is
a basic network property that appears to importantly
contribute to the ability of the ventral hippocampus
to initiate the synchronous endogenous activity of
SPW-Rs. However, under favorable conditions this
property can drive the ventral hippocampus into a
hyperexcitability state resulting in the generation of
epileptiform population discharges. As a matter of fact,
the physiological function in neuronal networks is based
on the long-term maintenance of stable levels of activity
that results from balanced excitatory and inhibitory
synaptic actions on principal neurons (110, 308, 309)
although the brain functional demands may require
significant but transient local changes in excitability, as
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for instance occur during the hippocampal activity of
SPW-Rs. Interestingly, both SPW-Rs and epileptiform
activity represent phenomena of increased neuronal
synchronization and excitability (81, 310, 311) and
SPW-Rs can indeed be transformed into pathological
events (307, 312-314). This may occur in widespread
shifts in the balance between excitation and inhibition
(311). Under conditions of hyperexcitability the local
neuronal circuitry fails to function normally and the
information processing is impaired (309). Thus, a
local neuronal network that continuously maintains an
increased level of global excitability could not probably
cope with its physiological functional demands and
the ventral hippocampus could not be an exception.
It is here emphasized that under normal conditions
the ventral hippocampus obviously functions very
effectively keeping the balance between excitation
and inhibition in physiological levels. Considering the
existence of endogenous network mechanisms that
might underlie the tendency of the ventral hippocampus
for hyperexcitability the requirements for long-term
stability and normal function of the network suggest
that other mechanisms may potentially act to balance
this tendency of the ventral hippocampus.

As described in the section 6, the CA1
pyramidal cells appear to be more excitable in the
ventral than in the dorsal segment of the hippocampus
as observed with intracellular recordings (192, 243,
288, 289, 291-294). However, a recent study has
shown that the extracellularly recorded complex
spike bursting, the typical physiological mode of
activity of hippocampal pyramidal cells (315-318),
is more intense in the dorsal than in the ventral
hippocampus (30). It should be noted here that the
two experimental approaches to studying neuronal
excitability provide different information. Intracellular
studies require the experimental manipulation of
the cell and give important and direct information
about the intrinsic cell properties. On the other hand,
extracellular recordings give the opportunity to study
in an unmanipulated manner the spontaneous cell
firing activity that is influenced by the intrinsic neuronal
properties but is mainly determined by the background
synaptic activities in the local network (319). Then, the
relatively low background network-driven spontaneous
cell activity in the ventral hippocampus may represent
a homeostatic mechanism that regulates the basal
network excitability by counteracting the increased
inherent propensity of the ventral hippocampus
network for hyperexcitability. Therefore, the low basal
neuronal excitability in the ventral hippocampus, which
may result from the action of homeostatic mechanisms
in response to increased network activity (320), may
be importantly implicated in the long-term stability of
the local network contributing thus to the effective
functioning of this part of the hippocampus.

Another mechanism that may potentially
contribute to the long-term stability in the ventral
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hippocampus network is its relatively low ability for
long-term synaptic potentiation. As described in the
section 5.3., the ventral compared with the dorsal
hippocampus displays higher induction threshold
(178, 179) and lower magnitude (106, 177, 190, 273)
of NMDAR-dependent LTP. Synaptic strengthening
facilitates epileptogenesis (168) while keeping the LTP
induction threshold low reduces the risk of uncontrolled
excitation (278). Evidently this is especially important
in circuits with relatively high endogenous excitability
as it occurs with the ventral hippocampus. Homeostatic
mechanisms in these networks may therefore work to
keep the threshold high in order to assure network
stability at an optimal level while preserving the
necessary ability for plastic synaptic changes. It is
important to note that long-term network stability can
be achieved by alterations that occur not only at the
level of synaptic interactions but also at the level of
intrinsic cell properties that determine the intrinsic
excitability of the neurons that impact synaptic
plasticity (321) and some intrinsic conductances
may contribute to decreasing excitability in ventral
neurons. The induction of NMDAR-dependent LTP
can be obviously regulated by mechanisms that
target NMDARSs. Interestingly, it has been recently
demonstrated that the dorsoventral differences in
NMDAR-dependent LTP involves an increased level
of calcium-activated SK-type potassium channels
that strongly restrict the activation of NMDARs in the
ventral hippocampus reducing its ability for LTP (193).
Importantly, the enhanced suppression of NMDARs by
SK channels may decisively be implicated to limit burst
firing in the ventral hippocampus (179, 193) and thus
hamper the transition of this susceptible segment of
the hippocampus towards hyperexcitability.

The inhibitory GABAergic transmission plays
crucial roles in determining the degree of excitability
and synchronization in cortical neuronal networks
(322—-324). As discussed above, in the CA1 field,
which is the output of the hippocampal circuit, the
GABA R-mediated phasic inhibition is weaker (178,
202, 203, 245) while the tonic inhibition appears to be
stronger in the ventral than in the dorsal hippocampus.
A consequence of the increased readiness of the
ventral hippocampus for synchronized activities of its
principal cells could be the strong recurrent activation
of its GABAergic neurons (325, 326). Then, when
groups of inhibitory cells are synchronously activated
the amount of released GABA is increased (327) and it
can spill outside the synapse to activate extrasynaptic
GABA,Rs, e.g. a5-GABA,Rs which prevail in the
ventral hippocampus (245), contributing in this way to
the inhibition of the postsynaptic neuron (232, 328).
Therefore, an increased tonic inhibition mediated by
extrasynaptic a5-GABA,Rs may act to compensate
for the relatively low phasic inhibition in the ventral
hippocampus and hence it may be a potential
mechanism through which the ventral hippocampus
can be protected against the risk of transition toward
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a hyperexcitable state during periods of synchronous
network activity (329). Interestingly, enhanced levels of
extracellular GABA can downregulate phasic release
and reduce the activity of presynaptic GABA,Rs
leading to an enhancement of tonic and a diminution
of phasic activity (330). Similarly, it has been proposed
that an increased tonic inhibition can lead to a reduction
in phasic inhibition (331).

As described above, under conditions of
intense activation of NMDARs there is a higher
suppression in the excitatory synaptic transmission
in the ventral than in the dorsal hippocampus and the
potentiating actions of A,,Rs and mGIuRS5 are present
in the dorsal but not the ventral hippocampus (188).
In addition, under blockade of ARs, the A,Rs appear
to protect the ventral hippocampus from NMDAR-
independent epileptogenesis (142). Thus, under
conditions that endow the risk of runaway excitation,
NMDARs, mGIuRS and A,,Rs may act to dampen
ventral hippocampus hyperexcitability. It is, however,
noted that under normal conditions mGIuR5 participate
to the induction of LTP similarly in both dorsal and
ventral hippocampus (179, 190). Therefore, it can
be concluded that although some neurotransmitter
receptors that control the excitatory glutamatergic
synaptic transmission display reduced effects in
the ventral hippocampus (namely A,Rs, CB,Rs
and GABA_Rs) other receptors (e.g. a5-GABA Rs,
A,Rs) can act to keep the network activity within a
physiological range and thus hampering the tendency
of the ventral hippocampus for hyperexcitability.

Finally, an interesting observation,
possibly relevant to our discussion, has been made
by Derchansky et al. (134) who found that the
epileptiform activity induced in the acutely-isolated
whole hippocampus in vitro is increased in the ventral
hippocampus after a transverse cut that separated the
ventral from the dorsal segment of the structure. This
observation allows us to hypothesize that longitudinal
connections in the dorsoventral direction may play
a role in regulating the excitability in the ventral
hippocampus. Perhaps relevant to this issue is the
observation that epileptiform discharges initiated in
the dorsal hippocampus propagate toward the ventral
hippocampus very slowly (27).

7.3. Synaptic computations

The activity-dependent changes in short-
lasting synaptic effectiveness are widely observed
phenomena that appear therefore to be of fundamental
importance in neural information processing (262, 332—
336) including memory processing (337) and synaptic
filtering of information (338-341). Phenomena of
short-term plasticity including synaptic facilitation may
play important roles in the synaptic filtering of incoming
information that is contained in the firing pattern of
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presynaptic cells (335, 341, 342). Accordingly, short-
term plasticity conveys frequency-filtering properties
to synapses (343-345). As discussed in the section
5.3. the CA1 synapses in the dorsal and the ventral
hippocampus display striking differences in several
forms of short-term plasticity (179, 186, 187, 193).
Thus, dorsal synapses show robust paired-pulse
facilitation and both frequency facilitation (between 1
and 40 Hz) and frequency depression (at frequencies
above 40 Hz). On the contrary, the ventral synapses
show reduced paired-pulse facilitation and frequency
depression (186, 187). Accordingly, the synapses of the
dorsal and ventral hippocampus show characteristics
of band-pass and low-pass filters respectively (335,
340). Depressing synapses dramatically increase the
sensitivity of a neuron to small changes in the input
firing rate (335, 345). This may be especially relevant
for the spontaneous generation of memory-related
activity of SPW-Rs in the recurrent CA3 network of the
ventral hippocampus. Interestingly, subtle increase in
neuronal excitability in the ventral CA3 hippocampal
field through synaptic actions of the endogenously
released stress-related neuropeptide corticotrophin-
releasing hormone promotes the generation of
SPW-Rs (346).

The synaptic facilitation is inversely related to
the initial probability of transmitter release (213) and
it has therefore been suggested that the probability of
transmitter release is lower in the dorsal than in ventral
hippocampus (186, 187) although some evidence
does not support this suggestion (193). Low probability
synapses are unreliable synapses that display high
degree of short-term plasticity and they can become
particularly reliable when the presynaptic activity is
organized in short bursts of action potentials (343),
which is the typical mode of activity of hippocampal
pyramidal cells (317). Indeed, dorsal but not ventral
hippocampal synapses show a remarkable facilitation
when stimulated by short-bursts of presynaptic pulses
(179). The burst represent a very reliable mode of
presynaptic activity that can trigger postsynaptic firing
by minimizing the number of active inputs required
to trigger an action potential and they also play an
important role in synaptic plasticity (343). Indeed, short-
bursts produce strong enhancement in postsynaptic
firing in the dorsal but not the ventral hippocampus
and this appears to have a decisive influence on
reducing the threshold for induction of LTP in dorsal as
compared with ventral synapses (179).

Therefore, based on above discussion and
taking also into account the postulate that “short-term
changes in synaptic efficacy due to transient changes
in the reliability of transmitter release can provide a
mechanism for the generation of potentially infinite
diversity of synaptic inputs” (347) it is proposed that
the dorsoventral differences in short-term plasticity
may have very important implications for the synaptic
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information processing in the dorsal and the ventral
hippocampus. Interestingly, the response of the
synaptic circuitry of the dorsal but not the ventral
hippocampus is selectively enhanced at an input
frequency of 5 Hz. Thus, the postsynaptic responses,
which involve a substantial NMDAR-mediated
component and are evoked by paired-pulse stimulation
or burst stimulation or a train of consecutive pulses at
5 Hz are strongly facilitated in the dorsal but not the
ventral hippocampus (179, 186, 193). In addition, the
frequency of occurrence of SPW-Rs in clusters is also
around 5 Hz (30). Thus, these dorsoventral differences
in the responsiveness of the intrinsic circuitry to theta
frequency inputs may to some extent underlie the
prominence of the theta oscillation along the ventral-
dorsal axis of the hippocampus (28, 31). These
associations of the dorsal hippocampus with the theta
frequency is consistent with the selective involvement
of the dorsal hippocampus to spatial coding (23) to
which the theta oscillation appear to play an important
role (9).

7.4. Implications for pathology

Practically, the temporal lobe epilepsy in
human typically involves the anterior hippocampus.
Similarly, the ventral hippocampus in rodents, which
have been widely used in basic epilepsy research,
is the most susceptible part of the hippocampus
to epileptiform discharges. However, despite the
well established higher susceptibility of the ventral
(or anterior) part of the hippocampus to epileptic/
epileptiform activity and the existence of various
putative factors the precise underlying mechanisms
are not yet clear. A potential factor for this unknowing
may be the fact that epileptic activity in most in vivo
studies was recorded from the dorsal hippocampus.
Similarly, in the vast majority of the in vitro studies,
which have mainly been performed in hippocampal
slices, the exact location of the hippocampus from
which the slices were prepared was neglected. As
described above several mechanisms that appear
to underlie the increased excitability of the ventral
hippocampus, including intrinsic cell properties and
GABAergic inhibition, may also contribute to drive this
part of the hippocampus into hyperexcitability resulting
thus in the generation of epileptiform activities. Indeed,
commonly used antiepileptic medications work to
increase the actions of GABA or to reduce neuronal
excitability. However, mechanisms that influence
network excitability in a less direct way may be
particularly suitable in the treatment of epilepsy. Among
these mechanisms, the recently studied system of
endocannabinoids appears to be especially promising
(348, 349). Endocannabinoids control hyperexcitability
(350, 351) and activation of endocannabinoid CB1
receptors limits epileptic seizures in animals (352—
354) and alleviate epileptiform discharges in vitro (355,
356). Although CB1 receptors control the excitatory
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and the inhibitory synaptic transmission (357, 358),
in the hippocampus activation of CB1 reduces mainly
the excitatory transmission (221, 354). Therefore,
considering the recently shown absent tonic activity
of CB1 receptors in the ventral hippocampus under
intense neuronal activity (188) research on CB1
receptors specifically in the ventral hippocampus
may provide encouraging results for new treatment of
temporal lobe epilepsy.

8. CONCLUSIONS & FUTURE DIRECTIONS

Aconsiderable amount of electrophysiological
studies performed mainly during the past two
decades strongly provides compelling evidence for
the existence of important diversification in the fine
organization of the intrinsic neural circuitry along
the long axis of the hippocampus. Most of these
observations converge to the idea that an emergent
property that diversifies the local circuitries in the
dorsal and the ventral hippocampus is the network
excitability, which appears to be higher in the ventral
hippocampus. Under conditions that favor increased
excitability the ventral hippocampus slips into a state
of hyperexcitability observed as a higher propensity
to epileptiform activity. However, under normal
conditions the higher intrinsic excitability of the ventral
hippocampus is virtually balanced by a number of
compensatory mechanisms. Importantly, the higher
intrinsic excitability of the ventral hippocampus
appears to be an essential property that can support
the initiation of the basic network oscillation of SPW-Rs
in this segment of the hippocampus; then SPW-Rs can
propagate toward the dorsal hippocampus. The theta
oscillation, on the other hand, may follow a dorsal-
ventral direction of propagation. These conclusions
are schematically summarized in Figure 1. Differences
in synaptic transmission and synaptic plasticity
between the dorsal and the ventral hippocampus may
endow the two hippocampal segments with distinct
computational properties and capabilities that conform
to their specific functional roles.

Itis clear that most of the questions regarding
the diversification of the intrinsic neuronal circuitries of
the dorsal and ventral hippocampus are open. Some
major questions may are the following: How the
synapses of the dorsal and the ventral hippocampus
respond to physiologically relevant frequencies of
activation? Which are the mechanisms underlying the
dorsoventral differences in short-term and long-term
synaptic plasticity? How the various neuromodulators
systems, which appear to quantitatively differ along
the long axis of the hippocampus, regulate synaptic
transmission, synaptic plasticity and neuronal
excitability and how this regulation is translated into
the functioning of the local neural circuitry? What roles
are played by the three different subfields, DG, CA3
and CA1 in the dorsal and the ventral hippocampus?
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Figure 1. Schematic diagram summarizing some of the conclusions drawn from the present survey and illustrating that sharp wave-ripples (SPW-Rs)
and theta rhythm may preferentially propagate along a ventral-dorsal and dorsal-ventral direction respectively. Note that SPW-Rs inside clusters occur
at a frequency of ~10 Hz and ~5 Hz in the ventral and the dorsal hippocampus respectively. Calibration: 100 ms and 10 ms in sharp wave and ripple
oscillation traces respectively. An important local network property that can support the initiation of SPW-Rs in the ventral hippocampus is the increased
excitability in this part of the hippocampus. The increased pyramidal cell (PC) intrinsic excitability and the reduced GABAergic inhibition are considered
among the most important mechanisms contributing to the increased network excitability in the ventral hippocampus.

Whether and how the physiological rhythms of the
hippocampus are affected in neurological disorders
known to involve hippocampus, such as Alzheimer
disease, depression, schizophrenia and autism?
Which physiological properties of the neuronal circuit
change gradually and which display abrupt changes
along the hippocampal long axis? Ultimately, how the
plethora of intrinsic circuitry specializations determine
the information processing through the hippocampus
and how the specialized signal processing by the
different segments of the hippocampus support
their distinct involvement to various hippocampal-
dependent behaviors?
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