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Overview

“Form follows function” states the credo of modern architecture, defining how the
shape of an object should be determined by its function. While natural objects, such
as neurons, have not taken their shape from design boards, the inquisitive observer
can nevertheless gain insights about their function by studying morphological
features. This teleological mindset was the main driving force behind the early
neuroanatomical investigations, which culminated in the work of Cajal and formed
the foundation of modern neuroscience. Neuroanatomical analysis remains an
essential part of neuroscience research today and computational neuroscientists
particularly benefit from the flow of morphological data, with increasing detail and
resolution.

Nerve cells or neurons are the structural and functional units of the nervous sys-
tem and come in various sizes and shapes, conceivably reflecting differences in the
functional roles played by them in brain circuits. On the one hand, the distribution
of dendrites and axon determines the synaptic inputs and available targets to cells.
On the other hand, the three-dimensional structure of neuronal processes constitutes
the cable structure in which signals are integrated and processed.

Neurons in cortical areas, including the hippocampus, can be broadly divided
into two major classes: principal cells and non-principal cells or interneurons.
Principal cells comprise the majority (∼80–90%) of the neuronal population with
area-specific morphological features. While they are regarded largely homogeneous
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within an area, there is increasing evidence for position-dependent differences in
their properties. Cortical principal cells are excitatory glutamatergic neurons and
are considered to be the workhorse of information processing. They send axon
collaterals to other brain areas and therefore are also referred to as “projection
neurons.” Interneurons are inhibitory, GABAergic, cells and are characterized by
dense local axonal arbor which enables them to control and coordinate the activity
of large populations of local neurons. Although interneurons comprise only a small
proportion of the neuronal population (∼10–20%), they display a high degree of
morphological heterogeneity and can be subdivided into a number of types. The
diversity of the interneurons conceivably serves a division of labor in spatiotemporal
control of principal cell activity, much like a conductor leading an orchestra.

In this chapter we will review the morphological characteristics and local
connectivity of the various neuron types in the hippocampus of rodents. Although
due to the possibilities offered by genetically modified organisms and elegant
optogenetic approaches, studies more commonly use mice nowadays, the majority
of the cellular level data available in the literature are still from the rat hippocampus.

The Data

Anatomical Structure and Nomenclature

The hippocampus is a phylogenetically ancient cortical structure (“archicortex”)
which evolved from the dorsomedial aspects of the cerebral hemispheres. It consists
of two interlocked folds of the cortical mantel, the hippocampus proper and the
dentate gyrus (DG; Cajal 1968; Lorente de Nó 1934). Macroscopically the curved
structure of the hippocampus bears some resemblance to the horns of a ram, hence
the Latin cornu ammonis (CA). Its cranial (“septal”) pole is located close to the
midline in the dorsal part of the hemisphere, below the corpus callosum, whereas its
caudal (“temporal”) pole extends ventrolaterally into the temporal lobes (see Fig. 1
in the chapter “Connectivity of the Hippocampus”).

In cross section, the hippocampus proper (CA areas) and the DG form two
interlocked “C” shapes (Fig. 1). The hippocampus proper features pyramidal cells
and can be cytoarchitecturally divided into the CA1, CA2, and CA3 areas. Lorente
de Nó (1934) further subdivided the CA1 and CA3 areas to three zones along
the transverse axis: “a” (closer to the subiculum), “b,” and “c” (closer to the
hilus) on the basis of their anatomical connectivity. In contrast to the CA regions,
the DG comprises a population of granule cells (GC) as principal neurons. The
interface between the DG and CA areas is called the hilus which contains a third
population of principal cells, the mossy cells. The hilus differs from other parts of
the hippocampus in that it shows no clear lamination, and the ratio of principal cells
and interneurons is close to equal. It has been a matter of some controversy whether
it belongs to the hippocampus proper as a CA4 area (Lorente de Nó 1934) or to the
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Fig. 1 Areas and layering of the hippocampus. (a)Transverse section from the ventral mouse
hippocampus immunolabeled for the calcium-binding proteins calbindin (CB, green) and calretinin
(CR, red). CB is expressed by GCs and a subset of CA1 pyramidal cells. Therefore the DG and the
CA1 area show labeling of the cell bodies and a homogeneous staining of the dendritic layers. In the
CA3 area, the narrow band of GC axons (the mossy fibers) is labeled in the str. lucidum (luc.). CR
immunostaining labels mossy cells in the hilus (hil.) and delineates the termination of their axon
in the inner third of the molecular layer (m.l.) of the mouse hippocampus. In addition to principal
cells, a subset of interneurons scattered throughout the hippocampus can be seen labeled by either
CB or CR. (b) Schematic drawing of the areas and layers of the hippocampus. Abbreviations: alv.,
alveus; ori., str. oriens; pyr., str. pyramidale; rad., str. radiatum; l-m., str. lacunosum-moleculare;
g.c.l., granule cell layer. Dashed lines indicate borders between the CA areas

DG as a “polymorphic layer” (Blackstad 1956; Amaral 1978). Because of the tight
mutual connectivity, the general consensus seems to favor the latter hypothesis, with
the term CA4 no longer used. Nevertheless, the hilus is often silently regarded as an
area on its own right.

The hippocampus displays a strict laminar structure (Förster et al. 2006; Fig. 1).
Principal cells are tightly aligned and their somata form well-defined layers, the
stratum (str.) pyramidale in the CA areas and the granule cell layer in the DG.
The multiple curvatures of the hippocampus mean that the orientation of principal
cells depends on their position along the septotemporal and transverse axes. Vertical
positions are therefore referenced to the main axis of the principal neurons. The
neuropil in the CA areas is subdivided into three major layers (from basal to apical
direction): (1) the str. oriens, which is below the cell body layer; (2) the str. radiatum
above the cell body layer; and (3) the str. lacunosum-moleculare. The str. oriens and
radiatum are the innervation zones for the ipsilateral associational fibers (including
the Schaffer collaterals) and the contralateral commissural axons originating in
the CA3 areas. The str. lacunosum-moleculare is the layer in which the perforant
and temporoammonic path axons from the entorhinal cortex terminate. The str.
lacunosum-moleculare can be further divided into the str. lacunosum (being the
common location of dendritic bifurcation) and the str. moleculare (location of distal
dendritic tuft). In the CA3 area, there is an additional narrow layer, the str. lucidum,
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immediately above the cell body layer where projections from the mossy fibers of
the DG terminate (for further details on connectivity, see chapter “Connectivity
of the Hippocampus”). Finally, a layer of white matter consisting of afferent and
efferent axons, the alveus, is found below str. oriens.

In the DG, the neuropil above the granule cell layer forms the molecular layer
(ML). Similar to CA3, commissural/associational axons originating primarily from
hilar mossy cells terminate proximally in the inner third of the molecular layer
(inner molecular layer, iML) and perforant path axons from either lateral or medial
entorhinal cortex innervate the middle (mML) and the outer third (oML) of the ML,
respectively. As noted above, the area beneath the cell body layer is regarded as the
polymorphic layer (or hilus) of the DG; however, GCs have no basal dendrites and
only their axons extend into that region.

Principal Cells

Principal cells of the hippocampus include the pyramidal cells of the CA areas, GCs
of the DG, and mossy cells of the hilus, each of which is largely homogeneous, but
each possesses subtle anatomical, molecular, and genetic variations.

CA1 Pyramidal Cells

Pyramidal cells of the CA1 are one of the most-investigated types of neurons in
the brain. The number of pyramidal cells in the rat CA1 has been estimated to be
on the order of 3.2–3.5 × 105 (unilateral values from male Wistar rats, Hosseini-
Sharifabad and Nyengaard 2007, or Sprague-Dawley rats, Miettinen et al. 2012).
These neurons are characterized by a pyramid-shaped or ovoid soma, a large-
caliber apical dendrite, and a number of small-caliber basal dendrites (Fig. 2a, b).
Cell bodies of CA1 pyramidal cells are typically found in the cell body layer (str.
pyramidale) or in proximal str. oriens. The str. pyramidale of the CA1 area has been
subdivided in a superficial compact layer with one to two dense rows of pyramidal
cells and a deep loosely packed layer of scattered cell bodies (Lorente de Nó 1934;
Slomianka et al. 2011). As mentioned above, increasing evidence indicate that CA1
pyramidal cells do not constitute a uniform cell type throughout the region, rather
differ remarkably in their physiological characteristics (Graves et al. 2012). Beyond
that, superficial and deep cells have been recently found to differ in their internal and
external excitatory and inhibitory connectivity as well as their functional properties
(Mizuseki et al. 2011; Lee et al. 2014; Masurkar et al. 2017). Moreover, a population
of displaced pyramidal cells has been identified in str. radiatum (Cajal 1968; Gulyás
et al. 1998), which possess certain unique physiological properties and projection
patterns (Christie et al. 2000; Bullis et al. 2007).

The cell bodies of CA1 pyramidal cells have a diameter of ∼15 μm and a surface
area of 465 ± 50 μm2 (Megías et al. 2001). The apical dendrites (typically 1,
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Fig. 2 Morphology of hippocampal principal cells. (a) Pyramidal cells of the CA1, CA2, and
CA3 area. (b) Three-dimensional structure of a CA1 pyramidal cell illustrated from frontal, side,
and top views. (c) Morphological diversity of DG GCs. Values adjacent to the cells indicate
the total dendritic length. Note the difference between the upper (suprapyramidal) and lower
(infrapyramidal) blades. (d) Three-dimensional structure of a GC illustrated from frontal, side,
and top views (a, b from Ishizuka et al. 1995; c, d from Claiborne et al. 1990, reproduced with
permission. © J. Wiley & Sons)

occasionally 2, or even 3 primary branches) extend into str. radiatum with between
9 and 30 oblique side branches in this layer (Bannister and Larkman 1995a). They
end with a bifurcation at the border of str. radiatum and str. lacunosum and form
a dendritic tuft in str. lacunosum-moleculare. Two to eight basal dendrites emerge
from the base of the cell body in the str. oriens. These dendrites bifurcate repeatedly
close to the soma and the long terminal branches run toward the alveus.

The total dendritic length of CA1 pyramidal cells has been reported to be in the
range of 11.5 and 17.5 mm (Table 1). The considerable variability could be due
to differences in the strain, sex, and age of the rats, as well as the experimental
approach used in the studies (i.e., in vitro vs. in vivo labeling, correction for
shrinkage). Corresponding estimates of the somatodendritic surface area are 28,860
and 36,000 μm2, excluding dendritic spines (Bannister and Larkman 1995b,
Cannon et al. 1999; Table 1). However, dendrites of CA1 pyramidal cells are densely
covered with spines and they can significantly influence the calculated surface area.
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The total number of spines has been estimated to be over 30,000 (Bannister and
Larkman 1995b, Megías et al. 2001; see Table 2). Bannister and Larkman (1995b)
calculated that spines increase the dendritic surface area by a factor of 0.89 in CA1
pyramidal cells. The distribution of spines is not homogeneous on the dendritic
surface: spine density is highest in str. oriens and radiatum with values between 1.26
and 1.43 μm−2 and lower with 0.6 μm−2 in str. lacunosum-moleculare (Bannister
and Larkman 1995b). These surface density values correspond to a linear, length
density of 7.5 μm−1 on the apical trunk, 2.4–3.2 μm−1 on basal and oblique
dendrites, and 1.4 μm−1 on dendrites of the apical tuft (Bannister and Larkman
1995b); these values are in good agreement with electron microscopic estimates of
spine density (Harris et al. 1992). Interestingly, spines in str. lacunosum-moleculare
are more often contacted by the same presynaptic axon, forming clustered synapses,
than for str. radiatum spines (Bloss et al. 2018).

Spines serve as postsynaptic targets primarily for glutamatergic terminals;
therefore their high numbers indicate a massive excitatory synaptic input to these
cells. In fact, in a detailed morphological study, Megías et al. (2001) showed that
on average ∼30,600 terminals converge and form asymmetrical, putative excitatory
synapses onto a single CA1 pyramidal cell in the rat (Table 2), whereas in the
mouse, this value is substantially lower on the order of 10,000 (Bloss et al. 2016;
Table 3). Over 99% of these asymmetrical synapses are located on dendritic spines,
although in the str. lacunosum-moleculare, up to 17% of the synapses can be found
on dendritic shafts. Somata of pyramidal cells are devoid of excitatory synapses
(Fig. 3). Interestingly, superficial and deep pyramidal cells in the mouse differ with
respect to the density of spines in str. lacunosum-moleculare: deep pyramidal cells
have 50% fewer spines in CA1a corresponding to fewer medial entorhinal cortex
inputs, whereas in CA1c deep pyramidal cells have higher spine density, reflecting
a higher incidence of medial entorhinal inputs (Masurkar et al. 2017).

The number of symmetrical, putative inhibitory synapses formed by GABA-
immunopositive boutons is much lower. A single neuron receives ∼1700 symmet-
rical synapses, which correspond to only 5.6% of the total number (Megías et al.
2001). In contrast to excitatory synapses, a large proportion (40%) of inhibitory
synapses are found in the perisomatic domain, with 7% of the synapses located on
the soma and the axon initial segment and 33% on proximal dendrites. In these
compartments, inhibitory synapses comprise 50–100% of all synapses. In contrast,
on dendrites in the str. radiatum and oriens, the proportion of these synapses is only
4–5%. Interestingly, on distal apical dendrites in the str. lacunosum-moleculare,
the proportion increases again to 16% (see Table 2). On the dendrites, almost all
(>98%) inhibitory terminals form contacts with shafts. However, as an exception to
this rule, in the str. lacunosum-moleculare, 10–20% of the inhibitory synapses have
been found on spines (Megías et al. 2001).

The axon of CA1 pyramidal cells with origin at the axon initial segment (AIS)
emerges from either the soma or a proximal dendrite, with equal likelihood (Thome
et al. 2014). Action potentials are preferentially generated in AIS, with the initiation
site localized in the distal half, and backpropagate to the soma and dendrites (Stuart
and Sakmann 1994; Palmer and Stuart 2006). If the AIS is found on a dendrite,
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Table 3 Laminar distribution of excitatory and inhibitory synapses on CA1 pyramidal cells in the
mouse

Layer Spines % of total GABA(+) synapses % within layer

Total 9537 560 5.3%
L-M 1300 13.6% 287 (51,3%) 51.3%
Rad 4998 52.4% 113 (20,2%) 20.2%
Ori 3239 34.0% 160 (28,6%) 28.6%
Soma N/A
AIS N/A

Values represent estimated numbers of synapses D. Percentage values for the spines indicate the
proportions found in the different layers. Data from Bloss et al. (2016)

action potentials will occur earlier in the “privileged” dendrite than in the soma or
other dendrites of the neuron (Thome et al. 2014). The main axon collateral runs in
the alveus and is directed toward the fimbria/fornix, forming long-range connections
with the subiculum, entorhinal cortex, amygdala, prefrontal cortex, as well as
many other cortical regions (see chapter “Connectivity of the Hippocampus”).
Although the extent of local arborization is limited, axon collaterals are present
in the str. oriens and to a lesser degree in the radiatum. These collaterals provide a
major excitatory input to interneurons providing feedback inhibition, in particular
to somatostatin-immunopositive O-LM interneurons (Blasco-Ibáñez and Freund
1995; Katona et al. 1999a; Csicsvari et al. 1998; Maccaferri et al. 2000) but
other interneuron subtypes as well (Ali and Thomson 1998, Takács et al. 2012).
Additionally, these collaterals also form synapses onto neighboring pyramidal cells;
however this recurrent connectivity in the CA1 area is very low at only ∼1%
(Deuchars and Thomson 1996).

Positional Differences in the Anatomical, Molecular, and Functional
Properties of CA1 Pyramidal Cells Along the Medio-Distal
and Septotemporal Axes

CA1 pyramidal cells were long considered to constitute a largely homogeneous
population; however, increasing evidence points to a stronger heterogeneity of these
neurons. In particular, position-dependent effects were observed along all three

�
Fig. 3 (continued) In the str. lacunosum-moleculare, three subclasses of dendrites were identified
on the basis of diameter and spine density: thick dendrites possessed fewer spines (l-m/thick),
intermediate sparsely spinous (l-m/medium), and more distal thin and nearly spine-free dendrites
(l-m/thin). For every dendritic subclass, the density of asymmetrical, putative excitatory and
symmetrical, putative inhibitory synapses (boxes, left and middle numbers, respectively [μm−1

]) and the proportion of symmetrical synapses (boxes, right number) are shown. Values below the
boxes indicate total length (mean ± S.D.) and diameter (mean and range in μm) (Modified from
Megías et al. 2001 with permission. © Elsevier)

http://dx.doi.org/10.1007/978-3-319-99103-0_1
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Fig. 3 Distribution of synapses on the dendrites of CA1 pyramidal cells. The drawing
illustrates the subclasses of dendrites distinguished in the study by Megías et al.
(2001). In the str. oriens, two types of dendritic processes were classified: first-order
proximal basal dendrites with low spine density (oriens/proximal) and higher-order distal
dendrites with high spine density (oriens/distal). In the str. radiatum, four subclasses
of dendrites were distinguished. The thick apical dendritic trunk was divided into three
segments: a proximal part with no spines (radiatum/thick/proximal), a medial sparsely
spiny part (radiatum/thick/medial), and a densely spiny distal part (radiatum/thick/distal).
The fourth type corresponds to the thin oblique side branches (radiatum/thin).
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axes of the CA1 area in terms of anatomical, molecular, and functional properties
of pyramidal cells. In fact, Lorente de Nó in his early study of the hippocampus
introduced the “a, b, and c” subdivisions of the CA1 area along the transverse axis
based on differences in the anatomical connectivity of pyramidal cells (Lorente de
Nó 1934; see chapter “Connectivity of the Hippocampus”). More recent in vitro
and in vivo electrophysiological studies revealed further divergence in the intrinsic
properties, discharge pattern, and place field properties along this axis (Igarashi et al.
2014). Furthermore, as noted above, superficial and deep cells differ in their internal
and external excitatory and inhibitory connectivity (Mizuseki et al. 2011; Lee et al.
2014; Masurkar et al. 2017).

Similar but not tightly correlated gradients were observed in neurochemical
properties of CA1 pyramidal cells, in particular in the expression of the calcium-
binding protein calbindin (CB, see Fig. 1), which labels a subset of CA1 PCs. In
proximal CA1 (i.e., the CA1c, closest to CA2), a relatively sparse population of
pyramidal cells is labeled, while in distal CA1 (CA1a, closest to subiculum), almost
all neurons express CB (Sloviter 1989). The functional ramifications of the CB are
yet to be fully understood, but the absence of CB leads to reduced plasticity and
impaired synaptic transmission (Jouvenceau et al. 1999). Interestingly, only very
few CA2 pyramidal cells are labeled for CB and almost no CA3 neurons either.
However, CB strongly labels mature dentate GCs and their axons, suggesting strong
calcium sequestration in mossy fiber axons (Dumas et al. 2004).

Genetic analysis, in particular single-cell reverse-transcriptase PCR and RNA
sequencing, at the level of the population and single cells, has further revealed a
diversity of principal cell populations, with respect to hippocampal position and
cell type (Cembrowski et al. 2016a, b; Fig. 4). This approach is redefining our
understanding of molecular composition in ways not possible in earlier studies,
producing exhaustive lists of neurochemical diversity within and between principal
cell types. One notable example is the divergence of CA1 pyramidal cells along
the dorsoventral axis of the hippocampus in terms of RNA expression gradients
(Fig. 4b), which is also reflected in their physiological and morphological properties
(Dougherty et al. 2012, 2013; Cembrowski et al. 2016a; Milior et al. 2016; Ruchi
et al. 2016; Fig. 5).

The list of known genes differing between different principal cell types is ever
increasing, with the known unique genes and proteins (see Table 4). Despite many
of these genes being associated with synaptic and intrinsic physiology, numerous
of the alternatively expressed genes are associated with cytoskeletal elements and
growth/transcription factors. For example, this genetic anatomical approach, thus,
reveals a greater subdivision of hippocampal subregions and helps to define their
borders (Thompson et al. 2008), plausibly reflecting functional differences. While
the role that these alternative gene expression patterns play in divergent morphology
and connectivity of principal cells is yet to be fully understood, they could serve as
markers as well as targets for genetic manipulations in future attempts to understand

http://dx.doi.org/10.1007/978-3-319-99103-0_1
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Fig. 4 Differential gene expression patterns along the dorsoventral axis of the CA1 area of
the hippocampus. (a), A subset of genes enriched in a pole-specific fashion with neuronal
relevance. Top and bottom three rows depict dorsal and ventral replicates, respectively. Range
is normalized to the highest replicate FPKM on a gene-by-gene basis. (b), Regionally restricted
gene expression along the dorsoventral axis of the CA1 area from the Allen Brain Atlas Brain
Explorer. CA1 areas of the left and right hippocampi are shown in green. Genes identified were
involved in neurotransmission (Grin3a), transcriptional regulation (Nr2f2), intrinsic excitability
(Kcnd2, Scn4b), and axon guidance (Epha7, Slit2). (Adapted from Cembrowski et al. 2016a with
permission. © Cell Press)

functional relevance of the identified neurons and the molecules (Cembrowski et al.
2016b; Mikulovic et al. 2015).

CA3 Pyramidal Cells

The number of pyramidal cells of the CA3 area is substantially lower at 1.88 ±
0.02 × 105 than that of CA1 neurons (male Wistar rats, Hosseini-Sharifabad and
Nyengaard 2007). In their morphology, CA3 pyramidal cells show many similarities
to CA1 pyramidal cells; however, there are a number of notable differences. The
cell bodies are larger and have a surface area approximately 2–4 times higher than
that of CA1 pyramidal cells. The apical dendrites bifurcate closer to str. pyramidale
and often two or three apical dendrites emerge from the apical pole of the elongated
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Fig. 5 Morphological differences between CA1 PCs from the dorsal (DHC) and ventral hip-
pocampal (VHC). (a), Representative morphological reconstructions of a DHC (left) and a
VHC (right) pyramidal neuron. (b, c), Summary bar charts of the total dendritic length (b) and
surface area (c) indicate significantly greater dendritic arbor for DHC neurons than VHC neurons
(Wilcoxon RS tests, P < 0.05). (Reproduced from Dougherty et al. 2012 with permission. © Wiley-
Blackwell)

soma. Finally, proximal dendrites of CA3 pyramidal cells bear large complex spines
(“thorny excrescences”); these complex spines are the postsynaptic targets of mossy
fiber boutons (Blackstad and Kjaerheim 1961; Frotscher et al. 1994; Claiborne et al.
1986; Chicurel and Harris 1992; Acsády et al. 1998).

The total dendritic length of CA3 pyramidal cells (Table 5) is comparable to
that in the CA1 area. However, the cell-to-cell variability is higher, partially due
to structural differences along the transverse axis of the CA3 (Ishizuka et al. 1995;
Turner et al. 1995); estimates of the somatodendritic surface without spines range
between 22,033 and 50,400 μm2 (Henze et al. 1996; Cannon et al. 1999). Spines
enlarge the dendritic surface by a factor of 0.88 (based on data by Major et al. 1994,
Table 5). The density (2.9 μm−1) and total number (33,200) of spines are also
similar to those in the CA1 area (Major et al. 1993).

Complex spines are found in small clusters on the proximal apical dendrite in
the str. lucidum, corresponding to the termination zone of mossy fibers (Gonzales
et al. 2001). In the CA3c, where mossy fibers form an infrapyramidal bundle, spines
can also be found on the proximal basal dendrites. Due to limitations of light
microscopy, the resolution of individual spines is difficult, but estimates suggest
that the number of complex spines on a single CA3 pyramidal cell can be up
to 41 (Gonzales et al. 2001). As each complex spine is contacted by a single
mossy fiber bouton (Chicurel and Harris 1992; Acsády et al. 1998), this number
defines the convergence of GCs onto CA3 pyramidal cells. Although there is
only limited information about other excitatory synaptic inputs to CA3 pyramidal
cells, the distribution of dendrites and the number of spines suggest that the total
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number of synapses made by commissural/associational and perforant path axons is
comparable to the numbers obtained for the pyramidal cells of the CA1 area.

The axon of CA3 pyramidal cells typically emanates from the soma or a proximal
dendrite, with 30% of AIS’s being found on a dendrite (Thome et al. 2014). Of
note, the AIS of CA3 PCs possesses axonal protrusions (similar to dendritic spines),
which were contacted by between 1 and 5 inhibitory synapses and occasionally also
excitatory synapses (Kosaka 1980). The main axonal projection is to the ipsi- and
contralateral hippocampi, forming the commissural/associational pathways to the
CA3, CA2, and CA1 areas; the latter is referred to as the “Schaffer collaterals”
(Ishizuka et al. 1990; Li et al. 1994). However, there are also collaterals, mostly
arising from the CA3c, which are directed to the hilus and the DG (Li et al. 1994;
Scharfman 2007). The length of the axon ipsilaterally ranges between 150 and
300 mm and may contact up to 30,000–60,000 postsynaptic neurons (Li et al.
1994). A recent in vivo labeling study found that the total axonal length of a
single CA3 pyramidal cell was more than 0.5 m, covering almost two-thirds of
the septotemporal extent of the area (Wittner et al. 2007). The majority of target
cells (85%) are innervated through a single synaptic contact (Sík et al. 1993; Gulyás
et al. 1993b). Axons originating in the CA3a area terminate to a larger degree in the
CA3 than in the CA1 area (ratio 3:1), whereas for the CA3c area, the termination
pattern is inverse (ratio 1:3, Li et al. 1994). Thus, local targets of a single CA3
pyramidal cell may vary between ∼7500 and 45,000 (i.e., 5–30% of the ∼150,000
neurons comprising the CA3 population). Postsynaptic targets include feedforward
interneurons, such as parvalbumin-containing basket cells, in proportion to their
occurrence (Sík et al. 1993; Gulyás et al. 1993b; Wittner et al. 2006).

Similar to the results obtained for the CA1, morphological and genetic analysis
of CA3 pyramidal cells reveals divergence along both the medio-distal and the
dorsoventral axis of the hippocampus (Ishizuka et al. 1995; Turner et al. 1995;
Thompson et al. 2008).

CA2 Pyramidal Cells

CA2 area was defined by Lorente de Nó (1934) as a small, distinct region between
the CA1 and CA3 based on its cytoarchitectural features. More recent analyses of
gene expression further demonstrated that CA2 area can be reliably identified by
selective molecular markers, including Purkinje cell protein 4 (PCP4), regulator of
G protein signaling 14 (RGS14), STEP, and MAP3K15, indicating a wider region
(∼300 μm) than what was cytoarchitecturally defined (∼100 μm) (Lein et al. 2005;
Lee et al. 2010; Kohara et al. 2014).

CA2 pyramidal cells show morphological features in between those of the CA1
and CA3 areas. Cell bodies of these neurons have similar size as those of CA3
pyramidal cells, and 2–3 times larger than CA1 pyramids, but the cells lack complex
spines and their dendritic arborization pattern is more similar to that of CA1
pyramids (Ishizuka et al. 1995; Mercer et al. 2007). Quantitative analysis of the
dendrites of in vitro labeled neurons indicates that CA2 pyramidal cells have the
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highest total dendritic length compared to CA1 and CA3 pyramidal cells in the same
study (Ishizuka et al. 1995; but see Mercer et al. 2007). The difference is primarily
due to the higher length of dendrites in the str. lacunosum-moleculare, whereas in
the str. radiatum and oriens, values are comparable (Ishizuka et al. 1995; Table
5). In fact, the dendritic arborization pattern of CA2 pyramidal neurons differ from
those of CA1 cells, in that the primary apical dendrite divides into several secondary
branches relatively close to the soma. The secondary branches give rise to very few
oblique branches in str. radiatum but extend deep into the str. lacunosum-moleculare
(Srinivas et al. 2017).

There is little information on the synaptic connectivity of these neurons. Two
major excitatory inputs are the commissural/associational fibers and the perforant
path with similar termination as in the CA1 and CA3 areas. However, they have
over twofold higher spine density, which, combined with a higher total dendritic
length, results in a near threefold larger entorhinal input (Srinivas et al. 2017).
However, the entorhinal input appears to originate from layer II but not from layer
III neurons (Kohara et al. 2014). In addition, the CA2 region receives a strong input
from the supramammillary nucleus (Maglóczky et al. 1994; Kohara et al. 2014).
Finally, despite their lack of complex spines, CA2 pyramidal cells have excitatory
synaptic input from the DG via the mossy fibers (Kohara et al. 2014). Inhibitory
innervation of the CA2 area is similar to both CA1 and the CA3 (Mercer et al. 2007);
however CA2 contains many more PV and Reelin immunopositive interneurons than
either CA1 or CA3 (Botcher et al. 2014). Axons of CA2 pyramidal cells, similar to
CA3 pyramids, project to the ipsi- and contralateral CA1–3 areas contributing to
the commissural/associational system (Tamamaki et al. 1988; Li et al. 1994; Mercer
et al. 2007). The ipsilateral length of axons was measured to be ∼150 mm, further
indicating that not only the distribution but also the number of postsynaptic targets is
comparable to those of CA3 pyramids (Li et al. 1994). In contrast to CA3 pyramidal
cells, however, CA2 neurons preferentially project to deep CA1 pyramidal cells
(Kohara et al. 2014).

DG Granule Cells

DG possesses a large population of unique principal cell type, the GCs, which
markedly differ in their anatomical properties from pyramidal cells of the CA
areas. The number of GCs has been estimated to be on the order of 106 (1.08 ±
0.09 × 106, unilateral value, male Wistar rats, Hosseini-Sharifabad and Nyengaard
2007). GCs show a moderate diversity, due in part to the fact that GCs are one of
only two known populations of adult-born neurons (Cameron et al. 1993, 2001);
as a result the population of mature GCs is interspersed with immature GCs with
divergent morphologies (Zhao 2006). GCs are characterized by a strictly bipolar
morphology: spiny dendrites originate from the upper pole of the soma and an axon
emerges from the base (Fig. 2c, d; Seress and Pokorny 1981; Claiborne et al. 1990;
Schmidt-Hieber et al. 2007). Mature GCs have small, round, or ovoid cell bodies
with a diameter of ∼10 μm and are located densely packed in the GC layer most
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proximal to the ML. One to four primary dendrites arise from the soma, bifurcating
3–6 times to form a dendritic tuft in the ML. Terminal branches extend mostly to
the hippocampal fissure, and the tuft occupies a conical-shaped volume within the
ML with a wider transverse (∼300 μm) and a narrower (∼180 μm) septotemporal
extent. Dendrites show a gradual taper with diameters changing from ∼1.5 μm on
proximal dendrites to 0.7 μm on distal dendrites (Schmidt-Hieber et al. 2007). The
total dendritic length ranges between 2324 and 4582 μm, thus, substantially shorter
than for pyramidal cells (Claiborne et al. 1990; Table 6). Quantitative differences
exist between GCs of the upper and the lower blades, as well as between superficial
(near the molecular layer) and deep cells (near the hilus; Claiborne et al. 1990).
However other studies have failed to confirm these differences (Beining et al. 2017).
Superficial neurons in the upper blade have the highest total dendritic length and the
widest arbor, whereas deep neurons in the lower blade have the shortest length and
the narrowest transverse extent (Table 6).

Similar to pyramidal cells, mature GC dendrites are densely covered with spines.
The total number was calculated to be between 3091 and 6830 on the basis of a
light microscopic estimate of spine density (2.39 ± 0.06 μm−1; Schmidt-Hieber
et al. 2007). Electron microscopic investigation obtained similar density values and
indicated moderate differences between proximal (3.36 ± 0.35 μm−1), mid-distal
(2.88 ± 0.33 μm−1), and distal (2.02 ± 0.28 μm−1) dendritic segments (Hama
et al. 1989). The differences in the density are largely explained by the decreasing
diameter and surface area of proximal to distal dendrites. In fact, the surface density
of spines was comparable in the dendritic compartments with values ranging from
0.79 to 0.88 μm−2 (Hama et al. 1989). Spine surface contributes by a factor of 0.91–
1.05 to the total surface area of the neurons (Schmidt-Hieber et al. 2007; Hama et al.
1989).

There are only limited quantitative data on the synaptic inputs to GCs. The
number of excitatory synapses can be estimated on the basis of spine densities. The
three main afferent systems, the commissural/associational path, the medial and the
lateral perforant path, terminate in a strictly laminated fashion in the inner, middle,
and outer molecular layers, respectively. The proportions of the dendrites falling
into these layers are ∼30, 30, and 40% (Claiborne et al. 1990; Schmidt-Hieber et
al. 2007). The corresponding spine numbers on the surface of GCs with a dendritic
length of ∼3200 μm (Claiborne et al. 1990), calculated using the spine density
estimates of Hama et al. (1989; see above), are 3250, 2780, and 2600. Thus, the
number of excitatory synapses onto a single GC could be as high as 8630.

The distribution of inhibitory terminals was analyzed in a combined
immunocytochemical and electron microscopic study (Halasy and Somogyi 1993a).
Results indicate that in the molecular layer, ∼7.5% of the synapses are GABA-
immunopositive, and these synapses comprise 75% of all inhibitory synapses,
with the remaining 25% located in the cell body layer. Therefore, the number
of inhibitory synapses onto a single granule cell can be estimated as ∼860, with
∼650 in the molecular layer and ∼190 in the cell body layer. The compartmental
distribution of the inhibitory input is broken down to 63–73% dendritic shafts and
27–37% spines in the molecular layer. In the cell body layer, the majority, between
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46 and 60%, are on somata, 25–28% on proximal dendritic shafts, 7–14% on spines,
and 7–9% on axon initial segments (Halasy and Somogyi 1993a).

The axons of GCs, the so-called mossy fibers, provide the major output of the
DG to the CA3. The unique features of mossy fibers are the 10–18 sparsely spaced
large varicosities (4–10 μm) or mossy fiber boutons that form synaptic contacts with
complex spines of CA3 pyramidal cells in the str. lucidum and mossy cells in the
hilus (Claiborne et al. 1986; Frotscher et al. 1994; Acsády et al. 1998; Rollenhagen
et al. 2007). Furthermore, mossy fibers innervate a large number of inhibitory
interneurons (Blasco-Ibáñez et al. 2000) in both regions through small, en passant
boutons (0.5–2 μm) and filopodial extensions emerging from the large boutons,
outnumbering of CA3 PCs contacted by 10:1 (Acsády et al. 1998), suggesting that
the mossy fiber may predominantly drive net inhibition.

A further subtype of GC was recently described, the so-called semilunar granule
cell (SLGC), which is predominantly found within the proximal iML. Despite
similar dendritic branching to regular GCs, SLGCs have a greater lateral extent
of their dendritic tree (420.3 ± 26.8 for SLGCs compared to 284.9 ± 33.7 μm
for GCs). Their often ovoid somata give rise to their name. SLGCs surprisingly
have axon collaterals which innervate the iML, forming an average of 1.8 branches
in this region, suggesting a role in feedback excitation onto other GCs. SLGCs
possess unique intrinsic excitability, as compared to typical GCs, and receive a
strong excitatory input from hilar mossy cells (Williams et al. 2007).

Adult-Born GCs

Immature, or adult-born, GCs are found on the border of the hilus and GCL. During
the weeks following neurogenesis, their dendrites are growing through the ML
(Kempermann et al. 2004), with dendritic lengths of ∼300 μm at 2 weeks reaching
full penetration of the ML by 3 weeks (Zhao 2006). Spines do not develop on these
adult-born GCs until 16 days post-differentiation, and they show strongly reduced
glutamatergic inputs from all entorhinal inputs (Dieni et al. 2016), but with a strong
input from hilar mossy cells (Vivar et al. 2012). The axon of adult-born GCs has
already infiltrated CA3 by 10 days post-differentiation (Zhao 2006) and can drive
strong inhibition (Drew et al. 2016).

Hilar Mossy Cells

Mossy cells share some morphological features with CA3 pyramidal cells. In partic-
ular, the presence of large complex spines on proximal dendrites and small, simple
spines on distal dendrites underpins this resemblance. However, major differences
in their morphology, connectivity, and physiological properties demonstrate that
mossy cells constitute a discrete cell population (Amaral 1978; Buckmaster et al.
1993; Scharfman 2016).
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The somata of the cells are slightly larger than those of CA3 pyramidal cells
and have a triangular or ovoid shape. Three to six primary dendrites arise from
the soma and bifurcate repeatedly to produce an extensive multipolar dendritic
arborization confined to the hilus. Dendrites very rarely invade the granule cell layer
or the molecular layer in mature rats (Amaral 1978; Ribak et al. 1985; Buckmaster
et al. 1993; Lübke et al. 1998; but see Scharfman 1991). In vitro labeled mossy
cells from mice have a total dendritic length of 5392 ± 313 μm (Kowalski et al.
2010), whereas in vivo labeled mossy cells from rats disclose a total dendritic
length of 8293± 361 μm (adapted from Buckmaster 2012). Although these values
are not directly comparable to those obtained for other types of hippocampal
neurons, the extent of mossy cell dendritic arbor appears to lie between GCs and
pyramidal cells.

Similarly, only limited quantitative data are available on synaptic inputs to mossy
cells. Proximal dendrites and the soma are covered by complex spines reflecting a
high degree of convergence of GC inputs onto electrotonically proximal locations
(Frotscher et al. 1991; Acsády et al. 1998). Additionally, mossy fibers make
synaptic contact with distal, simple dendritic spines (Frotscher et al. 1991). Other
excitatory inputs include the hilar collaterals of CA3 pyramidal cells (Scharfman
1994, 2007; Jinde et al. 2013) and mossy cell axons terminating mainly on distal
spines. However, data from paired intracellular recordings indicate that the mutual
connectivity between mossy cells is very low (∼0.5%; Larimer and Strowbridge
2008). The major source of inhibitory input is from hilar interneurons (Acsády et al.
2000; Larimer and Strowbridge 2008).

The axon of mossy cells forms an extensive arbor in the ipsi- and contralateral
hippocampi (Soltész et al. 1993; Buckmaster et al. 1996). While the extent of the
dendrites is restricted along the septotemporal axis (<500 μm), the axon can cover
53–61% of the hippocampus (Buckmaster et al. 1996). Thus, mossy cells provide
a distributed excitatory feedback to the DG. The ipsilateral length of the axon
is between 73 and 96 mm (uncorrected two-dimensional projection, Buckmaster
et al. 1996). Most of the axon is in the inner molecular layer (53–56%) and
the hilus (23–27%), but collaterals are also found in the granule cell layer, the
middle molecular layer, the CA3, and occasionally also the CA1 (Buckmaster et
al. 1996). In the molecular layer, the axon forms synapses every ∼2 μm and the
large majority of the postsynaptic targets are dendritic spines of GCs (Buckmaster
et al. 1996). While numerically low, synaptic contacts onto interneurons have
been suggested to play an important role in regulating the excitability of the
DG (Ratzliff et al. 2002; Sloviter et al. 2003). In the hilus, interestingly, the
density of synapses is five times lower along the axon (0.1 μm−1), and the main
targets are smooth dendrites of interneurons (Buckmaster et al. 1996; Larimer and
Strowbridge 2008).
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GABAergic Interneurons

Morphological Classification of Interneurons

Local inhibitory interneurons are characterized by extensive local axonal arboriza-
tions and can thereby provide inhibitory innervation and control the activity of large
sets of local neurons. In contrast to the largely uniform population of principal cells,
interneurons are extremely heterogeneous with respect to not only their morpho-
logical features but also their physiological characteristics and their expression of
neurochemical markers and transcription factors. Differences in their properties are
thought to reflect the functional diversity of interneurons in the network (Table 7).
A key determinant of interneuron types is their origin, i.e., in which ganglionic
eminence (either medial or caudal) are the cells formed during early embryonic
development. Indeed, unique genetic markers define interneuron type, origin, and
fate and their final location within the cerebral cortex (Kepecs and Fishell 2014). The
most distinct anatomical feature of interneurons is the layer-specific distribution of
their axon (Fig. 6). Correlated light and electron microscopic studies revealed that
the axon projection reflects the differential targeting of subcellular compartments
(e.g., soma, proximal, or distal dendrites) of the postsynaptic neurons (Han et al.
1993; Gulyás et al. 1993a; Buhl et al. 1994a). Additionally, termination of the
axon often parallels afferent pathways leading to co-alignment of excitatory and
inhibitory inputs.

However, not only the axon but also dendrites and cell bodies of interneurons
show variability in their laminar distribution. While some interneuron types have
a dendritic arbor spanning all layers, others have dendrites restricted to one or
more layers. The dendritic distribution determines what inputs are available to
an interneuron: whether it can be activated by one or more afferent system in a
feedforward manner or by recurrent collaterals of principal cells as part of feedback
inhibitory microcircuit (Fig. 6).

Thus, the precise localization of the interneurons, their dendrites, and axon within
the layered structure of the hippocampus determines their anatomical connectivity.
In turn, input and output connections define the functions that the cells can play
in the circuitry. Therefore, most classification schemes have considered these
anatomical features as defining criteria (Freund and Buzsáki 1996; McBain and
Fisahn 2001; Somogyi and Klausberger 2005). Although there is still some debate
regarding the terminology and identification of interneuron types (Maccaferri and
Lacaille 2003; Petilla Interneuron Nomenclature Group et al. 2008), two main
classes of interneurons can be distinguished on the basis of postsynaptic targets:
perisomatic and dendritic inhibitory cells (Fig. 6). In addition, a set of interneurons
that selectively target other interneurons (interneuron-specific [IS] cells; Acsády
et al. 1996a, b; Gulyás et al. 1996; Hájos et al. 1996) and interneurons with long-
range projections have been identified (Jinno et al. 2007; Melzer et al. 2012; Katona
et al. 2017).
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Fig. 6 Schematic representation of major interneuron types of the hippocampal CA1 area. Two
main classes can be distinguished on the basis of postsynaptic targets: (1) perisomatic inhibitory
interneurons include basket cells (BC, targets: soma and proximal dendrites) and axo-axonic cells
(AA, targets: axon initial segments). The axon of these interneurons terminates in and near the
str. pyramidale (pyr.). (2) Dendrite-inhibiting interneurons include many types. Here three well-
characterized types are illustrated: (i) bistratified cells (BS) innervate the mid-distal dendrites in
the str. radiatum (rad.) and oriens (ori.). (ii) Neurogliaform (NG) interneurons are found in the rad.
or str. lacunosum-moleculare (l-m.) and inhibit the apical dendrites in the same layers. NG cells
are mainly activated by the perforant path (PP) and the Schaffer collaterals (Sch) and therefore
provide feedforward inhibition. (iii) O-LM interneurons are found in the ori. and innervate the
distal apical dendrites in the l-m. O-LM cells receive strong recurrent excitation from pyramidal
cells and therefore mediate primarily feedback inhibition

Perisomatic inhibitory interneurons innervate soma, proximal dendrites, and
axon initial segments of principal cells. They include basket cells (BC) and axo-
axonic cells (AAC, also known as chandelier cells). The majority of these cells has
a vertically oriented dendritic tree and can mediate both feedforward and feedback
inhibition.

Dendrite-inhibiting interneurons comprise several distinct types (Fig. 6) which
innervate various portions of the dendritic tree of their target cells. The axon of
dendrite-inhibiting interneurons is often co-aligned with afferent pathways in the
dendritic layers (Han et al. 1993; Gulyás et al. 1993a; Vida et al. 1998; Vida
and Frotscher 2000; Booker et al. 2017b). Thus, the various interneuron types can
control excitatory postsynaptic responses in an input-specific manner (Miles et al.
1996; Maccaferri and Dingledine 2002). Furthermore, the co-alignment enables
mutual presynaptic interactions between glutamatergic and GABAergic axons (Vogt
and Nicoll 1999; Guetg et al. 2009; Min et al. 1999; Stafford et al. 2009; Urban-
Ciecko et al. 2015). While some dendrite-inhibiting interneurons have dendrites
spanning all layers and therefore can mediate feedforward and feedback inhibition,
the majority of these cells have dendrites restricted to one or two layers. Interneurons
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in the str. oriens and the hilus, such as O-LM interneurons, receive over 90% of their
excitation from local principal cells and mediate feedback inhibition. In contrast,
interneurons in the str. radiatum and lacunosum-moleculare are activated by the
Schaffer collaterals and/or the perforant path and thereby mediate feedforward
inhibition.

Neurochemical Classification of Interneurons

Interneuron types differentially express a wide range of molecular markers, includ-
ing calcium-binding proteins (parvalbumin, PV; calbindin, CB; and calretinin,
CR), neuropeptides (somatostatin, SOM; cholecystokinin, CCK; neuropeptide Y,
NPY; vasoactive intestinal peptide, VIP), and certain enzymes (NADPH-diaphorase;
neuronal nitric oxide synthase, nNOS). While the function of the molecules in these
cells is not yet fully understood, detection of the markers by immunocytochemistry,
in situ hybridization, single-cell RT-PCR, or RNA-seq investigations have been
successfully applied to identify and classify GABAergic neurons (for reviews see
Freund and Buzsáki 1996; Somogyi and Klausberger 2005; Jinno and Kosaka 2006;
Houser 2007; Klausberger and Somogyi 2008; Pelkey et al. 2017). Importantly, the
interneuron types defined on the basis of neurochemical identification converge well
with the morphological classification, when the combinatorial expression pattern of
multiple markers is considered (Table 8).

Interneurons of the CA1–3 Areas

Most interneuron types can be identified in all areas of the hippocampus on the basis
of their salient anatomical properties. However, due to differences in the layering
of the areas, some types may differ in certain anatomical properties, whereas a
few specific types may exist only in one area. As the structure and layering of the
CA1–CA3 areas are almost identical, we discuss interneuron types from these areas
together. The classification and descriptions are based on results from the CA1 as
this is the best study region of the hippocampus and possibly the whole cortex. But
published data from the CA3 (Gulyás et al. 1993a) and the CA2 areas (Mercer et al.
2007; Botcher et al. 2014) confirm that the classification, with some exceptions, can
be extrapolated to these regions.

Perisomatic Inhibitory Interneurons

(1) Fast-spiking parvalbumin-positive basket cells. PV-BCs form synapses with the
somata and proximal dendrites of pyramidal cells as well as other interneurons (Buhl
et al. 1994a; Halasy et al. 1996; Cobb et al. 1997; Pawelzik et al. 2002). At the light
microscopic level, this interneuron type is characterized by an axon terminating in
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Fig. 7 Morphology of CA1 perisomatic inhibitory interneurons. (a) A synaptically coupled fast-
spiking putative PV-positive BC-BC pair. The axons of both cells are found mainly in the cell body
layer (shaded area, initial segments indicated by arrows), whereas their dendrites extend into the
dendritic layers. (b) A BC with morphological feature of CCK-BCs with soma in the str. radiatum
(rad.). Note the dense axon (red) in and near the cell body layer (str. pyr.). (c) A horizontal PV-BC
with horizontally oriented dendrites restricted to the str. oriens (ori.) but with a typical BC axon
arbor in the cell body layer. (d) An AAC with a dense axon plexus at the border of the str. pyr. and
ori. Scale bars: 100 μm. (Reproduced with permission: (a) from Cobb et al. 1997, © Elsevier; (b)
from Vida et al. 1998, © Wiley-Blackwell; (c), from Booker et al. 2017b, © The authors; (d) from
Buhl et al. 1994b, © The American Physiological Society)

and near the cell body layer (Fig. 7a). In addition to PV, the cells express high levels
of the alpha-1 subunit of GABAA receptors (GABAA-α1; Table 8) as well as both
GABAB receptor subunits (GABAB1/2) and their effector Kir3 channels (Booker
et al. 2013). It is estimated that PV-BCs constitute ∼60% of all PV-immunoreactive
cells and ∼12% of all GABAergic interneurons in the CA1 area (Kosaka et al. 1987;
Baude et al. 2007).

Cell bodies of PV-BCs are located in the str. pyramidale or oriens, but a few
cells have been found in the str. radiatum. The dendrites are radially orientated and
span all layers (Buhl et al. 1995, 1996; Halasy et al. 1996). Work published by
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Gulyás et al. (1999) analyzed the distribution of dendrites and input synapses of
PV-immunoreactive neurons. Although they could not unequivocally identify the
cells as BCs, their results conceivably reflect characteristics of this predominant cell
type. Their quantitative data revealed that the total length of the dendrites (4348 μm)
is substantially shorter than that of pyramidal cells, but their laminar distribution is
similar (Table 9). CA2 appears to be the anomaly for PV interneuron dendrites, with
both narrow and wide dendritic arbors observed (312 ± 121 μm vs. 570 ± 111 μm
lateral spread; Botcher et al. 2014).

The estimated total number of synapses (16,293, Table 9) is also markedly
lower than for pyramidal cells, but it is the highest among interneurons (Gulyás
et al. 1999); however their synaptic density is considerably higher. The proportion
of excitatory (∼93.5%) and inhibitory synapses (∼6.5%) is comparable to that
for pyramidal cells. As the dendrites of BCs lack spines, both excitatory and
inhibitory synapses are formed onto dendritic shafts. Inhibitory synapses show a
concentration in the perisomatic domain with ∼17% of the synapses converging
onto the soma, but in contrast to principal cells, the soma also receives a high number
of excitatory synapses (Table 9). A large proportion of the inhibitory synapses are
PV-immunopositive: ∼27.6% on the dendrites and ∼70% on the soma (Gulyás et al.
1999; Table 9). Thus, PV-containing interneurons are heavily interconnected by
mutual inhibitory synapses (Sík et al. 1995; Fukuda and Kosaka 2000; Bartos et
al. 2001, 2002). In addition to the chemical synapses, PV-BCs are also coupled by
electric synapses to other PV-containing interneurons (Fukuda and Kosaka 2000,
2003; Bartos et al. 2001; Hormuzdi et al. 2001). Gap junctions are found primarily
at dendritic locations with the highest density between basal dendrites at the str.
oriens-alveus border (Fukuda and Kosaka 2000, 2003). This dual – chemical and
electric – connectivity is thought to be important for the synchronization of the
interneurons during network activity patterns, such as gamma oscillations (Bartos
et al. 2001; Hormuzdi et al. 2001).

The output of BCs has been analyzed in both in vitro and in vivo labeled
neurons. The length of the axon of in vivo-labeled BCs ranges between 40.5 and
53.5 mm and terminates in an approximately circular or ellipsoid area of the cell
body layer with a diameter between 0.9 and 1.2 mm. It is emerging that BCs in the
hippocampus exist with either narrow or wide axonal arbors; in the CA2 region,
wide arbor BCs have axon spanning 937 ± 133 μm, whereas narrow arbor BCs
span 616 ± 130 μm, suggesting that CA2 BCs project into both CA1 and CA2,
suggesting a level of innervation of CA1 and CA3. This phenotype does not appear
to exist within CA1 BC populations (Mercer et al. 2007). On the basis of the bouton
density of 0.226 ± 0.039 μm−1, the number of total synapses was estimated to be
between 9000 and 12,000 (Sík et al. 1995). As unitary IPSCs in pyramidal cells are
mediated by multiple, 10–12 synaptic contacts (Buhl et al. 1994a), the number of
postsynaptic neurons (divergence) is likely to be between 750 and 1200 (Bezaire
and Soltész 2013), whereas the number of PV-BCs making synaptic contacts onto
a single postsynaptic pyramidal cell (convergence) is between 15 and 25 (Bezaire
and Soltész 2013), calculated from the total number of synaptic contacts (92–119,
Megías et al. 2001; Buhl et al. 1994a) and the number of contacts formed by a single
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BC onto the soma (5–6, Gulyás et al. 1993a; Buhl et al. 1994a). Examples of PV-
BCs with horizontal dendrites exclusively in str. oriens have also been described,
suggesting divergent dendritic morphologies (Booker et al. 2017a, b; Fig. 7c)

(2) CCK-expressing basket cells. Similar to PV-BCs, CCK-BCs form synapses
with the somata and proximal dendrites of pyramidal cells as also indicated by
the axonal distribution in the str. pyramidale and adjacent region of str. radiatum
and oriens (Fig. 7b; Nunzi et al. 1985; Acsády et al. 1996b; Cope et al. 2002;
Pawelzik et al. 2002). In addition to CCK, neurochemical markers include VIP,
substance P receptor, and vesicular glutamate transporter 3 (VGluT3), but the cells
are consistently immunonegative for PV (Table 8; Cope et al. 2002; Pawelzik
et al. 2002; Mátyás et al. 2004; Somogyi et al. 2004; Klausberger et al. 2005).
Terminals of these interneurons express high levels of cannabinoid CB1 receptor
which plays a role in regulating the release of GABA (Katona et al. 1999b). CCK-
BCs mostly show regular-spiking discharge pattern, with some exceptions showing
a fast-spiking phenotype (Cope et al. 2002; Pawelzik et al. 2002). In contrast to PV-
BCs, cell bodies of CCK-BCs can be found in all hippocampal layers. The dendrites
run radially and span all layers (Cope et al. 2002; Pawelzik et al. 2002). Mátyás
et al. (2004) and Booker et al. (2017a, b) performed a detailed quantitative analysis
of the laminar distribution of dendrites and input synapses of CCK-BCs. These
analyses show that the total dendritic length of 6338 μm is higher than PV-BCs but
markedly lower than pyramidal cells (Table 10). Despite the larger dendritic tree,
the estimated total number of afferent synaptic contacts (8147, Table 10) is lower
than for PV-BCs. This is due to the fact that the number of excitatory synapses is
markedly lower. In contrast, the number of inhibitory synapses is ∼2.6-fold higher
(Gulyás et al. 1999; Mátyás et al. 2004). Thus, CCK-BCs have a lower proportion of
excitatory (∼64%) and a higher proportion of inhibitory synapses (∼36%) than both
PV-BC and pyramidal cells. CCK-BCs are also interconnected by mutual inhibitory
synapses. The number of CCK-immunopositive terminals on their surface is ∼350
(Table 10), very close to the number of mutual inhibitory synaptic contacts on PV-
BCs. However, the proportion of these synapses among the inhibitory terminals is
lower due to the higher overall inhibitory input (Mátyás et al. 2004). Although the
PV- and CCK-interneuron networks seem largely independent, there is evidence
for the existence of mutual inhibitory synapses and interactions between the two
networks (Karson et al. 2009).

While immunocytochemical data at the light and electron microscopic levels
demonstrate that terminals of CCK-BCs innervate soma and proximal dendrites of
principal cells with a preference proximal to the soma (Földy et al. 2010; Nunzi et al.
1985; Acsády et al. 1996b; Cope et al. 2002; Pawelzik et al. 2002; Klausberger et
al. 2005; Booker et al. 2017b), only limited data are available on the divergence or
convergence of CCK-BC output. Bezaire and Soltész (2013) postulated a divergence
of 1250 cells (1150 pyramidal cells and 100 interneurons) with a convergence of 13
CCK-BCs onto a single pyramidal cell.

(3) Axo-axonic cells. AACs provide GABAergic innervation to the axon initial
segments of principal cells (Somogyi et al. 1983; Li et al. 1992; Gulyás et al. 1993a;
Buhl et al. 1994a), placing them in a unique position to control action potential
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Table 10 Dendritic length and synaptic inputs of CCK-BCs of the CA1 area

Estimated number of synapses
CCK + Dendritic length (μm) All Excitatory Inhibitory CCK+
Dendrites 6338 ± 986 7948 ± 1229 5191 ± 805 2757 ±430 315 ± 55
L-M 1291 ± 456 (20.4%) 1876 759
Rad/LM 647 ± 575 (10.2%) 798 258
Rad 2876 ± 211 (45.4%) 3421 1074
Pyr 111 ± 61 435 271
Ori 311 ± 118 (4.90%) 1418
Soma 966 ± 134 (surface area, μm2) 193 ± 43 34 ± 14 5 ± 2 36 ± 14
AIS 6 ± 2 1 ± 1 5 ± 2 1 ± 2
Total 8147 5266 2921 352

Values are mean ± S.E.M. Values in parentheses indicate percentage of dendrites in a layer.
Rad/L-M denotes the broader region of the two layers which contains many horizontally running
dendrites. Excitatory (Exc.) and inhibitory (Inhib.) synapses were identified on the basis of
postembedding immunolabeling for GABA. Data from Mátyás et al. (2004)

output of the target neurons. Similar to PV-BCs, the termination zone of the axon
is mainly in the cell body layer, but it is slightly shifted toward the str. oriens
(Fig. 7d). Many, but not all, AACs can be distinguished from BCs at the light
microscopic level by the presence of vertical rows of synaptic boutons (cartridges),
which form contacts with the axon initial segment (AIS). AACs show a fast-spiking
discharge pattern and contain high levels of PV, but, in contrast to PV-BCs, they
express low level of GABAA-α1 (Katsumaru et al. 1988; Pawelzik et al. 2002). It is
estimated that this type constitutes ∼15% of all PV-immunoreactive cells and ∼3%
of GABAergic interneurons in the CA1 area (Baude et al. 2007).

Cell bodies of AACs are located in the str. pyramidale or oriens. The majority
has vertically oriented dendrites spanning all layers. In comparison with PV-BCs,
the distal apical dendrites often branch and form an extensive tuft in the str.
lacunosum-moleculare (Buhl et al. 1994b; Klausberger et al. 2003) indicating a
stronger perforant path input to these neurons. A few cells with horizontally oriented
dendrites in str. oriens have also been reported (Ganter et al. 2004).

AACs receive input from all major afferent pathways and there is also evidence
for recurrent excitatory inputs from pyramidal cells (Li et al. 1992; Buhl et al.
1994b). Regarding the quantitative distribution of input synapses, Gulyás et al.
(1999) suggested that their data may apply not only to PV-BCs but also to AACs (see
Table 9). However, some disagreement remains regarding the extent of dendrites
in the str. lacunosum-moleculare (see above). AACs are thought to be involved in
the PV interneuron network coupled by gap junction and also receive inhibitory
synapses from this network (Fukuda and Kosaka 2000; Baude et al. 2007). However,
AACs themselves do not contribute inhibitory synapses to this network.

The output of AACs is directed exclusively to the AIS of principal cells (Somogyi
et al. 1983). The synapses formed onto the AIS can contact the shaft directly or
onto membrane protrusions that can receive 1–5 inhibitory synapses, with 25–130
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AAC synapses formed per AIS (Kosaka 1980). Morphological analysis of an in vivo
labeled CA1 AAC revealed that it can innervate ∼1200 pyramidal cells within an
area of 600 by 850 μm around the cell (Li et al. 1992). However, in vitro studies
indicate that the axon can have a larger extent with values up to 950 μm in the CA1
and 1300 μm in the CA3 area (Gulyás et al. 1993a; Buhl et al. 1994b). The in vivo
data further show that the cells form 2–10 synaptic contacts on a single axon initial
segment (Li et al. 1992). As the number of synaptic contacts on initial segments is
∼24 (Gulyás et al. 1999), 3–12 AACs may converge onto a single pyramidal cell
(Bezaire and Soltész 2013).

Dendritic Inhibitory Interneurons

(4) Bistratified cells (BSC). These interneurons are characterized by an axon in the
str. radiatum and oriens co-aligned with the Schaffer collateral pathway (Fig. 8a;
Buhl et al. 1994a, 1996). BSCs show a fast-spiking discharge pattern. They contain
PV, the neuropeptides SOM, NPY, and high levels of the GABAA-α1 (Pawelzik
et al. 2002; Klausberger et al. 2004; Baude et al. 2007). This type constitutes ∼25%
of all PV-immunopositive cells and ∼5% of GABAergic interneurons in the CA1
area (Baude et al. 2007).

Cell bodies of BSCs, similar to other PV interneurons, are found primarily in
the str. pyramidale or oriens. The dendrites show radial orientation and span str.
oriens and radiatum but, in contrast to other PV interneurons, rarely invade the
str. lacunosum-moleculare (Buhl et al. 1996; Halasy et al. 1996; Klausberger et al.
2004). A few cells with similar axonal arborization but horizontal dendrites have
been reported and classified as oriens-BSCs (Maccaferri et al. 2000).

Dendritic distributions and electrophysiological data indicate that the cells are
activated primarily by the Schaffer collaterals and can also receive recurrent
excitatory input from pyramidal cells in the str. oriens, but they generally lack
perforant path inputs (Buhl et al. 1996). It remains unclear whether the data on the
quantitative distribution of synaptic inputs described for PV interneurons (Gulyás
et al. 1999; see Table 9), apart from the lack of perforant path inputs, also apply to
BSCs.

The output of BSCs targets shafts (∼76–79%) and spines (∼11–17%) of small-
caliber dendrites and rarely the large-caliber main apical dendrites (∼10%) or
somata (∼4%) of principal cells (Halasy et al. 1996; Klausberger et al. 2004).
The proportion of interneuron targets is also low (∼3%, Klausberger et al. 2004).
Nevertheless, BSCs are thought to be involved in the network of PV interneurons
connected by mutual inhibitory synapses and gap junction (Fukuda and Kosaka
2000; Baude et al. 2007). The axon of an in vivo labeled BSC has a total length
of 78,800 μm and covers an area of 1860 μm (septotemporal) by 2090 μm
(mediolateral axis). The axon of this cell has a bouton density of 0.21 ± 0.06
μm−1 and forms ∼16,600 boutons. Since BSC-pyramidal cell synapses involve
∼6 synaptic contacts (Buhl et al. 1994a), an individual BSC may target over 2500
pyramidal cells. A recent study, calculating 10 synaptic contacts made by a BSC



64 I. Vida et al.

Fig. 8 Dendritic inhibitory interneuron types of the CA1 area. (a) A BSC with cell body at the
border of str. pyramidale (SP) and oriens (SO). Dendrites span the str. radiatum (SR) and oriens,
but do not extend into the str. lacunosum-moleculare (SLM). (b) SCA cell with axon (in red) in
the str. radiatum (rad.). (c) PPA interneuron. Note the axon terminating in the CA1 str. lacunosum-
moleculare (l-m.), the subiculum, and the DG molecular layer (m.l.). (d) A lacunosum-projecting
(LA) interneuron, with axon and the majority of dendrites confined to str. lacunosum (lac). (e)
NGF cell with a compact dendritic tree and a very dense axon in the str. rad. and l-m. (f) An Ivy
cell with soma in str. pyr. and similarly dense focal axon around the soma. G O-LM interneurons
have horizontal dendritic tree in the str. oriens (ori) and project to the distal apical dendrites of
pyramidal cells in the str. l-m. (Reproduced with permission: (a) from Klausberger et al. 2004, ©
Nature Publishing Group; (b, c, e) from Vida et al. 1998, © Wiley-Blackwell; (d) from Booker
et al. 2017b, © Oxford University Press; (f) from Krook-Magnuson et al. 2011, © The Society for
Neuroscience; G from Martina et al. 2000, © The American Association for the Advancement of
Science)
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Table 11 Dendritic length and synaptic inputs of CB interneurons in the CA1 area Estimated
number of synapses

Dendritic length (μm) All Exc. Inhib.

Dendrites 3441 ± 938 3585 2498 ± 666 1087 ± 277
L-M 130 ± 117 (3.8%)
Rad 2622 ± 827 (76.2%)
Pyr 197 ± 162 (5.7%)
Ori 492 ± 300 (14.3%)
Soma 799 ± 140 (surface area [μm2 ]) 244 102 ± 10 142 ± 15
AIS 7 0 7 ± 1
Total 3839 2601 1237

Values are mean ± S.E.M. Values in parentheses indicate percentage of dendrites in a layer.
Excitatory (Exc.) and inhibitory (Inhib.) synapses were identified on the basis of postembedding
immunolabeling for GABA. Data from Gulyás et al. (1999)

synapse, led to a convergence of 10 BSC onto a single pyramidal cell with a
divergence to contact 1597 cells in total (Bezaire and Soltész 2013).

(5) Schaffer collateral-associated (SCA) interneurons. These interneurons, simi-
lar to BSCs, are characterized by an axon in the str. radiatum and oriens co-aligned
with the Schaffer collaterals (Fig. 8b; Vida et al. 1998; Cope et al. 2002, Booker et al.
2017a). They differ, however, in their localization of the soma and dendrites, as well
as neurochemical markers. The main markers are CCK and CB (Cope et al. 2002;
Pawelzik et al. 2002; Klausberger 2009). Similar to CCK-BCs, SCA interneurons
show a regular-spiking discharge pattern.

Somata of SCA cells are predominantly found in str. radiatum. Their dendrites
run radially, mostly in the str. radiatum, but can extend into the str. lacunosum-
moleculare, oriens, and even the alveus (Vida et al. 1998; Pawelzik et al. 2002;
Booker et al. 2017a). Although dendritic arbor and synaptic inputs of identified
SCA interneurons have not been quantitatively described, Gulyás et al. (1999)
provide data on CB-immunoreactive interneurons, a set of dendritic inhibitory
interneurons (Gulyás and Freund 1996) which overlap with the SCA type (Cope
et al. 2002). The total dendritic length of CB interneurons is 3441 ±938 μm with
76% localized in the str. radiatum (Table 11). The excitatory input is relatively
weak (∼68%) and originates plausibly from the Schaffer collaterals, whereas the
inhibitory input is strong (32%). Large part of the inhibitory input may correspond to
the mutual inhibitory connections observed between CCK and SCA cells (Ali 2007).
In addition to the chemical synapses, SCA cells have been shown to be connected
by gap junctions (Ali 2007).

The axon of SCA cells terminates in the str. radiatum and to a lesser extent in the
str. oriens. Output synapses are formed with shafts, but only rarely spines of small-
caliber side branches of the pyramidal cells (∼80%) and aspiny dendritic shafts
of interneurons (∼20%; Vida et al. 1998). Synaptic effects in pyramidal cells are
mediated by multiple contacts (4–6, light microscopic estimates, Vida et al. 1998;
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Pawelzik et al. 2002). The axon of an in vitro labeled SCA interneuron formed
∼6000 boutons and may innervate 1000–1500 postsynaptic cells within a 400 μm
slice.

(6) Perforant path-associated (PPA) interneurons. This cell type has an axon
in the str. lacunosum-moleculare co-aligned with the perforant path (Fig. 8c; Vida
et al. 1998; Pawelzik et al. 2002). Neurochemical markers of PPA cells include
CCK (Pawelzik et al. 2002; Klausberger et al. 2005) and they may also express CB.
Cell bodies of PPA cells are in the str. radiatum or lacunosum-moleculare, often
at the border of the two layers. Dendrites run radially in these two layers but can
also extend into the oriens/alveus (Hájos and Mody 1997; Vida et al. 1998). The
dendritic distribution suggests that the cells’ input is primarily from the perforant
path and Schaffer collaterals, but they may also receive feedback excitation on their
distal dendrites in the oriens/alveus.

The axon terminates in the str. lacunosum-moleculare; however, collaterals often
spread significantly into the subiculum and, crossing the fissure, into the DG. The
postsynaptic targets are primarily principal cells, CA1 pyramidal cells (58–94%),
and DG granule cells (0–26%) but also include interneurons (6–11%); the synapses
are found mostly on small-caliber dendritic shafts and to a lesser extent (5–7%)
dendritic spines (Vida et al. 1998; Klausberger et al. 2005). This cell type provides
a convergence of two PPA interneurons onto a single pyramidal cell and can diverge
to 1333 neurons (Bezaire and Soltész 2013).

(7) Lacunosum-associated (LA) cell. This subtype of interneuron has only
recently been described (Fig. 8d, Booker et al. 2017a) and represents a novel
dendritic inhibitory subtype. With horizontal somata found in str. lacunosum, they
have horizontally orientated dendrites and axons. Over 50% of LA cell axon is found
within str. lacunosum itself, with dendrites confined to proximal str. radiatum and
moleculare. Of the 5 neurons identified, all are CCK and CB1R immunoreactive
and have unique electrophysiological properties (Booker et al. 2017a). The full
physiological role of these neurons is yet to be ascertained, but their axonal plexus
being found close to CA1 PC primary dendrite bifurcation points suggests a role in
branch integration and/or calcium signaling.

(8) Neurogliaform (NG) cell. This interneuron type is identified on the basis of a
small, stellate dendritic arbor and an extremely dense local axon (Fig. 8e, Vida et al.
1998; Price et al. 2005). NG cells express NPY, NOS, COUP TFII, α-actinin, and
reelin as well as high levels of α1 and δ and GABAA and μ-opioid receptors, but
are consistently negative for PV (Price et al. 2005, Fuentealba et al. 2010; Tricoire
et al. 2010; Armstrong et al. 2011, 2012; Krook-Magnuson et al. 2011; Table 8).
However, there is a high heterogeneity from cell to cell in their marker expression
(Armstrong et al. 2012). The small, round cell body is located in the str. radiatum
or lacunosum-moleculare; within the DG their cell bodies are found at high density
at the border with the hippocampal fissure (Armstrong et al. 2011). Several main
dendrites emerge from the soma and branch profusely to form a very dense local
dendritic arbor. There are no quantitative anatomical data on the input synapses of
NG cells. Electrophysiological recordings indicate that the cells receive excitatory
input from both the perforant path and the Schaffer collaterals (Price et al. 2005).
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Inhibition is mediated by O-LM interneurons (Elfant et al. 2008) and other NGs
cells through mutual inhibitory synapses with unique unitary synaptic properties
(∼70% connectivity, Price et al. 2005). The NG cells are also extensively coupled
by gap junctions (∼80% connectivity, Price et al. 2005).

The axon forms an extremely dense arbor in the str. radiatum and lacunosum-
moleculare in the vicinity of the cell. An in vitro-labeled NG cell formed almost
13,000 boutons within its termination zone with less than 700 μm diameter along
the transverse axis. Postsynaptic targets are mainly pyramidal cell dendritic shafts
(∼89%) but also spines (11%; Vida et al. 1998). Interestingly, unitary postsynaptic
effects of NG-IPSCs are unusually slow and involve not only GABAA but also
GABAB receptors (Tamás et al. 2003; Szabadics et al. 2007; Price et al. 2008). In
fact, postsynaptic response mediated by both these receptor types is elicited in the
absence of synaptic contacts through volume transmission plausibly due to the dense
and focal axon and the presence of high-affinity extrasynaptic receptors (Szabadics
et al. 2007; Oláh et al. 2009). Recent evidence suggests that NG cells in the DG are
capable of forming multifarious synapses between both presubiculum, CA1 and the
DG, as the axon of some NG cells profusely crosses the hippocampal fissure, with
axon varicosities observed on these crossing axons (Armstrong et al. 2011).

(9) “Ivy” interneurons. Similar to NG cells, Ivy interneurons can be distin-
guished by a very dense axonal plexus close to the soma terminating in str. oriens
and radiatum (Fig. 8f, Fuentealba et al. 2008). These cells are immunoreactive for
NPY, NOS, COUP TFII, and α-actinin as well as express high levels of α1 and δ and
GABAA and μ-opioid receptors but are negative for reelin (Fuentealba et al. 2010;
Tricoire et al. 2010; Armstrong et al. 2011, 2012; Krook-Magnuson et al. 2011;
Table 8). They show a slow-spiking discharge pattern. Ivy cells are more numerous
than PV-positive perisomatic inhibitory cells (∼1.4-fold higher density, Fuentealba
et al. 2008) and may comprise ∼20% of all GABAergic interneurons.

Cells bodies of Ivy interneurons are located in the str. pyramidale and adjacent
regions of the radiatum. Dendrites extend radially into the str. oriens and radiatum
but rarely reach the str. lacunosum-moleculare. Dendritic distribution and electro-
physiological data indicate that these interneurons are activated by the Schaffer
collaterals and receive recurrent excitatory input from pyramidal cells, but lack
perforant path input, similar to BSCs (Fuentealba et al. 2008).

Postsynaptic targets of Ivy cells are primarily the shafts (81%) of basal dendrites
in str. oriens and oblique dendrites in the str. radiatum (Fuentealba et al. 2008).
Dendritic spines (13%) and apical dendrites of pyramidal cells (6%) are less
frequently targeted. The axon profusely branches close to its point of origin and
forms a dense meshwork in the str. oriens and radiatum. In comparison with BSCs
labeled under similar conditions, the area covered by axon collaterals is slightly
smaller (Ivy, 0.75 ± 0.12 mm [mediolateral] by 1.31 ± 0.11 mm [rostrocaudal],
Fuentealba et al. (2008); BSC, 1.15 ± 0.26 mm by 1.53 ± 0.38 mm, Klausberger
et al. 2004). However, Ivy cells have a denser axonal plexus, especially in the str.
oriens, and representative samples indicate an approximately two times higher total
axon length (Fuentealba et al. 2008). Thus, Ivy cells could innervate larger sets
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of postsynaptic neurons than BSCs. Indeed, a single Ivy cell can contact up to 1620
cells and on each pyramidal cell a total of 42 Ivy cells converge (Bezaire and Soltész
2013).

(10) Oriens lacunosum-moleculare-projecting (O-LM) interneurons, as their
name indicates, are located in the str. oriens and project to the str. lacunosum-
moleculare (Fig. 8g; McBain et al. 1994; Sík et al. 1995; Maccaferri et al. 2000).
These interneurons are immunopositive for SOM, the metabotropic glutamate
receptor mGluR1α, occasionally weakly positive for PV (∼50% of neurons; Booker
et al. 2018; Table 8), NPY (Kosaka et al. 1988; Baude et al. 1993; Klausberger et
al. 2003), and specifically in CA1 the nicotinic acetylcholine receptor α4 subunits
(Leão et al. 2012). SOM interneurons constitute ∼14% of all GABAergic neurons in
the hippocampus (Kosaka et al. 1988), but the exact proportion of O-LM cell subset
has not yet been established. At the str. oriens/alveus border, approximately 95%
of SOM interneurons are of O-LM type, with the remaining 5% being bistratified
(Booker et al. 2018)

The soma of O-LM interneurons is located in the str. oriens, often at the border
to the alveus. The dendritic tree has a horizontal orientation and is restricted to
the str. oriens and the alveus. In contrast to most other interneurons, the dendrites
are densely covered with long, thin spines. Electron microscopic investigations
indicate that ∼20% of the afferent synaptic contacts are inhibitory and ∼80%
excitatory (Blasco-Ibáñez and Freund 1995). Although the dendritic arbor falls
in the termination zone of the Schaffer collateral pathway, degeneration studies
revealed that over ∼75% of excitatory synapses originate from the pyramidal cells in
the CA1 area (Blasco-Ibáñez and Freund 1995), with direct synaptic contacts being
formed from local pyramidal cell (Lacaille et al. 1987). Thus, these interneurons
primarily mediate feedback inhibition. CA1 O-LM cells themselves also receive
a near homogeneous inhibitory input from CR-containing interneurons (70% of
inputs; Tyan et al. 2014). In the CA3 area, the cell bodies and dendrites of this
type of interneuron are not restricted to the str. oriens, in accordance with the wider
distribution of recurrent collaterals seen in this region. A smaller set of interneurons
with similar axonal projection and neurochemical profile but with somata located in
the str. pyramidale (P-LM cells) or radiatum (R-LM cells) and dendrites spanning
str. radiatum and oriens have been identified in transgenic “GIN” mice (Oliva Jr
et al. 2000).

The axon of O-LM cells originates often from one of the main dendrites
(Martina et al. 2000). Major collaterals ascend to the str. lacunosum-moleculare
(often bifurcating within str. radiatum) and form a dense arborization in that layer.
Some cells additionally form an axonal arbor, albeit much less extensive, in the
str. oriens. The axon of an in vivo-labeled O-LM cell has a length of 63,436 μm
occupying a relatively small termination field of 500 μm by 840 μm (mediolateral
and septotemporal axes; Sík et al. 1995). Interestingly, in vitro-labeled O-LM
interneurons in the CA3 show similar restricted axon projection in transverse slices
but form multiple innervation fields along the septotemporal axis (Gloveli et al.
2005a). Over 91% of the collaterals are found in the str. lacunosum-moleculare,
only 7% in the str. oriens, and a small proportion invading the subiculum. The
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bouton density is 0.27 ± 0.04 μm−1 and the number of boutons was calculated to
be over 16,800 (Sík et al. 1995). However, electron microscopic analysis of in vitro-
labeled neurons showed that the axon can make synaptic contacts without forming
varicosities, therefore it is difficult to estimate the total number of output synaptic
contacts (Maccaferri et al. 2000). Postsynaptic targets of O-LM cells include
dendrites of principal cells and interneurons in proportion to their occurrence
(Katona et al. 1999a; Elfant et al. 2008). The synapses are found on dendritic shafts
(∼70%) and to a lesser degree on spines (∼30%; Sík et al. 1995; Katona et al. 1999a;
Maccaferri et al. 2000). Briefly, a single O-LM cell can innervate 1457 pyramidal
cells and 180 interneurons and 8 O-LM cells converge onto a single principal cell
(Bezaire and Soltész 2013).

(11) Trilaminar (TL) interneurons. This interneuron type is characterized by
an axon distributed to three adjacent layers (hence the name): the str. radiatum,
pyramidale, and the oriens (Sík et al. 1995; Gloveli et al. 2005b; Ferraguti et al.
2005). TL cells express high levels of muscarinic acetylcholine receptor (M2), but
other markers are unknown (Hájos et al. 1998; Ferraguti et al. 2005).

The cells show some similarities to O-LM interneurons. Their cell bodies are
located in the str. oriens and the dendritic trees are restricted to the same layer.
The dendrites are sparsely spiny. The cells receive synaptic input from excitatory
and inhibitory terminals expressing high levels of mGluR8, indicating a strong
glutamatergic modulation of the input (Ferraguti et al. 2005). The cellular origin
of the synapses is unknown, but local pyramidal cells are likely to be involved in the
excitatory input. A part of the inhibitory terminals shows immunoreactivity for VIP
and is likely to originate from a subset of IS interneurons (Ferraguti et al. 2005).

The axon terminates in the str. radiatum, pyramidale, and oriens and extends
into neighboring areas, i.e., to the subiculum from the CA1 (Ferraguti et al. 2005)
or the CA1 from the CA3 (Gloveli et al. 2005b) and may also project to other
brain areas as well. The total axon length of an in vivo-labeled TL cell in the CA1
area was 55,913 μm and covers an area of 2600 μm (septotemporal) by 2450 μm
(mediolateral) (Sík et al. 1995). Based on bouton density (0.28 ± 0.05 μm−1 ), the
calculated number of boutons is 15,767. Synapses formed by TL cells constitute
10 synaptic contact sites, and a single TL cell can innervate approximately 1544
cells (Bezaire and Soltész 2013). Postsynaptic neurons of TL cells locally include
pyramidal cells and an unusually high proportion of interneurons. In the CA1, the
targets are interneuron dendrites (44%), interneuron cell bodies (8%), pyramidal cell
dendritic shafts (25%), and somata (23%; Ferraguti et al. 2005).

(12) Mossy fiber-associated (MFA) interneurons. This interneuron is a specific
CA3 type and characterized by an axon plexus in the str. lucidum co-aligned
with mossy fibers (Fig. 9; Vida and Frotscher 2000; Losonczy et al. 2004). MFA
interneurons express CCK and high levels of CB1 receptor in their synaptic
terminals maintaining a very low initial release probability (Losonczy et al. 2004).
The small round or ovoid soma of MFA cells is located in or near the str. lucidum,
and their dendrites extend radially into the str. radiatum and the oriens. The dendritic
distribution indicates that the main sources of excitation are ipsi- and contralateral
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Fig. 9 MFA interneurons of the CA3 area. The axon (red) of this interneuron type terminates
mainly in the str. lucidum (luc.) but also extends into the hilus displaying a striking association to
the mossy fiber projection. The dendrites are found in the str. radiatum (rad.) and oriens (ori.) but
absent from the str. lacunosum-moleculare (m-l.), reflecting that the cells receive excitatory input
primarily from ipsi- and contralateral CA3 pyramidal cells. (Reproduced from Vida and Frotscher
2000 with permission. © National Academy of Sciences, USA)

CA3 pyramidal cells (i.e., the recurrent collaterals and commissural fibers), but
physiological data (Tóth and McBain 1998) further show that the cells also receive
mossy fiber input. No or minimal excitatory input arrives to these cells from the
perforant path.

The axon forms a dense plexus in the str. lucidum, covering 50–100% of the
transverse extent of the CA3 and fanning out into the hilus. Additionally, some
collateral extend into the cell body layer. The axonal distribution is strikingly similar
to that of the mossy fibers; this cell type best exemplifies the co-alignment of
inhibitory interneuron axons and excitatory afferent pathway. Synaptic contacts are
located on dendritic shafts (85%), mostly large-caliber proximal dendrites, and to a
lesser degree on somata (15%) in the CA3 area. Majority of the targets are pyramidal
cells, although ∼20% of the postsynaptic profiles belong to GABA-immunoreactive
interneurons (Vida and Frotscher 2000). The length of the axon in the in vitro-
labeled neurons is 20.3–28.6 mm and forms ∼5000–7000 boutons (density, 0.23 –
0.25 μm−1). As the postsynaptic pyramidal cells are innervated by ∼4 synaptic
contact sites, a single MFA interneuron may target 1300–1700 neurons.

Interneuron-Specific Interneurons

A class of interneuron specialized to innervate other interneurons has been identified
by imunohistochemically staining for CR and VIP (Acsády et al. 1996a, b; Gulyás
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et al. 1996; Hájos et al. 1996; Table 8). Three types have been distinguished on the
basis of the neurochemical markers and synaptic targets (Fig. 10):

(13) Type I (IS-I) cells contain CR, the soma of IS-I cells is in str. oriens,
pyramidale, or radiatum and the dendrites span most layers (Acsády et al. 1996a;
Gulyás et al. 1996). They target CB-positive dendrite-inhibiting interneurons but
avoid PV-expressing BCs and axo-axonic cells. Furthermore, these interneurons
form extensive mutual inhibitory connections as well as making dendrodendritic
contacts coupled by gap junctions (Gulyás et al. 1996; Fig. 10).

(14) Type II (IS-II) cells express VIP and their soma is found in str. radia-
tum, often at its upper border, whereas the dendrites mostly extend into the
str. lacunosum-moleculare and are densely spiny. These interneurons preferen-
tially innervate CCK/VIP-positive basket cells. Furthermore, they form inhibitory
synapses onto CR interneurons, thereby contributing to the mutual inhibitory
network of IS-I cells, but receiving no output from this network.

(15) Type III (IS-III) cells contain both VIP and CR and have soma located in str.
pyramidale or radiatum with radial dendrites, which show either unipolar or bipolar
morphologies spanning most layers and forming a tuft in the str. L-M (Acsády et al.
1996b; Gulyás et al. 1996; Chamberland et al. 2010). IS-III have an axon mostly
localized to str. oriens and mainly target SOM-positive interneurons in this layer, in
particular O-LM cells, with a connection probability of 56%, which is higher than
for BCs (10%) or BSCs (16%), but they never contacted CA1 PCs (Tyan et al. 2014).
Interestingly, as their main targets, the O-LM cells, IS-IIIs also express mGluR1α

on their somatodendritic domains (Ferraguti et al. 2004), and additionally mGluR7
are localized to their axon terminals (Somogyi et al. 2003).

INs with Local and Long-Range Projecting Axons

While interneurons are characterized by an extensive local axon restricted to a
given area, it has long been noted that axon collaterals of some types, for example,
those localized close to the fissure, such as CA1 PPA cells, crossed boundaries of
the area and often extend into the neighboring area, e.g., the ML of the dentate
gyrus (Vida et al. 1998). Additionally, interneurons were identified with major axon
collaterals forming distinct collateralizations in other hippocampal areas. First and
most prominent example was described by Sík et al. (1994) as BP cells found in the
str. oriens of the CA1 area (see type 12 above). Finally, a subset of INs possesses
both local and long-range projecting axons, targeting retrohippocampal regions or
the septum. The latter two group of INs are referred to as projection INs and are
believed to synchronize activity across brain regions, allowing coordinated neuronal
firing.

(16) Back-projection (BP) interneurons. This interneuron type was named for
its extensive axon projecting “back” to the CA3 area and the hilus from the CA1
(Sík et al. 1994, 1995). BP cells have been suggested to correspond to a subset of
NADPH-diaphorase and NOS-immunoreactive cells (Sík et al. 1994) and were also
found to express SOM and CB (Goldin et al. 2007; Gulyás et al. 2003; Table 8). The
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Fig. 10 IS interneurons of the hippocampus. (a) Camera lucida drawing of CR-containing
interneurons of the CA1 area (cell bodies and dendrites are in black; axons are in red). The
cells often form dendrodendritic and axodendritic contacts with each other. Synaptic partners are
indicated by dotted outlines. Arrowheads indicate locations where the dendrites ran parallel in
close contact. (b) Simplified schematic representation of hippocampal microcircuits including IS
interneurons (“disinhibitory cells”). IS cells are interconnected by dendrodendritic (bars on den-
drites) and axodendritic contacts which presumably serve their rhythmic and synchronized activity.
The cells’ output is directed to and controls the activity of several types of inhibitory interneurons
including CCK- and VIP-containing BCs (VIP/CCK GABA), O-LM interneurons (SOM GABA),
and CB-immunoreactive dendritic inhibitory interneurons (CB GABA). (Reproduced from Gulyás
et al. 1996 with permission. © The Society for Neuroscience)

somatodendritic domain of BP cells is bipolar and confined to the str. oriens and
shows similarities to other horizontal interneuron types of this layer (e.g., O-LM
cells) including the presence of long, thin spines. The total length of axon collaterals
is 20,642 μm, 59% of which is in the CA1 region and 41% project back to CA3 area
innervating the str. oriens and radiatum. The synaptic connections of these cells
have not been studied in detail, but they form synapses on dendrites and somata of
pyramidal cells in the CA1 (Sík et al. 1994).

On the basis of their local axonal distribution, these cells may overlap with
previously described oriens-BSC and/or TL cells identified morphologically in
slice preparation. Furthermore, interneurons with long-range projection to the
septum (double-projections cells; see below) have similar neurochemical profile
and intrahippocampal projection pattern and may overlap, at least partially, with
this interneuron type (Gulyás et al. 2003; Goldin et al. 2007).

(17) Corticotropin-releasing hormone-expressing interneurons. A recently
described CA1 interneuron type, which selectively expresses corticotropin-releasing
hormone (CRH) (Yan et al. 1998; Hooper and Maguire 2016). Found within the
CA1 str. pyramidale, these neurons also express SOM (40% of neurons), CB (27%
of neurons), and CR (23% of neurons) and may also express PV and CCK. They
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have large ovoid somata and vertically oriented dendritic tree, spanning str. oriens
and radiatum, reminiscent of CA1 PCs. Their axon projects to the str. pyramidale of
CA3, providing strong inhibition to cell bodies of CA3 PCs (Hooper and Maguire
2016).

(18) RADI cells express CB and COUP-TFII and have somata in str. L-M, with
short dendrites that remain in the same layer (Fuentealba et al. 2010). The axon
of RADI cells densely innervates str. radiatum, forming synaptic contacts with the
dendrites of CA1 PCs and other interneurons, but minimally ramifies in str. L-M. In
addition, RADI cells send an axon collateral across the hippocampal fissure to str.
granulosum of the DG, forming BC like synapses with the cell bodies of dentate
granule cells (Fuentealba et al. 2010).

(19) Double-projecting interneurons are characterized by a long-range axonal
projection to the septum and retrohippocampal areas, in addition to its intrahip-
pocampal axon (Jinno et al. 2007; Fig. 11). Similar to many other interneuron
types in the oriens/alveus, their somata and dendrites are located in str. oriens
and they are immunoreactive for SOM, CB, NPY, and MGluR1α (Gulyás et al.
2003; Jinno et al. 2007). Interestingly, in the CA3 interneurons with hippocampo-
septal projection also exist and mostly express SOM, but instead of CB they
show CR immunoreactivity (Gulyás et al. 2003). In the CA1, they have horizontal

Fig. 11 Long-range projecting interneurons of the hippocampus. The schematic diagram shows
the three main subsets of CA1 hippocampal GABAergic neurons projecting to the septal and/or
retro-hippocampal areas. The first major population (double-projecting cells, in red) is located
in str. oriens and projects to both the retrohippocampal and septal areas. The second population
(oriens/retrohippocampal projection cells, in green) is less common in str. oriens, projects
exclusively to the subicular areas, and shows diverse molecular expression profiles, as indicated
below the cell. The third population (radiatum/retrohippocampal projection cells, in brown), found
in the str. radiatum and lacunosum-moleculare, projects to retrohippocampal areas but not to the
septum. (Reproduced from Jinno et al. 2007 with permission. © The Society for Neuroscience)
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dendrites restricted to the str. oriens; however some multipolar and vertical exam-
ples have been observed. Double-projecting neurons have intrahippocampal axonal
arborization in the CA3 and DG, in addition to their thick and strongly myelinated
long-range retrohippocampal and a septal axon collaterals. The major divergence
of double-projecting cells is with respect to their target cells. While some of these
interneurons contact spiny principal cell dendrites (Jinno et al. 2007), others have
been shown to preferentially contact interneuron dendrites (Gulyás et al. 2003).
Therefore it remains ambiguous to what extent these cells are one class or multiple
subtypes.

(20) Oriens/retrohippocampal projection cells have somata and bipolar, horizon-
tal dendrites confined to str. oriens, comparable in morphology to other horizontally
oriented str. oriens/alveus interneurons. These interneurons are immunoreactive for
CB, as well as SOM. Oriens retrohippocampal projection INs possess a dense axon
in str. radiatum and oriens of CA1, where they predominately contact CA1 PC
dendrites (Jinno et al. 2007). The myelinated projection axon ramifies in either
subiculum or the mEC where, in contrast to the local collaterals, it seems to
preferentially form synapses onto INs (Melzer et al. 2012).

(21) Radiatum/retrohippocampal projection interneurons have soma located at
the str. radiatum/L-M border region and radially oriented dendrites spanning these
layers. Their axon which may form local synapses in the str. L-M sends a thick,
myelinated axon to the subiculum, presubiculum, retrosplenial cortex, and indusium
griseum, where it preferentially forms synapses with GABAergic interneurons
dendrites.

Interneurons of the DG and Hilus

The layering of the DG differs markedly from that of the CA areas. Therefore,
many of the DG interneuron types show differences in their morphology to
their counterparts in those areas. In the following section, we briefly review the
main morphological feature and connectivity, whenever known, of the major DG
interneuron types.

Perisomatic Inhibitory Interneurons

(1) Fast-spiking PV-BCs are the best investigated interneuron type of the DG (Han
et al. 1993; Halasy and Somogyi 1993b; Scharfman 1995; Sík et al. 1997; Mott et al.
1997; Bartos et al. 2001, 2002; Doischer et al. 2008; Nörenberg et al. 2010). The
somatodendritic morphology is reminiscent of pyramidal cells. The large triangular
or ovoid soma is located in the granule cell layer, often at the border to the hilus.
Apical dendrites extend into the molecular layer and can receive input from all
major afferent pathways. Basal dendrites are found in the hilus and receive recurrent
excitatory input from mossy fibers mediated by multiple, 2–4 distributed contacts
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(Geiger et al. 1997). The mean surface area of the apical and basal dendrites of in
vitro labeled BCs is 7600 and 2200 μm2, respectively (Nörenberg et al. 2010). The
main postsynaptic targets of BCs are GCs (Geiger et al. 1997; Kraushaar and Jonas
2000; Bartos et al. 2002). Similar to the CA areas, DG PV-BCs are also extensively
coupled by mutual inhibitory synapses (70–80% connectivity for closely spaced
BCs) and gap junctions (∼30% connectivity, Bartos et al. 2001, 2002).

(2) CCK-BCs were described in the in vivo labeling study by Sík et al. (1997),
but no further data have been obtained from identified CCK-BC from the DG.

(3) AACs of DG were first described in detail by Han et al. (1993) and Buhl
et al. (1994a, b). Somatodendritic morphology of AACs is largely similar to that of
BCs. The output is directed exclusively to the axon initial segment of GCs. These
synapses involve multiple contact sites; in case of one AAC-GC pair, eight contacts
were identified and the number of AACs converging onto the same initial segment
was calculated to be five (Buhl et al. 1994a).

Dendritic Inhibitory Interneurons

(4) Molecular layer perforant path-associated (MOPP) interneurons are located in
the molecular layer and project to the outer two-thirds of this layer co-aligned with
the perforant path (Han et al. 1993; Halasy and Somogyi 1993b; Sík et al. 1997).
A subset of molecular layer interneurons shows a similar projection in the DG, but
many of its axon collaterals cross the hilus and terminate in the CA1 area and/or the
subiculum (“OML cells,” Ceranik et al. 1997; Hosp et al. 2005). Many features of
these interneurons correspond to those of CA1 PPA cells.

(5) Hilar perforant path-associated (HIPP) interneurons (Han et al. 1993; Halasy
and Somogyi 1993b; Sík et al. 1997; Hosp et al. 2005) correspond to O-LM
interneurons of the CA areas. Their soma and dendrites are confined to the hilus
and receive recurrent excitation from the mossy fibers. Their axon terminates in the
outer two-thirds of the molecular layer parallel to the perforant path. Thus, HIPP
interneurons constitute the main feedback dendritic inhibitory cell types of the DG.
Similar to O-LM cells, HIPP cells express SOM (Katona et al. 1999a).

(6) Hilar commissural/associational path-associated (HICAP) interneurons are
characterized by an axon in the inner molecular layer, co-aligned with the com-
missural/associational path (Han et al. 1993; Halasy and Somogyi 1993b; Sík et al.
1997; Lübke et al. 1998; Hosp et al. 2005). The soma is located in the hilus, and the
dendrites are found both in the hilus and in the molecular layer. Therefore, HICAP
cells can mediate both feedforward and feedback inhibition.

(7) Total molecular layer (TML) interneurons project to the molecular layer,
covering vertically the entire layer (Mott et al. 1997; Hosp et al. 2005). The soma
is located in the cell body layer and the dendrites extend into both the hilus and the
molecular layer. Therefore, TML cells can mediate inhibition to the entire dendritic
tree of GCs in both feedforward and feedback manner.
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Genetic Diversity of Hippocampal Interneurons

All of the neurochemical classifications of interneurons rely on differential transla-
tion of proteins, either calcium-binding, neuropeptides, transmembrane receptors
and channels, or transcription factors and enzymes. All of these differentiating
factors rely on differential gene expression, through DNA transcription to RNA
translation. Recent advances in single-cell reverse-transcriptase PCR (RT-PCR) and
RNA sequencing (RNAseq) have allowed detailed characterization of individual
genetic markers and classification of inhibitory interneurons in an unbiased manner.
Despite the early stage that this form of analysis is, we will highlight several genetic
divergences, which partly explain interneuron diversity (Monyer and Markram
2004).

The single greatest form of genetic diversity arises from the location from
which interneurons progenitors arise in the brain, the ganglionic eminences. Those
neurons which are formed within the medial ganglionic eminence (mGE) are fated
to become PV, NPY, and SOM. Meanwhile interneurons formed from the central
ganglionic eminence (cGE) contain CCK, Reelin, and VIP. However, there is still
some overlap, with nNOS and CR containing interneurons arising from both mGE
and cGE (reviewed in Wamsley and Fishell 2017). These fate maps of interneuron
development are underlain by precise genetic cues, with mGE expression of Nkx2.1,
Lhx6, Sox6, and Sip1, the order of which defines the maturation state of these
interneurons. cGE VIP neurons meanwhile selectively express Igf1, which controls
synaptogenesis in these interneurons.

More recent adoption of single-cell RNAseq methods has allowed unbiased
characterization of interneuron subtypes. For example, using this technique approx-
imately 16 clustered subtypes of CA1 interneuron have been described (Zeisel
et al. 2015). How these subtypes overlap with the 20+ described neurochemical,
anatomical, and electrophysiological types remains to be seen. One technique that
is approaching is the development of Patch-Seq (Fuzik et al. 2016), whereby
electrophysiological recordings can be combined with RNA harvesting and anatom-
ical tracing to determine genetic diversity. This technique, so far only applied to
neocortical CCK interneurons, has identified five CCK subtypes, which is near to
consistent with the number of putative cell types observed in CA1.

Experimental Techniques

Golgi Silver Staining Method

The first experimental approach that enabled detailed analysis of the morphological
features of neurons was the “black reaction” developed by Camillo Golgi in the
late nineteenth century. The Golgi method results in the complete labeling of a
random set of neurons. The sparse staining pattern enables the examination of the
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morphology of individual cells. Many neuroscientists, including Ramon y Cajal,
applied this method successfully to investigate the structure and gain insights into
the function of neurons in various brain areas, including the hippocampus. Although
targeted labeling methods often offer clear advantages, the Golgi method can be still
used to label and characterize abundant cell types (e.g., cortical principal cells). A
modern version of the Golgi staining method can be observed in some transgenic
lines, such as Thy1-GFP mice, in which green fluorescent protein is randomly
expressed in a subset of DG GCs (Feng et al. 2000).

Immunocytochemistry

Neurons express a wide variety of molecules which can be detected and visualized
using specific antibodies (Freund and Buzsáki 1996; Somogyi and Klausberger
2005; Jinno and Kosaka 2006). Some of these neurochemical markers are evenly
distributed in the cytoplasm (e.g., PV, CB, and CR) or on the surface of the plasma
membrane (mGluR1a); therefore, the immunostaining can delineate neurons in their
entirety. Morphology of cell types with low density can be investigated using this
method; however, the analysis is often restricted to the somatodendritic domain, as
overlapping axonal arbors cannot be resolved with accuracy.

Targeted Labeling of Single Cells

Microelectrode and whole-cell patch-clamp recordings can be combined with
intracellular labeling, using either fluorescent markers (including ion- and voltage-
sensitive dyes) or biocytin/neurobiotin-based assay systems (Lacaille et al. 1987;
Buhl et al. 1994a). While fluorescent dyes can be directly observed during recording,
biocytin needs to be visualized by histological processing of the tissue after the
recording session. This combined approach enables the identification and detailed
morphological analysis of the recorded neurons to complement the physiological
data. Intracellular staining of synaptically coupled neurons has been successfully
used to establish the number and location of synaptic contacts. Furthermore,
intracellular labeling can be combined with immunostaining to characterize the
neurons neurochemically.

In vitro labeling in acute hippocampal slices has been extensively applied
and provided much of the information on the structure and function of various
hippocampal neurons obtained in the last two decades. However, in vitro labeling
has obvious limitations in that the neurons are incomplete; part of the dendritic
tree and the axon is removed during the slicing procedure. For this reason, in vivo
labeling approaches, despite their lower efficiency and laborious nature, are often
preferable.



78 I. Vida et al.

In Vivo Labeling of Single Cells

In vivo labeling has been performed using microelectrode (Soltész et al. 1993; Sík
et al. 1994) and more recently by whole-cell patch-clamp recordings (Lee et al.
2009). These two methods provide high-resolution electrophysiological data but
inevitably lead to some degree of damage to the neurons. Alternatively, juxtacellular
recordings can be performed (Klausberger et al. 2003). The physiological data,
using this approach, are restricted to the discharge pattern of the neurons, but high-
quality anatomical data can be obtained for correlated light and electron microscopic
investigations.

The Future

Neuroanatomical investigation focusing on hippocampal neurons and networks has
been performed for well over a century. These investigations have identified a large
number of neuron types and provided a growing body of information on their
morphology and synaptic connections. However, despite the extensive research, our
knowledge is still rather limited and patchy, as this chapter also reflects.

First, classification of interneurons with atypical morphological features needs
further attention. Their classification is difficult while often only one or a few
examples exist in the literature. The low numbers conceivably suggest low abun-
dance; however, the recent identification of “Ivy” interneurons (Fuentealba et al.
2008) indicates that there are still significant discoveries to be made. Second,
detailed quantitative information about the morphological structure (Emri et al.
2001; Nörenberg et al. 2010) of many cell types is still missing; this would be
required to create realistic single-cell models and investigate integrative properties
of these neurons. Finally, connectivity of the various types should be systematically
mapped (Li et al. 1992; Megías et al. 2001). While synaptic target profiles are
mostly well established, divergence and convergence factors in the network have
remained often unknown. This information is indispensable for our understanding
of how microcircuits and large-scale networks are built and function under normal
and pathological conditions.

To achieve these goals, we need to invest, no doubt, hundreds of “man-
years” of dedicated and meticulous work. However, recent and future advances in
experimental techniques will offer better conditions, higher efficiency, and improved
resolution to morphological analysis. Novel, high-resolution imaging techniques in
combination with ion- and voltage-sensitive dyes (Rózsa et al. 2004; Homma et al.
2009) and genetically encoded markers (Oliva Jr et al. 2000; Meyer et al. 2002; Livet
et al. 2007) will facilitate correlated investigations of activity patterns and structure
of hippocampal neurons and networks. Improved transsynaptic viral tools should
advance mapping of functional and anatomical connectivity (Boldogkői et al. 2009).
In combination with these methods, post hoc electron microscopic ultrastructural
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investigations remain important to confirm and extend results obtained at the light
microscopic level. While in vitro recording and labeling techniques continue to
dominate hippocampal research, especially in the analysis of individual synaptic
connections, in vivo approaches, such as juxtacellular and whole-cell patch-clamp
recordings (Klausberger et al. 2003; Lee et al. 2009), will become increasingly
important not only for the physiological but also for the anatomical characterization
of the neurons. Wider use of these methods will help us to create large libraries of
neurons and enable us on the one hand to establish general morphological features
of the various neuron types and on the other to better appreciate variability of
individual cells.
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