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Comprehensive Estimates of Potential Synaptic Connections
in Local Circuits of the Rodent Hippocampal Formation by
Axonal-Dendritic Overlap
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A quantitative description of the hippocampal formation synaptic architecture is essential for understanding the neural mech-
anisms of episodic memory. Yet the existing knowledge of connectivity statistics between different neuron types in the rodent
hippocampus only captures a mere 5% of this circuitry. We present a systematic pipeline to produce first-approximation esti-
mates for most of the missing information. Leveraging the www.Hippocampome.org knowledge base, we derive local connec-
tion parameters between distinct pairs of morphologically identified neuron types based on their axonal-dendritic overlap
within every layer and subregion of the hippocampal formation. Specifically, we adapt modern image analysis technology to
determine the parcel-specific neurite lengths of every neuron type from representative morphologic reconstructions obtained
from either sex. We then compute the average number of synapses per neuron pair using relevant anatomic volumes from
the mouse brain atlas and ultrastructurally established interaction distances. Hence, we estimate connection probabilities and
number of contacts for .1900 neuron type pairs, increasing the available quantitative assessments more than 11-fold.
Connectivity statistics thus remain unknown for only a minority of potential synapses in the hippocampal formation, includ-
ing those involving long-range (23%) or perisomatic (6%) connections and neuron types without morphologic tracings (7%).
The described approach also yields approximate measurements of synaptic distances from the soma along the dendritic and
axonal paths, which may affect signal attenuation and delay. Overall, this dataset fills a substantial gap in quantitatively
describing hippocampal circuits and provides useful model specifications for biologically realistic neural network simulations,
until further direct experimental data become available.
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Significance Statement

The hippocampal formation is a crucial functional substrate for episodic memory and spatial representation. Characterizing the
complex neuron type circuit of this brain region is thus important to understand the cellular mechanisms of learning and naviga-
tion. Here we present the first numerical estimates of connection probabilities, numbers of contacts per connected pair, and synap-
tic distances from the soma along the axonal and dendritic paths, for more than 1900 distinct neuron type pairs throughout the
dentate gyrus, CA3, CA2, CA1, subiculum, and entorhinal cortex. This comprehensive dataset, publicly released online at www.
Hippocampome.org, constitutes an unprecedented quantification of the majority of the local synaptic circuit for a prominent mam-
malian neural system and provides an essential foundation for data-driven, anatomically realistic neural network models.

Introduction
The hippocampal formation is a group of cytoarchitectoni-
cally distinct adjoining subregions linked by a largely uni-
directional neuronal pathway (Andersen et al., 1971): the
dentate gyrus (DG), cornu ammonis (CA3, CA2, and CA1),
subiculum (Sub), and entorhinal cortex (EC). Like other
cortical areas, the hippocampus is characterized by a high
degree of neuronal interconnectivity and considerable cel-
lular diversity. A single neuron is typically targeted by thou-
sands of afferents from multiple neuron types, whereas the
efferent output of an individual neuron contacts thousands
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of postsynaptic neurons of multiple types (Halasy et al.,
1996; Ali et al., 1999; van Strien et al., 2009).

Proper hippocampus functioning requires each subregion to
integrate the received information before propagating it to adja-
cent areas (Freund and Katona, 2007; Pelkey et al., 2017; Nilssen
et al., 2018). The local circuits of all hippocampal subregions are
comprised of a glutamatergic principal neuron type and a wide
range of largely GABAergic interneurons, which regulate neural
activity mainly by feedforward and feedback inhibition (Sohal et
al., 2009; Quattrocolo and Maccaferri, 2014; Schmidt-Hieber et
al., 2017). Many interneurons can subserve both mechanisms,
thus providing a functional link between afferent input patterns
and resulting outputs (Bartos et al., 2010; Chamberland et al.,
2010; Tyan et al., 2014). Neuron types exhibit distinct axonal and
dendritic laminar distributions, defining specific connectivity
patterns (Freund and Buzsáki, 1996; Klausberger and Somogyi,
2008; Booker and Vida, 2018). For example, CA1 oriens-lacuno-
sum moleculare (O-LM) interneurons innervate only the apical
tuft of pyramidal cells (PCs) in stratum lacunosum-moleculare
(SLM) and receive inputs only in stratum oriens (SO) (McBain
et al., 1994; Losonczy et al., 2002; Zemankovics et al., 2010).

Local interneuron circuits can generate recurrent activity pat-
terns and transmit these rhythms onto principal cells for broader
network propagation (Tukker et al., 2007; Gulyás et al., 2010;
Quilichini et al., 2010). These oscillations underlie mechanisms of
spatial navigation (Ekstrom et al., 2003; Colgin, 2016) and mem-
ory (Bauer et al., 2007; Jensen et al., 2007), implicating various
interneuron types in different roles (Csicsvari et al., 2003; Szabó et
al., 2010). Several extrinsic afferent pathways from the brainstem
and forebrain nuclei also provide neuron type-selective modula-
tion (Halasy and Somogyi, 1993; Witter et al., 2017; Kinnavane et
al., 2018), powerfully shaping any subsequent output.

The online knowledge base www.Hippocampome.org identi-
fies .120 neuron types throughout the hippocampal formation
(Wheeler et al., 2015) based on axonal and dendritic morphology,
intrinsic and synaptic electrophysiology (Komendantov et al.,
2019; Venkadesh et al., 2019), and molecular expression (White et
al., 2020). This public resource links each property to available ex-
perimental evidence annotated from the peer-reviewed literature
(Hamilton et al., 2017).

Despite the wealth of knowledge regarding the rodent hip-
pocampus, quantitative estimates of connection probabilities
among specific neuron types are extremely sparse, accounting
for only 5% of the estimated 3120 pairs of potentially connected
neuron types (“potential connections”). Local circuits make up
more than three-fourths of all potential connections in the hip-
pocampal formation (Rees et al., 2016). Although much of these
data can be derived in principle from electron microscopy, the
painstaking amount of time, effort, and resources required for
that approach has so far limited the connectivity quantification
to a minor proportion of the circuit (Megías et al., 2001;
Mishchenko et al., 2010; Schmidt et al., 2017).

Here we present a data-driven pipeline to estimate most
local connection probabilities among www.Hippocampome.org
neuron types. Using a custom image processing approach, we
quantify the layer-specific distributions of axonal and dendritic
lengths for .200 representative neuron morphology recon-
structions from all subregions of the hippocampal formation.
From these data, in conjunction with available volumes for
each anatomic parcel and ultrastructural reports of synaptic
interaction distances, we estimate the probability of spatial
overlap between potential presynaptic axons and postsynaptic
dendrites. Hence, we calculate the average number of synapses

for almost 2000 pairs of neuron types (see Fig. 1) as well as their
mean synaptic distances from the soma along the axonal and
dendritic paths.

Material and Methods
Data sources. We analyzed 1-5 reconstructed morphologies

per identified neuron type in www.Hippocampome.org (for rep-
resentative examples, see Fig. 2A): 35 reconstructions for 18 neu-
ron types in DG, 35 for 22 neuron types in CA3, 8 for 5 neuron
types in CA2, 85 for 40 neuron types in CA1, 6 for 3 neuron
types in Sub, and 56 for 27 neuron types in EC. Each two-dimen-
sional reconstruction corresponds to a published neuronal trac-
ing image in the peer-reviewed literature (detailed in Extended
Data Figs. 2-1, 2-2, 2-3, 2-4, 2-5, 2-6; Gupta et al., 2012; Liu et al.,

Figure 1. Hippocampal circuitry. A, Subregional delineation of the hippocampal formation.
Circles represent neuron types. Numbers in parentheses indicate their counts. Blue arrows
indicate the local outgoing connectivity of a representative neuron type for every major sub-
region: DG MOPP, CA3 bistratified, CA1 SO-SO, and EC LIII pyramidal. B, The connection prob-
ability is unknown for most (2953) of the 3120 hippocampal potential synapses. Continuous
line indicates the proportion of connection probabilities estimated by axonal-dendritic over-
lap. Dotted line indicates the connections excluded from analysis. C, Relative fractions and
absolute numbers of local axonal-dendritic connections in each subregion, for which quanti-
tative estimates were previously reported, were unknown and are estimated here, or remain
unknown because of lack of morphologic reconstructions.
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2014; Han et al., 1993; Anderson et al., 2011; Spruston et al.,
1997; Hájos et al., 2004, Hájos et al., 2013; Craig et al. 2015;
Maccaferri et al., 1996; Kirson et al., 2000; Buhl et al., 1994;
Pawelzik et al., 2002; Varga et al., 2014; Martínez et al. 1996;
Lapray et al., 2012; Daw et al., 2009; Klausberger, 2009;
Klausberger et al., 2004; Acsády et al., 1996a,b; Gulyás et al.,

1996; Tricoire et al., 2010; Fuentealba et al., 2008a,b; Karayannis
et al., 2010; Fuentealba et al., 2010; Hájos et al., 1997; Tricoire et
al., 2010; Martina et al., 2000), with sometimes multiple recon-
structions coming from the same publication. We selected the
reconstructions based on five inclusion criteria: (1) the neuron
type was present in www.Hippocampome.org version 1.7 to

Figure 2. Morphologic reconstructions of hippocampal neuron types and their image processing. Details regarding the full dataset and sources are reported in Extended Data Figures 2-1–2-
10. A, Representative tracings of selected neuron types from different subregions of the hippocampal formation: black represents glutamatergic; gray represents GABAergic. A1, DG HIPP (Hosp
et al., 2014); A2, CA3 Granule (Szabadics et al., 2010); A3, EC LII Basket Multipolar Interneuron (Tahvildari et al., 2012). B, Exemplary cases of image processing for pixel count and neurite
path tracing. B1, CA1 Basket cell reconstruction (S. Y. Lee et al., 2011): red represents axons; black represents dendrites. B2, Extraction of the SR (yellow frame) dendrites from the original
image. B3, Estimation of mean distance from the soma along the dendritic path. We traced and averaged up to five dendrites per parcel. C, Connection probability estimation. C1, CA1 LMR-
Projecting presynaptic interneuron. Reproduced from Klausberger et al. (2005). C2, CA1 Neurogliaform postsynaptic interneuron. Reproduced from Price et al. (2005). C3, Axonal-dendritic over-
lap in SO: green represents bistratified axons; blue represents O-LM dendrites. Orange sphere represents the zoomed-in volume of interaction (radius = 2mm). A1, A2 and C1 100 mm; A3,
B1–B3, 50mm, C2 and C3 25 mm. B, C, Images have been modified from the originals to enhance colors.
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obtain maximum coverage of the knowledge base; (2) the image
contained a calibration scale bar and clear demarcations of rele-
vant layer and subregional boundaries; (3) the traced dendritic
and axonal distributions as well as soma location corresponded
to the textual description in the source publication; (4) the recon-
struction included both axons and dendrites, except for periso-
matic-targeting neuron types (basket and axo-axonic cells), for
which only dendrites were considered; and (5) axons and den-
drites could be unambiguously discerned and ascribed to a single
neuron type (for this reason, we excluded reconstructions from
paired recordings).

It is important to note that the 225 used reconstructions
come from 96 different publications encompassing a broad
variety of experimental preparations (Extended Data Fig.
2-7; Hamam et al., 2000, 2002; Kispersky et al., 2012; Leão
et al., 2012; Lee et al., 2010; Lübke et al., 1998; Szabó et al.,
2014; Martónez et al., 1996; Gulyás et al., 1993; Canto et al.,
2012a; Ferrante et al., 2016; Glickfield et al. 2006; Harris et
al., 1999; Burgalossi et al., 2011; Hájos et al., 1998; Garden
et al., 2008; Canto et al., 2012b; Ferraguti et al., 2005; Bell et
al., 2013; McQuiston et al., 1999; Tahvildari et al. 2005;
Middleton et al. 2008; Gloveli et al. 2001; Svoboda et al.
1999; Oliva et al., 2000; Soriano et al., 1993; Spruston et al.
2007), including differences in animal species, strain, age,
and sex (both females and males were used), as well as his-
tologic details, such as slice orientation, section thickness, re-
cording technique, and labeling method. This heterogeneity of
data sources requires adequate data normalization strategies,
described in the next section, and extreme caution in interpreting
the results (see Discussion).

Axonal and dendritic lengths. In order to extract parcel-spe-
cific neurite lengths, we isolated the axonal and dendritic
reconstructions of each neuron type according to the different
layers of each subregion (see Fig. 2B). Starting from the origi-
nal unmodified image, we manually segregated the axons and
dendrites within each anatomic parcel using the GNU Image
Manipulation Program (GIMP 2.8; www.gimp.org), and sepa-
rately saved the axonal and dendritic domains in distinct files
for every layer and subregion. Next, we dissected each image
into different channels for white (background) and nonwhite
(neurites) pixels with a custom-made MATLAB algorithm (www.
github.com/Hippocampome-Org/QuantifyNeurites), which returns
the neurite pixel count. We carefully inspected each separate image
channel to confirm visually that the algorithm isolated the appropri-
ate signals. The length in pixels of the calibration scale bar was
measured with the open-source program Plot Digitizer (www.
plotdigitizer.sourceforge.net).

The conversion from pixel numbers to parcel-specific length
requires three logical steps. The first accounts for the nonuni-
form tracing widths across images: often neuronal arbors (espe-
cially dendrites) are reconstructed with variable branch thickness
ranging from single to multiple pixels. To solve this issue, we
randomly selected three locations for every neuron image, parcel,
and neurite domain, measured the branch width in pixels at each
location, and averaged the three values. The second logical step
requires calculating the pixel length in physical units, which is
simply the nominal calibration scale-bar value (in microns) di-
vided by the measured bar length in pixels. Consequently, the
parcel-specific neurite length is obtained by multiplying the pixel
count for that neurite in the given parcel by the physical pixel
length and dividing the result by the average branch width in
pixels. The final step corrects for the artifactual flattening of
three-dimensional arbors into two-dimensional images by

combining the parcel-specific lengths lp with the reported section
thickness ts using Pythagoras’ formula as follows:

Lc
p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
l2p 1 t2s

q
; (1)

where Lcp represents the final corrected length.
The majority of the available reconstructions (78%) were

from rat, and most of those (56% of the rat data) came from
adult (�1-month-old) animals. For several neuron types, how-
ever, tracing data were only available for young adult (defined as
13–30 d old, consistent with www.Hippocampome.org) rats
(34%) or from mice (21%). Normalizing all lengths to the adult
rat setting requires two scaling factors: one for young to adult
and another for mouse to rat. Seminal studies have measured the
differences in arbor size between adult and juvenile rats in the
hippocampus and elsewhere: Bannister and Larkman (1995)
reported a length ratio of 1.10 for CA1 PCs, but this may be an
underestimate because of nonuniform histologic processing, and
pointed to parallel studies suggesting a ratio of 1.24 for the same
neuron type (Ishizuka et al., 1995). Also investigating CA1 PCs, but
solely focusing on the basal dendrites, Juárez et al. (2008) provided
lengths corresponding to a ratio of 1.30. The same authors also
included data for principal cells in the PFC (adult/juvenile ratio of
1.14) as well as GABAergic neurons from the NAc (ratio of 1.20).
Taking this evidence into consideration, we chose to correct the
length measurements (Lcp) from young animals by the multiplicative
factor of 1.20. In order to normalize mouse length values to rats, we
used the cubic root of the parcel-specific volume scaling factor,
which is described at the end of the next section (see below and
compare Extended Data Fig. 2-8).

Average number of synapses per neuron pair. We calculate
the average number of synapses per pair of presynaptic and post-
synaptic neurons, Ns, from their parcel-specific axonal and den-
dritic lengths by separately estimating the numbers, Nsx, of
axonal-dendritic overlaps in each parcel x (Amirikian, 2005;
DeFelipe, 2015). For any x, the value Nsx can be derived as the
product of three factors: the probability that presynaptic and
postsynaptic elements occur within a given interaction distance
r, the number of presynaptic elements (axonal boutons) in the
given anatomic parcel, and the number of postsynaptic elements
(dendritic spines or shafts) in the same parcel. The first factor is
given by the ratio between the volume of the interaction sphere
within which the two elements must be and the volume of the
entire parcel, Vx. The second factor is given by the presynaptic
axonal length in parcel x, Lax, divided by the average distance
between consecutive presynaptic boutons, bd. The third factor is
given by the postsynaptic dendritic length in x, Ldx, divided by
the distance between postsynaptic elements, sd as follows

Nsx ¼ 4pr3

3Vx
p
Lax

bd
p
Ldx

sd
: (2)

The total count of synapses per directed neuron pair, Ns, is
just the sum of the numbers per parcel,Nsx, over all parcels.

The above calculation requires a series of realistic assump-
tions regarding the needed parameters. We obtained the aver-
age dendritic distance between postsynaptic elements, sd, and
axonal distance between presynaptic elements, bd, from avail-
able ultrastructural measurements in the rodent hippocampus
(1.09 and 6.2 mm, respectively: Extended Data Figs. 2-9, 2-10;
Armstrong et al., 2011; Vida, 2010; Sik et al., 1994; Gould et al.,
1990; Moser et al., 1994; Pierce et al., 2011; Papa and Segal
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1996; Harris and Stevens 1989; Sunanda and Rao, 1995).
Moreover, we set the interaction radius r (see Fig. 2C) to 2 mm,
corresponding to a sphere with 4mm diameter, according to the
sum of two components: a 2.5 mm assessment for bouton size
and synaptic spillover (Coddington et al., 2013) plus a 1.5 mm
estimate similarly ascribed to dendritic spine reach (Papa and
Segal, 1996) and aspiny dendrite thickness (Stepanyants et al.,
2004; Mishchenko et al., 2010). For lack of more specific infor-
mation, these parametric estimates were applied equally to all
pairings of neuron types evaluated.

Stereological investigations offer >suitable estimates for a sub-
set of the required anatomic parcel volumes, Vx, for the adult rat,
namely, all layers of DG, CA3, and CA1 (Extended Data Fig.
2-8). Overall volumes (though not laminar subdivisions) are also
available for CA2 and for the whole hippocampal-subicular com-
plex, but data are missing altogether for the Sub proper and all
layers of the EC (Kamsu et al., 2013). To fill in the required miss-
ing values, we leverage the Allen Reference Atlas, which provides
volumes for each hippocampal parcel in the adult mouse brain
(Erö et al., 2018). Specifically, we calculate a rat/mouse ratio for
the overall CA2 volume and apply that to each CA2 layer; we
then compute by subtraction the rat Sub volume and use it to
calculate a rat/mouse Sub ratio to derive rat estimates for each
subicular layer. Last, we use the rat/mouse volumetric ratio com-
puted over the entire hippocampal formation to estimate the vol-
umes for all entorhinal layers (Extended Data Fig. 2-8; Coleman
et al., 1987; Rapp et al., 1999; Sousa et al., 1999; Wolf et al., 2002;
Lee et al., 2009; Ropireddy et al., 2012).

Number of contacts per connected pair, convex hulls, and con-
nection probabilities. The number Ns, defined above, can be also
construed as the expected number of contacts (in parcel x) per
connected neuron pair, Ncx, multiplied by the connection proba-
bility, px, between the presynaptic and postsynaptic neurons in
parcel x. The first of these values, Ncx, can be derived using a sim-
ilar logic as harnessed in the formulation of Nx, except that
the relative position of the presynaptic and postsynaptic
elements is now constrained by the extant contact between
their respective neurons. In other words, the space available
to form synapses between connected neurons is not the
entire volume of parcel x, but only the volume of intersec-
tion, or overlap, Vo, between the presynaptic axons and
postsynaptic dendrites in that parcel. Thus, if a given pair
of neurons forms at least a single synaptic contact, the
expected number of additional contacts for that pair is as
follows:

Ncx ¼ 4pr3

3Vo
p
Lax

bd
p
Ldx

sd
; (3)

where the volumetric ratio between the sphere defined by the ra-
dius of interaction r and Vo represents the chance of encounter
for any given pair of axonal boutons and dendritic spines or
shafts, and Lax/bd and Ldx/sd correspond, respectively, to the
number of axonal boutons and dendritic spines or shafts in par-
cel x. The volume of intersection, Vo, is given by the following:

Vo ¼ f o Vdx 1Vaxð Þ; (4)

where Vdx and Vax are the subvolumes of parcel x invaded by
the postsynaptic dendrite and presynaptic axon, respectively,
and fo is the overlap factor, which varies from 1

2 at complete
overlap to zero at a single point of synaptic contact. On

average, the volume of overlap in parcel x is therefore given
by the following:

Vo ¼ 1
4

Vdx 1Vaxð Þ: (5)

To measure Vdx and Vax, we extract the convex hull areas in
parcel x from the isolated axonal and dendritic images for each
reconstruction, using the Shape Analysis plug-in (Wagner and
Lipinski, 2013) of the open-source software Fiji. Then we convert
the area measurements from pixel units to mm2 and multiply the
resultant values by the reported slice thicknesses.

The overall number of contacts per connected pair is the sum
of the contacts in each parcel augmented by one, reflecting the
initial assumption that the neuron pair is connected as follows:

Nc ¼ 11
X
x

Ncx; (6)

where the symbol Rx represents the sum over all parcels.
The connection probability for a pair of neuron types in par-

cel x is obtained by dividing the average number of synapses per
neuron pair by the number of contacts per connected pair in the
same parcel as follows:

px ¼
Nx

Ncx
¼ Vo

Vx
: (7)

The overall probability of connection for a pair of presynaptic
and postsynaptic neurons in any parcel is given by the sum of in-
clusive events as follows:

p ¼ 1�Pxð1� pxÞ; (8)

where the symbolPx represents the product over all parcels.
Axonal and dendritic path distances. In order to estimate syn-

aptic path distance from the soma along the axons and dendrites,
we used the Simple Neurite Tracer plug-in (Longair et al., 2011)
of Fiji. Starting from the soma, we traced up to 5 distinct dendri-
tic and axonal paths for each neuron and parcel. We then con-
verted the length measurements from default pixel units to
microns using the pixel length extracted from the calibration
scale bar as described above. For a neurite ending in a parcel, the
ending point constitutes the maximum path distance for that
parcel. For neurites crossing into a subsequent parcel, the cross-
ing point corresponds to the maximum path distance. Similarly,
for neurites crossing from a previous parcel, the crossing point
constitutes the minimum path distance. For somatic parcels, the
minimum distance is zero. In all cases, the average path distance
for a neurite in a parcel was calculated as the average between
minimum and maximum. The mean and SD of these averages
were computed over different paths.

Experimental design and statistical analysis. We calculated
the connection probabilities, number of contacts per connected
pairs, and somatic distances along the presynaptic axon and postsy-
naptic dendrite from the neurite lengths measured for every neuron
type in each subregion and layer, as described above. In order to val-
idate the axonal and dendritic length measurements, we used
Pearson’s correlation analysis for comparing our results with inde-
pendent reports and, whenever available, with author-reported val-
ues for individual neuron reconstructions. Similarly, we used
Pearson’s correlation analysis to compare our estimated number of
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contacts per connected pair with values previously reported for a
subset of CA1 neuron types (Bezaire and Soltesz, 2013).

Once we pooled several neurite measurements to determine the
means and SDs of the neurite lengths and convex hull volumes, we
used SE-propagation formulas for sums and differences as follows:

C ¼ x1 y� z (9)

DC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDxÞ2 1 ðDyÞ2 1 ðDzÞ2

q
; (10)

and products and quotients as follows:

C ¼ x � y
z

(11)

DC ¼ jCj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx
x

� �2

1
Dy
y

� �2

1
Dz
z

� �2
s

; (12)

to calculate the final uncertainties for the average number of synap-
ses per neuron pair, for the number of contacts per connected pair,
and for the connection probabilities. Factors, such as the volume of
interaction and the parcel volumes, were considered constants. In
instances where there was only a single example of a presynaptic
neuron type and only a single example of a postsynaptic neuron
type, we assigned a value of “N/A” to the associated uncertainties.

Resource sharing. All results and underlying experimental
data are freely available through the www.Hippocampome.
org web portal. Specifically, the following values are available
at www.hippocampome.org/php/synapse_probabilities.php:
means and SDs of dendritic and axonal lengths for all neuron
types and parcels; means, SDs, minima, and maxima of the synap-
tic distances from the soma along the axonal and dendritic paths,
for all potentially connected neuron-type pairs and parcels; and
means and SDs for the connection probabilities, average numbers
of synapses per neuron pair, and numbers of contacts per connected
pair, for all pairs of potentially connected neuron types. Each set of

values is linked to the morphologic reconstruction images from
which they were extracted. Additionally, we also provide an online
tool at www.hippocampome.org/php/connprob.php to recalculate
the connection probability and number of contacts per connected
pair for any pair of neuron types on altering the assumptions regard-
ing interbouton and interspine distances as well as interaction radius.

Results
Potential connectivity
The 122 neuron types identified by www.Hippocampome.org
volume 1.7, across the six subregions of the rodent hippocampal
formation (Fig. 1A), give rise to 3120 potential synaptic connec-
tions based on spatial colocation of presynaptic and postsynaptic
elements (Moradi and Ascoli, 2020). Over 71% (2220) of these
connections arise from dendritic-targeting axons in local circuits,
with the rest consisting mainly of projections between different
subregions (23%) and a minority of perisomatic contacts from
basket and axo-axonic cells (6%). Only for 167 potential con-
nections (5%) has the synaptic interaction been experimentally
established (Rees et al., 2016): the remaining, including 2120
local dendritic connections, so far lack any quantitative assess-
ment of synaptic connectivity (Fig. 1B). Our approach allows
for estimating the synaptic connectivity parameters (connec-
tion probability and number of contacts per connected pair) of
1970 potential synapses: 1870 for which no data were previ-
ously reported and 100 for which at least partial data exists in
the literature. The last 250 local dendritic connections cannot
be estimated because of the unavailability of morphologic
reconstructions for the presynaptic or postsynaptic neurons.
Together, the present work fills nearly two-thirds of the miss-
ing data in the hippocampal formation, increasing the available
knowledge .11-fold and leaving only a minority (,35%) of
the potential synaptic connections unknown. Notably, prior infor-
mation was mainly limited to DG and area CA1, whereas residu-
ally absent estimates are restricted to EC and CA3 (Fig. 1C).

Axonal and dendritic length validation
We validated our pixel-count neurite-length-estimation pipeline
(Fig. 2) with two independent approaches. First, we compared

Table 1. Total length estimations of neurites compared with previous reportsa

Area Neuron type Reported length Estimated length Reference

DG Granule D: 27936 74 mm D: 3538.96 328.4 mm Claiborne et al., 1986
D: 33376 88 mm Buckmaster et al., 1992
D: 32216 78 mm Patton and McNaughton, 1995

Mossy D: 53926 313mm D: 4792.96 395.9 mm Kowalski et al., 2010
Basket D: 9800mm D: 6583.46 4277.1 mm Bartos et al., 2001, 2002
MOCAP D: 1108mm

A: 15,750 mm
D: 1258.3mm
A: 14,438.3 mm

Markwardt et al., 2011

HICAP A: 97006 200mm A: 7745.26 642.0 mm Mott et al., 1997
HIPP D: 2500-3200mm

A: 22,500-26,800mm
D: 3839.36 7.3 mm
A: 23,708.76 1683.5mm

Yuan et al., 2017

A: 25,780 mm Sik et al., 1997
Total molecular layer D: 2500-3200mm

A: 22,500-26,800mm
D: 3074.3mm
A: 21,136.4 mm

Mott et al., 1997

CA3 Pyramidal D: 12,4816 2998.9 mm D: 14,624.66 4604.0 mm Ishizuka et al., 1995
Mossy fiber-associated A: 20.3-28.6 mm A: 21,750.96 1714.2mm Vida and Frotscher, 2000
Trilaminar A: 99,770 mm A: 67,180.46 31,195.4mm Sik et al., 1997

CA2 Pyramidal D: 15,405.86 949.7 mm D: 11,111.06 4237.0 mm Ishizuka et al., 1995
SP-SR D: 4200mm D: 4152.9mm Mercer et al., 2012

CA1 Pyramidal D: 11,9156 1030.0 mm D: 10,957.46 1669.4 mm Bannister and Larkman, 1995
D: 13,424.26 1060.9 mm Ishizuka et al., 1995

Basket CCK1 D: 6338mm D: 7372.66 598.4 mm Mátyás et al., 2004
aSee also Extended Data Table 1-1; Buckmaster, 2012.
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our estimations with independent reports of axonal and dendri-
tic length for the same neuron types (Table 1). The results show
a tight correspondence between our estimations and the original
measurements (ratio=0.966 0.19; Pearson’s correlation = 0.99,
p, 0.001). Second, we identified a subset of reconstructions for
which the authors also directly reported neurite lengths (Extended
Data Table 1-1), again demonstrating a tight alignment (ratio=
0.89 6 0.12; Pearson’s correlation=0.90, p, 0.005). While these
data are largely sourced from slice preparations, we include for
completeness a comparison with in vivo reconstructions, when
available (Extended Data Table 1-2; Scorcioni & Ascoli, 2005). As
expected, the traceable extent of axons intracellularly labeled in vivo
is substantially longer and more variable because of factors, such as
the duration of current injections (Li et al., 1993).

Laminar distributions of axons and dendrites
The distribution of local axonal and dendritic lengths across
layers of the hippocampal formation varies by neuron type
and subregion. Here we report the relative proportions (Fig. 3)
as well as the means and SDs (Extended Data Figs. 3-1, 3-2, 3-
3, 3-4, 3-5, 3-6) for a representative subset of neuron types in
each subregion. The comprehensive data for all neuron types
are available at www.hippocampome.org/php/synapse_
probabilities.php. For neuron types whose axon invades differ-
ent subregions, we only account for the local collaterals in this

analysis. For example, only 78.36 8.3% of the DG Granule cell
(GC) axons remain in the hilus, while the remaining 21.66 9.64%
(not shown) cross over into CA3 stratum lucidum (SL) and stra-
tum pyramidale (SP). DG interneurons regulate GC activity by
innervating specific parcels (Fig. 3A; Extended Data Fig. 3-1). For
instance, DG basket cells innervate stratum granulosum (SG),
whereas HICAP neurons extend their axons into the inner one-
third of stratum moleculare. Both interneuron types spread their
dendrites across all four DG layers, although nearly half of the
Basket cell dendrites (.48%) are found in the outer two-thirds of
stratum moleculare (SMo), while the HICAP distribution is more
uniform (27% in SMo, 41% in hilus, and 32% between SG and
inner one-third of stratum moleculare). Other interneurons, such
as HIPP and MOPP, restrict their axon terminals within SMo and
are differentiated by their dendrite localizations: HIPP in hilus and
MOPP in SMo.

For the CA3 local circuit, we illustrate 8 of 22 neuron types
(Fig. 3B; Extended Data Fig. 3-2), with the remaining data
reported online. The CA3 principal cells are the PC, whose local
axons form recurrent collaterals in stratum radiatum (SR) and
SO and dendrites invade in different proportions all layers: SLM,
SR, SL, SP, and SO. Our estimations confirm previous reports
indicating that basal dendrites account for ;42%-45% of the
whole dendritic tree (Ishizuka et al., 1990). Whereas both CA3
Ivy and Bistratified cells have axons and dendrites extending

Figure 3. Relative laminar distributions of dendritic and axonal patterns across subregions (see Extended Data Figures 3-1–3-6 for absolute means and SDs). Heatmap distributions of dendrites
(blue) and axons (red) for representative neuron types in DG (A), CA3 (B), CA2 (C), CA1 (D), Sub (E), and EC (F) (n=8 for DG, CA3, CA1, and EC; n= 3 for CA2 and Sub). Each row corresponds to
the labeled neuron type (black represents glutamatergic; gray represents GABAergic), and each column represents a different subregion’s layer. HEGC, Hilar Ectopic Granule; SGC, Semilunar GC; MC,
Mossy cell; BC, Basket cell; HICAP, Hilar Commissural Associational Pathway-related cell; MOLAX, Total Molecular Layer cell with only MOlecular Layer AXons; NGFC, Neurogliaform cell; PCc, CA3c PC;
BiC, Bistratified cell; IS Oriens, Interneuron-Specific Oriens; MFA, Mossy Fiber-Associated cell; R, Radiatum cell; C-R, Cajal-Retzius cell; SCA, Schaffer Collateral-Associated cell; SO-SO, Stratum Oriens-
Oriens cell; EC-Proj-PC, Entorhinal Cortex Projection PC; CA1-Proj PC, CA1 projection PC; AA, Axo-Axonic cell; LI-II MPC-PC, LI-II Multipolar-PC; LI-II PC-fan, LI-II Pyramidal-Fan cell; MEC LII Stellate,
MEC LII Stellate cell; MEC LV Sup PC, MEC LV Superficial PC; MEC LII BC, MEC LII Basket cell; MEC LIII Sup MPI, MEC LIII Superficial Multipolar Interneuron cell.
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from SR to SO, the present analysis reveals that bistratified cells
are 3- to 4-fold longer than ivy in both axonal (55.6 mm vs 18.4
mm) and dendritic trees (14.3 mm vs 3.3 mm). Other CA3
interneurons (e.g., O-LM or Interneuron-Specific Oriens and
Radiatum cells) restrict their dendrites to SO, while CA3 radia-
tum cells confine into a single layer both their axons and
dendrites.

In area CA2 (Fig. 3C; Extended Data Fig. 3-3), PCs also dis-
tribute their dendrites across all layers but concentrate their
axons in SO (63.66 24.0%), with smaller proportions in SR and
SP, again corroborating earlier reports (Ishizuka et al., 1995).
CA2 Bistratified neurons display quantitatively similar axonal
and dendritic patterns from SR to SO, aligned with the arbor dis-
tributions of homologous cell types in different hippocampal
subregions (Mercer et al., 2007).

www.Hippocampome.org volume 1.7 identifies 37 distinct
interneuron types in subregion CA1 (compare Somogyi and
Klausberger, 2005), 8 of which were further investigated by
Bezaire and Soltesz (2013). CA1 PCs have dendrites spanning all
layers in proportions comparable to previous reports (Bannister
and Larkman, 1995; Ishizuka et al., 1995) but axons restricted to
SO (Fig. 3D; Extended Data Fig. 3-4). Axo-axonic, fast-spiking
Basket, and Basket CCK1 (BC CCK1) types innervate only SP,
directly modulating CA1 PC somatic activity, similarly to previous
reports (Fuchs et al., 2007). Our analysis shows that among the
dendritic-targeting interneurons, Bistratified and Schaffer
Collateral-associated Axons mainly innervate SR, whereas CA1 Ivy
cells show a strong preference (;68%) for SO. Other neuron types
exclusively target SLM (e.g., Neurogliaform and O-LM cells).

www.Hippocampome.org identifies three neuron types in the
Sub (Fig. 3E; Extended Data Fig. 3-5). The EC-Projecting and
CA1-Projecting PCs show qualitatively similar, but quantitatively
distinct, dendritic and local axonal distributions, whereas subicu-
lar Axo-axonic cells have dendrites restricted to SM and axons to
SP. Interestingly, the local subicular circuit includes axons in the
polymorphic layer, despite the dearth of identified postsynaptic
elements in www.Hippocampome.org volume 1.7. This under-
scores the prospect of discovering new neuron types in this sub-
region to receive the transmitted signals (Kinnavane et al., 2018)
(see Discussion).

The EC is traditionally divided into lateral and medial (MEC)
components, respectively, implicated by electrophysiological evi-
dence in objects representations and spatial tasks and underlying
distinguishable connectivity patterns (Masurkar et al., 2017).
Despite this functional and architectural partition, several neu-
ron types are common to both areas (Canto et al., 2008), such as
LI-II Multipolar-Pyramidal, LI-II Pyramidal-Fan, LIII Pyramidal,
each with their own quantitatively distinct axonal-dendritic distri-
butions (Fig. 3E; Extended Data Fig. 3-6). Stellate cells are the
most numerous neuron type in MEC, with dendrites equally dis-
tributed across layers I and II and axons spread across all six
layers, according to our analysis. In addition, our results indicate
that two identified interneuron types have axonal innervations re-
stricted to the superficial layers of MEC: LII Basket, LIII
Superficial Multipolar Interneuron; however, the former preferen-
tially target LII (.75%), whereas the latter target LIII (.83%). We
report further quantitative data for all additional neuron types at
www.hippocampome.org/php/synapse_probabilities.php.

Connection probability
Based on the dendritic and axonal length distributions, we esti-
mated the connection probability p (Eq. 8), for each directional
pair of neuron types in the local circuit (Fig. 4). This probability

can be interpreted as the average fraction of neurons of the post-
synaptic type contacted by a given neuron of the presynaptic
type or, equivalently, the average fraction of neurons of the pre-
synaptic type contacting a given neuron of the postsynaptic type.
Figure 4 illustrates the complete set of probabilities by presynap-
tic sources and postsynaptic targets for the main hippocampal
subregions. Here we summarize the mean values and coefficients
of variation (CV) for each “connection category”: excitatory to
excitatory (E-E), inhibitory to excitatory (I-E), excitatory to in-
hibitory (E-I), and inhibitory to inhibitory (I-I). Specifically,
within each subregion, we average the individual connection
probabilities for all pairs of neuron types corresponding to each
connection category; for example, the E-E category includes all
pairs of excitatory presynaptic neuron type and excitatory post-
synaptic neuron type as long as the presynaptic axons share at
least one parcel with the postsynaptic dendrites (defining a
potential connection) and unless that connection has not been
refuted experimentally (Rees et al., 2016).

The local DG circuit (Fig. 4A), which includes five differ-
ent glutamatergic types, including GCs (that do not have
potential connections with each other), exhibits a greater
connection probability for E-E pairs (0.666 0.10%, CV
range = 0.18-1.60, n = 21 pairs of neuron types) than for I-E
pairs (0.596 0.08%, CV range = 0.15-2.45, n = 44), with inter-
mediate values for E-I (0.616 0.08%, CV range 0.11-2.09,
n = 53) and I-I (0.596 0.06%, CV range 0.20-4.04, n = 110). In
contrast, connectivity analysis in CA3 (Fig. 4B) reveals a
higher probability from inhibitory cells (I-E: 0.816 0.11%,
CV range= 0.04-4.08, n= 38; I-I: 0.596 0.04%, CV range = 0.07-
3.54, n=213) than from the three types of excitatory cells (E-E:
0.406 0.09%, CV range = 0.04-2.94, n=8; E-I: 0.356 0.05%, CV
range= 0.04-2.98, n=48). The probability of CA3 PCs to CA3
PCs, alone, is 1.06 0.41% (well matching the 0.9% experimental
value measured by Guzman et al., 2016). This relative trend
holds true for CA2 (not shown in Fig. 4 but included in the
online data at www.Hippocampome.org) and CA1, too, although
with dramatic and opposite differences in absolute values: nearly
an order of magnitude greater in CA2 (I-I: 5.56 1.5%, CV
range= 0.36-0.80, n= 8; I-E: 5.36 3.0%, CV range = 0.43-0.70,
n= 2; E-I: 3.66 2.1%, CV range = 0.80-1.40, n=4; and E-E:
3.16 3.3%, CV=1.04, n=1) and smaller in CA1 (I-I: 0.326
0.02%, CV range = 0.02-4.99, n=852; I-E: 0.386 0.09%, CV
range= 0.02-4.01, n=62; E-I: 0.096 0.04%, CV range = 0.68-
6.23, n= 69; and E-E: 0.076 0.13%, CV range= 1.19-5.30, n=5).
Because of the small number of neuron types discovered in the
Sub to date, there are no characterized local axonal-dendritic in-
hibitory synaptic connections, and the data are very sparse for
the excitatory connections (E-E: 1.46 0.2%, CV range = 0.21-
0.65, n= 4; E-I: 0.286 0.09%, CV range= 0.35-1.06, n= 2). The
EC displays a pattern of synaptic-connection probabilities with
greatest proportions for I-E (0.386 0.22%, CV range= 0.23-4.54,
n= 32) and smallest for E-I (0.256 0.19%, CV range= 0.32-5.72,
n= 61), with intermediate values for I-I (0.306 0.26%, CV
range= 0.73-4.54, n=10) and E-E (0.336 0.07%, CV range =
0.22-5.72, n= 323), the latter of which excludes the refuted MEC
LII Stellate to MEC LII Stellate connections (Dhillon and Jones,
2000; Couey et al., 2013; Kelsch et al., 2014).

Across all local circuits of the hippocampal formation, this
analysis reveals considerably variable, but overall sparse, axonal-
dendritic connection probabilities (mean 6 SD: 0.556 0.79%)
exhibiting a long tail distribution (Fig. 4E), well described by a
log-normal function (Fig. 4F), with a range spanning four orders
of magnitude (0.0084%-9.9%) and a median of 0.33%.

The (very sparse) estimates available in the experimental
literature (Extended Data Fig. 4-1) generally fall within the
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estimated probability ranges derived by our analysis. The
remaining discrepancies may be explained by differences in
preparation details. Specifically, the probabilities previously
reported for DG mossy to DG granule included polysynaptic
connections, whereas our analysis is specific for monosynap-
tic connections, and the CA1 PC to CA1 PC connectivity
may be highly sensitive to slice orientation and intersomatic
distances because of substantial cross-lamellar connectivity
along the longitudinal axis (Yang et al., 2014).

Number of contacts per connected neuron pair
The number of synaptic contacts, Nc, per pair of directionally
connected neurons estimated with our approach (Eq. 6), differs
broadly by presynaptic neuron type and postsynaptic target but
remains within a biologically reasonable range (1-15) for the vast
majority (.95%) of neuron-type pairs (Fig. 5). Over all 1970
local dendritic potential synapses examined, the number of con-
tacts per connected pair had a mean6 SD of 5.76 5.3, a median
of 4.1, and a range of 1.1-62.8 (Fig. 5A).

Figure 4. Connection probability by pair of presynaptic and postsynaptic neuron types. Summary plot of connection probabilities in local circuits of DG (A), CA3 (B), CA1 (C), and EC (D). Presynaptic
(left horizontal axis) and postsynaptic (right horizontal axis) neuron types are labeled with numbers (black represents glutamatergic; gray represents dendritic-targeting GABAergic; blue represents periso-
matic GABAergic) as coded in Extended Data Figures 2-1–2-6 and www.Hippocampome.org. For comparison with sparse estimations available in the literature, see Extended Data Figure 4-1. E, F,
Distributions of axonal-dendritic connection probabilities from all 1970 analyzed pairs of neuron types across all subregions. Blue vertical lines indicate mean. Green vertical lines indicate median.
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The relative patterns concerning the number of contacts was
generally consistent across all hippocampal subregions. The aver-
age number of contacts per connected pair was systematically
larger for inhibitory than for excitatory presynaptic types (DG:
6.76 0.9, n= 154 pairs vs 3.56 0.7, n=74 pairs; CA3: 8.86 0.7,
n= 251 pairs vs 4.06 0.7, n=56 pairs; CA2: 8.96 2.9, n= 10
pairs vs 7.26 4.3, n=5 pairs; CA1: 5.86 0.4, n= 914 pairs vs
2.56 0.8, n=74 pairs; EC: 11.66 3.3, n= 42 pairs vs 3.66 0.3,
n= 384 pairs). Moreover, in areas CA3, CA2, CA1, and Sub, the
number of contacts onto excitatory cells was larger than onto in-
hibitory cells (9.56 1.2, n= 120 pairs vs 5.86 0.3, n=1196
pairs), consistent with other studies (Deuchars and Thomson,
1996; Booker and Vida, 2018). The EC and DG, however, dis-
played an opposite and milder trend with an average of 4.36 0.4

contacts onto excitatory cells (n=420 pairs) and 5.76 0.7 onto
inhibitory cells (n= 234 pairs).

Next, we compared our data with a previous estimation of the
CA1 circuit (Bezaire and Soltesz, 2013). This earlier study
focused on seven dendritic-targeting neuron types: Pyramidal,
Bistratified, Ivy, Neurogliaform, Perforant Path-Associated,
Schaffer Collateral-Associated. For every presynaptic type, they
reported the total number of axonal boutons contacting two dis-
tinct postsynaptic targets: PCs and interneurons. From these
data, it is possible to calculate the average number of synapses
per neuron pair from each of the seven specified neuron types
onto PCs and interneurons. This calculation requires an esti-
mate of the numbers of PCs and interneurons. The aforemen-
tioned study assumes a count of 311,500 PCs and 38,500

Figure 5. Number of contacts per connected pair. A, Distributions of the number of synaptic contacts per connected neuron pair from all 1970 analyzed axonal-dendritic overlaps, across all
subregions. Blue vertical lines indicate mean. Red vertical lines indicate median. Number of contacts per connected pair in local circuits of DG (B), CA3 (C), CA1 (D), and EC (E), with background
colors representing the numerical values according to the heat map next to C. Presynaptic (vertical axis) and postsynaptic (horizontal axis) neuron types are labeled as in Figure 4A-D.
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interneurons in the adult rat CA1. Whereas the former value is
consistent with contemporary literature (Herculano-Houzel et
al., 2011; Murakami et al., 2018), recent reports suggest a more
than doubled abundance of interneurons (Erö et al., 2018). We
thus used a number of 77,000 interneurons and compared the
so-derived average number of synapses per neuron pair with
the corresponding quantities independently obtained in the
present work (Extended Data Fig. 5-1). The two sets of values
are significantly correlated (R= 0.73, p, 0.0002), and the best
fitting line with zero intercept has a slope close to unity (0.91
with the data derived from Bezaire and Soltesz, 2013 as ordinate
and the data from current study as abscissa).

We had previously estimated the number of contacts per con-
nected pair in selected neuron types of the CA3 circuit based on
in vivomorphologic reconstructions embedded in a 3D model of
the hippocampal formation (Ropireddy and Ascoli, 2011). That
earlier study had quantitatively differentiated two distinct com-
ponents of the “recurrent collateral” connectivity between CA3
PCs. Specifically, postsynaptic PCs were found to receive a higher
number of contacts from presynaptic PCs located in the distinct
subfield CA3c (5.66 0.2) than from CA3 PC in the rest of area
CA3 (3.46 0.3). The approach given in the present work
confirms the same qualitative difference, with the number of
contacts from CA3c PCs exceeding those from other CA3 PCs
1.49- to 1.97-fold in the range of interaction radius used in the
two reports (Ropireddy and Ascoli, 2011: 1mm; current study:
2mm). Together, our results are thus well aligned with the very
sparse existing literature estimates while substantially extending
them to the majority of local connections throughout the hippo-
campal formation.

Quantification of trisynaptic circuit
The connection probabilities and numbers of contacts per con-
nected pair allow us to derive a quantitative summary of synaptic
connectivity by layer onto the principal cells of the main

subregions of the hippocampal formation (Fig. 6). While this
analysis is limited to axonal-dendritic interactions in the local
circuit (and the Fig. 6 schematic only illustrates selected presyn-
aptic neuron types), a full understanding of the hippocampal net-
work also requires similar data for projection and perisomatic
presynaptic neuron types. For completeness, we thus collated the
available experimental evidence for these complementary cases
(Extended Data Fig. 6-1; Szabadics et al., 2009; Ganter et al.,
2004; Gloveli et al., 2005b). Of 60 pairs of neuron types with
available data, connection probabilities were reported or deriva-
ble in only 10 cases, and numbers of contacts per connected pair
in 16. In most other cases, the synaptic connections were con-
firmed to exist, but not quantified.

On the one hand, this compilation identifies a set of
“unknown parameters” that are important for computational
simulations but have yet to be measured experimentally. On the
other, it may allow the community to extend, update, and com-
plement the existing quantitative knowledge of the hippocampal
network. According to previous measurements of the CA1 local
circuit in vitro (Takács et al., 2012), 29.3% of CA1 PC boutons
contact other CA1 PCs, 65.9% contact interneurons, and 4.9% of
local synapses are made onto unknown targets. However, experi-
mental evidence from cells labeled in vivo yields different percen-
tages (46.2% interneurons, 39.2% CA1 PCs, 6.9% unknown
targets) and more heterogeneous distributions. In terms of ex-
trinsic inputs, the same study shows that Schaffer collaterals pref-
erentially target CA1 PCs (92.9%) over interneurons (7.1%),
whereas EC temporo-ammonic axons in CA1 SLM predomi-
nantly contact PC dendrites (90.8%).

Laminar distributions of axonal and dendritic path distances
from the soma
To determine the distance from the soma of potential synapses
along the presynaptic and postsynaptic neural arbors, we meas-
ured the layer-specific distributions of the minimum, mean, and

Figure 6. Representative local axonal-dendritic connections onto selected principal cells of the hippocampal formation. Circles represent numbers of contacts per connected pair. Connection
probabilities 6 SDs are shown for each layer and presynaptic neuron. Black represents principal cells; gray represents other glutamatergic cells; colors represents GABAergic interneurons. A,
Synaptic connectivity from seven different presynaptic neuron types onto DG GC. B, Synaptic connectivity from seven different presynaptic neuron types onto CA3 PC. C, Synaptic connectivity
from seven different presynaptic neuron types onto CA1 PC. D, Synaptic connectivity from six different presynaptic neuron types onto EC LV deep PC. SGC, Semilunar GC; GC, Granule cell; MC,
Mossy cell; HICAP, Hilar Commissural Associational Pathway-related cell; HIPP, Hilar Perforant Path-Associated cell; TML, Total Molecular Layer cell; OML, Outer Molecular Layer cell; MOPP,
MOlecular layer Perforant Path-associated cell; MFA, Mossy Fiber-Associated cell; QuadD, Quadrilaminar; R, Radiatum cell; BiC, Bistratified cell; NGFC, Neurogliaform cell; PPA, Perforant-Path-
Associated cell; SCA, Schaffer Collateral-Associated cell; LIII-V BPC, LIII-V Bipolar PC; LII SC, MEC LII Stellate cell; STI, MEC LIII Superficial Trilayered Interneuron; SMI, MEC LIII Superficial
Trilayered Interneuron cell; SMi, inner one-third of stratum moleculare; SG, stratum granulosum; H, hilus.
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maximum axonal and dendritic paths distances from the somatic
origin for every neuron type. Here we illustrate the results for
representative cells in DG, CA3, CA2, CA1, and EC (Fig. 7).
The measurements for all analyzed neuron types are available
at www.hippocampome.org/php/synapse_probabilities.php. As
expected, path distances tended to increase moving away from
the somatic layer. However, the range of distances within each
layer was substantially broad and, in most cases, larger than the
difference between layers.

We then compared the estimated postsynaptic somatic dis-
tances of CA3 PC with the distribution of potential synapses
onto dendrites of the same neuron types previously derived from
embedding morphologic reconstructions into a 3D hippocampal
model (Ropireddy and Ascoli, 2011, their Figs. 5C, 6E). In SO,
the synaptic distance from the soma along the dendritic path of
CA3 PCs obtained in the present work (128.56 51.2mm) tightly
matched the distribution of potential synapses on CA3 PC basal
dendrites from the earlier study (110-160mm). In SR, the dendri-
tic distance from the present work (256.46 64.7mm) also yielded
an excellent correspondence with the Ropireddy and Ascoli
(2011) distribution of potential synapses on CA3 PC apical den-
drites (200-320mm). Last, in SLM, the dendritic distance from
the soma derived here (507.16 130.1mm) was consistent with
the distribution of inhibitory synapses from GABAergic inter-
neurons on the apical tuft of CA3 PCs (500-750mm).

Public digital resource and online data accessibility
All connection probabilities and numbers of contacts per con-
nected pair, for each of the 1970 pairs of neuron types analyzed
here, as well as the (644) parcel-specific axonal and dendritic
lengths and (568) somatic path distances for every neuron type,
are publicly posted on www.Hippocampome.org, increasing the
count of Pieces of Knowledge of this resource by 5152. The pub-
lished evidence underlying all values, including 1181 neurite
lengths, 3663 path lengths, 1091 convex hull volumes, 94 slice
thicknesses, and 26 parcel volumes, are also directly accessible

through the web portal, amounting to a total of 6055 additional
Pieces of Evidence in this public knowledge base.

Specifically, the “Synapse Probability” option in the drop-
down menu of the www.Hippocampome.org “Browse” tab pro-
vides a compendium of companion web pages associated with
this research that allow users to interactively explore the results
(Fig. 8). Users can find specific data related to their research
interests, such as the distances along dendrites and axons meas-
ured from the soma, by selecting a value associated with the
desired neuron type and parcel (Fig. 8A). Each value is linked to
an evidence page, which displays the supporting quotes, figures,
and measurements (in this specific example, of somatic distan-
ces) found in each individual supporting article (Fig. 8A1,A1b).
By selecting a presynaptic neuron type and a postsynaptic neu-
ron type (Fig. 8B), researchers can gain information about con-
nection probabilities and numbers of contacts per connected
pair in each parcel (Fig. 8B1) and inspect the evidence used to
generate the data (Fig. 8B2), such as neurite lengths (Fig. 8B2a,
B2b) and convex hull volumes. All the estimations are available
to download in comma-separated value files that contain matrix
values and further statistics (Fig. 8C). Finally, we provide a tool
allowing investigators to choose their own desired values for the
ultrastructural parameters (distance between axonal boutons,
distance between dendritic spines or postsynaptic locations, and
interaction radius) and then obtain parcel-specific connection
probabilities and numbers of contacts per connected pair for any
selection of neuron types (Fig. 8D,D1).

Discussion
Despite a continuous growth of information pertaining to the
morphology, electrophysiology, and gene expression of neurons
in mammalian brains, direct experimental evidence for quantify-
ing neuron type-specific synaptic connectivity remains exceed-
ingly sparse, even in the most intensively investigated neural
systems, such as the rodent hippocampal formation. Here, we
have introduced a novel pipeline to produce a zero-order

Figure 7. Mean distances from the soma. A1, DG HICAP interneuron (Reproduced from Mott et al., 1997) highlighting the path tracing axons in SMi (red) and dendrites in SMo (blue), start-
ing from the soma (black). A2, Layer-specific axonal and dendritic distances from the soma for DG HICAP interneurons (n= 4). Middle dot indicates mean. Box boundaries represent SD.
Whiskers represent minimum and maximum values. Gray represents somatic layer. B, Layer-specific axonal and dendritic distances from the soma for CA3 Spiny Lucidum interneurons (n= 5).
C, Layer-specific axonal and dendritic distances from the soma for CA2 Bistratified interneurons (n= 6). D, Layer-specific axonal and dendritic distances from the soma for CA1 PCs (D: n= 15;
A: n= 8). E, Layer-specific axonal and dendritic distances from the soma for EC LIII PCs (n= 5). Black represents glutamatergic neurons; gray represents GABAergic. SMi, Inner one-third of stra-
tum moleculare; SG, stratum granulosum; H, hilus; SLM, stratum lacunosum-moleculare; SR, stratum radiatum; SL, stratum lucidum; SP, stratum pyramidale; SO, stratum oriens; SMo, outer
two-thirds of stratum moleculare.
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Figure 8. Interactive browsing and downloading of data associated with the quantification of neurites and potential synaptic connectivity on www.Hippocampome.org. A, Representative
screenshot of a www.Hippocampome.org data matrix. The drop-down menu (light blue box) provides options to display dendritic and axonal lengths, somatic distances, average numbers of
potential synapses, numbers of contacts per connected pair, and connection probabilities. Green-outlined box represents the Connection Probabilities tool. Red box highlights the download sec-
tion for the data. The representative entry in the brown box, enlarged in the dark blue box, corresponds to the somatic distances along the dendrite for a CA1 Radiatum Giant cell in SLM. A1,
Bibliographic evidence underlying the reported somatic distance. A1a, Depiction of the dendrites measured to determine the above distance value. A1b, Source figure from which A1a is
derived. B, Section of the “number of contacts” matrix. Dark red box highlights the number of contacts between presynaptic Mossy and postsynaptic Basket CCK1, whose parcel-specific values
are shown in B1. B2, Bibliographic evidence for the selected number of contacts per connected pair and illustration of the neurites isolated in computing the number of contacts for the
selected parcel (B2a) and the corresponding source image (B2b). C, Users can download all values from the matrix in comma-spaced-value format. D, The Connection Probabilities tool is used
to find connection probabilities and numbers of contacts from user-supplied ultrastructural parameter values for a given pair of neurons. D1, The results are computed for all of the local layers
involved in the connection between the two selected neuron types.
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approximation of the connection probability, number of contacts
per connected pair, and presynaptic and postsynaptic somatic
distances for most pairs of potentially connected neuron types in
the local circuits of the hippocampus and EC. While this initial
order-of-magnitude estimate of connectivity will undoubtedly
require successive quantification refinements, our results none-
theless constitute a remarkably comprehensive characterization
of nearly 2000 neuron-type connections. This dataset provides a
useful placeholder for computational modeling and network
analyses until firmer empirical measurements are collected and
released (Ascoli and Atkeson, 2005). Notably, biologically realis-
tic simulations of the hippocampal circuit will also require a
complete neuron census, that is, the count of neurons within
each type (Attili et al., 2019).

Frommorphology to function: synaptic count and
implications for local circuits
The framework introduced in this study focuses on axonal-den-
dritic connections, thus excluding perisomatic synapses that only
constitute a minority (;6%) of the hippocampal connectivity
(Megías et al., 2001). Moreover, our approach is limited to the
local circuit, as captured by typical slice preparations from which
most available morphologic data are derived. While recent tech-
nological advancements now allow the systematic 3D reconstruc-
tion of long-range single-neuron axonal projections (Winnubst
et al., 2019), that process is still too slow to yield dense coverage
of the needed data, and currently only provides access to a small
proportion (,4%) of neuron types in the mouse hippocampal
formation. In contrast, representative local two-dimensional mor-
phologic tracings are available for 115 of the 122 distinct neuron
types identified by www.Hippocampome.org. The seven missing
reconstructions (three in CA3 and four in EC) account for 250
connections, representing only 11% of the 2206 neuron type pairs
potentially connected by local axonal-dendritic synapses. At the
same time, as additional neuron types are likely to be discovered
in the future, continuous screening of neuronal morphologies will
be required to maintain this information up to date.

Peters’ rule assumes that the overlap of presynaptic axons
with postsynaptic dendrites is equivalent to the probability of
synaptic connectivity in the absence of targeting preference
(Peters and Feldman, 1976). Experimental evidence in the neo-
cortex indicates that interneuron axons have smaller branch
lengths and higher tortuosity compared with PCs, suggesting
greater specificity in their targeting of postsynaptic neurons
(Stepanyants et al., 2004). Furthermore, while the number of
actual synapses made by PCs is just a fraction (10%-30%) of all
axonal-dendritic overlaps (Stepanyants et al., 2002), our esti-
mated count of presynaptic and postsynaptic elements based on
interbouton and interspine distances, respectively, already cor-
rects for this factor.

Importantly, axonal and dendritic morphology in the rodent
hippocampal formation has been proven to correctly predict cir-
cuit connectivity at the neuron-type level (Rees et al., 2017), at an
accuracy of 99%, when exceptions are made for axo-axonic and
interneuron-specific connections. For example, the predominant
local connections from CA1 PCs to CA1 O-LM cells and other
interneurons with horizontal dendritic arbors at the border of
SO and the alveus (Maccaferri, 2005) are a consequence of
Peters’ rule: CA1 O-LM cells and these other SO interneurons
receive ;70% of their glutamatergic input from CA1 PCs
(Blasco-Ibáñez and Freund, 1995). Still, proven synaptic specific-
ity, such as that for axo-axonic and interneuron-specific connec-
tions, takes precedence over Peters’ rule in our framework: in

other words, we excluded experimentally refuted connections
from the calculations of connection probability and number of
contacts per connected pair.

Among all analyzed subregions, CA2 had the highest connec-
tion probability, by nearly an order of magnitude (weighted aver-
age for CA2: 0.048, n= 15 neuron type pairs; weighted average
for the rest of the hippocampal formation: 0.0053, n=1955).
This may be due, at least in part, to the smaller total volume of
CA2 compared with other areas (CA2: 2.28 mm3; CA1: 30.13
mm3): we calculate connection probabilities based on axonal-
dendritic overlap density, thus resulting in higher values for CA2
given similar axonal-dendritic extents. CA1 exhibits shorter axo-
nal lengths within the local circuit on top of the greater volume.
The small number of known neuron types in CA2 nonetheless
urges interpretative caution. At the same time, connection prob-
ability is often correlated to synaptic amplitude (Jiang et al.,
2015); and amplitudes are indeed larger in CA2 than in CA1
neurons (Kohara et al., 2014; Sun et al., 2014), suggesting that
our finding is not artifactual.

The neurite length analysis presented here also showed
that the principal cells of the Sub, the CA1-projecing PCs,
exhibit substantial axonal extensions in the polymorphic
layer (4543.9 mm), although there are no known neuron types
extending dendrites in that layer. This observation invites
two alternative explanations. One is the existence of yet
undiscovered neuron types that can receive the mentioned
inputs. In general, the Sub local circuit remains largely unex-
plored, and there is growing evidence supporting the idea of
new cell types (Menendez de la Prida et al., 2003; Witter,
2006; Kinnavane et al., 2018). The other possibility is that
this layer might be a mere transition zone for axonal projec-
tions to reach other areas.

The involvement of gap junctions in the hippocampal forma-
tion is associated with neuronal synchronization during oscilla-
tory activity, mainly between GABAergic parvalbumin-positive
interneurons (Ylinen et al., 1995; Fukuda and Kosaka, 2000;
Baude et al., 2007). Recent evidence showed that gap junctions
are present in the adult hippocampus between glutamatergic cells
as mixed synapses but remain mainly closed under control con-
ditions (,10%) and require acidic changes in intracellular pH to
increase the opening probability (Ixmatlahua et al., 2020).
Additional experimental evidence should be collected to address
the role of gap junctions during nonrhythmic activity and for
inclusion in circuitry estimates.

Path tracing and synaptic attenuation
Temporal neuronal dynamics depend on axonal delays as well as
on the attenuation of evoked postsynaptic potentials across the
dendritic tree. Because axonal spikes propagate at approximately
constant velocity (Rama et al., 2018), presynaptic signal delay is
essentially proportional to the somatic path distance to the
release sites. Dendrites are constantly receiving synaptic inputs
and signals may be enhanced or reduced according to their loca-
tions (Destexhe and Paré, 1999; Maccaferri et al., 2000; Ferrante
et al., 2013). These effects are the result of multiple factors that
change as a function of the distance from the soma along the
arbor path, such as internal resistivity, resting membrane poten-
tial, and receptor expression, activation, conductance, and mod-
ulation (Magee, 1998; Golding et al., 2005; Grillo et al., 2018).
We estimated the mean axonal and dendritic distance from the
soma across every layer. Another key influence on signal attenua-
tion is exerted by branch diameter, which can vary substantially
between layers (Megías et al., 2001) but has not been assessed yet
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for many neuron types. The distal dendritic diameter of hippo-
campal neurons is often near the resolution limit of traditional
light microscopy, and its measurement is notoriously unreliable
(Scorcioni et al., 2004).

Limitations and confounds
Our approach to calculating linear-length estimations of axons
and dendrites for all www.Hippocampome.org neuron types is
constrained by the relatively small number of reconstructions
available in the peer-reviewed literature. In order to circumvent
this limitation, we collated neuronal reconstructions from several
different strains of both mice and rats (Extended Data Fig. 2-7).
In the absence of comparative morphologic data for specific neu-
ron types, we adopted a conversion factor equal to the cubic root
of the volume scaling parameter from mouse to rat (West et al.,
1978). In contrast, we did not perform any correction for the
different strains used, as a comparison of different rat atlases
indicates that the hippocampal formation remains remarkably
consistent across strains (Kjonigsen et al., 2015). Another large
effect on neurite length and anatomic volume pertains to the age
of the animals. To compensate for this known source of variabili-
ty, we applied a scaling factor to normalize the measurements
from young to adult animals (Juárez et al., 2008).

The variety of labeling methods are also likely to cause signifi-
cant differences in observed morphologic features, even within
the same neuron type (Farhoodi et al., 2019). New approaches to
identify neuron populations, such as genetic barcoding, will pro-
vide improved specificity to describe the properties and dynam-
ics associated with different neuron types and their functional
role in neuronal circuits (Sugino et al., 2019). Techniques, such
as octuple patch-seq recordings, optogenetics and labeling, and
serial-block-face scanning electron microscopy, will continue to
fill the gaps in the experimental acquisition of electrophysiology,
connectivity, morphology, and transcriptomics for a large set of
different neuron types (Jiang et al., 2015; Cadwell et al., 2016).
However, the existing experimental toolsets still lack the scalabil-
ity and specificity needed to classify all identified neuron types at
www.Hippocampome.org. More accurate and unbiased labeling
techniques are required to completely characterize neuron type
populations and morphologies.

Another issue to consider is the completeness of the
reconstructions. Tracings from slices are necessarily incom-
plete if the maximal span of the axonal or dendritic trees
exceeds the slice thickness (Uylings et al., 1986; Parekh et
al., 2015). Unfortunately, the depth from the slice surface to
the recording neuron is seldom reported in peer-reviewed
publications. Slicing orientation can also heavily affect the
physical integrity of neural arbors. Ideally, different sec-
tioning angles should be used to obtain optimal axonal
reconstruction (E. Harris et al., 2001; Gloveli et al., 2005a).
For example, hippocampal-EC slices preserve the fibers
from the perforant path, mossy fibers, and Schaffer collater-
als, whereas coronal slices only preserve Schaffer collateral
fibers (Xiong et al., 2017). Interestingly, while some authors
showed in silico that the completeness of axonal collaterals
remains constant independent of slice orientation (Guzman
et al., 2016), other studies report that axonal collateral den-
sities in 400 mm coronal slices are discontinuous with the
cell body (Li et al., 1993). In general, axonal reconstructions
can rarely be considered complete in any slice preparation.
Therefore, the data reported here, largely sourced from sli-
ces, are likely underestimates of in vivo connectivity
(Extended Data Table 1-2).

In conclusion, detailed modeling of hippocampal circuits
with biologically realistic neural network simulations requires
quantitative information related to identified neuron types. Our
estimations constitute the first attempt to fill in the gaps about
the connection probabilities and numbers of contacts per con-
nected pair between different neuron types in an approximate
but comprehensive manner, until further direct experimental
data become available. We also measured the layer-specific axo-
nal and dendritic distances from the soma, which can be used to
determine temporal integration of signals during circuit-related
activity in distinct neuron types by electrotonic propagation and
axonal delay along the neurites.
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