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Abstract

In the last two decades, the avian hippocampus has been
repeatedly studied with respect to its architecture, neuro-
chemistry, and connectivity pattern. We review these in-
sights and conclude that we unfortunately still lack proper
knowledge on the interaction between the different hippo-
campal subregions. To fill this gap, we need information on
the functional connectivity pattern of the hippocampal net-
work. These data could complement our structural connec-
tivity knowledge. To this end, we conducted a resting-state
fMRI experiment in awake pigeons in a 7-T MR scanner. A
voxel-wise regression analysis of blood oxygenation level-
dependent (BOLD) fluctuations was performed in 6 distinct
areas, dorsomedial (DM), dorsolateral (DL), triangular shaped
(Tr), dorsolateral corticoid (CDL), temporo-parieto-occipital
(TPO), and lateral septum regions (SL), to establish a func-
tional connectivity map of the avian hippocampal network.
Our study reveals that the system of connectivities between
CDL, DL, DM, and Tris the functional backbone of the pigeon
hippocampal system. Within this network, DM is the central

hub and is strongly associated with DL and CDL BOLD signal
fluctuations. DM is also the only hippocampal region to
which large Tr areas are functionally connected. In contrast
to published tracing data, TPO and SL are only weakly inte-
grated in this network. In summary, our findings uncovered
a structurally otherwise invisible architecture of the avian
hippocampal formation by revealing the dynamic blueprints
of this network. ©2017 S. Karger AG, Basel

Introduction

All vertebrates have to orient in space, and all of them
seem to rely on hippocampal circuits to do so [Treves et
al., 2008]. In amniotes, the hippocampal area derives
from the medial pallium during embryonic development,
and, accordingly, the dorsomedial hippocampal pallium
in reptiles, mammals, and birds is considered to be ho-
mologous [Bingman et al., 2009; Herold et al., 2015]. This
pallial entity probably possessed a trilaminar organiza-
tion of its ancestral amniote form and then underwent
different changes in mammalian and avian lineages
[Striedter, 2016]. Thus, hippocampal functions seem to
be conserved through hundreds of millions of years of
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divergent evolution, despite radical differences in the
overall architecture of the hippocampal area. To under-
stand this apparent discrepancy, we have to analyze the
function and the architecture of hippocampal areas of dif-
ferent vertebrate lineages in greater detail to identify its
shared and nonshared blueprints. This paper describes a
novel approach in this pursuit by analyzing the function-
al connectivity of the intrahippocampal network and its
closely associated structures in pigeons using high mag-
netic field imaging techniques.

In mammals, the three-layered hippocampus can be
roughly subdivided into the dentate gyrus and the cornu
ammonis (Ammon’s horn). The dentate gyrus is mainly
characterized by a prominent granule cell layer that re-
ceives input from the entorhinal cortex via the perforant
pathway and projects via its mossy fibers to Ammon’s
horn. Ammon’s horn contains a pyramidal cell layer and
can be separated into four subregions (CA1-4). Especial-
ly in CA3, the pyramidal neurons give rise to extensive
collaterals forming a recurrent connectivity network
[Herold et al., 2015]. Despite similar functions, the avian
hippocampal formation is structured quite differently. It
seems to have lost a clear trilaminar appearance and lacks
overall granule and pyramidal cell layers [Tombdl et al.,
2000a, b; Herold et al., 2015]. The avian hippocampal for-
mation, is, however, not a simplified version of the mam-
malian one but has developed a different internal archi-
tecture that we outline in the following.

Based on studies analyzing cytoarchitecture, neuro-
peptide expression, and receptor densities, different au-
thors proposed slightly different subdivisions of the avian
hippocampal system [Erichsen et al., 1991; Kahn et al,,
2003; Herold et al., 2014; Atoji et al., 2016]. The most re-
cent study of Herold et al. [2014; see also Smulders, 2017]
in pigeons distinguished four major subdivisions by au-
toradiographically mapping the distribution of 11 neu-
rotransmitter receptors and combining these data with an
analysis of the staining for the heavy metal zinc. Moving
from lateral to medioventral, the first entity is the dorso-
lateral region (DL) that can be subdivided into a dorsal
component with dense kainate receptors and a ventral
division that expresses 5-HT1A receptors. The next area
is the dorsomedial region (DM) that can be subdivided
into a zinc-free dorsal area and a ventral component that
is characterized by a moderate zinc density. DL and DM
are mostly identical to the area parahippocampalis (APH)
of older avian hippocampus studies [Karten and Hodos,
1967]. The ventral hippocampus is constituted by a V-
shaped complex (V) that consists of two narrow wings
that encapsulate the triangular region (Tr). This area con-
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tains pyramidal-like neurons that seem to be arranged
like the mammalian CA3 field and could constitute an
auto-associative system for memory completion [Tom-
bol et al., 2000a, b; Treves et al., 2008]. Based on details of
these subdivisions, Herold et al. [2014] concluded that the
avian hippocampal subdivisions only resemble parts of
the mammalian Ammons’s horn or dentate gyrus, mak-
ing it likely that the independent evolutionary paths of
mammals and birds led to “a mosaic of similarities and
differences” in their hippocampal formations.

In a large-scaled tracing study, Atoji and Wild [2004]
analyzed the connections of the pigeon’s hippocampal
formation and discovered that the intrahippocampal cir-
cuitry was strongly and reciprocally interconnected
[Hough et al., 2002; Kahn et al., 2003]. These studies led
to the suggestion that the pathway running from DL to
DM, from DM to V, and from V back to DM constitutes
the major feedforward network of the avian hippocampus
[Hough et al., 2002; Kahn et al., 2003; Bingman et al,,
2005]. In addition, both DL and DM receive afferents
from numerous areas and seem to serve as major input
regions into the hippocampal formation. Sensory infor-
mation about visual and olfactory senses is funneled via
the CDL (area corticoidea dorsolateralis) to all main hip-
pocampal subregions [Atoji and Wild, 2004, 2005; Patzke
et al,, 2011; Atoji and Wild, 2014]. Furthermore, DL and
DM also serve as the main hippocampal output areas and
project to various telencephalic and diencephalic struc-
tures, with most of these projections being reciprocal
[Atoji and Wild, 2004]. Interestingly, the lateral septum
(SL) receives input from DM but neither SL nor medial
septum have strong back projections [Atoji and Wild,
2004; Atojietal., 2016]. The lack of strong reciprocal con-
nectivity is an important difference to the mammalian
hippocampus where the medial septum has a strong cho-
linergic and glutamatergic back projections to the hippo-
campus that drive hippocampal theta rhythms, thereby
facilitating learning and memory [Winson, 1978; Leutgeb
and Mizumori, 1999; Strange et al., 2014; Vandecasteele
et al., 2014; Herold et al., 2015; Robinson et al., 2016]. A
further critical area is the TPO (area temporo-parieto-
occipitalis) that has reciprocal connections with the CDL
and is also connected to CDL via the dorsal thalamus
[Atoji and Wild, 2005]. The pigeon connectome [Shana-
han et al,, 2013] reveals that the TPO integrates multi-
modal information and could funnel sensory input via
the CDL into the hippocampal system.

This short overview of the main subdivisions and con-
nectivity patterns shows the similarities and differences
between the avian and the mammalian hippocampal for-
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mation. To further this comparison and to better under-
stand the avian hippocampus, we need to combine func-
tion with structural and connectional data. This is possi-
ble by using recently developed resting-state functional
connectivity techniques in functional magnetic reso-
nance imaging (rs-fMRI) [Fox and Raichle, 2007; Di Mar-
tino et al., 2008; Kaplan et al., 2016]. Such studies have
been proven to be powerful tools to investigate the func-
tional coupling between different brain regions in hu-
mans, monkeys, and rodents [Logothetis et al., 2001; van
den Heuvel and Hulshoff Pol, 2010; Daliri and Behroozi,
2014; Kaplan et al., 2016]. The rationale behind these ex-
periments is the following: Brain areas that interact with
each other often synchronize their neural activity pat-
terns, both with respect to fast and slow fluctuations. This
is visible in the ongoing changes in the blood oxygenation
level-dependent (BOLD) signal of two studied brain areas
of a resting animal. High correlations indicate a high lev-
el of neuronal coupling, while zero correlations indicate
that these two areas fluctuate completely independently
[Fox and Raichle, 2007; Di Martino et al., 2008]. Until to-
day, only few studies have analyzed the functional con-
nectivity of specific areas in the avian brain [De Groof et
al., 2013; Jonckers et al., 2015]. To analyze the functional
network of the hippocampal formation in pigeons, we
conducted a study using rs-fMRI by focusing on the left
and right hippocampal or hippocampus-associated re-
gions Tr, DM, DL, CDL, SL, and TPO in order to examine
possible functional connections between these areas.

Materials and Methods

Eight Valencian Figurita breed adult pigeons (Columba livia)
were housed individually with a 12-h light:12-h dark cycle and wa-
ter and food ad libitum. All procedures were carried out in accor-
dance with the guidelines for the care and use of animals of the
State of North Rhine-Westphalia in Germany. To control for mo-
tion artifacts by head movements, animals were implanted under
anesthesia with an MR-compatible plastic pedestal for head fixa-
tion. Following surgery, analgesic and antibiotic treatment was ad-
ministered for at least 3 days.

Before MR scanning, animals were habituated to the head hold-
ing device in a mock scanner by positioning the animals in a cus-
tom-made MR-compatible restrainer for increasing periods of time
over 5 days (15, 30, and 60 min per day). After initial habituation,
pigeons were fixated via their implanted plastic pedestal to the re-
strainer. The restrainer was placed in a mock scanner with an inner
diameter of 8 cm. Animals were allowed a maximum of 10 days to
acclimatize to the head holding condition. The length of fixation
started from 10 min on the first day and was continually prolonged
every day (10, 20, 40, and 60 min per day) until animals were ha-
bituated to the head fixation and showed no longer a visible stress
response. In the last step of habituation, pigeons were acclimatized
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to the MR scanner sound [Hurwitz et al., 1989]. We recorded the
scanner sound from various imaging sessions and played this
sound for 60 min at a sound level of 50 dB, which increased by 10-
dB steps per day until a sound level of 80 dB was reached.

MR Data Acquisition

All MRI measurements were conducted in a 7-T horizontal-
bore small-animal scanner (Bruker BioSpec, 70/30 USR, Germa-
ny) using an 80-mm transmit quadrature birdcage resonator. A
planar single-loop 20-mm coil for the acquisition of radio frequen-
cy pulses was positioned around the head to reduce motion arti-
facts resulting from body movements. MR images were acquired
using the Bruker ParaVision 5.1 software. During MR scanning,
the respiration rate was monitored using a respiration sensor.

At the start of the scanning session, three scans were acquired
using a RARE sequence with the following imaging parameters:
TR = 4 s, effective TE = 40.37 ms, RARE factor = 8, no average,
acquisition matrix = 256 x 128, field of view (FOV) = 32 x 32 mm?,
spatial resolution = 0.125 x 0.25 mm, slice thickness = 1 mm, num-
ber of slices = 20 axial, 17 sagittal, and 15 coronal. Based on these
images, the location of slices was determined and a slice package
consisting of 11 coronal slices with no gap between slices was po-
sitioned in a way that the whole telencephalon was covered. Ana-
tomical images of these slices were acquired using a RARE se-
quence with the following parameters: TR = 2 s, TE = 43.59 ms,
RARE factor = 8, FOV = 30 x 30 mm?, acquisition matrix = 128 x
128, and spatial resolution = 0.234 x 0.234 mm?. Images were later
used to register individual functional data to the previously ob-
tained high-resolution anatomical images.

Based on the geometry of the anatomical images, resting-state
data at each slice position were acquired using a single-shot mul-
tislice RARE sequence: TR = 2 s, TE = 33.7 ms, partial Fourier
transform accelerator = 1.65, FOV = 30 x 30 mm?, acquisition ma-
trix = 64 x 64, spatial resolution = 0.47 x 0.47 mm?, flip angle =
180°, slice thickness = 1 mm, no interslice distance, slice order =
interleaved. Each run included 300 volumes, with the first 10 vol-
umes being used to compensate for T1 saturation artifacts. A total
of 23 scans (300 volumes per sessions) were acquired by repeated
measures separated by 1 week. For spatial normalization, high-
resolution T2-weighted images were obtained using a RARE se-
quence with the following parameters: TR = 6 s, effective TE =
37.47 ms, RARE factor = 8, average number = 12, FOV = 30 x 30
mm?, matrix size = 200 x 200, spatial resolution = 0.15 x 0.15 mm?,
the number of slices = 50 axial slices, no gap between slices, and
slice thickness = 0.3 mm. Total scanning time was 30 min.

fMRI Data Preprocessing

Resting-state data processing was performed using FSL soft-
ware and custom scripts in MATLAB. Since our data were ac-
quired at 7 T with a voxel size of 0.47 mm, our voxel size had to be
increased by the factor 10 in each dimension to match human data
and to ensure correct processing by FSL. Preprocessing of the runs
included (1) slice time correction (interleaved acquisitions), (2)
motion correction (using mcFLIRT [Jenkinson et al., 2002]), (3)
removal of nonbrain structures (by applying a brain mask), (4)
mean-based intensity normalization to a factor of 10,000 (for
group analysis), and (5) removal of linear trends and band-pass
filtering (0.01-0.25 Hz, using the REST toolbox [Songetal., 2011]).
Note that in this study, resting-state data were filtered in a rela-
tively wider frequency band compared to the common frequency
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used in human rs-fMRI data processing (0.01-0.1 Hz), since the
majority of power in the pigeon resting-state data was observed in
a wider range than the usual 0.01-0.1 Hz. The preprocessed data
were first co-registered to the individual’s high-resolution T2-
weighted structural images, which was subsequently normalized to
the low-resolution version of the pigeon MR atlas (3 x 3 x 3 mm)
[Guntirkin etal., 2013] using affine linear registration (12 degrees
of freedom) [Jenkinson et al., 2002]. The preprocessed functional
data were spatially smoothed using 3D gaussian filtering (imgauss-
filt3 function in MATLAB) with sigma = 0.5 after rescaling.

Region of Interest Analysis

Seed-based correlations were used to investigate the different
patterns of functional connectivity of the regions of interest (ROIs)
in both left and right hemispheres based on the pigeon brain MRI
atlas [Guntiirkiin et al., 2013] and the map of Herold et al. [2014].
The reference time course for each ROI was created by averaging
the time course of all voxels in the central part of each subdivision
within the individual subject with a distance of at least 6 mm be-
tween the ROIs after rescaling. To be conservative, we used small
sigma during spatial smoothing to avoid mixing information be-
tween selected ROIs.

Functional Connectivity

Functional connectivity was evaluated by multiple regression
analyses carried out for each animal using the FEAT function of
FSL. A separate regression model was created for each seed which
included seed time course as an explanatory variable and seven
nuisance covariates as explanatory variable confounders. The nui-
sance covariates were time series of global signals and six motion

Hippocampal Functional Connectivity

parameters. Single subject maps were used in the group level anal-
ysis which was carried out in the mixed-effect model of FSL
(FLAME1). Correction for multiple comparisons was carried out
at the cluster level using gaussian random field theory (z > 2.3;
cluster significance: p < 0.05). To test whether the parametric sta-
tistical method for cluster-wise inference as implemented in FSL
produced an overestimation of the functional connectivity pattern
[Eklund et al., 2016], we conducted a group level analysis using
threshold-free cluster enhancement [Smith and Nichols, 2009].
Family-wise errors were corrected at p < 0.05. The results were
highly similar to those found with parametric cluster-wise infer-
ence. We therefore only depict the parametric results.

The functional connectivity matrix in Figure 3a was based on the
number of activated voxels within ROIs. For instance, if the seed
region was left Tr, the number of correlated voxels within each se-
lected ROI was counted and normalized to the number of all voxels
within the respective ROL. It is important to note that the values in
Figure 3a are not correlation coefficients but percentages of voxels
in an anatomical region that significantly covary in time with the
seed region. Here is an example: If the value in, say, left DL after
seeding in left DM is 0.86, this implies that 86% of left DL voxels
evinced BOLD fluctuations that were significantly correlated with
the BOLD fluctuations in the seed area of left DM. This then would
imply a strong covariance of many left DL neurons with the activity
pattern in left DM and would be interpreted as a high functional
connectivity. If the connection pattern would not be 0.86 but, say,
0.01, such a covariance would only be true for 1% of the voxels. This,
however, would not imply that this 1% of voxels are not significant-
ly correlated. In fact, they are, but their number is small in this re-
gion. Figure 3b depicts the graphical summary of these analyses.
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Fig. 2. Functional connectivity map of the
left hemispheric hippocampal network.
The column on the left shows the localiza-
tion of the regions of interest depicted in
frontal view: red, triangular region (Tr);
cyan, dorsomedial region (DM); blue, dor-
solateral region (DL); purple, dorsolateral
corticoid area (CDL); yellow, area tempo-
ro-parieto-occipitalis (TPO); green, lateral
septum (SL). The remaining columns show
positive correlations of BOLD signals in ar-
eas of the telencephalon after seeding one
of these regions in the left hemisphere
(from left to right Tr, DM, DL, CDL, TPO,
and SL). Negative correlations and data
from seeding of right hemispheric regions
are not shown. The color code represents
the significance level for positive correla-
tions of the selected region of interest
(ROT) with a threshold atz > 2.3 (p < 0.05).

Results

This study presents an analysis of the correlation of
BOLD fluctuations during rs-fMRI in six areas of the hip-
pocampal network and its closely associated structures:
DL, DM, and TR, CDL, TPO, and SL. Examples of sig-
nificant and insignificant BOLD signal correlations are
shown in Figure 1. Figure 1b depicts a high BOLD signal
correlation of r = 0.78 (p < 10~) over a time course of 5
min between left and right DM. Figure 1c shows a very
low and nonsignificant correlation of r = 0.08 between left
DM and left SL.

Functional Connectivity Pattern of the Hippocampal

Network

Triangular Region. Tr evinced a high number of posi-
tively correlated voxels with the DM over most of its whole
anterior/posterior extent (seed in left Tr = 0.6; seed in right
Tr=0.48) (Fig. 2, 3a). Higher values were found for the left
hemisphere, but on average about half of the voxels in DM
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of both hemispheres fluctuated in time with the changes
of activity in their ipsilateral Tr. These correlations were
mainly limited to the ventromedial DM portions, with no
correlations present for the regions most adjacent to DL
(Fig. 2). Contralateral connectivity between Tr and DM
was considerably lower. Except for a few patchy voxels,
functional connectivity measures with other structures of
the analyzed network were close to zero (Fig. 2).

Dorsomedial Region. Activity fluctuations of both the
left and the right DM were highly correlated with the
whole DL (seed in left DM = 0.86; seed in right DM =
0.87). Prominent but smaller correlations were found for
ipsilateral connections to CDL, especially its dorsomedial
component, as well in the dorsal parts of posterior Tr.
Connections to TPO and especially SL were low to absent.
Right and left DM did not differ much in their functional
connectivity patterns (Fig. 2, 3).

Dorsolateral Region. The correlation map generated by
left and right DL seeds revealed positive ipsilateral corre-
lations with the DM (seed in left DL = 0.47; seed in right
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DL = 0.44). Thus, about half of DM voxels altered their
activity patterns in time with the DL. The connectional
value for ipsilateral CDL was only 0.23 (left) and 0.25
(right) with the majority of significantly correlated voxels
being found adjacent to DL. The percentage of correlated
voxels for Tr, TPO, and SL was very low.

Area Corticoidea Dorsolateralis. Resting-state activity
of both left and right CDL were significantly and posi-
tively correlated with about 2/3 of the voxels in ipsilateral
DL and DM. Interestingly, about the same connectional
strength was observed for contralateral DL and DM. Con-
nectional strengths to Tr and TPO were lower (between
0.14and 0.29). Again, the connection of left CDL with left
Tr was higher than for the same connection in the right
hemisphere. No significantly correlated voxels were dis-
covered in SL.

Area Temporo-Parieto-Occipitalis. Overall, only small
numbers of voxels in the analyzed hippocampal network
covaried with the activity patterns of the TPO. Connec-
tional strengths ofleft (0.11) and right (0.18) TPO with left
and right DM, respectively, were of quite modest strengths.
The connectional strength of right TPO to the ipsilateral
DL also reached only 0.11. All other connections were
small or, in the case of SL, negligible (Fig. 2b, 3).

Septum Laterale. Seeding of SL evinced only few cor-
related voxels in DM and CDL (Fig. 2). In most cases, the
percentage of significant voxels amounted to less than
0.01 of the voxel number of the regions under analysis
and is not reported here. Due to these extremely small
numbers of correlated voxels within the hippocampal
network after SL seeding, Figure 3 shows SL without a
functional connection to the rest of the system (Fig. 3).

Homotopic Bilateral Connectivity. We discovered
strong homotopic, but mostly weaker heterotopic, con-
nectivities between hemispheres. The strongest connec-
tivities of DM, DL, and Tr existed with their respective
contralateral counterparts (DM: left seed = 0.74; right
seed = 0.67; DL: left seed = 0.65; right seed = 0.76; Tr: left
seed = 0.44; right seed = 0.56). This does not apply to TPO
(left seed = 0.12; right seed = 0.02). SL did not show func-
tional connections to the hippocampal network but is
tightly functionally linked to its homotopic counterpart
(left seed = 0.64; right seed = 0.74).

Discussion
The current study is the first functional connectivity

analysis on the different components of the avian hip-
pocampal network. A previous study had already ana-
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lyzed the functional and asymmetrically organized con-
nectivity patterns of the overall hippocampal system
[Jonckers et al., 2015]. The current study thus comple-
ments the diverse structural [Erichsen et al., 1991; Tom-
bol et al., 2000b; Herold et al., 2014; Striedter, 2016],
tracing-based connectional [Tombol et al., 2000b; Kahn
etal., 2003; Atoji and Wild, 2004, 2005; Atoji et al., 2016],
and physiological studies [Hough et al., 2002; Siegel et
al., 2005] that mapped the bird hippocampus along with
its internal connections. A resting-state functional con-
nectivity analysis delivers different result patterns than
a tracing study: Structures that are monosynaptically
connected can still show very low functional connectiv-
ity under rest, when these two structures only couple
during specific task components. We will discuss this for
the SL. In addition, a high degree of functional connec-
tivity does not necessarily imply a direct anatomical link,
since areas that are only indirectly connected via a third
structure can still be tightly functionally coupled. This is
discussed below for the functional connection of CDL
and DL. Thus, an imaging-based connectivity analysis
reveals functional couplings within a neural system and
so uncovers a structurally otherwise invisible architec-
ture of a whole network. This approach, therefore, visu-
alizes the dynamic blueprints of a system and constitutes
a complement to structural connectivity analyses. We
will now discuss our findings, one by one, starting with
CDL.

Area Corticoidea Dorsolateralis

Atoji and Wild [2005] extensively analyzed the fiber
connections of the CDL and demonstrated that it could
serve as a gateway to the avian hippocampal system
through its reciprocal connections with visual thalamof-
ugal, olfactory, and limbic structures, including the me-
dial and lateral septum [Atoji and Wild, 2005; Patzke et
al., 2011]. In addition, CDL can modulate the motor out-
put via its connections to the striatum [Kroner and
Gintiirkiin, 1999]. Within the hippocampal system,
CDL has reciprocal projections with lateral DM and Tr
[Atoji and Wild, 2005]. Connections with DL were re-
ported to be very weak. Our analysis shows that these
findings do not fully translate into the realm of function-
al connectivity. While indeed CDL activity patterns cor-
relate with those of DM, the BOLD signal of CDL also
covaries strongly with DL, but it correlates only very
weakly with Tr. It is possible that DM serves as a central
hub and thus transfers a common pace between CDL and
DL, although these two areas are only weakly connected
at the structural level.
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Dorsolateral Region

Several authors reported a strong structural and phys-
iological reciprocal link between DL and DM [Hough et
al., 2002; Siegel et al., 2002; Kahn et al., 2003; Atoji and
Wild, 2004]. Our results fully support these data and
show that DL voxels strongly correlate with the DM
BOLD fluctuations. Tract tracing data show that in addi-
tion to its intrahippocampal connections, DL is also re-
ciprocally connected to various thalamofugal visual re-
gions as well to the nidopallial convergence zone of the
visual thalamo- and tectofugal systems [Casini et al.,
1986; Shimizu et al., 1995; Husband and Shimizu, 1999;
Atoji and Wild, 2004; Shanahan et al., 2013]. DL also re-
ceives olfactory information [Bingman et al., 1994] and
limbic input [Cheng et al., 1999]. Since information from
various senses are funneled via DL into the hippocampal
formation, many authors proposed that DL might corre-
spond to the mammalian entorhinal cortex [Kahn et al.,
2003; Atoji and Wild, 2004; Rattenborg and Martinez-
Gonzalez, 2011]. Our functional connectivity data show
that DL is indeed ideally suited to take a role similar to the
entorhinal cortex due to its dense connections with CDL,
DM, and, via DM, the Tr. It thus communicates closely
with the core constituents of the avian hippocampal sys-
tem.

Dorsomedial Region

Our data suggest that DM is the central hub within the
avian hippocampal system. It is strongly connected to DL
and CDL and so couples these two structures that are an-
atomically only weakly linked. As a result, DM could play
the role of a gatekeeper for sensory information that en-
ters the hippocampus via CDL and DL. DM is also the
only structure with which Tr has strong connections.
These functional connectivity data nicely match the re-

Fig. 3. Quantitative (a) and graphical (b) depiction of the resting-
state functional connectivity data. a Functional connectivity ma-
trix of all analyzed structures in the left and the right hemisphere.
Numbers give the proportion of voxels that were significantly cor-
related after seeding. Seeded areas are shown on the y-axis; the x-
axis depicts the structure that was analyzed with respect to the
percentage of voxels that were significantly correlated with the
seed. For example, when the left DM is seeded, 26% of the voxels
in left Tr are significantly correlated with the BOLD fluctuation in
left DL (please look up the box on the leftmost column, second
from top). The light blue color code in this box indicates the per-
centage of significantly activated voxels and can be matched with
the heat map on the right side. b Graphical depiction of these data,
based on an average of the left and the right hemisphere. The size
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sults from tracing studies [Kahn et al., 2003; Atoji and
Wild, 2004]. According to Atoji etal. [2016], DM neurons
project to SL while Tr neurons do not. Based on these and
further findings, they propose that DM corresponds to
Ammon’s horn since pyramidal neurons of this structure
are known to project to the lateral septum [Strange et al.,
2014]. There are, however, also proposals that are based
on physiological and other connectional data and that as-
sume that Tr, or more precisely, the medial and lateral
layer of Tr correspond to Ammon’s horn [Siegel et al.,
2002; Kahn et al., 2003]. Herold et al. [2014] revealed that
both DM and Tr overlap with respect to their neurochem-
ical profile with Ammon’s horn. The present study shows
that neither DM nor Tr are functionally linked to SL. As
discussed below, this does neither contradict the pro-
posed homologies nor the tracing data. It shows, howev-
er, that tightly structurally connected structures can stay
functionally disconnected for extensive periods of resting
time. We will discuss this below.

Triangular Region

According to various anatomical studies, the Tr of the
avian hippocampus can be subdivided into two narrow
wings that encapsulate a triangular part [Kahn et al., 2003;
Atoji and Wild, 2004; Herold et al., 2014]. We fused these
areas into a single ROI due to resolution limitations of the
MRI approach. Tract tracing studies show that Tr is re-
ciprocally connected to DL and DM [Atoji et al., 2002;
Kahn et al,, 2003; Atoji and Wild, 2004]. The V-shaped
layer of Tr stains for Prox] mRNA, a gene marker for the
mammalian dentate gyrus [Atoji et al., 2016]. Based on
this finding and the observation that Tr hardly projects to
SL, these authors argue that the wing-shaped parts of Tr
could constitute the avian dentate gyrus [but see Kahn et
al., 2003].

and the color of the arrows match the strength of functional con-
nectivity. The color code is identical to that of a and wider arrows
depict stronger connections. Curved arrows show connectional
strength with the homotopic area of the other hemisphere. Other-
wise only ipsilateral connections are depicted. Connectional
strengths of 1% or less are not shown; therefore, SL seems not to
be connected to the remaining system, with the exception to its
strong coupling to the SL of the other hemisphere. The direction
of arrows shows seeding direction. If structure A is seeded and
structure B is analyzed with respect to the percentage of voxels that
correlate with their activity fluctuations with the seed in structure
A, then the arrow points from A to B. See legend to Figure 2 for
abbreviations.
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Our functional connectivity data show that Tr is
strongly connected to DM, while the functional connec-
tions to other areas of the hippocampal networks are very
weak. Indeed, Atoji and Wild [2004] described that Tr
receives afferents from DL and DM but in turn mainly
projects back upon DM. Indeed, we could show that more
than half of DM voxels were significantly correlated with
BOLD signal fluctuations in Tr. Thus, slow activity fluc-
tuations in Tr are only minimally influenced by DL input
but are in pace with activity changes in DM.

In pigeons, the left hippocampus plays a key role in
navigational map and sun compass-based learning as well
as in the encoding of goal locations based on environ-
mental geometry [Gagliardo et al., 2001, 2005; Nardi and
Bingman, 2007]. Consequently, pigeons display right-eye
superiority during homing [Ulrich etal., 1999; Prior et al.,
2004]. Jonckers et al. [2015] demonstrated in an rs-fMRI
analysis that left-sided hippocampal seeding in pigeons
consistently resulted in larger functional connectivity
maps than right-sided ones. Unfortunately, the seeds in
the study by Jonckers et al. [2015] were often encompass-
ing more than one hippocampal subregion, although it
involved mostly Tr. Indeed, our study shows that left Tr
evinced a higher number of positively correlated voxels
with DM and CDL than right Tr. This could imply, that
asymmetries of functional Tr connectivity could play a
key role for left-right differences of hippocampal func-
tions like navigational control [Mouritsen et al., 2016].

Area Temporo-Parieto-Occipitalis

TPO communicates with the hippocampal network
mainly via CDL. Different from CDL, TPO has limited
afferents from limbic structures but connects to visual ar-
eas of the thalamofugal and the tectofugal system [Hus-
band and Shimizu, 1999; Atoji and Wild, 2005]. Impor-
tantly, TPO also participates in the descending tractus
septomesencephalicus and thus projects to a large num-
ber of subtelencephalic structures like the optic tectum
[Manns et al., 2007; Stacho et al., 2016]. Via its termina-
tions in the deep tectal layers, TPO could potentially play
a role for motor output.

Septum Laterale

Seeding SL did not reveal correlated activity to any of
the core regions of the hippocampal formation. Although
there were correlations to few Tr and DM voxels, these
correlations never exceeded 1% of the voxel space (Fig. 3).
This finding is of high relevance since a recent study by
Atoji et al. [2016] found that glutamatergic neurons of
DM project to SL, a characteristic which is shared by glu-
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tamatergic neurons in the mammalian Ammon’s horn. In
mammals, the septum projects back to the hippocampus
and drives hippocampal theta rhythms, which are essen-
tial for learning and memory functions [Winson, 1978;
Leutgeb and Mizumori, 1999; Vandecasteele et al., 2014;
Robinson et al., 2016]. The lack of functional connectiv-
ity between SL and the analyzed hippocampal regions
could indicate an important functional difference of SL in
the avian hippocampal network. However, a recent study
applying rs-fMRI in rats found that a functional connec-
tivity between hippocampus (CA3 and dentate gyrus)
and septum only became visible when the animals had
learned a task prior to scanning [Nasrallah et al., 2016].
This could also be the case in pigeons, which calls for sim-
ilar future rs-fMRI experiments on the avian hippocam-
pal network in birds.

Concluding Remarks

Our rs-fMRI analysis reveals that the arrangement of
reciprocal connectivities between CDL, DL, DM, and Tr is
the functional backbone of the pigeon hippocampal sys-
tem. At least under resting state, TPO and SL are far less
coupled to this network (Fig. 3b). Both CDL and DL could
serve as input and output structures. Our results show that
DM, by its strong connections to both DL and CDL, is
clearly the central hub of the hippocampal system and
could control sensory information flow into the hippo-
campus via these two structures. In addition, DM is the
only structure with which Tr has strong functional con-
nections. Thus, activity patterns of Tr are importantly cou-
pled to DM but are only weakly modulated by other areas
of the hippocampal network. In addition, we discovered
strong interhemispheric connections between homotopic
hippocampal areas. The avian hippocampus plays a key
role for navigation during flight by utilizing multiple map-
like, spatial representations of landmarks and compass in-
formation that reside in a distributed manner in the differ-
ent associative sensory areas of both hemispheres [Mou-
ritsen et al., 2016]. Integrating this information between
hemispheres to compute navigational routes could be the
essential function of these interhemispheric connections.
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