UC Irvine
UC Irvine Previously Published Works

Title
Noncanonical connections between the subiculum and hippocampal CAL.

Permalink
https://escholarship.org/uc/item/2cc3t9rd

Journal
The Journal of comparative neurology, 524(17)

ISSN
0021-9967

Authors

Xu, Xiangmin
Sun, Yanjun
Holmes, Todd C

Publication Date
2016-12-01

DOI
10.1002/cne.24024

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.orag/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2cc3t9rd
https://escholarship.org/uc/item/2cc3t9rd#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Comp Neurol. Author manuscript; available in PMC 2017 December 01.

-, HHS Public Access
«

Published in final edited form as:
J Comp Neurol. 2016 December 1; 524(17): 3666—3673. doi:10.1002/cne.24024.

Non-canonical connections between the subiculum and
hippocampal CAl

Xiangmin Xul:2:3# Yanjun Sun?, Todd C. Holmes#, and Alberto J. L6pez?!
1Department of Anatomy and Neurobiology, School of Medicine, University of California, Irvine,
CA 92697-1275

2Department of Biomedical Engineering, University of California, Irvine, CA 92697-2715

3Department of Microbiology and Molecular Genetics, University of California, Irvine, CA
92697-2715

“Department of Physiology and Biophysics, School of Medicine, University of California, Irvine,
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Abstract

The hippocampal formation is traditionally viewed as having a feed-forward, unidirectional circuit
organization which promotes propagation of excitatory processes. While the substantial forward
projection from hippocampal CA1 to the subiculum has been very well established, accumulating
evidence supports the existence of a significant back-projection pathway comprised of both
excitatory and inhibitory elements from the subiculum to CA1. Based on these recently updated
anatomical connections, such a back projection could serve to modulate information processing in
hippocampal CAL. Here we review the published anatomical and physiological studies on the
subiculum to CA1 back-projection, and present recent conclusive anatomical evidence for the
presence of non-canonical subicular projections to CA1. New insights into this under-studied
pathway will improve our understanding of reciprocal CA1-subicular connections and guide future
studies on how the subiculum interacts with CAL to regulate hippocampal circuit activity and
learning and memory behaviors.

Graphical Abstract

In this article, we revisit the published studies on non-canonical connections from the subiculum
to CAL, and review recent conclusive evidence for the presence of excitatory and inhibitory
subicular projections to CA1. New insights into this under-studied pathway will improve our
understanding of reciprocal CA1-subicular connections and guide future studies.
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Introduction

It has been generally considered that the hippocampal formation 1 is strongly feed-forward
in terms of the directionality of its information flow (Figure 1). Within this framework, the
subiculum is viewed as one of the two major output targets of the hippocampus proper,
Cornu Ammonis (CA) (O’Mara et al., 2001, O’Mara, 2005, Witter, 2006, Cenquizca and
Swanson, 2007), with the other major output target of the hippocampus being the entorhinal
cortex (EC). However, accumulating evidence starts to challenge the traditional view of the
unidirectional projection between hippocampal CA1 and the subiculum. While this
characterization of feed-forward circuit connections has been conceptually useful for our
understanding of learning and memory processes, but it is now time to consider the largely
unexplored role of the subicular back-projection to the hippocampus.

The hippocampal trisynaptic excitatory pathway consists of layer Il EC stellate neuronal
projections to the dentate gyrus, projections of the dentate granule cells to area CA3
pyramidal neurons, and CA3 projections to area CA1 pyramidal neurons. As a relatively
small area interposed between CA3 and CAL, area CA2 receives inputs from CA3 and EC
layer 11/111 neurons (Chevaleyre and Siegelbaum, 2010, Hitti and Siegelbaum, 2014, San
Antonio et al., 2014), and makes strong projections to stratum oriens and weaker projections
to stratum radiatum of CA1 (Hitti and Siegelbaum, 2014). CALl transfers excitatory
information out of the hippocampus either directly or via a dense projection to the
subiculum (Amaral and Witter, 1989, Amaral, 1993, Naber et al., 2001). With respect to EC
projections, the subiculum can either project directly into the deep layers of entorhinal
cortex, or project to the adjacent presubiculum and parasubiculum which then projects to the
entorhinal cortex (Canto et al., 2012, O’Reilly et al., 2013). While these circuit connections

Lin this paper, the hippocampal formation includes the dentate gyrus, hippocampus proper, subiculum, presubiculum, parasubiculum
and the entorhinal cortex.
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contribute to the predominantly unidirectional entorhinal —> hippocampal -> entorhinal loop,
there are other alternative circuits that provide different pathways for information flow
(Figure 1). For example, layer 111 entorhinal pyramidal neurons project directly onto the
pyramidal neurons of the subiculum and CA1 (the temporoammonic pathway). Recurrent
collaterals of CA3 pyramidal cells onto other CA3 pyramidal cells mediate synchronous
firing within the CA3 region (Kali and Dayan, 2000, Le Duigou et al., 2014). Both
morphological and physiological evidence suggests that CA3 and the dentate are
synchronized via a back-projection from CA3 to dentate granule cells. (Li et al., 1994,
Scharfman, 2007, Shi et al., 2014). Moreover, it has been demonstrated that in contrast to the
typical notion of feed-forward unidirectional communication from CA3-CALl to the
subiculum, hippocampal theta network activity can flow ‘in reverse’ from the subiculum to
CALl and CA3 to actively modulate spike timing and local network rhythms in these
subregions (Jackson et al., 2014).

Within this context, we revisit the under-described non-canonical connections from the
subiculum to CAL (Figure 1). In this article, we first summarize the earlier anatomical and
physiological studies supporting the feedback projections from the subiculum to CAL. We
then present results of new viral tracing studies that firmly establish this pathway and
provide a foundation for further investigation. Specifically, we will discuss below whether
excitatory feedforward signaling from CA1 to the subiculum may be modulated by
inhibitory or excitatory feedback to CAL1, as determined by subiculum activity. Last, we will
discuss outstanding questions and directions for further analysis of subicular projections to
CAL, and propose future studies to examine functional implications of non-canonical
subicular projections.

Existing evidence of subicular projections to CAl

The earliest evidence for a backward projection from the subiculum to area CA1 came from
conventional anatomical tracing studies in the 1980s. Berger et al. (1980) first reported the
projections from the subicular region to hippocampal CA1. They examined anatomical
connections between the dorsal hippocampus and subiculum in the rabbit, using then state-
of-the-art horseradish peroxidase (HRP) and autoradiographic tracing methods. They found
that HRP injections into hippocampal CA1 resulted in retrograde labeling in the subiculum,
suggesting a direct connection from the subiculum to the CA1 (Berger et al., 1980). In the
same paper, they performed further experiments with injections of tritiated amino acids into
the subiculum to show anterograde label in CA1 stratum oriens and stratum moleculare.
Their study also suggests that a localized subset of cells within the subiculum may project to
CAL rather than the projection originating throughout the entire subiculum. Using
intracellular injection of HRP, Finch et al. (1983) demonstrated axonal projections of select
subicular pyramidal neurons to hippocampal CA1 stratum oriens in the rat (Finch et al.,
1983). Similarly, axons of neurobiotin-labeled subicular pyramidal neurons (5 out of 50
cells) were visualized in the apical dendritic region of CA1 by Harris and Stewart (2001). In
addition, Kohler (1985) studied the intrahippocampal projections of the subicular complex
with the aid of the anterogradely transported lectin, Phaseolus vulgaris leucoagglutinin
(PHA-L). He found that a rostrally directed projection from the subiculum innervates all
layers of CA1 and the molecular layer of CA2/CA3, as well as the molecular layer of the
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dentate gyrus. These tracing results were supported by Witter et al. (1990), which showed
that PHA-L injections in the proximal part of the subiculum labels axonal fibers in CAl
(Witter et al., 1990).

The anatomical evidence for subicular projections to area CA1 is supported functionally by
several electrophysiological studies. Shao and Dudek (2005) used focal flash photolysis of
caged glutamate in adult rat slices and showed that CA1 pyramidal cells receive excitatory
synaptic input originating from the subiculum. In slices disinhibited with bicuculline block
of GABAergic inhibition, 25% (6 of 24) of the recorded CA1 pyramidal cells consistently
generated repetitive excitatory postsynaptic currents (EPSCs) in response to glutamate
stimulation in the subiculum. The responsive neurons are located 200-500 pm from the
distal end of CA1 and 400-1100 pm from the stimulation sites in the subiculum. Repeated
glutamate stimulation robustly evoked repetitive EPSCs lasting for a few hundred
milliseconds. Given that glutamate photolysis cannot stimulate axonal fibers of passage, this
study provided strong evidence that there are excitatory synaptic projections from the
subicular neurons to CA1 pyramidal cells. The relatively short latency difference between
the first action potential in the subiculum and the first EPSC recorded in CA1 in response to
flash glutamate stimulation strongly suggests that these EPSCs are not mediated by
polysynaptic intervening connections between the subiculum and CAL1 (i.e., subiculum —
EC — hippocampus).

Using isolated brain slices containing only CA1 and the subiculum, Harris and Stewart
(2001) reported backward propagation of synchronous epileptiform events (produced by
bathing slices in a reduced magnesium solution) from the subiculum into area CA1, with
events in CA1 always following events in the proximal subiculum at a conduction velocity
of 0.04 m/s. Full transections between CA1 and the subiculum were required to block the
propagation. Following complete transections, spontaneous events were measured in all
subiculum fragments but absent in CA1 fragments. The authors concluded that a subiculum -
CAL1 circuit serves to synchronize activities between both regions and maintains enhanced
activation of subicular and CA1 pyramidal neurons. More recently, Jackson et al. (2014)
showed in multi-electrode array recordings that in the intact isolated rat hippocampus
(removed from subcortical and cortical afferent inputs to the hippocampus while keeping all
intrinsic hippocampal circuits intact), spontaneous theta rhythms generated in the subiculum
back-propagate to CA1 and CA3. This work reveals a previously undescribed form of
reversed intra-hippocampal theta rhythm signaling. Their local field recordings in behaving
rats also suggests that this reversed theta rhythm influences the majority of theta epochs in
vivo (especially during REM sleep) and modulates the timing of theta and spiking within
CAZ3. These findings are supported by an earlier /n vivo physiological study (Commins et al.,
2002) with stimulating electrodes implanted in the dorsal subiculum of the rat to elicit CA1
responses which show a possible projection from the subiculum to hippocampal area CAL.
However, Commins et al. (2002) were unable to record LTP in CAL following high-
frequency stimulation in the subiculum. This prompted the proposal that the subiculum-CA1l
backward projection may have an inhibitory effect on area CA1. This suggestion gained
support from a more recent slice physiology study (Craig and McBain, 2015) which
demonstrated that disconnecting the subiculum increased gamma frequencies
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pharmacologically induced in rat CA1. Again it was proposed that this is perhaps due to
removal of an inhibitory feedback mechanism from the subiculum to CA1.

Why wasn’t the subiculum-CA1 pathway determined earlier with greater certainty? The
previously cited anatomical studies (which were done in rabbits and rats) that indicated back
projections from the subiculum to CA1 were affected by potential technical limitations of
conventional tracer injections, which limited reliability and interpretation of data. These
injections can be leaky and lead to off target uptakes as axons of passage can readily take up
these tracers. Moreover, PHA-L and HRP tracing techniques are limited in that they cannot
provide information regarding the restricted molecular or functional make-up of the neurons
involved. Further, in the previous electrophysiological studies, extracellular electrical
stimulation can activate axonal fibers of passage and local field recordings do not have the
spatial resolution needed for studying topographic mapping of projections. Together, these
methodological caveats have tempered the interpretations of findings that indicate subicular
back-projections to area CAL. Thus, further studies of this pathway using new methods that
overcome previous technical limitations are warranted.

Monosynaptic rabies tracing establishes direct subicular connections to

the hippocampus

New advances in virology and genetic technology offer powerful tools for mapping neural
circuit connectivity and function to complement more traditional approaches. Among them,
genetically modified rabies tracing has proved to be a useful mapping tool for identifying
direct circuit inputs to specific neuronal types (Wickersham et al., 2007b, Marshel et al.,
2010, Wall et al., 2010, Nakashiba et al., 2012). The modifications of rabies virus allows the
initial infection with rabies to be restricted to particular genetically targeted neurons, and
restrict retrograde spread of the virus to monosynaptic connections. In order to map direct
synaptic connections to selected neurons, this approach requires that a starter population
expresses both the EnvA receptor, TVA, and rabies glycoprotein (RG). This population is
then selectively infected with an EnvA-pseudotyped, RG-deleted rabies virus. Together, this
conditional intersection results in transcomplementation and monosynaptic retrograde
spread of the rabies virus to presynaptic neurons of the starter population. Because rabies
replicates its core within infected cells, this enables intense fluoresce with strong transgene
expression and reveals fine dendritic and axonal structures. This approach does have
temporal limits. Despite the relatively low initial cytopathic effects, rabies infection beyond
two weeks impairs the health of infected neurons (Wickersham et al., 2007a). Thus within
two weeks following infection, genetically modified rabies virus is an effective tool for
labeling trans-synaptic neuronal circuits (Wickersham et al., 2007a, Osakada et al., 2011).

Our group developed and applied a Cre-dependent, genetically modified rabies-based tracing
system to map local and long-range monosynaptic connections to specific types of neurons
in the intact brain. This is achieved by genetically targeting neuron types defined by their
Cre expression, including excitatory pyramidal cells (Camk2a-Cre) and inhibitory cell types
(DIx5/6-Cre) in CA1 of the mouse hippocampus (Sun et al., 2014). Using this approach, we
generated a map of circuit connections of excitatory and inhibitory cell types in the mouse
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hippocampus. To establish that the “leak” is not an issue, our first level of analysis was to
visualize the injection site and ensure that double-labeled starter cells were restricted to
CAL. Starter CA1 cells in brain sections were unambiguously identified by their GFP and
mCherry expression from the helper AAV and G-mCherry rabies genomes, respectively
(Figures 2A, 2C, and 2D). For mapping rabies-labeled presynaptic neurons (expressing
mCherry only), every section was examined to identify and mark the locations of mCherry-
expressing cell bodies. These labeled cells were assigned to specific anatomical structures
for regional input quantification.

Using genetically targeted rabies tracing, we found unambiguously that there are significant
direct inputs from the subiculum to both CA1 excitatory and inhibitory cell types (Sun et al.,
2014). This confirms the existence of a subicular-CA1 back-projection pathway in the
mouse (Figure 2), as previously suggested in other mammalian species using less strict
mapping methods (Berger et al., 1980, Kohler, 1985, Shao and Dudek, 2005). Further,
monosynaptic rabies tracing shows that both excitatory and inhibitory subicular neurons
project to CAL (Figure 2B-E), and that both CA1 excitatory neurons and inhibitory
interneurons are innervated by subicular inputs (Figure 2F). Immunochemical analysis
indicates that similar proportions of subicular excitatory versus inhibitory cells innervate
either CAL excitatory or inhibitory neurons (Figure 2E-F). These findings suggest new
possibilities for understanding subiculum-hippocampal functional circuitry. We propose that
the back-projection from the subiculum to CA1 is comprised of a potential balance between
both excitatory and inhibitory elements. This allows consideration of a hypothesis that such
a back projection could serve to modulate information processing in hippocampal CA1 by
acting as an activity-dependent network switch between dampening and amplifying CAl
activity. The modulatory effects proposed by this hypothesis would depend on whether the
subicular inhibitory or excitatory components are dominant, thus promoting different
learning or spatial navigational behaviors.

The subicular inputs to CA1 are relatively strong in terms of circuit connection strengths
(Sun et al., 2014). We operationally define input connection strength index (CSI) as the ratio
of the number of presynaptic neurons versus the number of targeted postsynaptic (starter)
neurons. The overall strength of subicular back-projections to CA1 inhibitory interneurons
(CSI: 1.00 £ 0.20) is comparable to CAL excitatory pyramidal neurons (CSI: 0.81 £ 0.01)
(Sun et al., 2014). The connectivity strength of subicular inputs to CA1 is lower than the
connectivity strength between CA1 and CA3 (CAS3 provides the strongest input to CAL).
The CSls of CA1 pyramidal neurons for their presynaptic CA3 excitatory cells are 7.10

+ 0.28 (ipsilateral) and 3.44 + 0.22 (contralateral). The strength of subicular-CA inputs is
close to that of the medial septum and diagonal band (MS-DB) projections to CAL. The
overall CSI for MS-DB neurons to CA1 neuron is between 0.95 and 1.17. This suggests that
non-canonical back projections from the subiculum to CA1 are modulatory, similar to the
MS-DB projections to CAL.

Relevant to the subicular back projection to the hippocampus, adult-born dentate granule
neurons were found to receive an input from the subiculum (Deshpande et al., 2013). This
subicular connection to the dentate gyrus was not previously identified, but was supported
by Kohler (1985). He found that the subicular complex sends a minor projection to the
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molecular layer of the dentate gyrus using PHA-L tracing injections. Considering that
hippocampal activity can flow ‘in reverse’ (i.e., reversed theta signaling) from the subiculum
to CA3 (Jackson et al., 2014), it would be worth performing rabies tracing to test if
hippocampal CA3 receives direct subicular inputs as does CAL.

Outstanding questions guiding further analysis of subicular projections to

CAl

The new rabies tracing study in the mouse indicates that both excitatory and inhibitory cell
types are involved and suggests previously unconsidered potential roles for direct subicular
modulation of hippocampal CAL circuit activity. To gain a deeper understanding of
functional implications of the subiculum-CA1 back-projection pathway, the following
questions need to be addressed. (1) How do different subclasses of CAl-projecting subicular
neurons provide synaptic inputs to specific CA1 neuronal types? (2) What are the
topographical and functional relationships of projections from the subiculum to CA1? (3)
Do the CAl-projecting subicular neurons exhibit distinct physiological characteristics? (4)
Do the subiculum to CAL1 projections modulate rhythm synchrony and amplitude within and
between hippocampal regions? (5) Do subiculum -> CA1 projections modulate
hippocampus-associated learning and memory behaviors?

As a first step, direct subicular-CA1 synaptic inputs need to be physiologically validated.
Subcellular ChR2-assisted circuit mapping (SCRACM) analysis (Petreanu et al., 2009, Mao
et al., 2011) could be used to map subicular inputs to CA1 neurons. Given the differential
roles of diverse CA1 inhibitory interneurons involved in feedforward and feedback
operations, it will be important to determine how excitatory pyramidal neurons and major
inhibitory CAL cell types differ in spatiotemporal properties of their subicular inputs.

Addressing the question of whether the subiculum-CAL1 projection shows a specific
topographic relationship as seen in the CAl-subiculum projection is important. It is known
that the CA1 projection to the subiculum has a mirrored topography so that distal CA1
projects to proximal subiculum, and proximal CA1 projects to distal subiculum (Amaral et
al., 1991, Amaral, 1993). However, it remains to be seen if the subiculum shows a similar
transverse topography in its projection to CAL. Given that intrahippocampal connections are
dense and largely contained in some planes of sections oriented perpendicularly to the long
axis of the hippocampus, this would allow for the examination of topographic subiculum-
CAL connections in brain slice preparations. The notion of a topographic projection from the
subiculum to CAL1 is supported by previous slice mapping experiments (Shao and Dudek,
2005). They showed that CA1 responses were limited to a particular range from the CA1-
Sub border (200-500um) (Shao and Dudek, 2005). Further, CA1 responses reliably follow
stimulation of the subiculum, particularly proximal subiculum, which supports the idea that
there is a shared topography between CAL and subiculum interactions (Harris and Stewart,
2001). It will be important to follow up the initial rabies-based mapping study (Sun et al.,
2014) to investigate topographical relationships of subiculum-CA1 projections in vivo.
Monosynaptic rabies tracing from different CA1 segments (i.e., proximal, intermediate and
distal CA1) would allow examining differential distributions of CA1-projecting subicular
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neurons along the proximal-distal axis. This will test if there are any specific projection
relationships, and show whether distal and proximal CAL1 regions have differential strengths
of subicular innervation.

In addition, it is not yet known whether CA1-projecting subicular neurons are a unique
neuronal group with distinct physiological properties and circuit connections as compared to
other subicular neuronal populations. This is particularly relevant as subicular pyramidal
neurons are categorized into two subpopulations based on their firing rates, regular-spiking
(RS) and burst-firing (BF) neurons (Stewart and Wong, 1993, Taube, 1993, Sharp and
Green, 1994, Staff et al., 2000, Kim and Spruston, 2012). Although it is reported that RS
outnumber BF cells 2:1 across the entire subiculum (Menendez de la Prida et al., 2003,
Knopp et al., 2005), BF neurons are concentrated in the distal region of the subiculum while
RS neurons are preferentially distributed in the region proximal to the CAl/subiculum
border (Staff et al., 2000, Menendez de la Prida et al., 2003). The relationship between the
firing properties and the targets of subicular pyramidal neurons has been examined by Kim
and Spruston (2012). They used /n7 vivo injections of retrogradely transported fluorescent
beads into each of nine different regions and conducted whole-cell current-clamp recordings
from the bead-containing subicular neurons in acute brain slices. Their study found that
neurons projecting to amygdala, lateral entorhinal cortex, nucleus accumbens, and medial/
ventral orbito-frontal cortex are located primarily in the proximal subiculum and consist
mostly of regular-spiking neurons (~80%). In contrast, neurons projecting to medial EC,
presubiculum, retrosplenial cortex, and ventromedial hypothalamus are located primarily in
the distal subiculum and consist mostly of bursting neurons (~80%). Ishizuka (2001) also
reported the differences in connectional targets among subicular pyramidal neurons, as
nucleus accumbens-projecting cells are more prominent in the proximal half of the
subiculum, whereas thalamic nucleus-projecting cells are distributed toward the distal half of
the subiculum (Ishizuka, 2001).

Considering that RS neurons are preferentially distributed in proximal subiculum, it is
possible that RS neurons are the preferential subicular cell type that projects back to CA1. A
combinatorial viral strategy could distinguish CA1-projecting subicular neurons.
Specifically, canine adenovirus 2 (CAV2)-mediated retrograde Cre expression could be used
to selectively label CAl-projecting subicular neurons for physiological characterization and
genetic manipulation of their physiological activities (Gore et al., 2013, Schwarz et al.,
2015). In addition, Cre-dependent retrograde rabies tracing and anterograde herpes simplex
virus (H129 strain) (Lo and Anderson, 2011) are useful for mapping circuit connections of
these subicular neurons.

The anatomy and physiology suggests that future studies on the functional roles of
subiculum-CA1 projections are merited. Given the intriguing presence of both excitatory
and inhibitory subicular projections to CA1 and their comparably balanced inputs, it would
be interesting to examine if these back-projections amplify or dampen large network
synchronies within and between these two regions in the hippocampal formation. New and
emerging techniques should reveal answers to questions of how subiculum to CAl
projections potentially modulate hippocampal network activity, and what roles subiculum-
CAL projections may play in hippocampus-associated learning and memory behaviors. Ziv
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et al. (2013) used a miniaturized microscope for Ca2+ imaging in freely behaving mice and
tracked somatic response dynamics of hundreds and thousands of CA1 pyramidal cells in
one field of view per mouse. Large scale neuronal population imaging of CA1 and the
subiculum at single-cell resolution in freely behaving animals combined with genetic cell
targeting could resolve how CA1-projecting subicular neurons modulate CA1 place cell
activities and ensemble representation of the environment.

Conclusions

In conclusion, accumulating evidence establishes that there is a non-canonical but significant
set of subiculum -> CA1 projections. The under-appreciated bidirectional connections of the
subiculum and hippocampal CA1 require further study to update the canonical model of
hippocampal circuit organization. The non-canonical subiculum-hippocampal projections
may regulate network correlation and activity synchrony events that underlie different
behavioral states. Future investigations will refine our understanding of how this circuit
modulates learning and spatial navigation behaviors.
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Figure 1. Canonical hippocampal circuitry and the non-canonical subicular-CA1 pathway
The diagram depicts the non-canonical and canonical circuitry of the hippocampal

formation. Evidence herein describes non-canonical back projections from the subiculum to
CAL (red line). Feed-forward and unidirectional canonical projections are depicted as black
lines with large directional arrows. The trisynaptic circuit connections are made up of layer
I1 (LIN) entorhinal cortex (EC) projections to the dentate gyrus via the perforant pathway,
projections of the dentate granule cells to area CA3 pyramidal neurons via mossy fibers, and
CA3 projections to area CA1 pyramidal neurons via Schaffer collaterals. CAL transfers
excitatory information out of the hippocampus proper via direct projections to deep layers
(layers V and VI, LV/VI) of the entorhinal cortex or to the subiculum. CA2 is described in
the text but is not depicted in this diagram. Additional excitatory projections within the
hippocampal formation include layer 111 (LII) entorhinal neurons projections to CA1 and the
subiculum (the temporoammonic pathway), and local recurrent collaterals of CA3 pyramidal
cells onto other CA3 pyramidal cells. Also the back-projection of CA3 pyramidal neurons to
the dentate gyrus has been described.

J Comp Neurol. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 13

anti-GABA

overlay

Subiculum

(AP: -3.20 mm)

F Per of i i identified subicular neruons

CamK2a-Cre:TVA DIx5/6-Cre:TVA

= Glutamatergic
(EAAC1+ & GABA-)

= GABAergic

Unidentified

Figure 2. New monosynaptic rabiestracing firmly demonstrates the non-canonical subicular
projectionsto CA1
A-D. Example data images illustrating monosynaptic rabies tracing of presynaptic

connections to excitatory neurons in hippocampal CA1 of the Camk2a-Cre; TVA mouse. A:
Ipsilateral section image of the rabies injection site; mCherry labeling of excitatory neurons
is seen throughout CA1. Note that much of the CA1 label is due to primary rabies infection
as pyramidal neurons expressing TVA can be directly infected by local injection of EnvA- G
rabies. The extent of the CA1 label under this experimental condition is not due to strong
recurrent connections within CAL.

B: Ipsilateral image of presynaptic retrograde tracing in the subiculum (Sub) showing non-
canonical circuit connections between the subiculum and CA1. C and D: Enlarged views of
the boxed areas in B showing the subicular neurons that project axons to CAl. E-F.
Immunochemical analysis of subicular neurons projecting to CA1. E: Immunochemical
characterization of rabies-labeled, CAl-projecting subicular neurons. The representative
subicular section was from monosynaptic rabies tracing of CA1 excitatory pyramidal
neurons in the Camk2a-Cre; TVA mouse. The section was stained immunochemically
against excitatory amino acid transporter (EEAC1) with arrowheads indicating subicular
excitatory neurons projecting to CA1, and against GABA with arrowheads indicating
subicular inhibitory interneurons projecting to CALl. The CA1 projecting subicular neurons
were labeled by mCherry-expressing rabies. F: Percentage quantification of glutamatergic
versus GABAergic CA1 projecting subicular cells revealed by rabies tracing in Camk2a-Cre;
TVA (targeting CA1 excitatory neurons) and DIx5/6-Cre; TVA (targeting CAl inhibitory
neurons) mice. This figure is modified from data figures presented in Sun et al. (2014).
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