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Hippocampal CA3 inhibitory neurons receive extensive 
noncanonical synaptic inputs from CA1 and subicular complex

Xiaoxiao Lina, Neeyaz Cyrusa, Brenda Avilaa, Todd C. Holmesb, Xiangmin Xua,1

aDepartment Anatomy & Neurobiology, School of Medicine, University of California, Irvine, CA 
92697

bDepartment Physiology & Biophysics, School of Medicine, University of California, Irvine, CA 
92697

Abstract

Hippocampal CA3 is traditionally conceptualized as a brain region within a unidirectional 

feedforward trisynaptic pathway that links major hippocampal subregions. Recent genomic and 

viral tracing studies indicate that the anatomical connectivity of CA3 and the trisynaptic pathway 

is more complex than initially expected and suggests that there may be cell type specific input 

gradients throughout the 3-dimensional hippocampal structure. In several recent studies using 

multiple viral tracing approaches, we describe subdivisions of the subiculum complex and ventral 

hippocampal CA1 that show significant back projections to CA1 and CA3 excitatory neurons. 

These novel connections form “noncanonical” circuits that run in the opposite direction relative to 

the well characterized feedforward pathway. Diverse subtypes of GABAergic inhibitory neurons 

participate within the trisynaptic pathway. In the present study, we have applied monosynaptic 

retrograde viral tracing to examine noncanonical synaptic inputs from CA1 and subicular complex 

to the inhibitory neuron in hippocampal CA3. We quantitatively mapped synaptic inputs to CA3 

inhibitory neurons to understand how they are connected within and beyond the hippocampus 

formation. Major brain regions that provide typical inputs to CA3 inhibitory neurons include 

the medial septum, the dentate gyrus, the entorhinal cortex and CA3. Noncanonical inputs from 

ventral CA1 and subicular complex to CA3 inhibitory neurons follow a proximodistal topographic 

gradient with regard to CA3 subregions. We find novel noncanonical circuit connections between 

inhibitory CA3 neurons and ventral CA1, subiculum complex and other brain regions. These 

results provide a new anatomical connectivity basis to further study the function of CA3 inhibitory 

neurons.

Graphical Abstract.
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Lin et al., have applied monosynaptic retrograde viral tracing to examine both typical and non-

canonical circuit inputs to CA3 inhibitory neurons in the mouse to understand how they are 

connected within and beyond the hippocampus formation. Noncanonical inputs from ventral CA1 

and subicular complex to dorsal CA3 inhibitory neurons follow a proximodistal topographic 

gradient relative to CA3 subregions. This work provides a new anatomical connectivity basis to 

further study the function of CA3 inhibitory neurons.
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Introduction

Hippocampal CA3 plays a critical role in learning and memory consolidation. The 

anatomical connections of CA3 with the other subregions of the hippocampus have been 

studied by using conventional chemical tracing techniques (Cenquizca and Swanson, 2007; 

Dong et al., 2009; Swanson and Cowan, 1977; Swanson et al., 1981). These studies show 

that CA3 serves as a transitional region that transfers mossy fiber inputs from the dentate 

gyrus (DG) to CA1 in the trisynaptic model (Amaral and Witter, 1989; Andersen et al., 
1971; Ishizuka, 2008; Witter, 2007). Classically, excitatory information is transferred along 

the trisynaptic pathway in a feedforward direction to the major output region, the subiculum 

(SUB) (Andersen et al., 1969; Steward, 1976; Witter et al., 2017). However, recent genomic 

and viral tracing studies reveal that the anatomical connectivity of CA3 and the trisynaptic 

pathway shows further complexities (Dong et al., 2009; Lin et al., 2021; Sun et al., 2019; 

Sun et al., 2014; Thompson et al., 2008; Xu et al., 2016).

CA3 has been conceptualized as a homogenous network that supports autoassociative 

memory (Korol et al., 1993; Marr, 1971). However, more recent genomic mapping studies 

reveal complexity and gene expression profiles divide the mouse hippocampal CA3 into 

9 distinct subdomains along the proximodistal and septotemporal axes (Thompson et 
al., 2008). Heterogeneities in anatomical connectivity and molecular expression along 

the proximodistal (transverse axis) mediate specific functions as shown by physiological 
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and behavioral experiments (Knierim and Neunuebel, 2016; Lee et al., 2015; Lu et al., 
2015). Distal and proximal CA3 subregions correspond to pattern complexion and pattern 

separation, respectively (Lee et al., 2004; Leutgeb et al., 2004). Electrophysiological studies 

in brain slices or ex vivo hippocampal preparations show that hippocampal theta (8 Hz) 

network oscillations can flow “in reverse” from SUB to CA1 and CA3 to modulate spike 

timing and local network rhythms in these subregions (Jackson et al., 2014). To better 

understand the anatomical basis of these “reverse oscillations,” our group used multiple 

genetically modified viral tracers to identify a noncanonical SUB-backprojection to CA1 

and CA3 excitatory neurons (Lin et al., 2021; Sun et al., 2014). Our results suggest 

that a projection from ventral CA1 (vCA1) excitatory to dorsal CA3 (dCA3) excitatory 

neurons may mediate the “reverse direction” theta oscillation along the septotemporal axis. 

Functionally, the vCA1 to dCA3 back-projection contributes to object-related memory, but 

not stress-related memory.

The hippocampus consists of ~90% excitatory neurons and also contains ~10% GABAergic 

inhibitory neurons (Freund and Buzsaki, 1996; Pelkey et al., 2017). The trisynaptic 

pathway is modulated by GABAergic inhibitory neurons in both feedforward and feedback 

directions (Chamberland and Topolnik, 2012; Germroth et al., 1989; Jaffe and Gutierrez, 

2007; Lawrence and McBain, 2003; Misgeld and Frotscher, 1986; Wittner et al., 2006). 

The CA3 subregions contain diverse subtypes of GABAergic inhibitory neurons that can 

be differentiated according to their chemical, physiological, morphological and synaptic 

connections (Acsady et al., 1998; Klausberger and Somogyi, 2008; Lawrence and McBain, 

2003). Based on earlier studies, CA3 inhibitory neurons are known to receive inputs from 

the medial septum (MS), the DG and the entorhinal cortex (EC) (Freund and Antal, 1988; 

Germroth et al., 1989; Jaffe and Gutierrez, 2007; Melzer et al., 2012). Medial septal 

GABAergic cells preferentially innervate axo-axonic GABAergic inhibitory neurons in 

CA3 (Joshi et al., 2017; Salib et al., 2019). Mossy fibers form four times more synaptic 

connections to CA3 inhibitory neurons relative to their inputs to excitatory neurons (Jaffe 

and Gutierrez, 2007). Str. lacunsom moleculare CA3 inhibitory neurons (Picard et al.) 
receive EC layer II inputs via perforant pathway (Germroth et al., 1989; Melzer et al., 2012). 

However, noncanonical circuit connections to CA3 inhibitory neurons have not been studied, 

and quantitative characterization of local and long-distance inputs (including noncanonical 

connections) to the subregions of CA3 inhibitory neurons needs to be determined.

In this study, we followed our previous CA3 excitatory neuron tracing studies (Lin et al., 
2021) to perform retrograde viral tracing of circuit inputs to CA3 inhibitory neurons in 

different dorsal CA3 locations (distal CA3, dCA3a; proximal CA3, dCA3b/c). We used 

a monosynaptic rabies virus tracing system (Lin et al., 2021; Sun et al., 2019; Sun et 
al., 2014; Sun et al., 2018; Wickersham et al., 2007), and quantitatively mapped the whole-

brain-wide inputs to dorsal CA3 (dCA3) inhibitory neurons along proximodistal (transverse) 

and septotemporal axes. We determined the anatomical connectivity of canonical and 

noncanonical connections to hippocampal CA3 inhibitory neurons. The updated anatomical 

map will allow us to better study the functions of hippocampal CA3 inhibitory neurons by 

consideration of the noncanonical circuit connections.
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Materials and Methods

Animals

All experiments were performed in accordance with the National Institutes of Health 

Animal Care and Use Guidelines and were approved by the Institutional Animal Care 

and Use Committee (IACUC) and the Institutional Biosafety Committee of the University 

of California, Irvine (IACUC protocol number: AUP-20-002). For viral circuit tracing 

experiments, GAD2-Cre (JAX stock #010802) and Camk2α-Cre (T29) (JAX stock # 

005359) mice were used to map inputs to CA3 inhibitory neurons and excitatory neurons, 

respectively. For more information, see the text in S1 table.

Viral injections

Detailed procedures for viral injection have been described in our earlier work (Sun et 
al., 2014). Mice were anesthetized under 1.5% isoflurane for 10 minutes with a 0.8 L/min 

oxygen flow rate using an isoflurane tabletop unit (HME109, Highland Medical Equipment, 

Temecula, CA, USA). Mice were transferred to a rodent stereotaxic frame (Leica Angle Two 

for mouse, Leica BiosystemsInc., Buffalo Grove, IL, USA), and were anesthetized with 1% 

isoflurane. To reflect the skin, a small incision was made in the head, and the skull was 

exposed to show the landmarks of bregma and lambda. A 3-axis micromanipulator guided 

by a digital atlas was used to calculate the injection site coordinates relative to the bregma 

and lambda. The virus was delivered to the target region.

Two ways of viral tracer delivery were utilized: picospritzer pressure injection and 

iontophoretic current injection. Pressure injection infects a large number of cells in the 

injection point, but iontophoretic current injection restricts the size of infected areas within 

a small target region. Either injection method showed no biased inputs from different brain 

regions. The procedure for pressure injection included drilling a small hole in the skull, 

above the injection site, which exposes the pia surface. The virus was then loaded into a 

glass pipette (tip diameter, approximately 10–20 μm) and lowered into the brain at targeted 

coordinates. A picospritzer (Parker Hannifin, Hollis, NH, USA) was used to pulse the virus 

into the brain at a rate of 20 to 30 nL/min with a 10-ms pulse duration. The procedure 

for iontophoresis included delivering the virus with a positive 3-μA current in a cycle of 

7 seconds “on” and 7 seconds “off” for a duration of 10 minutes. To prevent backflow 

of the virus, the injection pipette remained in the brain for 5 minutes after completion of 

the injection. Once the injection pipette was withdrawn, the mouse was removed from the 

stereotaxic frame, and tissue adhesives (3M Vetbond, St. Paul, Minnesota, USA) were used 

to close the incision. Mice were then given a Carprofen injection and taken back to their 

home cages for recovery.

Adeno-associated virus (AAV) and rabies virus

To map and quantitatively analyze the input connection strengths of inhibitory or excitatory 

CA3 cells, we used genetically modified rabies virus and the mouse lines expressing Cre-

recombinase. The rabies infections were restricted to specific localized CA3 subregions 

without leaks to CA1. We achieved this using genetically modified viruses and our injection 

approach designed to avoid undue spread and non-specific potential contamination. We used 

Lin et al. Page 4

J Comp Neurol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



localized injection of Cre-dependent AAV virus (AAV8-hSyn-DIO-TC66T-2A-EGFP-2A-

OG, 1.8 × 1012 genome units per mL) that expresses the avian viral receptor TVA, rabies 

G protein and EGFP to target CA3 subregions in the GAD-Cre mouse line. With the 

expression of TVA and G protein in the Cre+ neurons, we injected EnvA pseudotyped and 

glycoprotein gene-deleted (ΔG) rabies expressing DsRed (EnvA-SADΔG-RV-DsRed, 0.4 

μL, approximately 2 × 107 infectious units per mL) into the same brain region of helper 

AAV injection at three weeks later. The EnvA pseudotyped rabies virus only infects the cells 

with the EnvA binding receptor, TVA expression, and this avoids the off-target expression 

in non-Cre or non-TVA cells (Wall et al., 2010). After nine days of incubation that allows 

for for rabies virus in the EGFP and DsRed colocalized “starter neurons” to propagate 

retrogradely to their directly connected presynaptic neurons, the mice were perfused for 

tissue processing.

The helper AAV was delivered to the brain region of interest using iontophoretic current 

injection. This approach allows us to restrict the infected starter neurons in a small target 

region, like CA3a subregion, which we have verified as the sole injection and initial 

infection sites. Following visual check of the expression of the starter neurons labeled by 

both EGFP and mCherry in the whole hippocampal areas, cases with starter neurons that 

showed evidence for leak to adjacent brain regions were excluded from further analysis.

Rabies virus was locally made at the Center for Neural Circuit Mapping Center of the 

University of California, Irvine, with required cell lines and seeding viruses originally 

provided by E. Callaway’s group at the Salk Institute for Biological Studies. The coordinates 

of dCA3 subregions relative to the bregma are anteroposterior (AP): −1.94mm, mediolateral 

(Rankov Petrovic et al.): −2.48 mm, dorsoventral (Lorincz et al.): −2.24 mm for CA3a, and 

AP: −2.06mm, ML: −1.92 mm, DV: −2.13 mm for CA3b/c (Fig 1 and S1 Table). All the 

mice were handled equally with receiving the same viral injections.

Histology and immunochemical staining

The mice were perfused with 5 mL of Phosphate Buffer Saline (PBS), followed by 25 mL 

PBS containing 4% paraformaldehyde. The perfused brains were removed, post-fixed in 

4% paraformaldehyde overnight, then put into 30% sucrose in 1 X PBS for 24 hours. Dry 

ice was used to freeze the brain which was then coronally sectioned in 30-μm thickness 

on a freezing microtome (Leica SM2010R, Germany). Every one out of three sections 

was mounted for examination and quantification of virally labeled neurons in various brain 

structures and were then imaged for all subsequent computer-based analyses. Some brain 

sections were selected for neurochemical characterization of labeled cells.

To verify that starter neurons (which were selected based on the presence of EGFP and 

DsRed double-labeled cells in the dCA3 injection site) were inhibitory neurons, GABAergic 

immunostaining was performed. For GABA staining, a rabbit anti-GABA primary antibody 

(Sigma-Aldrich (St. Louis, MO, USA), A2052, 1:4000 dilution) was used followed by a 

Cy5-conjugated donkey anti-rabbit secondary antibody (Jackson ImmunoResearch (West 

Grove, PA, USA), 147088, 1:200 dilution). Furthermore, to investigate the subtypes of 

GABAergic inhibitory neurons in the injection site, brain sections (3 sections per case) were 

selected to immunostain for parvalbumin (PV), somatostatin (SOM), vasointestinal peptide 
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(VIP) and cholecystokinin (CCK). For PV staining, a rabbit anti-PV primary antibody (Aves 

Labs (Davis, CA, USA), PV27a_220208_500, 1:1000) was followed by the Cy5-conjugated 

donkey anti-rabbit secondary antibody. For SOM staining, a rat anti-SOM primary antibody 

(Novus Biology (Centennial, CO, USA), 158180, 1:500 dilution) was followed by a Cy5-

conjugated donkey anti-rat secondary antibody (Jackson ImmunoResearch, 154628, 1:200 

dilution). For VIP staining, a rabbit anti-VIP primary antibody (Immunostar (Hudson, WI, 

USA), 20077, 1:1000 dilution) was followed by the Cy5-conjugated donkey anti-rabbit 

secondary antibody. For CCK staining, a rabbit anti-CCK-8 primary antibody (Sigma (St. 

Louis, MO, USA), C-2581, 1:1000 dilution) was followed by the Cy5-conjugated donkey 

anti-rabbit secondary antibody. To enhance the expression of green fluorescent protein, 

all the sections were stained for GFP using a chicken anti-GFP primary antibody (Swant 

(Bellinzona, Switzerland), GFP3717982, 1:200 dilution) followed by an Alexa Fluor (AF) 

488-conjugated donkey anti-chicken secondary antibody (Jackson ImmunoResearch (West 

Grove, PA, USA), 146581, 1:200 dilution). To delineate the hippocampal CA2 region, 

selected hippocampal sections were stained with a rabbit anti-PCP4 antibody (Invitrogen 

(Carlsbad, CA, USA), PA5-52209, 1:1000). This was followed by the Cy5-conjugated 

donkey anti-rabbit secondary antibody. Furthermore, sections from vCA1, SUBv, and SUBtr 

were selected for both inhibitory and excitatory immunostaining. To examine inhibitory 

cell labeling in these regions, the rabbit anti-GABA primary antibody followed by the Cy5-

conjugated donkey anti-rabbit secondary antibody were used. To examine excitatory cell 

labeling, a mouse anti-CAMKIIα primary antibody (Thermo Fisher Scientific (Riverside, 

CA, USA), MA1-048, 1:1000 dilution) followed by the Cy5-conjugated donkey anti-mouse 

secondary antibody (Jackson ImmunoResearch (West Grove, PA, USA), 144119, 1:200). 

Details can be found in the S1b Table.

To acquire brain slice images of the mouse brain section series under a 10x objective, an 

automated slide scanning acquisition system (Metamorph, MDS Analytical Technologies, 

Sunnyvale, CA, USA) using a high-performance computer coupled with a fluorescent BX61 

Olympus microscope and a high-sensitivity Hamamatsu CCD camera. Furthermore, labeled 

cells in selected sections were imaged with a confocal microscope (Fluoview 3000, Olympus 

Life Science Microscopy, Waltham, Massachusetts) coupled with z-stack and tile scanning 

features under a 20X objective. The confocal imaging system used dichroic mirrors for 

multicolor imaging. During 20x imaging for data acquisition by 640-nm excitation, the 

emission signal was acquired from 650 nm to 750 nm (pinhole: 1 AU). For data acquisition 

by 561 nm excitation, the emission was acquired from 570 nm to 614 nm (pinhole: 1 

AU). For data acquisition by 488 nm excitation, the emission was acquired from 500 nm 

to 540 nm (pinhole: 1 AU). For data acquisition by 405 nm excitation, the emission was 

acquired from 430 nm to 470 nm (pinhole: 1 AU). The image stack (~30 μm per brain 

section; step size: 2 μm) was acquired by the Fluoview 3000 software using the OIR file 

format, then converted to a maximal projection image in a TIFF format which was later 

used during cell counting. Quantitative examinations of virally labeled neurons across the 

series of brain sections were conducted for complete and unbiased analyses using Adobe 

Photoshop software (Adobe Systems, San Jose, California, USA).
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Data quantification

Regarding the counting protocol, brain sections with the target injection regions (either 

dCA3a or dCA3b/c), were selected to identify GFP and DsRed double-labeled starter 

neurons. Starter neurons were manually measured using the counting tool in Photoshop. 

To correctly identify CA3 subdomains, Thompson et. al’s mapping of CA3 boundaries 

was used (Thompson et al., 2008). Franklin and Paxinos’ mouse brain atlas images 

(Franklin KBJ) were aligned to the rest of the brain sections and used to determine 

accurate anatomical structures for the quantification of remaining DsRed labeled cells. No 

stereological protocol was used; all labeled cells in each section of the brain section series 

(i.e., 1 out of every 3 sections was mounted for examination of virally labeled neurons in 

different brain structures) were counted.

We calculated the connection strength index (CSI), defined as the ratio of the number of 

presynaptic neurons in a brain region of interest versus the number of postsynaptic (starter) 

neurons in CA3. We also calculated the proportion of inputs (PI) defined as the ratio of the 

number of presynaptic inputs versus the number of total inputs. These values were utilized 

to quantitatively compare the inputs to CA3 inhibitory and excitatory neurons along the 

proximodistal and septotemporal axes (S2 Table). The raw counting data is shown in Table 

S4. To assure objectivity of our analysis, histological processing and neuronal counting were 

conducted in a double-blind procedure.

Statistics

Data were presented as mean ± SD, or mean ± SE. For statistical comparison between two 

groups that were not normally distributed, a non-parametric-unpaired t-test (Mann-Whitney 

U Test) was used. This is in line with routine guidelines for a relatively small sample size 

and does not require assumptions of normality or equal variance required for parametric 

tests. Alpha levels of p ≤ 0.05 were considered significant. For statistical comparisons across 

more than 2 groups, the nonparametric version of 1-way ANOVA (Kruskal–Wallis test) 

was first used, and if the outcome was significant, Dunn’s multiple comparison tests were 

conducted between groups with multiple comparison corrections as needed. Statistical data 

is shown in Table S3.

Results

Monosynaptic rabies viral tracing of synaptic inputs to inhibitory neurons in dorsal CA3 
subregions

We mapped brain-wide circuit inputs to hippocampal CA3 inhibitory neurons using 

monosynaptic retrograde rabies virus-mediated tracing. To specifically target inhibitory 

neurons in dCA3, we used GAD2-Cre mice (Taniguchi et al., 2011) for Cre-dependent 

rabies virus tracing that selectively targets inhibitory neurons in dCA3 subregions along 

the proximodistal (transverse) axis (Fig 1A). As rabies virus labeling has the feature of 

measurable starter cells at the injection site, connectivity strengths of input mapped brain 

regions per starter cell can be measured quantitatively. We calculated the connection strength 

index (CSI), defined as the ratio of the number of presynaptic neurons in a brain region of 

interest versus the number of postsynaptic (starter) neurons in CA3.
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In our approach, the rabies virus targets specific cell types using EnvA pseudotyping; 

glycoprotein transcomplementation restricts transsynaptic propagation to the presynaptic 

cells that provide direct inputs to starter neurons (Sun et al., 2014; Wall et al., 2010; 

Wickersham et al., 2007). The EnvA receptor TVA expression in starter cells allows EnvA 

pseudotyped, G-deleted rabies virus to enter the starter cells. The TVA is an avian receptor 

protein that is absent in mammalian cells unless it is expressed through exogenous gene 

delivery. The rabies glycoprotein (RG) and TVA are genetically delivered by the helper AAV 

to neurons in the specific injection sites, such as dCA3 for the present case, but not other 

brain regions in a Cre mouse line. Following the helper injection, the EnvA-pseudotyped 

ΔG rabies virus enters Cre+ cells that express the TVA receptor. Because the Cre+ cells 

express rabies glycoprotein, the EnvA-pseudotyped ΔG rabies virus can complete trans-

complementation and then spreads retrogradely to label direct presynaptic neurons.

We virally traced circuit connections to a small population of dCA3 starter cells located in 

different dCA3 subregions (average number of starters per case: dCA3a, 26 ± 5 neurons, n 

= 8 mice; dCA3b/c, 19 ± 5 neurons, n = 6 mice) (S2 Table). Note that the injection location 

at distal dCA3 is termed dCA3a (corresponding to domain # 3, based on the updated criteria 

defined by Thompson and colleagues (Thompson et al., 2008). The relatively proximal 

location of dCA3 is termed dCA3b/c (corresponding to domains # 2 and 1). Distal and 

proximal dCA3 are separated by the midline of fimbria.

The starter cells can be unambiguously identified by their EGFP and DsRed expression (Fig 

1B and 1C). We stained the hippocampal sections with GABA antibody to verify that the 

labeled starter neurons are inhibitory interneurons. Our staining result shows that 97.1% of 

starter neurons (n = 6 mice) in the dCA3 injection site are immunopositive for GABA thus 

confirming they are inhibitory neurons (Fig 1D and H).

We further examined the subtypes of the inhibitory neurons in dCA3 injection regions. 

The hippocampal sections containing starter neurons were stained with antibodies 

for somatostatin (SOM), parvalbumin (PV), vasoactive intestinal peptide (VIP) and 

cholecystokinin (CCK) (Fig 1E–G and S2 Fig). The distribution of GABAergic subtype 

inhibitory neurons in dCA3 that we observe is consistent with previous literature (Freund 

and Buzsaki, 1996). More than half of dCA3 GABAergic inhibitory neurons are SOM+ 

(64.3%), followed by PV+ and VIP + with 33.59% and 14.22%, respectively (3 hippocampal 

sections per case, SOM, n = 8 cases; PV, n = 6 cases; VIP, n = 6 cases) (Fig 1H). The 

colocalization of starter neurons and CCK-expressing inhibitory neurons (n = 3 cases) is 

observed in dCA3 subregions (S2 Fig).

Brain-wide canonical inputs to inhibitory neurons in dCA3

Following rabies-mediated viral injection, the presynaptic neurons that provide inputs to 

dCA3 subregions, express DsRed in input brain regions including the medial septum and 

diagonal band of Broca (MS-DBB), dentate gyrus (DG), CA2, entorhinal cortex (EC), 

retromammillary (RM) nucleus, and the median raphe nucleus (MnR) (Fig 2A–I). These 

input brain regions have been previously identified as connected to dCA3, therefore they 

are designated as canonical inputs. Quantitative comparisons of presynaptic input strengths 

along the proximodistal axis are shown in Fig 2J and K (S2 and S3 Tables) by using the 
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input connection strength index (CSI). We also calculated the proportion of inputs (PI) 

index by dividing the total labeled neurons in all of the input brain regions by the number 

of labeled presynaptic neurons in the brain region of interest (Fig 2K, S2 and S3 Tables) 

to determine the relative input distribution for a given target region. MS-DBB and DG 

have stronger input connections to proximal dCA3 (CA3b/c) than the distal dCA3 (dCA3a) 

(Figure 2A–B, E–F). Our results show that MS-DBB is the primary long-range input of 

dCA3 subregions (CSI: dCA3a = 4.62 ± 0.27, n = 8 mice; dCA3b = 6.12 ± 0.60, n = 6 mice; 

Mann-Whitney U test, p = 0.022) (Fig 2J, S2 and S3 Tables). On average, the granular layer 

of DG (GrDG) and hilus provide approximately 2-fold stronger inputs to proximal dCA3 

as compared to distal dCA3 (CSI for GrDG: dCA3a = 0.91 ± 0.26, n = 8 mice; dCA3b/c 

= 2.12 ± 0.61, n = 6 mice; Mann-Whitney U test, p = 0.073; CSI for DG-hilus: dCA3a = 

0.37 ± 0.14, n = 8 mice; dCA3b = 1.34 ± 0.43, n = 6 mice; Mann-Whitney U test, p = 

0.055) (Fig 2B, 2F, 2J and S2 and S3 Tables). The p values have a significant trend. CA2 

provides relatively strong hippocampal input to dCA3 (Fig 2I and 2J). Purkinje cell protein 

4 (PCP4) immunostaining was used to delineate the CA2 region (Fig 2I) (San Antonio et 

al., 2014). The mossy fiber tract as well as the cytoarchitectural feature of the pyramidal 

layer identified by the DAPI staining allows us to distinguish CA2 from distal dCA3 and 

the proximal CA1 region. No CSI differences are observed between CA3a/b and CA3 

subregions in other input regions, including CA2, EC, MnR and RM. Additionally, sparse 

inputs are observed in the medial entorhinal cortex (Monte Domecq) and lateral entorhinal 

cortex (LEC) (Fig 2C and 2G). MEC and LEC input labels are restricted to layer II. Labeled 

neurons are also found in RM and MnR (Fig 2D and 2H). No significant differences are 

observed in the PI measurements of canonical inputs between dCA3a and dCA3b/c (Fig 

2K). Detailed quantification data can be found in Supplementary Tables 2 and 3.

Differential ipsilateral and contralateral CA3 inputs to CA3 inhibitory and excitatory 
neurons

To study local CA3 circuit input connections, we compare the inputs to inhibitory 

and excitatory neurons in dCA3 subregions along the proximodistal and septotemporal 

axes. The hippocampus has traditionally been subdivided based on neuronal architecture 

(Ramón, 1911). More recently, the hippocampus has been anatomically parsed further by 

transcriptomic expression data. Following Thompson’s genomic study (Thompson et al., 
2008), dCA3 input regions are split into 3 subdomains (domain 1 (D1), domain 2 (D2), 

and domain 3 (D3) that correspond to dCA3c, dCA3b, and dCA3a, respectively) along 

proximodistal (transverse) axis. Ventral CA3 (vCA3) is divided into 6 subdomains along the 

septotemporal (longitudinal) axis, but rabies-virus labeled neurons in the current study are 

limited to domain 4 (D4) and domain 5 (D5). We first mapped the ipsilateral inputs to dCA3 

inhibitory neurons in proximal and distal dCA3 subregions (Fig 3A). Both proximal and 

distal dCA3 subregions receive substantial inputs from more distal portions of dCA3 (D3). 

The input connection strength gradually reduces along a distal to proximal gradient (CSI for 

D1: dCA3a = 3.64 ± 0.61, dCA3b/c = 5.63 ± 1.10; CSI for D2: dCA3a = 11.32 ± 1.64, 

dCA3b/c = 22.49 ± 3.88; CSI for D3: dCA3a = 25.84 ± 2.34, dCA3b/c = 29.17 ± 3.53. n = 8 

mice for dCA3a, n = 6 mice for dCA3b/c) (Fig 3E and S2 Table). For CA3 subdomains D1, 

D2, D3, D4 and D5, the connectivity of septotemporal inputs is not as strong as the inputs 

at the transverse level (Kruskal-Wallis (KW) test results for D1, D2, D3, D4 and D5 are p 
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= 0.0067, p = 0.0466, p = 0.0903, p = 0.0133 and p = 0.0366, respectively). The majority 

of ventral CA3 input neurons are located at D4 and are restricted within the ventral DG 

(CSI for D4: CA3a = 0.95 ± 0.13, CA3b/c = 1.71 ± 0.51; CSI for D5: CA3a = 6.97 ± 0.85, 

CA3b/c = 6.12 ± 1.33. n = 8 mice for CA3a, n = 6 mice for CA3b/c) (Fig 3A and 3E). 

No significant difference of CSI is observed with the injection regions of inhibitory neurons 

located in distal or proximal regions (Fig 3E). In contrast to the strong ipsilateral inputs 

measured, the contralateral CA3 subregions have sparse connections with dCA3 inhibitory 

neurons (Fig 3B). Despite their weak connectivity, the contralateral inputs follow the same 

pattern as the ipsilateral inputs. Distally positioned contralateral CA3 neurons tend to have 

slightly stronger inputs to CA3 inhibitory neurons (CSI for contra D1: dCA3a = 0.22 ± 0.09, 

dCA3b/c = 0.23 ± 0.20; CSI for contra D2: dCA3a = 0.76 ± 0.26, dCA3b/c = 1.10 ± 0.20; 

CSI for contra D3: dCA3a = 1.93 ± 0.42, dCA3b/c = 1.83 ± 0.21; CSI for contra D4: dCA3a 

= 0.19 ± 0.09, dCA3b/c = 0.22 ± 0.13; CSI for contra D5: dCA3a = 1.33 ± 0.59, dCA3b/c = 

0.71 ± 0.34. KW test results for contra D1, D2, D3, D4, and D5 are p = 0.0023, p = 0.0060, 

p = 0.0242, p = 0.0348 and p = 0.0300, respectively. n = 8 mice for CA3a, n = 6 mice for 

CA3b/c) (Fig 3E and S2–3 Tables).

Extending beyond the connection patterns of CA3-to-CA3 inhibitory neurons, we also 

examined the CA3 inputs to excitatory neurons in dCA3 subregions. To label the excitatory 

neurons, we injected the helper AAV and rabies virus into dCA3 subregions in Camk2a-Cre 

mice (n = 4 for dCA3a, n = 4 for dCA3b/c) (S1A–C Fig) (Tsien et al., 1996). We find 

differences in connectivity of excitatory neurons compared to inhibitory neurons in CA3; 

distal CA3 neurons have the strongest inputs to CA3 excitatory neurons in distal subregions 

but not in proximal subregions. The 3 subdomains along the axis give rise to similar levels 

of input strength to proximally located excitatory neurons (CA3 excitatory neurons tracing 

results, CSI for D1: dCA3a = 10.29 ± 1.41, dCA3b/c = 8.56 ± 1.35; CSI for D2: dCA3a = 

19.97 ± 2.58, dCA3b/c = 13.74 ± 3.02; CSI for D3: dCA3a = 34.36 ± 7.48, dCA3b/c = 16.49 

± 3.63) (Fig 3C and 3E). The KW test results for D1, D2 and D3 are p = 0.0067, p = 0.0466 

and p = 0.0903, respectively (S3 Table). Dunn comparison tests for D1, GAD-Cre CA3a vs. 

CAMK2a-Cre CA3a indicate a significant difference, p = 0.0137 (S3 Table).

The local inputs to the proximal CA3 excitatory neurons are restricted to the transverse 

level, but the distal CA3 receives extensive inputs throughout subregions along the 

septotemporal axis (Fig 3C). The distally positioned excitatory neurons have 12-fold higher 

connection strength with ventral CA3 relative to proximally positioned dCA3 neurons (CSI 

for D4: dCA3a = 6.13 ± 2.24, dCA3b/c = 0.54 ± 0.41; CSI for D5: dCA3a = 7.38 ± 3.07, 

dCA3b/c = 0.791 ± 0.40. KW test results for D4 and D5 are p = 0.0133 and p = 0.0366, 

respectively. Dunn’s comparison test for D4: CA3a vs.CA3b/c, p = 0.0195) (Fig 3E and S3 

Table). With respect to contralateral connections, the excitatory neurons show significantly 

higher CSI values compared to CA3 inhibitory neurons (CSI for contra D1: dCA3a = 2.49 

± 0.79, dCA3b/c = 1.21 ± 0.33; CSI for contra D2: dCA3a = 6.99 ± 2.45, dCA3b/c = 

2.08 ± 0.98; CSI for contra D3: dCA3a = 8.98 ± 2.55, dCA3b/c = 2.82 ± 0.87; CSI for 

contra D4: dCA3a = 3.59 ± 2.08, dCA3b/c = 0.15 ± 0.11; CSI for contra D5: dCA3a = 

3.25 ± 2.07, dCA3b/c = 0.10 ± 0.05. KW test results for contra D1, D2, D3, D4, and D5 

are p = 0.0023, p = 0.0060, p = 0.0242, p = 0.0348 and p = 0.0300, respectively.) (Fig 

3D and 3E). vCA3 neurons show strong inputs to the excitatory neurons in distal dCA3 
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relative to proximal neurons (GAD-Cre CA3a vs. Camk2a-Cre CA3a: Dunn’s comparison 

test for contra D4, p = 0.0466) (Fig 3 and S3 Table). As shown in the CSI values, the 

PI measurements of CA3-to-CA3 local connections indicate similar patterns between the 

subregions and neuronal subtypes (S1 Fig, S2 and S3 Tables)

Noncanonical inputs from dorsal and ventral CA1 to dCA3 inhibitory neurons

Using the rabies viral tracing approach, we also find substantial noncanonical inputs to 

CA3 inhibitory neurons from CA1 subregions along the septotemporal axis that have not 

been characterized earlier (Fig 4). In relation to our previous findings for excitatory neurons 

(Lin et al., 2021), CA1 is split into dorsal CA1 (dCA1), dorsal-ventral CA1 (vCA1d), 

intermediate-ventral (vCA1i), and ventral-ventral (vCA1v) subdivisions based on the spatial 

expression of specific gene markers (Dong et al., 2009). The border between vCA1d and 

vCA1i is delineated by the ventral edge of the DG lateral blade, and the border of vCA1i 

and vCA1v is at the same level as the dorsal edge of the rhinal fissure. We find that 

CA3 inhibitory neurons receive inputs from both dCA1 and vCA1 (anterior-posterior (AP) 

distance from Bregma: −1.94 mm to −3.52 mm) (Fig 4A). The dCA1 input neurons extend 

to pyramidal and oriens layers (Fig 4B). Immunostaining results confirm the identity of 

these input cells as inhibitory neurons as they are GABA-positive and immuno-negative for 

the excitatory cell marker calmodulin-dependent protein kinase II alpha (CaMKIIα) (Fig 

4C). Note that presynaptic inputs in vCA1 are spatially located at the top and intermediate 

portions of vCA1 (vCA1d and vCA1i). The majority of inputs are observed in the superficial 

pyramidal layer with more densely packed DAPI staining indicating higher cellular density 

(Fig 4D–G). All the input neurons are immunostained as GABA- and CaMKIIα+ in the 

triple label composite (Fig 4H).

To assess whether CA1 inputs to dCA3 inhibitory neurons follow a topographic pattern 

as we find with excitatory neurons in CA3 (Lin et al., 2021), we compare CSI and PI 

measurements to CA3 subregions along the transverse axis. We do not find that dCA1 

projections innervate differentially to inhibitory neurons in dCA3 subregions (CSI for dCA1: 

dCA3a = 1.17 ± 0.63, n = 8 mice; dCA3b/c = 0.38 ± 0.18, n = 6 mice; Mann-Whitney U 

test, p = 0.571) (Fig 4B, 4I, S2 and S3 Tables). The CSI measurements show that vCA1 

excitatory neurons in the pyramidal layer (vCA1 py.) have significantly stronger connections 

with the inhibitory neurons located in the proximal dCA3 (dCA3a) as compared to the 

neurons close to the distal dCA3 (dCA3b/c) (CSI for vCA1 py.: dCA3a = 2.08 ± 0.51, n = 8 

mice; dCA3b/c = 0.49 ± 0.14, n = 6 mice; Mann-Whitney U test, p = 0.003) (Fig 4I, S2 and 

S3 Tables). The somata of excitatory vCA1 neurons located close to the oriens layer follow 

a similar trend seen with vCA1py neurons (CSI for vCA1 or.: dCA3a = 0.67 ± 0.15, n = 

8 mice; dCA3b/c = 0.25 ± 0.05, n = 6 mice; Mann-Whitney U test, p = 0.008) (Fig 4I, S2 

and S3 Tables). The PI measurements of CA1 subregions are significantly different between 

CA3a and CA3b/c (PI for dCA1: dCA3a = 0.018 ± 0.011, dCA3b/c = 0.004 ± 0.002; PI for 

vCA1py.: dCA3a = 0.032 ± 0.009, dCA3b/c = 0.007 ± 0.003; PI for vCA1 or.: dCA3a = 

0.009 ± 0.002, dCA3b/c = 0.003 ± 0.001. Mann-Whitney U test results are p = 0. 280, p = 

0.008, and p = 0.008 for dCA1, vCA1 py. and vCA1 or., respectively. n = 8 mice for dCA3a 

and n = 6 mice for dCA3b/c) (Fig 4J, S2 and S3 Tables).
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Noncanonical inputs from subiculum complex to dCA3 subregions.

CA3 excitatory neurons receive relatively weak inputs from the ventral subiculum (SUBv) 

and subiculum transition zone (SUBtr) subregions (Fig 5). Further details concerning 

the anatomical delineation of the subiculum complex can be found in recent anatomical 

mapping and tracing studies (Ding et al., 2020; Lin et al., 2021). We differentiate 

subiculum complex into the “classical” dorsal subiculum as SUBdd (aka dSUB or SUB), 

the intermediate portion of the ventral subiculum as SUBv, and the tip of the ventral 

subiculum as SUBvv in accordance with prior definitions (Fig 5A). The SUBtr is close 

to the presubiculum (PrS), parasubiculum (PaS), and MEC (Fig 5E). Many rabies-labeled 

presynaptic neurons are spatially located at the top and intermediate portions of SUBv (close 

to the SUBdd region) (Fig 5B). Compared to the inhibitory neurons located at proximal 

dCA3, the more distally positioned CA3 neurons have stronger connections with the SUBv 

region (CSI for SUBv: dCA3a = 0.45 ± 0.12, n = 8 mice; dCA3b/c = 0.04 ± 0.02, n = 

6 mice, Mann-Whitney U test, p = 0.0047) (Fig 5B, 5C, 5I, S2 and S3 Tables). We also 

observe that sparse presynaptic SUBtr neurons located at the top and intermediate portions 

have similar levels of input strength to dCA3 subregions (CSI for SUBtr: dCA3a = 0.07 ± 

0.02, n = 8 mice; dCA3b/c = 0.09 ± 0.07, n = 6 mice, Mann-Whitney U test, p = 0.375) (Fig 

5F, 5G, 5I, S2 and S3 Tables). The immunostaining results reveal that the rabies-mediated 

viral labeled presynaptic inputs in SUBv and SUBtr regions are excitatory neurons as they 

are negative for GABA and positive for CaMKIIα immunostaining (Fig 5D and 5H). As 

shown in the CSI values, the PI measurements of SUBtr indicate a similar topographic 

gradient pattern to CA3 subregions (Fig 5J, S2 and S3 Tables).

Discussion

We have mapped brain-wide circuit inputs to inhibitory neurons in dCA3 using retrograde 

monosynaptic rabies viral tracing. We find substantial back projection from the CA1 and the 

subiculum complex to dCA3 that run in the opposite direction of the feedforward trisynaptic 

pathway, and opposite the septotemporal axis. The input strengths of the noncanonical 

circuits vary according to the dCA3 locations along the transverse axis.

Using GAD-Cre transgenic mice to target GABAergic inhibitory neurons is an effective 

means for studying all inputs for these neurons. Inhibitory neurons only account for 10–

15% of the neurons in the hippocampus, but these relatively small numbers belie their 

complexity: there are at least 13 types of inhibitory neurons in the hippocampus (Freund 

and Buzsaki, 1996; Pelkey et al., 2017). Hippocampal inhibitory neurons are diverse in 

anatomical, morphological and physiological connections, and they exhibit overlapping 

characteristics as well (Freund and Buzsaki, 1996). Therefore, it is difficult to find a 

single defined subtype of inhibitory neurons based on the additional complexity conferred 

by gene markers. The relatively low number of inhibitory neurons presents a technical 

challenge, but this can be addressed. To study CA3 sub-regional anatomical connections, 

we used the ionotropic approach to restrict the retrograde rabies virus to a small group 

of neurons in targeted CA3 subregions. We used GAD-Cre mice to label all subtypes of 

inhibitory neurons. The starter inhibitory neurons are spatially restricted to the CA3 oriens 

and pyramidal layers.
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Rabies viral tracing allows us to quantitatively analyze CA3 input connections at a cell-

type-specific level. This is enabled by the expression of helper AAV and rabies virus in 

a measurable group of defined starter neurons that allows us to assess the connection 

strengths of the brain regions / sub-regions that provide inputs. Using this approach, we 

confirmed CA3 input strengths to dCA3 inhibitory and excitatory neurons follow a gradient 

pattern along the CA3 transverse axis (Fig 6A–B). This is generally consistent with previous 

anatomical tracing results (Amaral and Witter, 1989; Ishizuka et al., 1990; Li et al., 1994).

Major brain regions that provide typical inputs to CA3 inhibitory neurons include the 

medial septum, the dentate gyrus, the entorhinal cortex and CA3. By comparing the input 

connection patterns and strengths to inhibitory neurons to excitatory neurons in dCA3, 

we find that their distributions of inputs are differentially organized between ventral and 

contralateral CA3 subregions (Fig 6A–B and Fig S1). The ventral CA3 inputs are connected 

to inhibitory neurons in proximal and distal dCA3 subregions. In contrast, excitatory 

neurons in dCA3 receive long-distance inputs from more temporal regions (like D4), while 

the vCA3 inputs to inhibitory neurons in dCA3 originate from a more septal subregion (D5), 

and project relatively shorter distances to dCA3.

The major difference for contralateral CA3 subregions is that inputs from contralateral CA3 

vary by the neuronal type and CA3 sub-region (Fig 6A–B). Several studies have shown that 

CA3a (distal) have homotopic connections with contralateral CA3 subregions (Andersen et 
al., 1969; Blackstad, 1956; Voneida et al., 1981), but prior to this study, little was known 

about the inputs to the CA3c (proximal) regions as well as the differences between the 

inputs to the excitatory and inhibitory neurons (Laurberg, 1979; Voneida et al., 1981; West 

et al., 1979). Our data show that contralateral inputs to excitatory neurons in dCA3 follow a 

similar gradient pattern to those seen for associational inputs from ipsilateral dCA3, which 

receive the most robust inputs from distal dCA3 (CA3a), and gradually decrease along the 

distal-proximal axis. We observe sparse contralateral connections to CA3 inhibitory neurons, 

compared to the input strengths to excitatory neurons.

The relative strengths of canonical inputs to CA3 inhibitory neurons differ in three brain 

regions, this result is consistent with our findings described in our CA3 excitatory neuron 

tracing study (Lin et al., 2021). First, the medial septal has a 1.6-fold stronger connection 

with the dCA3 inhibitory neurons compared to the excitatory neurons. Proximally located 

excitatory and inhibitory neurons in dCA3 receive relatively stronger inputs from MS. In 

contrast to the MS, the dentate gyrus and the entorhinal cortex display relatively 5-fold 

stronger connections with excitatory neurons compared to inhibitory neurons in dCA3. The 

DG inputs to dCA3 exhibit a topographical gradient with CSI values that decrease from 

proximal to distal subregions. No such topological differences are observed in the inputs 

from EC to dCA3.

Our data support the existence of extensive, noncanonical circuitry projecting to CA3 

inhibitory neurons in the hippocampal formation. We mapped the noncanonical inputs 

from vCA1 and SUB complex to both excitatory and inhibitory neurons in dCA3; the back-

projections run in the opposite direction of the canonical feedforward trisynaptic pathway 

(Lin et al., 2021). Noncanonical inputs from vCA1 and subicular complex to CA3 inhibitory 
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neurons follow a proximodistal topographic gradient with regard to CA3 subregions (Fig 

6C). We find novel noncanonical circuit connections between inhibitory CA3 neurons and 

vCA1, subiculum complex and other brain regions. Note that the overall connection strength 

of the vCA1 inputs is similar to that of mossy-fiber inputs. The results support the idea 

that noncanonical inputs may complement and augment the trisynaptic pathway within the 

hippocampal formation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig 1: Immunochemical characterization of hippocampal CA3 inhibitory neurons targeted by 
Cre-dependent monosynaptic rabies tracing in GAD-Cre mice.
(A) Schematic of monosynaptic retrograde rabies virus (RV) tracing genetically targeted 

to inhibitory neurons in dorsal CA3 (dCA3) subregions. Cre-dependent AAV-EGFP helper 

virus (AAV8-hSyn-DIO-TC66T-2A-eGFP-2A-OG, green) is injected into specific dCA3 

subregions of GAD-Cre mice, followed by injection of the rabies virus (RV-DsRed: EnvA-

SADΔG-RV-DsRed, red) in the same locations 3 weeks later. From top to bottom, CA3a 

and CA3b/c injection schematics are shown. (B–C) Coronal sections of injection sites in two 

CA3 subregions (B1-B4 for CA3a, C1-C4 for CA3b/c). Injection sites are shown in white 

boxes along the proximodistal (transverse) axis. The insets of the white box regions are 

shown for CA3a (B2-B4) and CA3b/c (C2-C4). Images in B2 and C2 show EGFP-labeled 

inhibitory cells (green). Images in B3 and C3 allow for visualization of rabies labeled 

neurons by DsRed. Images in B4 and C4 show EGFP and DsRed double-labeled starter 

neurons (white arrows). The scale bar (200 μm) applies to B1 and C1. The scale bar (50 μm) 

applies to B2-B4 and C2-C4. (D) Immunostaining and confocal images depict GABAergic 

starter neurons in the dCA3 injection site. The EGFP expression of the AAV-helper virus is 

enhanced by an AF488-conjugated secondary antibody (D1). Rabies-virus-infected neurons 

are labeled by DsRed (D2). GABAergic immunoreactivity is revealed with a Cy5-conjugated 

secondary antibody shown in pink pseudo-color (D3). The white arrows in each panel 

for D indicate GABAergic immunostained starter neurons. (E-G) Example images of 
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inhibitory interneuron subtypes in dCA3 injection site (the same format as in D). The white 

arrow indicates that the starter neuron is immunopositive for either somatostatin (SOM), 

parvalbumin (PV), or vasoactive intestinal peptide (VIP) in the dCA3 injection site. The 

blue arrow points to an AAV-EGFP helper infected cell that is SOM+ (E1-E4). The light 

blue arrowhead reveals the rabies-infected presynaptic neurons in PV-expressing inhibitory 

neurons in CA3 (F2-F4). The scale bar (20 μm) applies to all the panels. (H) Quantification 

of starter neurons as calculated by the immunochemically identified subtypes of inhibitory 

neurons in dCA3. n = 8 mice (3 hippocampal sections per mice) for SOM, and n = 6 mice 

for GABA, PV, and VIP immunostaining. Data are represented as mean ± SE.
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Fig 2. Canonical brain region inputs to inhibitory neurons in CA3a and CA3b/c subregions 
verified by Cre-dependent monosynaptic RV tracing.
(A-D) Representative images showing monosynaptic RV labeled neurons that project to 

CA3a in presynaptic input regions. Presynaptic cells are found in the MS, the HDB of 

Broca (A), the GrDG (B), the LEC and MEC (C), and the MnR (D). (E-H) are formatted 

similarly to A-D to illustrate canonical inputs to the CA3b/c inhibitory neurons from MS/

DBB, GrDG, EC, RM, and MnR. (I) The example images show presynaptic inputs from 

CA2. The arrows indicate the border of CA1, CA2 and CA3 determined by DAPI and PCP4 

staining. (J) Quantitative measurements of input connection strengths by the connection 

strength index (CSI) following rabies tracing from CA3a and CA3b/c subregions. The data 

were measured from 14 GAD-Cre mice with n = 8 mice for CA3a and n = 6 mice for 

CA3b/c subregions. All data are presented as mean ± SE. *, indicates the CSI statistical 

significance level of p ≤ 0.05 (Mann-Whitney U test). (K) Measurements of proportion 

of inputs (PI) for specific brain regions following rabies tracing from CA3a and CA3b/c 

subregions. The raw data are included in the S2–4 tables. The scale bar (800 μm) applies 

to left panels in C and H. The scale bar (400 μm) applies to left panels in A, B, D, E, F 
and G. The scale bar (200 μm) applies to I. The scale bar (100 μm) applies to all of the 

enlarged panels from A to I. GrDG, granule layer of the dentate gyrus; HDB, horizontal 

diagonal band; LEC-II, layer II of lateral entorhinal cortex; MEC-II, layer II of medial 

entorhinal cortex; MnR, median raphe nucleus; MS medial septum; RM, retromammillary; 

vCA3, ventral CA3; VDB, vertical diagonal band.
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Fig 3. Local circuit input connections to inhibitory and excitatory neurons within CA3a and 
CA3b/c subregions show differential dorsal/ventral gradients and ipsilateral/contralateral input 
strengths.
(A–B) Representative images show the distribution of ipsilateral and contralateral CA3 

inputs to the inhibitory neurons in CA3a and CA3b/c subregions using GAD-Cre mice. - 

The expression of presynaptic RV is visualized with DsRed in red, DAPI staining is blue. 

The AP number indicates the distance from the coronal section (30- μm thick) to the bregma. 

The white lines delineate the 5 subdomains of CA3 and CA2. The dCA3 includes D1, 

D2, D3 corresponding to CA3c, CA3b, and CA3a, respectively. The ventral CA3 includes 

D4 and D5. (C-D) are formatted similarly to A-B which shows presynaptic RV input cells 

from ipsilateral and contralateral CA3 subregions to CA3 excitatory neurons in the CA3a 

and CA3b/c subregions. The scale bar (200 μm) applies to all the panels. (E) Quantitative 

results depict input connection strengths to CA3 inhibitory neurons and excitatory neurons 

measured by the CSI across CA3 subdomains along proximodistal and septotemporal axes 

following RV tracing in CA3 subregions. Data for inhibitory neurons are from 14 GAD-Cre 

mice (n = 8 mice for CA3a and n = 6 for CA3b/c region). Data for excitatory neurons are 

from 8 Camk2a-Cre mice (n = 4 mice for CA3a and n = 4 for CA3b/c region). All data 

are presented as mean ± SE; *, **, indicates the CSI statistical significance level of p ≤ 

0.05 and p ≤ 0.01 (Kruskal–Wallis test followed by Dunn’s comparison test). The results of 

the Kruskal–Wallis tests are indicated by the upper horizontal lines comparing different cell 
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groups and subregions, and the results of Dunn’s tests are indicated by the brackets above 

the bars between different cell groups and subregions. The raw data for E and F are included 

in S2–S4 tables.
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Fig 4. Noncanonical inputs from CA1 to inhibitory neurons in CA3a and CA3b/c subregions 
show distinct topographic input strength gradients that decrease along distal/proximal axes.
(A) Schematics illustrate the RV tracing results of dCA3 subregions and the noncanonical 

input regions, including dorsal CA1 (dCA1) and ventral CA1 (vCA1) along the 

septotemporal axis. Retrogradely labeled neurons are depicted in red with a large pseudo-

size for visualization. The AP coordinates from the Bregma are provided. (B) Representative 

images show dCA1 inputs with enlarged views shown on the right oriented from top 

to bottom. White arrowheads point to the input neurons. (C) Representative images of 
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GABA immunostained RV-labeled presynaptic neurons in dCA1. A small region of interest 

in the overlay image (B) is enlarged to single cell resolution in C. RV-labeled neurons 

are visualized by DsRed expression. GABAergic immunoreactivity is visualized with a 

Cy5-conjugated secondary antibody depicted as pink pseudo-color, DAPI is blue. (D-E) 

Representative coronal sections showing the expression of presynaptic inputs from vCA1 

to CA3a along the septotemporal axis. The boxed regions at vCA1 in the left panels are 

shown in the middle and right panels at a higher magnification. The vCA1 inputs are located 

at oriens (or.) and pyramidal (py.) layers. (F-G) are formatted similarly to D-E to illustrate 

noncanonical vCA1 inputs to CA3b/c subregion. (H) Representative images of CaMKIIα 
and GABA immunostained RV-labeled presynaptic neurons in vCA1. RV-labeled neurons 

are visualized by DsRed expression. CaMKIIα immunoreactivity is visualized with a AF488 

conjugated secondary antibody in green pseudo-color. GABAergic immunoreactivity is 

visualized with an Cy5-conjugated secondary antibody as pink. White arrows indicate the 

colocalization of RV-labeled neurons and CaMKIIα+ immunostaining neurons. Dash circle 

delineates an RV-labeled neuron as GABA-negative. The scale bar (500 μm) applies to left 

panels in D, E, F and G. The scale bar (200 μm) applies to the left panel in B. The scale 

bar (50 μm) applies to all the magnified input regions from B to G. The scale bar (50 

μm) applies to H. The scale bar (10 μm) applies to C. (I) Quantitative analyses of input 

connection strengths measured by the CSI across dCA1 and vCA1 following RV tracing in 

CA3 subregions. vCA1 inputs are organized by the spatial location at the pyramidal layer 

(vCA1 py.) and oriens layer (vCA1 or.). n = 8 mice for CA3a and n = 6 for CA3b/c region. 

Data are from 14 GAD-Cre mice. All data are presented as mean ± SE; ** indicates the 

CSI statistical significance level of p ≤ 0.01 (Mann-Whitney U test). See S3 table for more 

statistical information. (J) Quantitative measurements of the PI for specific brain regions 

following the same format as in I. The raw data for I and J are included in S4 table. 

CSI, connection strength index; dCA1, dorsal CA1; DG, dentate gyrus; LMol., lacunosum 

moleculare layer; or., oriens layer; PI, proportion index; py., pyramidal layer; rad., radiatum 

layer; vCA1, ventral CA1; vCA1d, dorsal part of ventral CA1; vCA1i, intermediate part of 

ventral CA1; vCA1v, ventral part of ventral CA1.
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Fig 5. Noncanonical inputs from SUBv and SUBtr to inhibitory neurons are sparse but show 
quantitatively greater inputs to CA3a than CA3b/c subregions.
(A) Schematic figures show the RV tracing results of dCA3 subregions and the noncanonical 

inputs from SUBv along the septotemporal axis. Retrogradely labeled neurons are depicted 

in red with a large pseudo-size for visualization. The AP coordinates from the Bregma are 

provided. (B-C) Representative images show the inputs from SUBv to CA3a and CA3b/c 

subregions. The region within the white rectangle on the left side of B is depicted on the 

right side of B to show single cell resolution of the inputs. (D) Representative images of 

CaMKIIα and GABA immunostained RV-labeled presynaptic neurons in SUBv. RV-labeled 

neurons labeled by DsRed expression are depicted as red. CaMKIIα immunoreactivity is 

visualized with a AF488 conjugated secondary antibody are shown in green pseudo-color. 

GABAergic immunoreactivity visualized by an Cy5-conjugated secondary antibody are 

depicted as pink. White arrows indicate the colocalization of dual labeled RV-labeled neuron 

that express CaMKIIα+ excitatory neurons. The dashed circle delineates an RV-labeled 

excitatory neuron as GABA-negative. (E-H) are formatted similarly to A-D to illustrate 

noncanonical inputs to CA3a and CA3b/c subregions from SUBtr. The scale bar (500 μm) 
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applies to left panels in B and F. The scale bar (200 μm) applies to left panels in C and 

G. The scale bar (50 μm) applies to all the magnified input regions in B, C, F and G. The 

scale bar (20 μm) applies to D and H. (I) Quantitative analyses of input connection strengths 

measured by the CSI across SUBv and SUBtr following RV tracing in CA3 subregions. 

n = 8 mice for CA3a and n = 6 for CA3b/c region. Data are from 14 GAD-Cre mice. 

All data are presented as mean ± SE; **, indicates the CSI statistical significance level of 

p ≤ 0.01, respectively (Mann-Whitney U test). See S3 table for p values for other brain 

regions. (J) Quantitative measurements of the PI for specific brain regions following the 

same format as in I. The raw data for I and J are included in S4 table. CSI, connection 

strength index; LMol., lacunosum moleculare layer; PI, proportion index; py., pyramidal 

layer; SUBtr, subiculum transition area; SUBv, ventral subiculum.

Lin et al. Page 26

J Comp Neurol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 6. Schematic summary of hippocampal local circuitry and the noncanonical inputs to dCA3 
subregions.
(A) The summary diagram of CA3 inputs to the inhibitory neurons in dCA3 subregions. 

The input CA3 subregions, D1, D2, D3, D4 and D5 are organized from the proximodistal 

and septotemporal axes. Colors represent the subregions of each CA3 input region. The 

projection direction is indicated by a color-labeled arrow from the corresponding input 

regions, and the thickness of the arrow indicates the connectivity strength. (B) The diagram 

is formatted similarly to A to depict the CA3 inputs to the excitatory neurons in dCA3 
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subregions. (C) The summary diagram of spatial topology of noncanonical inputs to distal 

and proximal regions of dCA3 (CA3a and CA3b/c). The input regions dCA1, vCA1, SUBv 

and SUBtr are organized from the septal to temporal direction. Shades of the same color 

indicate different layers in each input region. dCA1, dorsal CA1; dCA3, dorsal CA3; 

or, oriens layer; py, pyramidal layer; SUBtr, subiculum transition area; SUBv, ventral 

subiculum; vCA1, ventral CA1.
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