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ABSTRACT 21 

The hippocampus is essential for learning and memory and interacts extensively with cortical 22 

and subcortical regions. Although the heterogeneity of intrinsic connectivity of hippocampal 23 

neurons is well established, the diversity of its extrahippocampal connectivity remains less 24 

understood. Such differential connectivity may contribute to functional diversity of hippocampal 25 

neurons in specific positions. Ventral CA1 (vCA1) and ventral subiculum (vSub) form strong 26 

reciprocal connections with the basolateral amygdala (BLA), a region critical for emotional and 27 

social regulation. Consequently, BLA–vCA1–vSub circuits have been implicated in 28 

anxiety‑related and social behaviors. However, the functional connectivity from BLA to vCA1–29 

vSub at the cellular and circuit levels is underexplored. To address this, we combined viral 30 

tracing with Channelrhodopsin‑2 (ChR2)–assisted slice electrophysiology to examine BLA 31 

projections to vCA1–vSub in mice of either sex. We found that BLA inputs are not uniformly 32 

distributed along the transverse axis in vCA1-vSub. Instead, BLA selectively excites pyramidal 33 

neurons in distal vCA1–vSub while largely avoiding proximal vCA1 near CA2. BLA terminals 34 

strongly excited parvalbumin-expressing interneurons but only weakly recruited a small subset 35 

of somatostatin-expressing interneurons, generating robust disynaptic inhibitory synaptic 36 

currents in pyramidal neurons. Additionally, the same distal pyramidal neurons that receive BLA 37 

excitation also project back to the BLA. These findings reveal that BLA establishes cell‑type‑ 38 

and subregion‑specific excitatory connections within vCA1–vSub, highlighting a circuit 39 

architecture that may underlie functional heterogeneity in ventral hippocampal processing. 40 

 41 

Keywords: ventral hippocampus, basolateral amygdala, CA1, subiculum, parvalbumin, 42 

somatostatin  43 
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SIGNIFICANCE STATEMENT  44 

The hippocampus interacts extensively with cortical and subcortical regions, yet how long-range 45 

extrahippocampal inputs are organized across hippocampal subregions remains poorly 46 

understood. We examined projections from the basolateral amygdala (BLA) to the ventral 47 

hippocampus and found that BLA inputs selectively excite pyramidal neurons in distal ventral 48 

CA1 and ventral subiculum while largely avoiding proximal ventral CA1. BLA projections 49 

preferentially excite parvalbumin-expressing interneurons, provide disynaptic inhibition onto 50 

pyramidal neurons, and are reciprocally connected with the same pyramidal neurons in ventral 51 

CA1 and subiculum they excite. These findings reveal a highly selective connectivity pattern of 52 

amygdala–hippocampal circuits, providing a circuit framework for understanding how emotional 53 

information is routed through distinct ventral hippocampal pathways. 54 

  55 
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INTRODUCTION 56 

 The hippocampus plays an essential role in learning and memory and extensively 57 

interacts with numerous cortical and subcortical regions. While the dorsal hippocampus plays a 58 

pivotal role in spatial navigation and memory, the ventral hippocampus is more strongly involved 59 

in emotional processing, anxiety-related behaviors, and social behaviors (Fanselow and Dong, 60 

2010; Kjelstrup et al., 2002; Moser et al., 1993; Strange et al., 2014). Although the mechanisms 61 

underlying dorsoventral functional diversity in the hippocampus are still not fully understood, its 62 

differential connectivity with cortical and subcortical regions likely contributes to this functional 63 

heterogeneity along the dorsoventral axis (Fanselow and Dong, 2010; Gergues et al., 2020). 64 

For example, the ventral, but not dorsal, hippocampus forms extensive reciprocal connections 65 

with the basolateral amygdala (BLA) (AlSubaie et al., 2021; Berretta et al., 2001; Felix-Ortiz et 66 

al., 2013; Felix-Ortiz and Tye, 2014; Kim and Cho, 2017, 2020; Li et al., 2025; Pikkarainen et 67 

al., 1999; Pitkanen et al., 2000; Xu et al., 2016; Yang and Wang, 2017). As the BLA is critical for 68 

emotion, anxiety, and social behaviors, but not spatial memory (Amaral, 2003; Janak and Tye, 69 

2015; Sah et al., 2003; Sun et al., 2020b), the reciprocal interactions between BLA and ventral 70 

hippocampus are believed to play a crucial role in regulating emotion, fear, and social behaviors 71 

(Felix-Ortiz et al., 2013; Felix-Ortiz and Tye, 2014; Guo et al., 2025; Kim and Cho, 2017, 2020; 72 

Li et al., 2025; Pi et al., 2020; Xu et al., 2016). Surprisingly, despite extensive research on 73 

amygdala–hippocampal circuits, the functional connectivity from the BLA to the ventral 74 

hippocampus remains incompletely understood at the cellular and circuit levels. This study aims 75 

to address anatomical and physiological connectivity between BLA and CA1‒subicullum in the 76 

ventral hippocampus. 77 

We have recently identified a monosynaptic glutamatergic input from BLA that strongly 78 

excites CA3 pyramidal neurons in a cell-type- and subregion-specific manner (Li et al., 2025). 79 

Specifically, we found that BLA does not uniformly innervate CA3 pyramidal neurons along the 80 

transverse axis within the ventral hippocampus. Rather, BLA preferentially excites a 81 

subpopulation of distal ventral CA3 pyramidal neurons (adjacent to CA2) to modulate social 82 

behavior (Li et al., 2025). In addition to its projection to CA3, BLA is also known to send dense 83 

projections to hippocampal output regions—ventral CA1 (vCA1) and ventral subiculum (vSub) 84 

(Hintiryan et al., 2021; Pi et al., 2020; Pikkarainen et al., 1999; Pitkanen et al., 2000). Yet the 85 

functional connectivity of this pathway at the physiological level is poorly defined. For example, 86 

it is unknown whether BLA indiscriminately innervates vCA1–vSub neurons or preferentially 87 

targets a specific population of vCA1–vSub neurons. Given that pyramidal neurons in vCA1-88 
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vSub are highly diverse (Bienkowski et al., 2018; Cembrowski et al., 2016; Cembrowski and 89 

Spruston, 2019; Gergues et al., 2020), identification of postsynaptic targets of BLA would have 90 

important functional implications. Moreover, CA1 and subiculum regions comprise a diverse 91 

group of GABAergic interneurons that critically regulate activity in CA1 and subiculum (Freund 92 

and Buzsaki, 1996; Pelkey et al., 2017). The extent to which BLA inputs preferentially excite 93 

pyramidal neurons versus interneurons remains unclear. Moreover, it remains unknown whether 94 

BLA inputs indiscriminately target all CA1 interneurons or preferentially excite specific 95 

interneuron subtypes. 96 

To address these questions, we employed adeno-associated virus (AAV)-based 97 

retrograde and anterograde neural tracing and Channelrhodopsin2 (ChR2)-assisted patch-98 

clamp recording to examine the anatomy and function of the BLA–vCA1–vSub projections. Our 99 

results revealed previously unrecognized heterogeneous connectivity between BLA and 100 

pyramidal neurons in vCA1–vSub. We further discovered that BLA drives disynaptic inhibition in 101 

pyramidal neurons by preferentially exciting parvalbumin-expressing (PV+) cells in vCA1 and 102 

vSub. Moreover, we demonstrated that the same pyramidal neurons in vCA1 and vSub both 103 

receive excitatory input from and project to the BLA, forming a reciprocally connected circuit 104 

motif. 105 

MATERIALS AND METHODS 106 

Animals 107 

Wild-type mice (WT, stock number: 000664), PV-IRES-Cre (stock number: 017320), and 108 

SOM-IRES-Cre (stock number: 013044) were initially purchased from the Jackson Laboratory 109 

(JAX). All mice were housed and bred in the Animal Resource Center of Case Western Reserve 110 

University School of Medicine on a 12h/12h, light/dark cycle with ad libitum access to food and 111 

water. Both male and female mice of 2–6-month-old were used in anatomical tracing and 112 

electrophysiology experiments. The procedures described were conducted in accordance with 113 

the National Institutes of Health regulations and approved by the Institutional Animal Care and 114 

Use Committees (IACUC) at Case Western Reserve University.  115 

Stereotactic viral injection 116 

Mice were anesthetized by 5% isoflurane during the initial induction and were 117 

maintained by ~1.5% isoflurane during the procedures of viral injection. The body temperature 118 

of the mice was maintained around 37°C using a homeothermic heating pad. Carprofen (5 119 
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mg/kg) was injected subcutaneously prior to the surgery and lidocaine (10 mg/kg) was applied 120 

to the operative site to provide local anesthesia. Small burr holes were drilled in the skull guided 121 

by stereotaxic coordinates. 100-300 nl of high titer virus were injected through a glass pipette 122 

using Nano-injector at the speed of 1-2 nl/sec. The following coordinates were used: BLA (AP: -123 

1.80 mm, ML: ±3.40 mm, DV: -4.80 mm), vCA1 (AP: -3.40 mm, ML: ±3.60 mm, DV: -3.30 mm). 124 

After injections, skin was sutured sterilely, and mice were closely watched until they woke up. 125 

Carprofen was given every 24 hours for another 2 days. 126 

The following virus were used: AAVretro-hSyn-mCherry (100 nl, 1.90 × 1013 vg/ml, 127 

Addgene), AAVretro-Ef1a-Cre (100 nl, 1.39 × 1013 GC/ml, Salk), AAV2-CaMKII-hChR2-eYFP-128 

WPRE (300 nl, 4.00 × 1012 GC/ml, UNC), AAVretro-Ef1a-mCherry-IRES-Cre (100 nl, 1.30 × 1013 129 

vg/ml, Addgene), AAV2-Ef1a-DIO-hChR2-eYFP (300 nl, 4.00 × 1012 vg/ml, UNC), AAVretro-130 

hSyn-HI-eGFP-Cre-WPRE-SV40 (100 nl, 1.90 × 1013 GC/ml, Addgene), AAV2-CaMKII-eYFP 131 

(300 nl, 5.10 × 1012 vg/ml, UNC). 132 

Immunofluorescence 133 

Mice were deeply anesthetized, perfused with phosphate buffered saline (PBS), followed 134 

by 4% paraformaldehyde (PFA). For coronal sections, whole brains were removed and post-135 

fixed with 4% PFA overnight at 4℃. 45-µm sections were prepared on a vibratome (Leica 136 

VT1000S). For hippocampal sections, whole brains were removed. Hippocampi were dissected 137 

out immediately, post-fixed with 4% PFA overnight at 4℃, then mounted in 4% agarose in the 138 

following day and sliced from dorsal to ventral into 45-µm sections in a vibratome (Leica 139 

VT1200S). Free-floating whole brain sections or hippocampal sections were processed for 140 

immunofluorescence. After three 10 min washes in PBS, sections were incubated with blocking 141 

solution (PBS with 5% normal goat serum and 0.3% triton X-100) for 2 hours. Then sections 142 

were incubated in primary antibodies in incubating solution (PBS with 3% normal goat serum 143 

and 0.3% triton X-100) for 1-2 days at 4℃. The following primary antibody was used: chicken 144 

anti-GFP (1:500, Aves lab, Cat #: GFP-1020). After being rinsed three times, each time for 10 145 

min in PBS, sections were moved to secondary antibodies in incubating solution for 2 hours at 146 

room temperature. The following secondary antibody was used: goat anti-chicken 488 (1:1000, 147 

Invitrogen, Cat #: A11039). After three 10 min washes in PBS, sections were incubated with 148 

DAPI (0.5 µg/ml, Invitrogen, D1306) for 20-30 min at room temperature. Then sections were 149 

rinsed in PBS for 3 × 10 min, before they were mounted with VECTASHIELD antifade mounting 150 

medium (Vector Laboratories, H-1000-10) on slides. The fluorescence images were obtained on 151 

a confocal microscope (Zeiss, LSM 800). 152 
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Brain slice electrophysiology 153 

Mice were anesthetized with isoflurane and decapitated in accordance with institutional 154 

regulations. Brains were removed. Hippocampi were dissected out on ice and placed into ice-155 

cold dissection solution containing (in mM): 10 NaCl, 195 sucrose, 2.5 KCl, 10 glucose, 25 156 

NaHCO3, 1.25 NaH2PO4, 2 Na-Pyruvate, 0.5 CaCl2 and 7 MgCl2. Then hippocampi were 157 

embedded in a block of pre-made 3-4% agarose and sliced on a vibratome (Leica VT1000s or 158 

VT1200s) in ice-cold dissection solution. Transverse hippocampal slices (400-µm-thickness) 159 

were cut from dorsal to ventral and transferred into 32℃ artificial cerebrospinal fluid (ACSF) 160 

containing (in mM): 125 NaCl, 2.5 KCl, 20 glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 Na-Pyruvate, 161 

2 CaCl2 and 1 MgCl2 for 20-30 min. Then the slices were moved to room temperature for at 162 

least 1.5 hours before recording. Dissection solution and ACSF were saturated with 95% O2 and 163 

5% CO2 (pH = 7.4). Electrophysiological recordings were performed at 31-32oC. 164 

Whole-cell recordings were obtained from pyramidal neurons and interneurons in CA1 165 

and subiculum using either “blind” or “visualized” technique under 4× or 40× objectives, as 166 

described previously (Jiang et al., 2024; Li et al., 2024; Li et al., 2025; Sun et al., 2021). Patch 167 

pipettes were pulled from borosilicate capillary glass using a P-1000 Micropipette Puller (Sutter 168 

Instruments, P-1000) and had resistances around 4-6 MΩ, filled with intracellular solution 169 

containing (in mM): 135 K-Gluconate, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP-Mg, 0.4 170 

GTP-Na2, 10 phosphocreatine-Na2 (pH = 7.3-7.4, 280-290 mOsm). In some voltage-clamp 171 

recording experiments, Cs+ based intracellular solution was used: 135 Cs-Methanesulfonate, 5 172 

KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP-Mg, 0.4 GTP-Na2, 10 phosphocreatine-Na2 (pH = 173 

7.3-7.4, 280-290 mOsm). 0.2-0.5% biocytin was included in the intracellular solution for post hoc 174 

staining. Resting membrane potential was measured immediately upon break-in. Neurons with 175 

resting potentials more depolarized than -55 mV for pyramidal neurons or -40 mV for 176 

interneurons upon break-in or with a series resistance above 30 MΩ were excluded from 177 

analysis. Liquid junction potential was not corrected. In voltage-clamp recording, neurons were 178 

held at -70 mV. The 470-nm, 2-ms blue light pulses of constant intensity (18 mW) from an LED 179 

light source (Thorlabs, LED4D294) driven by pClamp11 software were delivered via a 40× 180 

water-immersion objective placed above the slices, as described previously (Jiang et al., 2024; 181 

Kinney et al., 2025; Li et al., 2025). A single light pulse or a train of 10-20-Hz light stimulation 182 

protocol was applied. Drugs (20 µM DNQX, 50 µM DL-APV, 1 µM TTX, 100 µM 4-AP) were bath 183 

applied to ACSF. In current-clamp recording, PSPs and action potentials were measured at 184 

resting potential.  185 

JN
eurosci

 Acce
pted M

an
uscr

ipt



8 

 

Biocytin staining 186 

After whole-cell recordings, slices were fixed in 4% PFA for 24-48 hours at 4℃. The fixed 187 

slices were then incubated in a blocking solution (PBS with 5% normal goat serum and 0.5% 188 

Triton X-100) for 2 hours at room temperature. Then, slices were incubated in Streptavidin 189 

Alexa Fluor 594 (1:500, Invitrogen, S11227) or Streptavidin Alexa Fluor 647 (1:500, Invitrogen, 190 

S32357) in incubating solution (PBS with 0.1% Triton X-100) for 2 days at 4℃. After three 10 191 

min washes in PBS, sections were incubated with DAPI (0.5 µg/ml, Invitrogen, D1306) for 20-30 192 

min at room temperature. Slices were rinsed three times before they were embedded in 193 

VECTASHIELD antifade mounting medium (Vector Laboratories, H-1900) on slides. Images 194 

were obtained on a confocal microscope (Zeiss, LSM 800). 195 

Experimental Design and Statistical Analyses 196 

Student’s t test, Mann–Whitney U test, Kruskal–Wallis test, one-way ANOVA, two-way 197 

repeated-measures ANOVA, followed by Tukey’s test or Bonferroni’s test for multiple 198 

comparisons, or Chi-square test, Fisher’s exact test and post-hoc pairwise comparisons were 199 

used as appropriate. Statistical analyses were performed using Excel for Microsoft 365 200 

(Microsoft Corporation, Redmond, WA, USA), Igor Pro 8 (WaveMetrics, Lake Oswego, OR, 201 

USA), or OriginPro 2022b (OriginLab, Northampton, MA, USA). Electrophysiological data were 202 

analyzed using in-house functions in AxoGraph X or pClamp 11. All data are expressed as 203 

mean ± SEM, unless otherwise noted. P < 0.05 is considered statistically significant. 204 

BLA axonal distribution was quantified using ChR2-eYFP fluorescence intensity. For 205 

transverse-axis analysis, a freehand line was drawn in SO from the subiculum to CA3c in 206 

ImageJ Fiji, and the fluorescence intensity profile was extracted. Intensity values were binned 207 

into 20–25 segments based on their distances to the subiculum, and the mean fluorescence 208 

intensity of each segment was calculated. Values were normalized to the segment with the 209 

highest fluorescence intensity in the ventral hippocampal section from the same animal. For 210 

radial-axis analysis, a line was drawn in CA1a from SO to SLM, and the fluorescence intensity 211 

profile was similarly extracted. Intensity values were grouped into 20 segments based on the 212 

distances to SO, averaged within each segment, and normalized to the segment with the 213 

highest fluorescence intensity along the radial axis. 214 

BLA fiber intensity in CA1a, b, c was analyzed by dividing CA1 equally into three 215 

subregions along the transverse axis. Equal-sized circles were drawn and the eYFP 216 

fluorescence was averaged in each region. eYFP fluorescence was then normalized to CA1a 217 
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within each section or normalized to the highest fluorescence intensity in ventral sections within 218 

each mouse. BLA fiber intensity in dorsal-ventral CA1 was analyzed by averaging the fiber 219 

intensity in CA1a, b, c within each section and normalizing to the highest eYFP fluorescence in 220 

the most ventral section. Hippocampi were divided into 7 equal-sized transverse segments 221 

along the longitudinal axis. One transverse section was randomly chosen from each segment to 222 

be quantified. 223 

BLA fibers were densely distributed throughout the vCA1a–subiculum region. The 224 

boundary between CA1a and subiculum in the ventral hippocampus is not sharply defined and 225 

has been described as a gradual, overlapping anatomical transition (Kinman et al., 2026; 226 

Pachicano et al., 2025). Therefore, cells recorded from vCA1a and the adjacent subiculum were 227 

pooled for analysis.  228 

RESULTS 229 

BLA selectively projects to distal CA1 (CA1a) and subiculum in the ventral hippocampus 230 

 To examine BLA fiber distribution in CA1 and subiculum, we injected an AAV-ChR2-231 

enhanced yellow fluorescent protein (eYFP) into the BLA, dissected hippocampi out, and cut the 232 

transverse sections along the dorsoventral axis (Figure 1A-B). Consistent with our previous 233 

observations (Li et al., 2025), BLA fibers, as indicated by eYFP intensity in stratum oriens (SO), 234 

primarily targeted distal CA1, distal CA3, and subiculum in the intermediate and ventral 235 

hippocampus (Figure 1C-D). In CA1–subiculum, BLA fibers increased progressively from dorsal 236 

to ventral, decreased from subiculum-CA1a to CA1c, and preferentially innervated SO and 237 

stratum pyramidale (SP) (Figure 1C-E).  238 

To selectively target CA1-projecting BLA neurons, we injected AAVretro-Cre-mCherry 239 

into vCA1, followed by a second Cre-dependent AAV-ChR2-eYFP injection into BLA (Figure 240 

2A). Three weeks later, we either cut coronal sections (Figure 2B) or dissected out hippocampi 241 

and cut the transverse sections along the longitudinal (dorsoventral) axis, as we described 242 

previously (Li et al., 2025) (Figure 2C). We then calculated the strengths of BLA projections by 243 

measuring and quantifying the ChR2-eYFP fluorescence intensity as a proxy along all three 244 

anatomical axes in the hippocampus, including longitudinal, transverse, and radial axes (Figure 245 

2D-I). We found that the fiber distributions from CA1-projecting BLA neurons were highly 246 

heterogeneous in the hippocampus along all three axes. Consistent with previous findings 247 

(Felix-Ortiz et al., 2013; Hintiryan et al., 2021; Pikkarainen et al., 1999; Pitkanen et al., 2000), 248 

BLA fibers were enriched in CA1 and subiculum in the ventral hippocampus, progressively 249 
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increasing from dorsal to ventral (Figure 2D-G). Interestingly, within the intermediate and 250 

ventral hippocampus, BLA fibers did not uniformly target CA1 and subiculum along the 251 

transverse axis. Instead, we found that BLA fibers were mostly distributed in distal CA1 (CA1a) 252 

and subiculum, with a significant weaker expression in proximal CA1 (CA1c) that is close to 253 

CA2 (Figure 2D-F, H). Moreover, along the radial axis in vCA1a, BLA fibers were mostly 254 

concentrated in SO/SP and were weakly distributed in stratum lacunosum-moleculare (SLM) 255 

(Figure 2D-F, I). Overall, these results provided anatomical evidence that BLA preferentially 256 

targeted a selective population of neurons located in distal CA1 and subiculum in the ventral 257 

hippocampus.   258 

BLA excites distal vCA1 and vSub, but not proximal vCA1 259 

To investigate the functional connections between BLA and vCA1–vSub, we employed 260 

ChR2-assisted slice electrophysiology by expressing ChR2 into BLA (Figure 3). Given the 261 

dense BLA innervation in distal vCA1 (vCA1a)–vSub, we first focused on examining the 262 

connections between BLA and pyramidal neurons in vCA1a–vSub (Figure 3B-C). Light pulses 263 

induced optically-evoked EPSCs (oEPSCs) in all vCA1a–vSub cells tested (Figure 3D, n = 264 

26/26 cells). Moreover, oEPSCs were eliminated by bath application of DNQX (20 μM) and DL-265 

APV (50 μM) (n = 5 cells, Figure 3E), indicating that BLA-vCA1/vSub synapses are 266 

glutamatergic. The latency of oEPSC onset following light stimulation was very short (1.92 ± 267 

0.11 ms, n = 16 cells), consistent with monosynaptic connection. Bath application of tetrodotoxin 268 

(TTX, 1 μM) completely abolished oEPSCs, which were rescued by application of both TTX and 269 

4-aminopyridine (4-AP, 100 µM), a voltage-gated potassium channel blocker (n = 6 cells, Figure 270 

3F). As polysynaptic light-evoked synaptic transmission mediated by action potentials should 271 

have been blocked by TTX, the addition of 4-AP can only rescue monosynaptic transmitter 272 

release by directly boosting depolarization at ChR2+ presynaptic terminals contacting 273 

postsynaptic sites (Petreanu et al., 2009).  274 

Given the sparse BLA fibers in proximal vCA1 (Figures 1,2), we next asked if BLA 275 

differentially excites distal versus proximal vCA1. To control variations of viral expression across 276 

different animals, we recorded and compared pairs of pyramidal neurons from distal and 277 

proximal vCA1 in the same slices (Figure 3G-I). We found that in the same slices light pulses 278 

elicited large oEPSCs in vCA1a–vSub pyramidal neurons but produced minimal oEPSCs in 279 

proximal ventral CA1 (vCA1c) (n = 5 pairs, p = 0.024, paired t test, Figure 3H-I). Overall, these 280 

results demonstrated that BLA preferentially makes monosynaptic glutamatergic connections 281 

onto pyramidal neurons in distal vCA1 and vSub, but not in proximal vCA1.   282 
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BLA input activates interneurons to drive disynaptic inhibition in pyramidal neurons in 283 

vCA1–vSub   284 

 Next, we asked if stimulation of BLA terminals could also drive disynaptic inhibition in 285 

pyramidal neurons in vCA1–vSub (Figure 4). We performed voltage-clamp recording to 286 

measure both oEPSC (holding potential = -70 mV) and optically-evoked IPSC (oIPSC, holding 287 

potential = 0 mV) from the same cells using cesium-based intracellular solution. We found that 288 

light pulses elicited both oEPSC and oIPSC in all cells tested (100%, 7/7 cells, oEPSC = 229.72 289 

± 58.26 pA, oIPSC = 794.44 ± 189.74 pA, Figure 4A,B), resulting in an I/E ratio of 4.83 ± 1.42 290 

(n = 7 cells, Figure 4B). The oEPSC latency was very short (1.926 ± 0.236 ms, n = 7 cells), 291 

consistent with monosynaptic connections. By contrast, the latency of oIPSC response was 292 

significantly longer (3.236 ± 0.286 ms, p < 0.01, paired t test, n = 7 cells, Figure 4C,D), 293 

indicating disynaptic inhibitory connections. In addition, bath applications of glutamatergic 294 

antagonists, DNQX and DL-APV, eliminated oIPSC (baseline oIPSC = 892.89 ± 191.93 pA, 295 

DNQX/APV = 10.15 ± 4.20 pA, n = 6 cells, p < 0.01, paired t test, Figure 4E,F). These results 296 

strongly suggest that the inhibitory responses in pyramidal neurons in vCA1–vSub resulted from 297 

the disynaptic inhibition mediated by suprathreshold spikes in interneurons evoked by light 298 

pulses.  299 

Next, we asked whether BLA makes direct excitatory connections onto interneurons in 300 

vCA1–vSub. To address this, we used both wild-type (WT) mice and an interneuron-specific 301 

mouse line (Figure 5A). To identify GABAergic interneurons in vCA1–vSub, we targeted 302 

tdTomato to interneurons by crossing a vesicular GABA transporter (vGAT)-Cre line with a Ai9 303 

tdTomato reporter line to generate vGAT-tdTomato mice. Cre-independent AAV-ChR2-eYFP 304 

was injected bilaterally into BLA in WT or vGAT-tdTomato mice, and we performed whole cell 305 

recordings on interneurons in vCA1a and vSub 3-4 weeks after viral injection (Figure 5A). 306 

vGAT-tdTomato mice allowed us to directly visualize and record GABAergic neurons labeled by 307 

tdTomato (Figure 5B). In the WT mice, interneurons were identified based on their cell body 308 

location in SO or SR. Additionally, the firing patterns and post hoc biocytin staining enabled us 309 

to further differentiate interneurons from pyramidal neurons with a high degree of confidence 310 

(Figure 5B,C). Given that BLA fibers were more densely distributed in SO, SP, and stratum 311 

radiatum (SR), we focused on interneurons located in these layers. The data from WT and 312 

vGAT-tdTomato mice were comparable and thus were combined. As expected, interneurons in 313 

vCA1–vSub displayed diverse intrinsic membrane properties, ranging from fast spiking to 314 

regular spiking (Figure 5C). We detected light-evoked excitatory synaptic responses in a 315 
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majority of interneurons in vCA1–vSub (78.05%, 32/41 cells), with a mean oEPSC amplitude of 316 

67.57 ± 24.46 pA (n = 32 cells). Interestingly, we noted that the latencies of oEPSC onsets of 317 

individual cells were highly variable, ranging from 1.10 to 11.93 ms (Figure 5D). In 65.63% of 318 

responsive cells (21/32 cells), the latency of oEPSC onsets was <3 ms (1.82 ± 0.10 ms, n = 21 319 

cells), consistent with monosynaptic connections. In the remaining responsive cells (34.38%, 320 

11/32 cells, Figure 5E), the latency ranged from 3.85 to 11.93 ms with a mean of 6.97 ± 0.91 321 

ms (n = 11 cells, p = 1.1 × 10-8, unpaired t test, Figure 5E), indicating polysynaptic connections. 322 

Moreover, trial-to-trial variability in the latency of oEPSC onsets appeared higher in cells with 323 

longer latency, supporting polysynaptic connections (Figure 5D). Thus, in a subset of cells we 324 

further quantified the jitter of oEPSC onsets, defined as the standard deviation (SD) of oEPSC 325 

onset latencies across trials. We found that cells with longer latency displayed significantly a 326 

greater jitter (1.15 ± 0.28 ms, n = 5 cells, Figure 5F), compared to cells with shorter latency 327 

(0.21 ± 0.04 ms, n = 11 cells, p = 0.00021, unpaired t test, Figure 5F). Finally, a train of 20 Hz 328 

light stimulation evoked action potentials in 21.62% of interneurons (8/37 cells; Figure 5G–H), 329 

and all eight spiking cells exhibited short oEPSC onset latencies (<3 ms). Notably, the oEPSC 330 

amplitude was significantly larger in cells that exhibited light-evoked spiking than in cells that did 331 

not (spiking: 179.84 ± 88.83 pA, n = 8 cells; non-spiking: 28.05 ± 5.06 pA, n = 12 cells; p = 332 

0.00137, Mann-Whitney test). These data indicate that the strength of the optically evoked 333 

synaptic response is associated with the ability of the afferent pathway to drive postsynaptic 334 

spiking. Overall, these results suggest that vCA1–vSub interneurons were activated by BLA 335 

inputs through both monosynaptic and polysynaptic excitation.    336 

BLA input preferentially excites PV+, but not somatostatin-expressing (SOM+), cells 337 

 The above results demonstrated the excitatory connections between BLA and 338 

interneurons in vCA1–vSub. Interneurons in vCA1–vSub are highly diverse, comprising more 339 

than 20 subtypes (Harris et al., 2018; Klausberger and Somogyi, 2008; Pelkey et al., 2017). 340 

Thus, we next sought to investigate specific CA1 interneuron subtypes that are excited by BLA 341 

inputs using interneuron-specific Cre driver lines. We decided to focus on two major interneuron 342 

subtypes, PV+ and SOM+ cells, for the following two reasons. First, PV+ and SOM+ cells 343 

constitute two of the most prominent and abundant interneuron subtypes with respective Cre 344 

knock-in mouse lines available. Second, the positions of PV+ and SOM+ cells are mostly located 345 

in SO, SP, and SR, significantly overlapping with the dense BLA fibers in the same area. To 346 

identify PV+ or SOM+ cells, we crossed PV-Cre or SOM-Cre lines with a reporter line (Ai9) to 347 
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label PV+ or SOM+ cells with tdTomato, as previously described (Jiang et al., 2024; Kinney et 348 

al., 2025; Li et al., 2023).  349 

In PV-td mice, we validated that all tdTomato+ cells displayed fast-spiking firing patterns 350 

with short AP duration, a distinct feature of PV cells (maximum firing rate = 235.90 ± 23.87 Hz, 351 

AP half-width = 0.299 ± 0.025 ms, n = 20 cells, Figure 6A-C). We detected light-evoked 352 

putative monosynaptic excitatory responses (oEPSC = 726.82 ± 282.25 pA, n = 14 cells) in a 353 

majority of PV+ cells (70%, 14/20 cells, Figure 6F-G) with a short oEPSC latency (1.60 ± 0.14 354 

ms, n = 14 cells). The oEPSC amplitude in PV+ cells was significantly greater than putative 355 

monosynaptic connections in interneurons that were recorded randomly (p = 0.041, rank sum 356 

test, Figure 6G). To confirm monosynaptic connections, we performed a pharmacology 357 

experiment using TTX and 4-AP. oEPSCs were completely blocked by bath application of TTX 358 

and were fully rescued by bath application of both TTX and 4-AP (n = 4 cells, Figure 6E). 359 

Another 3 PV+ cells displayed putative polysynaptic responses (oEPSC = 82.75 ± 50.93 pA, n = 360 

3 cells) with a longer latency (4.96 ± 1.29 ms). Moreover, single light pulses elicited action 361 

potentials in a majority of PV+ cells (55%, 11/20 cells), compared to just 21.62% cells (8/37 362 

cells) in interneurons recorded randomly (Figure 6H). Similarly, the probability of spikes induced 363 

by a train of 20-Hz stimulation was significantly higher in responsive PV+ cells than responsive 364 

interneurons (Figure 6I-J). Taken together, these results suggest that the BLA input makes 365 

powerful monosynaptic excitatory connections onto PV+ cells to drive action potential output.      366 

 Given a substantial topographical overlap between BLA terminal distribution and 367 

somatodendritic structures of SOM+ cells in SO and SP, next we examined the connections 368 

between BLA and SOM+ cells in vCA1–vSub. We performed whole cell recording on the visually 369 

identified tdTomato+ cells using SOM-tdTomato mice, as we described previously (Jiang et al., 370 

2024) (Figure 7A-B). Consistent with previous findings (Chamberland et al., 2024; Losonczy et 371 

al., 2002), intrinsic membrane properties of SOM+ cells in vCA1–vSub were diverse (Figure 372 

7C). Interestingly, we found that the connectivity probability between BLA and SOM+ cells was 373 

relatively low. Only a minority of SOM+ cells receive putative monosynaptic excitatory inputs 374 

from BLA (31.25%, 5/16 cells, oEPSC latency = 1.82 ± 0.16 ms), compared to the BLA-PV+ 375 

connectivity rate at 75% (Figure 7F). Among these connected cells, oEPSC amplitude in SOM+ 376 

cells was relatively small (106.13 ± 76.91 pA, n = 5 cells, Figure 7G). One additional SOM+ cell 377 

displayed putative polysynaptic excitatory response (oEPSC = 31.84 pA) with a prolonged 378 

oEPSC latency of 6.87 ms. In addition, action potentials could only be elicited in 2 out of 16 379 

SOM+ cells (12.5%), compared to 55% in PV+ cells (Figure 7E, H). Notably, no significant 380 
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differences in resting membrane potential were detected across the interneuron populations 381 

examined (SOM+: −53.99 ± 2.20 mV, n = 16 cells; PV+: −55.40 ± 1.90 mV, n = 20 cells; all 382 

interneurons: −55.31 ± 1.38 mV, n = 41 cells), indicating that their ability to fire action potentials 383 

was not driven by differences in resting membrane potential. Overall, we concluded that the 384 

BLA input strongly excites PV+ cells and only weakly excites a small subset of SOM+ cells in 385 

vCA1–vSub.   386 

Same pyramidal neurons in vCA1a–vSub both receive excitation from and project to BLA  387 

 The above results demonstrated that BLA excites a selective population of pyramidal 388 

neurons and interneurons in vCA1–vSub in a cell-type- and subregion-specific manner. Notably, 389 

pyramidal neurons in vCA1–vSub are also known to send reciprocal projections to BLA (Kim 390 

and Cho, 2017, 2020; Pitkanen et al., 2000; Xu et al., 2016). This raises an interesting question 391 

of whether the same pyramidal neurons in vCA1–vSub that receive direct excitation from BLA 392 

also project back to BLA (Figure 8A).  393 

To address this question, we first performed a retrograde tracing experiment to examine 394 

cells in vCA1–vSub that project to BLA. A retrograde tracer, Cholera Toxin Subunit B (CTB), 395 

was bilaterally injected into BLA, and mice were sacrificed 7 days later for histology. We found 396 

an abundant expression of CTB+ cells in vCA1–vSub, but not in dorsal CA1 (dCA1, n = 4, data 397 

not shown), consistent with the previous findings that vCA1-vSub neurons project extensively to 398 

BLA (Hintiryan et al., 2021; Pikkarainen et al., 1999; Pitkanen et al., 2000). Next, we performed 399 

a two-color dual anterograde-retrograde tracing experiment, in which we injected a mixture of 400 

AAVretro-H2B-mCherry and AAV-ChR2-eYFP into BLA (Figure 8B). In this experiment, the 401 

cells in vCA1–vSub projecting to BLA would be labelled by mCherry and BLA fibers in vCA1–402 

vSub would be labeled by ChR2-eYFP (Figure 8C). The level of overlap between mCherry+ 403 

cells and ChR2-eYFP+ fibers in the hippocampus would indicate that the neurons that receive 404 

BLA inputs also project back to BLA. We observed numerous retrogradely labeled mCherry+ 405 

cells in vCA1–vSub, but not in dCA1 (Figure 8D). Interestingly, a close inspection of 406 

hippocampal sections from different Bregma revealed a significant but incomplete overlap 407 

between ChR2-eYFP fibers and mCherry+ cells (Figure 8D). In more ventral coronal sections, 408 

we observed a large overlap between ChR2-eYFP fibers and mCherry+ cells in vCA1–vSub 409 

(Figure 8E).  410 

The dual anterograde-retrograde results raise the possibility that pyramidal neurons in 411 

vCA1a–vSub may both receive input from and send projections to BLA. To test this at the 412 
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functional level, we injected a mix of AAVretro-H2B-mCherry and AAV-ChR2-eYFP into BLA 413 

bilaterally and performed whole cell recordings on BLA-projecting mCherry+ cells in vCA1–vSub 414 

3-4 weeks after viral injection (Figure 8F-J). We focused on mCherry+ cells in distal vCA1–415 

vSub, because BLA fibers were densely expressed in this area, with 72.69 ± 0.68% of 416 

vSub/CA1a cells labeled by mCherry (n = 3 sections/2 mice) (Figure 8F). All mCherry+ cells 417 

displayed regular-spiking or bursting firing patterns that were consistent with pyramidal neurons 418 

in CA1 or subiculum (Figure 8H, n = 10 cells). Importantly, we detected light-evoked excitatory 419 

synaptic responses in all mCherry+ cells in vCA1a–vSub tested (oEPSC = 83.31 ± 20.36 pA, n = 420 

10/10 cells, Figure 8I-J). This data suggests that pyramidal neurons in vCA1a–vSub both 421 

receive excitation from BLA and send reciprocal projections to BLA.   422 

DISCUSSION 423 

Although BLA provides dense input to the ventral hippocampus (Felix-Ortiz et al., 2013; 424 

Felix-Ortiz and Tye, 2014; Pi et al., 2020; Pikkarainen et al., 1999; Pitkanen et al., 2000), its 425 

functional connectivity at the cellular and circuit levels remains incompletely understood. Our 426 

study provides evidence that BLA projections to ventral CA1 and subiculum are not uniform 427 

topographically, with preferential innervation of distal CA1 and subiculum and minimal input to 428 

proximal CA1 adjacent to CA2. We further show that BLA terminals strongly excite PV+ 429 

interneurons, generating feedforward inhibition of CA1 and subicular pyramidal neurons. 430 

Moreover, distal vCA1 and vSub pyramidal neurons receiving BLA excitation also project back 431 

to BLA, revealing a reciprocal connected circuit motif. Together with our recent work on 432 

topographic heterogeneity of BLA–CA3 connectivity (Li et al., 2025), these findings reveal 433 

heterogeneous BLA inputs across pyramidal neurons and interneuron subtypes in the ventral 434 

hippocampus, potentially contributing to functional diversity of hippocampal processing.   435 

Heterogeneous connectivity between BLA and ventral hippocampus 436 

 BLA sends dense projections to the ventral, but not dorsal, hippocampus (Pikkarainen et 437 

al., 1999; Pitkanen et al., 2000; Yang and Wang, 2017). The BLA-ventral hippocampus circuits 438 

are critically involved in contextual fear memory, anxiety-related behaviors and social behaviors 439 

(Felix-Ortiz et al., 2013; Felix-Ortiz and Tye, 2014; Guo et al., 2025; Li et al., 2025; Pi et al., 440 

2020; Xu et al., 2016). It is, however, less clear how BLA input modulates hippocampal neuron 441 

activity at the cell and circuit levels. We have previously reported that BLA selectively projects to 442 

distal CA3 pyramidal neurons in the ventral hippocampus (Li et al., 2025). Here, we extended 443 

our previous findings by focusing on the projection from BLA to hippocampal output regions 444 
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CA1 and subiculum. Our results show that BLA does not uniformly innervate all vCA1 or 445 

subicular neurons, but rather selectively targets distal vCA1 and vSub and largely avoid making 446 

monosynaptic connections with proximal vCA1 adjacent to CA2.  447 

It is worth noting that CA1 and subicular neurons in the ventral hippocampus are highly 448 

heterogeneous (Bienkowski et al., 2018; Cembrowski et al., 2016; Cembrowski and Spruston, 449 

2019; Gergues et al., 2020; Yao et al., 2021). Ventral CA1 pyramidal neurons in different 450 

anatomical positions are differentially connected with extrahippocampal regions and are 451 

associated with different behaviors (Fanselow and Dong, 2010; Meira et al., 2018; Okuyama et 452 

al., 2016). Notably, dorsal CA2 (dCA2), a hippocampal subregion essential for social behaviors 453 

(Alexander et al., 2016; Dudek et al., 2016; Hitti and Siegelbaum, 2014; Oliva et al., 2020), 454 

preferentially targets distal, but not proximal, vCA1 (Meira et al., 2018). Thus, dCA2 and BLA 455 

appear to target the same vCA1 subregion. Given that both the dCA2–vCA1 circuit (Cope et al., 456 

2023; Meira et al., 2018; Okuyama et al., 2016; Watarai et al., 2021) and the BLA–vCA1 circuit 457 

(Felix-Ortiz and Tye, 2014; Xiong et al., 2024) are critically involved in social behaviors, we 458 

propose that distal CA1 and subiculum may integrate convergent inputs from dCA2 and BLA to 459 

contribute to social behaviors. Overall, our findings reveal heterogeneous BLA–ventral 460 

hippocampal connectivity that may support emotional and social behaviors.  461 

BLA-CA1 interneuron connections 462 

 A previous study indicates that the disynaptic inhibition in vCA1 pyramidal neurons can 463 

be elicited by stimulating BLA terminals, raising the possibility that BLA also excites 464 

interneurons (Felix-Ortiz et al., 2013). However, cell identities of interneurons targeted by BLA 465 

are unknown. Here we confirmed that activation of BLA terminals drives robust disynaptic 466 

feedforward inhibition in vCA1‒vSub pyramidal neurons, with an I/E ratio of 3-4. The value is in 467 

line with I/E ratios reported in Schaffer collateral pathway in CA1 pyramidal neurons, recurrent 468 

collateral pathway in CA3 pyramidal neurons, and other cortical neurons (Pouille et al., 2009; 469 

Pouille and Scanziani, 2001, 2004; Sun et al., 2017). Our measurement of I/E ratio relied on 470 

non-physiological conditions to increase the driving force of chloride. Future work is needed to 471 

clarify the effect of BLA-driven feedforward inhibition on pyramidal neuron output under 472 

physiological conditions. 473 

We identified PV+, but not SOM+, interneurons as a major target of BLA input and the 474 

excitatory synapses between BLA-PV+ interneurons are powerful. Activation of this synapse is 475 

sufficient to elicit spikes in a majority of PV+ interneurons. Because of the significant overlap 476 
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between SOM+ interneuron somatodendritic structures and BLA terminals, we initially 477 

hypothesized that SOM+ interneurons may receive strong excitation from BLA. Surprisingly, 478 

however, only a fraction of SOM+ interneurons receives monosynaptic excitation, and most fail 479 

to fire action potentials in response to light stimulation, arguing against a major role for SOM+ 480 

interneurons in BLA-driven disynaptic inhibition. Although optical activation of ChR2-expressing 481 

BLA terminals may alter presynaptic release properties and short-term synaptic dynamics, 482 

particularly during repetitive stimulation, cells that exhibited light-evoked spiking had larger 483 

single-pulse oEPSCs than non-spiking cells, supporting an association between synaptic 484 

strength and postsynaptic recruitment. Given the heterogeneity of SOM+ interneurons 485 

(Chamberland et al., 2024; Harris et al., 2018; Kinney et al., 2025; Losonczy et al., 2002; 486 

Yavorska and Wehr, 2016), whether SOM+ interneurons targeted by BLA represent a specific 487 

subpopulation of SOM+ interneurons remains an open question. Overall, our findings support a 488 

predominant role for PV+ interneurons in feedforward inhibition driven by long-range 489 

glutamatergic inputs (Freund and Buzsaki, 1996; Li et al., 2023; Pelkey et al., 2017), whereas 490 

SOM+ interneurons in CA1 and subiculum are more strongly associated with local feedback 491 

inhibition (Pouille and Scanziani, 2004).   492 

BLA-CA3 versus BLA-CA1/subiculum pathways 493 

Our previous work demonstrated that largely different populations of BLA neurons 494 

project to CA3 and CA1, suggesting that BLA input to these hippocampal subregions may 495 

represent partially segregated information channels rather than a uniform BLA signal distributed 496 

throughout the hippocampus (Li et al., 2025). Although we have not directly examined whether 497 

these two BLA populations are differentially activated during behavior, their anatomical 498 

segregation provides a potential mechanism by which BLA activity may differentially regulate 499 

hippocampal information processing through CA3 and CA1. In particular, the present findings 500 

suggest that the BLA→CA1/subiculum pathway can selectively activate specific populations of 501 

CA1/subiculum neurons, raising the possibility that BLA input may influence hippocampal 502 

processing at a later stage of the trisynaptic circuit. 503 

The functional interaction between BLA→CA3 and BLA→CA1 pathways remains an 504 

important question to be studied in the future. Because these pathways arise largely from 505 

different BLA neuronal populations and target different hippocampal subregions, they could 506 

potentially provide complementary or coordinated regulation of hippocampal activity. At the 507 

same time, because distal CA3 and distal CA1–subiculum perform distinct computations and 508 

are interconnected within the hippocampal circuit, activation of these pathways could also 509 
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produce temporally distinct effects on hippocampal network activity. Our current experiments do 510 

not address this question, but rather that their anatomical segregation provides a substrate for 511 

pathway-specific modulation of hippocampal processing. 512 

Reciprocal connections between BLA and ventral hippocampus 513 

Taken together with previous studies (Felix-Ortiz et al., 2013; Felix-Ortiz and Tye, 2014; 514 

Hintiryan et al., 2021; Pi et al., 2020; Pikkarainen et al., 1999; Pitkanen et al., 2000; Yang and 515 

Wang, 2017), including our own (Li et al., 2025), our findings indicate that BLA–ventral 516 

hippocampal connectivity is highly complex at multiple levels. First, BLA does not 517 

indiscriminately target all pyramidal neurons in the ventral hippocampus. In both CA1 and CA3, 518 

BLA preferentially excites pyramidal neurons in distal segments (Li et al., 2025). These findings 519 

support the notion that ventral hippocampal CA1 and CA3 pyramidal neurons are functionally 520 

heterogeneous along the transverse axis (Sun et al., 2020a). Given that BLA plays a crucial role 521 

in emotion, anxiety, and social behaviors, it is reasonable to propose that the CA1 and CA3 522 

subregions preferentially targeted by BLA (distal CA1 and distal CA3) may contribute 523 

disproportionately to these behaviors. 524 

Second, BLA-mediated excitation of pyramidal neurons in vCA1–vSub is strongly 525 

regulated by feedforward inhibition, mediated primarily by PV+ interneurons. This feedforward 526 

inhibitory pathway may therefore be an important component of functional interactions within 527 

amygdala–hippocampal circuits. Third, we found that pyramidal neurons receiving excitatory 528 

input from BLA also send reciprocal projections to BLA. Thus, the BLA–vCA1–vSub circuit may 529 

function as an extended recurrent network that enables bidirectional information exchange 530 

between interconnected limbic regions. Notably, in patients with temporal lobe epilepsy, the 531 

anterior hippocampus (equivalent to ventral hippocampus in rodents) and amygdala are 532 

frequently implicated in seizure generation (Aroniadou-Anderjaska et al., 2008; Babb et al., 533 

1984; Bragdon et al., 1986; Ekstrand et al., 2011; Pitkanen et al., 1998). The recurrent 534 

excitatory connections in the BLA–vCA1–vSub circuit could potentially contribute to the 535 

susceptibility of this region to seizure generation. It should be noted that our retrograde tracing 536 

indicates that many pyramidal neurons in proximal vCA1 also project to BLA. However, proximal 537 

vCA1 neurons do not appear to receive direct BLA input. Finally, an important question for 538 

future studies is whether BLA neurons that project to the ventral hippocampus also receive 539 

direct excitatory input from the hippocampus. Such connectivity would provide an additional 540 

mechanism for reciprocal communication and potentially further strengthen the recurrent 541 

organization of this limbic circuit. 542 
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 702 

Figure Legends 703 

Figure 1. BLA projects to distal CA1 and subiculum in the ventral hippocampus. 704 

(A) Experimental procedure and timeline. (B) Schematic illustrating the experimental procedure, 705 

in which the hippocampus was dissected and transverse sections were prepared along the 706 

dorsoventral axis. (C) Representative confocal images of transverse hippocampal sections 707 

spanning the dorsal-to-ventral axis. (D) Quantification of normalized fluorescence intensity of 708 

BLA fibers along the transverse axis from dorsal to ventral hippocampus. The horizontal dashed 709 

line indicates background noise, and the vertical dashed lines delineate hippocampal 710 

subregions (n = 4 mice). (E) Quantification of normalized fluorescence intensity of BLA fibers 711 

along the radial axis of vCA1a. The horizontal dashed line indicates background noise, and the 712 

vertical dashed lines delineate the different hippocampal layers (n = 4 mice). Shades show 713 

SEM. 714 

Figure 2. CA1-projecting BLA neurons preferentially project to distal CA1 and subiculum 715 

in the ventral hippocampus.  716 
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(A) Schematic indicating the site of AAVretro-Cre-mCherry injection in CA1 and Cre-dependent 717 

ChR2-eYFP injection in BLA. Bottom, experimental timeline. (B) Left: coronal section shows the 718 

expression of mCherry and ChR2-eYFP in BLA and hippocampus. Right: high-magnification 719 

confocal images of two co-labeled mCherry+/eYFP+ cells in BLA (arrows). (C) Schematic of 720 

experimental procedure showing that the hippocampus was dissected out and transverse 721 

sections were cut along the dorsoventral axis. (D) Confocal images of the transverse 722 

hippocampal sections spanning the dorsal-to-ventral axis. Expanded view of distal CA1 (CA1a) 723 

and subiculum (large orange box) in the ventral hippocampal section is shown in the far right. 724 

eYFP was pseudocolored black. (E) High-magnification confocal images of yellow squares from 725 

CA1 and subiculum shown in (D). (F) Quantification of normalized fluorescence intensity of BLA 726 

fibers along the transverse axis from dorsal to ventral hippocampus. Horizonal dashed line 727 

indicates the background noise. Vertical dashed lines delineate hippocampal subregions (n = 4 728 

mice). (G) Quantification of normalized fluorescence intensity of BLA fibers along the 729 

longitudinal axis from dorsal to ventral (from 1 to 7) (n = 4 mice). (H) Quantification of 730 

normalized fluorescence intensity of BLA fibers from CA1a to CA1c in the hippocampus (n = 28 731 

sections/4 mice). One-way ANOVA followed by Bonferroni’s post hoc test. (I) Quantification of 732 

normalized fluorescence intensity of BLA fibers along the radial axis of vCA1a (n = 4 slices/4 733 

mice). Horizonal dashed line indicates the background noise. Vertical dashed lines delineate 734 

different hippocampal layers. *p < 0.05; ***p < 0.001. Error bars and shades show SEM. 735 

Figure 3. BLA input excites pyramidal neurons in distal vCA1 and vSub and largely 736 

avoids proximal vCA1 neurons.  737 

(A) Experimental procedure and timeline. (B) Confocal images of biocytin-filled vCA1a and vSub 738 

neurons that underwent whole-cell recordings. Biocytin was pseudocolored black in left. (C) 739 

Sample voltage traces in response to indicated current injections in current-clamp from a vCA1a 740 

pyramidal neuron. (D) Group data of oEPSC amplitude recorded from vCA1-vSub neurons (n = 741 

26 cells). Filled symbols indicate outliers. (E) Sample traces (left) and group data (right) of 742 

oEPSCs in voltage-clamp in the absence and presence of DNQX (20 μM) and DL-APV (50 μM) 743 

(n = 5 cells/4 mice, paired t test). (F) Sample traces (left) and group data (right) of oESPCs in 744 

voltage-clamp in baseline, after bath application of TTX (1 μM), and application of both TTX and 745 

4-AP (100 μM) (n = 6 cells/4 mice, one-way ANOVA repeated measures). (G) Confocal images 746 

of biocytin-filled distal and proximal vCA1 neurons that underwent whole-cell recordings. 747 

Biocytin was pseudocolored black. (H-I) Sample traces (H) and group data (1) of oEPSCs 748 

recorded from CA1a and CA1c pyramidal neurons in voltage-clamp from the same slices (n = 5 749 
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pairs/4 mice, p = 0.024, paired t test). Blue bar indicates light pulse. *p < 0.05; **p < 0.01; ***p < 750 

0.001. Error bars show SEM. 751 

Figure 4. Stimulation of BLA terminals drives disynaptic inhibition in pyramidal neurons 752 

in vCA1-vSub.  753 

(A) Sample traces of oEPSC (holding potential = -70 mV) and oIPSC (holding potential = 0 mV) 754 

in voltage clamp. (B) oIPSC amplitude plotted as function of oEPSC amplitude in individual cells 755 

(n = 7 cells/2 mice). The straight line indicates an I/E ratio of 1. (C) Expanded view of oEPSC 756 

and oIPSC traces denoted oEPSC and oIPSC onsets after light stimulation. Note the latency of 757 

oIPSC onset is greater than oEPSC. Blue bar indicates a 2-ms light pulse. (D) Group data of 758 

latency of oEPSC (n = 8 cells/2 mice) and oIPSC onsets (n = 8 cells/2 mice, unpaired t test). 759 

Blue bar indicates a 2-ms light pulse. (E-F) Sample oIPSC traces (E) and group data (F, n = 5 760 

cells/2 mice, paired t test) in voltage clamp in the absence (black) and presence (red) of 761 

DNQX/APV. **p < 0.01. Error bars show SEM. 762 

Figure 5. BLA excites interneurons in vCA1-vSub.  763 

(A) Experimental procedure and timeline. (B) Sample confocal images of a hippocampal slice 764 

from a vGAT-td mouse that underwent whole cell recordings. Note four biocytin-filled cells 765 

(arrows) were co-labeled with tdTomato. Biocytin was pseudocolored black in left. (C) Volage 766 

traces from two interneurons in vCA1-vSub in response to indicated current injections in current 767 

clamp. (D) Sample light-evoked EPSCs. Blue bars indicate light pulses. Black and grey traces 768 

represent mean and individual traces, respectively. Note small jigger of oEPSC onsets in 769 

response to light pulses in putative monosynaptic connections (top) and longer and variable 770 

oEPSC onsets in putative polysynaptic connections (bottom). (E) Group data of latency of 771 

oEPSC onsets (short latency: n = 21 cells/6 mice; long latency: n = 11 cells/6 mice; unpaired t 772 

test). The blue bar indicates a 2-ms light pulse. (F) Group data of jitter of oEPSC onsets (short 773 

latency: n = 11 cells/5 mice; long latency: n = 5 cells/3 mice; unpaired t test). (G-H) Sample 774 

voltage traces (G) and group data of spike probability (H, n = 25 cells/7 mice) of suprathreshold 775 

APs evoked by a train of 20 Hz light stimulation in current clamp. ***p < 0.001. Error bars show 776 

SEM. 777 

Figure 6. BLA strongly excites PV+ interneurons in vCA1–vSub.  778 

(A) Top, schematic showing the genetic approach to label PV+ cells with tdTomato. Bottom, 779 

experimental procedure and timeline. (B) Sample confocal images of a hippocampal slice from a 780 
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PV-td mouse that underwent whole cell recordings. Note three biocytin-filled cells. Biocytin was 781 

pseudocolored black in left. (C) Sample voltage traces from a PV+ cell in response to indicated 782 

current injections in current clamp. Note fast spiking in response to positive current injections. 783 

(D-E) Sample traces (D) and group data (E) of oESPCs in voltage-clamp in baseline, after bath 784 

application of TTX (1 μM), and application of both TTX and 4-AP (100 μM) (n = 4 cells/2 mice). 785 

(F) Group data of probability of putative monosynaptic connections between BLA and PV+ cells 786 

and between BLA and vCA1–vSub interneurons. Numbers of cells are shown above the bars. 787 

(G) Group data of oEPSC amplitude in PV+ cells (n = 14 cells/4 mice) and CA1 interneurons (n 788 

= 21 cells/7 mice). Filled symbols indicate outliers. Mann-Whitney U test. (H) Group data of the 789 

percentage of PV+ cells and CA1 interneurons that fire APs in response to single light pulses. 790 

Numbers of cells are shown above the bars. (I-J) Sample voltage traces (I) and group data of 791 

spike probability (J) of suprathreshold APs evoked by a train of 20 Hz light stimulation in current 792 

clamp (PV+: n = 10 cells/4 mice, interneurons: n = 11 cells/7 mice, only responsive cells 793 

included). Two-way ANOVA repeated measures. ***p < 0.001. Error bars show SEM. 794 

Figure 7. BLA weakly excites a small subset of SOM+ interneurons in vCA1–vSub.  795 

(A) Top, schematic showing the genetic approach to label SOM+ cells with tdTomato. Bottom, 796 

experimental procedure and timeline. (B) Sample confocal images of a hippocampal slice from a 797 

SOM-td mouse that underwent whole cell recordings. Note three biocytin-filled cells in SO. 798 

Biocytin was pseudocolored black in left. (C) Sample volage traces from two SOM+ cells in 799 

response to indicated current injections in current clamp. Left shows a regular-spiking cell and 800 

right shows a cluster-firing cell. (D) Sample current traces from a nonresponsive cell (top) and a 801 

responsive cell (bottom) in voltage clamp. (E) Sample voltage traces from a nonresponsive cell 802 

(top) and a responsive cell (bottom) in current clamp. (F-H) Summary data of probability of 803 

putative monosynaptic connections (F), oEPSC amplitude (G), and percentage of cells showing 804 

light-evoked spikes (H) from PV+ cells (n = 4 mice), SOM+ cells (n = 2 mice), and vCA1–vSub 805 

interneurons (n = 7 mice). Numbers of cells are shown above the bars. Filled symbols indicate 806 

outliers. Kruskal-Wallis test in (G), Chi-square test, Fisher’s exact test and post-hoc pairwise 807 

comparisons in (H). *p < 0.05, ***p < 0.001. 808 

Figure 8. Pyramidal neurons in vCA1-vSub both receive excitation from and project to 809 

BLA.  810 

(A) Schematic of two possible models of reciprocal connections between vCA1-vSub and BLA. 811 

Left shows that the same neurons in vCA1-vSub both receive excitation from and project to 812 
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BLA. Right shows that neurons in vCA1-vSub projecting to BLA differ from those that receive 813 

BLA input. (B) Experimental procedure and timeline. (C) Confocal images show the injection site 814 

of mixed AAVretro-H2B-mCherry and AAV-ChR2-eYFP in the coronal section (left) and 815 

expanded view in BLA (right). (D) Confocal images of coronal section at Bregma -3.1 mm. 816 

Expanded views of blue box are shown in the right. Note numerous mCherry+ cells but few 817 

ChR2-EYFP+ fibers. (E) Confocal images of coronal section at Bregma -3.5 mm. Expanded 818 

views of orange box are shown in the right. Note the overlap of mCherry+ cells and ChR2-819 

EYFP+ fibers. (F) A confocal image of a transverse slice from the ventral hippocampus. (G) 820 

Sample confocal images of a biocytin-filled vSub pyramidal neuron that underwent whole-cell 821 

recording. The cell is positive for mCherry. (H) Membrane voltage in responses to indicated 822 

somatic current injections from a regular-spiking (left) and burst firing neurons (right) in current 823 

clamp. Inset shows the expanded view of a burst from the dashed gray box. (I-J) Sample 824 

voltage clamp recording trace (I) and summary data of oEPSCs (J, n = 10 cells/2 mice). 825 

 826 
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