1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

VIe

%,
/f
Yeyvaaa

Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 December 13.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2024 November 26; 43(11): 114898. doi:10.1016/j.celrep.2024.114898.

Hypothalamic regulation of hippocampal CA1l interneurons by
the supramammillary nucleus

Yu-Qiu Jiang?!, Daniel K. Leel, Wanyi Guol, Minghua Lil, Qian Sun12*
1Department of Neurosciences, School of Medicine, Case Western Reserve University, 10900
Euclid Avenue, Cleveland, OH 44106, USA

2L ead contact

SUMMARY

The hypothalamic supramammillary nucleus (SuM) projects heavily to the hippocampus to
regulate hippocampal activity and plasticity. Although the projections from the SuM to the dentate
gyrus (DG) and CA2 have been extensively studied, whether the SuM projects to CAL, the main
hippocampal output region, is unclear. Here, we report a glutamatergic pathway from the SuM
that selectively excites CA1 interneurons in the border between the stratum radiatum (SR) and the
stratum lacunosum-moleculare (SLM). We find that the SuM projects selectively to a narrow band
in the CA1 SR/SLM and monosynaptically excites SR/SLM interneurons, including vasoactive
intestinal peptide-expressing (VIP*) and neuron-derived neurotrophic factor-expressing (NDNF*)
cells, but completely avoids making monosynaptic contacts with CA1 pyramidal neurons (PNs)
or parvalbumin-expressing (PV*) or somatostatin-expressing (SOM*) cells. Moreover, SuM
activation drives spikes in most SR/SLM interneurons to suppress CA1 PN excitability. Taken
together, our findings reveal that the SuM can directly regulate hippocampal output region CAL,
bypassing CA2, CA3, and the DG.
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Jiang et al. report a glutamatergic pathway from the hypothalamic supramammillary nucleus
(SuM) that selectively excites CA1 interneurons in the stratum radiatum/stratum lacunosum-
moleculare border and completely avoids CA1 pyramidal neurons and parvalbumin- or
somatostatin-expressing cells. This study demonstrates that the SuM can directly regulate CA1,
bypassing CA2, CA3, and the dentate gyrus.

INTRODUCTION

The supramammillary nucleus (SuM) is a small region in the hypothalamus that
participates in various behaviors, including learning and memory, reward, arousal, and
social behavior.14 The SuM is known to send long-range projections to the hippocampus
and plays an important role in regulating hippocampal activity, plasticity, and several
hippocampal-dependent behaviors, such as spatial memory, social behavior, locomotion,
and theta oscillations.>21 Over the past decade, most studies on SuM-hippocampus
projections have focused on its two pathways to the dentate gyrus (DG) and CA2,
respectively.’-911-14.16,21-26 For example, recent studies have shown that the SUM-DG
projection regulates adult neurogenesis in the DG and participates in spatial learning,6.7:11.14
whereas the SUM-CA2 projection is involved in social behavior.8:12 In comparison, the
projection from the SuM to other hippocampal regions, including CAl and CA3, remains
largely unexplored. This neglect is perhaps not surprising, given the dense SuM fibers
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concentrated in CA2 and the DG.12:19.22.24.27 \We have previously demonstrated that the
sparse innervation of the SuM in CA3 can robustly excite CA3 interneurons, including
parvalbumin-expressing (PV™) cells, to provide feedforward inhibition onto nearly all CA3
pyramidal neurons (PNs), underscoring the functional importance of sparse innervation.®
Yet, whether the SuM projects to CAL, the primary hippocampal output region, is unclear. In
this study, we fill this critical gap in knowledge by investigating the anatomic and functional
connectivity between the SuM and CAL.

Area CAl is the last stage of the hippocampal trisynaptic pathway and is essential for
memory formation.28 CA1 activity is regulated by a highly diverse group of interneurons
that are distributed across different layers, including a group of less-studied interneurons

in the border between the stratum radiatum (SR) and the stratum lacunosum-moleculare
(SLM).29-34 Although CA1 is known to receive long-range glutamatergic inputs from

several subcortical regions,3® detailed functional analyses of postsynaptic CA1 PNs versus
interneurons targeted by subcortical inputs remain scarce. Given the functional heterogeneity
of CA1 interneurons,29:30:34 jt will be valuable to identify postsynaptic cell types targeted by
subcortical inputs.

In this study, we addressed the above questions by focusing on a pathway from the SUM

to CA1. We demonstrate that, in contrast with its projections to other hippocampal regions,
the SuM projects selectively to a distinct narrow band in the CA1 SR/SLM border, where a
diverse group of interneurons is located.2?:31 We further show that SuM inputs powerfully
excite CAL SR/SLM interneurons, including vasoactive intestinal peptide-expressing (VIP*)
and neuron-derived neurotrophic factor-expressing (NDNF™) cells, but completely avoid
making monosynaptic connections with CA1 PNs, PV* cells, or somatostatin-expressing
(SOM™) cells. Our results demonstrate that the SuM can directly and powerfully regulate
CAL activity by exciting a selective group of CAL interneurons, bypassing CA2, CA3,

and the DG. Thus, our findings, together with the previous studies,>-9-11-13.21 demonstrate
that the SuM can directly regulate all four hippocampal subregions. But the mode of how
the SuM regulates downstream targets varies substantially, depending on the postsynaptic
targets in the hippocampus. Moreover, this study, along with our recent work on the SuM-
CA3 projection,® highlights the significance and complexity of the powerful regulation of
downstream targets by sparse but selective innervation onto interneurons. Finally, we argue
that the selective excitation of interneurons in CA1 and CA3 by the SuM should be taken
into consideration in view of the functions of the SuM-hippocampus circuit.!

Anatomic evidence of SUM-CAL projection

Previous studies,”-1316.21.22.27 jncluding ours, have identified the direct anatomic and
functional connections between the SUM and CA2, CA3, or the DG. However, whether the
SuM projects to and directly regulates area CAL is unknown. To address this, we bilaterally
injected an adeno-associated virus (AAV), AAV-Syn-ChannelRhodopsin2 (ChR2)-EYFP,
into the SuM and, after 2 weeks, examined the expression pattern of ChR2-EYFP* fibers

in the hippocampus (Figures 1A and 1B). As expected, we observed dense expression

of ChR2-EYFP* fibers in CA2 and the DG (Figures 1C and 1E). Surprisingly, we also
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observed the expression of ChR2-EYFP* fibers in CAL (Figures 1C-1E), which has not
been reported previously. Interestingly, a close inspection showed that the expression pattern
of the SuM fibers in CA1 was distinct from that in CA2 or the DG (Figures 1C-1E). In

CA2 and the DG, the dense ChR2-EYFP* fibers were predominantly observed in either the
CA2 stratum pyramidale (SP) or the DG granule cell layer (GCL) (Figures 1C and 1E),
consistent with previous studies.>12.22.27 |n stark contrast, the ChR2-EYFP™ fibers in CA1
were largely restricted to a narrow band in the SR/SLM border along the CA1 transverse
axis and were very sparse in all other layers (Figures 1C-1E). An analysis of fluorescence
intensity along the CA1 radial axis revealed a sharp peak of EYFP fluorescence intensity in
the SR/SLM border (Figure 1D).

Next, we used AAVretro-Cre to target a Cre-dependent AAV-DIO-ChR2-EYFP into CAl-
projecting SuM neurons (Figures 1F-11).36 We first unilaterally injected an AAV retrograde
carrying Cre recombinase (AAVretro-Cre-mCherry) into dorsal CA1, which would be
retrogradely expressed in SuM neurons that project to CAL (Figures 1F, 1G, and S1).

We injected a second Cre-dependent AAV-DIO-ChR2-EYFP into the SuM 2 weeks later,
resulting in the expression of ChR2-EYFP in SuM neurons (ChR2-EYFP™ cells, 39.3 + 6.7
per section; n= 4 sections/3 mice) (Figures 1F, 1G, and S1). Consistent with the general
tracing of SuM neurons above (Figures 1A-1E), we detected the abundant expression of
ChR2-EYFP* fibers in the CA1 SR/SLM border along the transverse axis, with very sparse
expression in other CA1 layers (Figures 1H and 11). Taken together, the neural tracing
results provide strong anatomic evidence that the SuM preferentially projects to the SR/SLM
border in CA1.

Selective excitation of CA1 SR/SLM interneurons by the SuM

Given the presence of a large number of interneurons along the CA1 SR/SLM border,29:31:32
we hypothesized that the relatively restricted expression of SuM fibers in the SR/SLM
border indicated that SuM inputs may selectively target GABAergic neurons in CAl. To

test this, we injected AAV-Syn-ChR2-EYFP bilaterally into the SuM and prepared acute
dorsal transverse hippocampal slices 3-5 weeks later for ex vivo whole-cell recordings in
SR/SLM interneurons (Figures 2A-2C). As expected, the electrophysiological properties

of SR/SLM interneurons, such as resting membrane potential, input resistance, and action
potential (AP) properties, differ significantly from CAL PNs (Figure S2). Remarkably, light
pulses evoked large excitatory synaptic responses in a majority of cells recorded in the CAl
SR/SLM border (77.8%, 35/45 cells; excitatory postsynaptic current [EPSC] = -153.6 +
25.5 pA, n= 35 cells; Figures 2D and 2L). Light-evoked EPSCs were completely blocked by
bath application of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 pM) and DL-2-Amino-5-
phosphonovaleric acid (APV, 50 uM), the AMPAR and NMDAR antagonists, indicating that
the SuM-CAL interneuron synapses are glutamatergic (Figures 2E and 2F). In addition, bath
application of tetrodotoxin (TTX; 1 uM) completely abolished light-evoked EPSCs, which
reappeared after the addition of 4-aminopyridine (4-AP; 1 mM) (repeated in three cells)
(Figure 2G), confirming monosynaptic connections.

Because previous studies found that the SUM-DG synapses are dual glutamatergic and
GABAergic,11:13.23 we asked whether SuM terminals in CA1 SR/SLM also release GABA.
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We performed voltage-clamp recording using Cs-based intracellular solution to measure
light-evoked inhibitory postsynaptic currents (IPSCs) in SR/SLM interneurons by holding
the membrane potential at 0 mV. Light-evoked IPSCs were detected in only a fraction

of SR/SLM interneurons (38.1%, n= 8/21 cells/4 mice). Importantly, bath application of
DNQX/APV abolished light-evoked IPSCs (Figures 2H and 21, DNQX/APV =4.83 + 1.2%
of baseline, 7= 6 cells/3 mice, p=7.1 x 1079, paired t test), arguing against monosynaptic
inhibitory connections between SuM and CA1 SR/SLM interneurons. Moreover, the onset
of light-evoked IPSCs was significantly longer than that of EPSCs (Figure 2J, EPSCs, 1.13
+ 0.07 ms, n= 35 cells/9 mice; IPSCs, 3.63 £ 0.37 ms, /7= 8 cells/3 mice, p=7.1 x

10714, unpaired t test), suggesting the inhibitory responses in SR/SLM interneurons are
disynaptic feedforward inhibition. Finally, a train of 10-20 Hz light stimulation reliably
elicited APs in more than half of SR/SLM cells tested (57.8%, 26/45 cells; Figures 2K

and 2M). Taking these results together, we conclude that SuM inputs make powerful pure
glutamatergic monosynaptic connections and can drive suprathreshold APs in most of CA1
SR/SLM interneurons.

The SuM excites but fails to elicit spikes in CA1 NDNF* cells

The interneurons in the CA1 SR/SLM border are highly diverse.29:31.32 Next, we sought

to explore the cell identity of postsynaptic targets of the SuM. We first investigated

its connections with neurogliaform cells, a major subtype of interneurons predominantly
residing in the SLM and SR/SLM border.31:32:37-39 Tq jdentify neurogliaform cells during
patch-clamp recording, we took advantage of the NDNF-Cre mouse line, which has been
used to target neurogliaform cells in CA1 SLM.*% We generated NDNF-td mice by crossing
an NDNF-Cre line with an Ai9 tdTomato reporter line (Figure 3A). AAV-Syn-ChR2-EYFP
was bilaterally injected into the SuM in NDNF-td mice (Figures 3B and 3C). Current-clamp
recording confirmed that NDNF™ cells in the CA1 SR/SLM displayed electrophysiological
features that are consistent with neurogliaform cells, such as relatively hyperpolarized
resting potential (-62.4 = 1.1 mV, n= 20 cells), small AP amplitude (65.9 £ 4.0 mV, n

= 20 cells), and relatively wide AP half-width (0.70 = 0.02 ms, n= 20 cells) (Figures
S3D-S3K).3741 We found that only half of NDNF* cells received the excitatory input

from the SuM (50%, 10/20 cells) (Figures 3E and 3H). In addition, light-evoked EPSCs

in NDNF* cells were significantly smaller than those in SR/SLM interneurons recorded
randomly (Figure 3G, SR/SLM interneurons, —153.58 + 25.47 pA, n= 35 cells; NDNF*
cells, —=46.76 + 11.61 pA, n=10 cells, p= 0.00043, unpaired t test). Finally, unlike SR/SLM
interneurons recorded randomly, a train of 10-20 Hz light stimulation failed to elicit APs in
all NDNF™ cells tested (0%, 0/20 cells) (Figures 3F and 31). Taken together, we conclude
that, although a significant proportion of NDNF* cells did receive excitatory input from

the SuM, the relatively weak excitatory connections were insufficient to drive AP output in
NDNF* cells.

The SuM excites VIP* cells in CA1

Next, we examined the connectivity between the SuM and a subtype of VIP* cells—
interneuron-specific type 2—that reside near the CA1 SR/SLM (Figure 4).33:3442:43 \je
identified VIP* cells by crossing a VIP-IRES-Cre line** with an Ai9 tdTomato line and
recorded and compared VIP* and VIP~ cells from the same slices (Figures 4A-4D).
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Interestingly, we found that an approximately equally high percentage of VIP* and VIP~
cells in the SR/SLM border received the light-evoked excitatory responses (Figures 4E and
4F). The connectivity probability was very high and comparable between VIP* and VIP~
cells (VIP* cells, 90.5%, 19/21 cells; VIP~ cells, 90%, 9/10 cells) (Figure 41). The amplitude
of light-evoked EPSCs in VIP* cells was significantly smaller than that in VIP~ cells (VIP*
cells, =39.93 + 10.92 pA, n=19 cells; VIP~ cells, —306.13 + 104.83 pA, n=9 cells; p=
0.001, unpaired t test) (Figures 4E and 4F). Notably, a train of 10-20 Hz light stimulation
was able to evoke spikes in a majority of both VIP* and VIP~ cells (Figures 4H and 4J,
VIP* cells, 52.4%, 11/21 cells; VIP~ cells, 70%, 7/10 cells). The ability to evoke spikes in
a relatively high percentage of VIP* cells is likely, in part, due to a high input resistance in
VIP* cells (Figure 4G, VIP* cells, 661.0 + 52.5 MQ, n7= 20 cells; VIP~ cells, 422.3 + 65.7
MQ, 7= 10 cells; p=0.011, unpaired t test). Overall, we conclude that VIP* cells received
weaker SuM-driven EPSCs than VIP~ cells, but the probabilities of connectivity and firing
APs were nearly comparable between VIP* and VIP~ cells.

The SuM avoids making monosynaptic connections with PV* or SOM* cells in CA1

We and others have previously reported that in CA2 and CA3, SuM inputs strongly excite
interneurons and identified PV* cells as a major subtype of interneurons targeted by the
SuM.5® The restricted expression of SuM fibers in the CA1 SR/SLM border (Figures
1C-1E), compared to the more diffusive SuM fibers across all layers in CA3,° raises an
interesting question of whether the functional connectivity between SuM and CAL differs
from its connection with CA3. We noted that the dendrites of CA1 PV* cells do extend

to the SR/SLM, raising the possibility of potential physical contacts between SuM fibers
and PV* dendrites (e.g., Figure 5C). To address the functional connectivity, we generated
PV-td mice by crossing a PV-IRES-Cre line with an Ai9 tdTomato reporter line, as described
previously (Figures 5A-5C).>45 An AAV-Syn-ChR2-EYFP was bilaterally injected into the
SuM in PV-td mice, and we performed whole-cell recordings 3-5 weeks after viral injection
(Figures 5B-5E). Surprisingly, unlike CA2 or CA3,>? light pulses produced no detectable
excitatory synaptic responses in all CA1 PV™ cells tested (0%, 0/10 cells) (Figures 5E, 5I,
and 5J).

Next, we asked whether SuM inputs innervate SOM™ cells, another major subtype of CA1
interneurons. We used a similar approach to identify SOM* cells by crossing a SOM-IRES-
Cre line with an Ai9 tdTomato reporter line (Figures 5A, 5B, and 5F-5H). We found that
none of the CA1 SOM"* cells received the excitatory synaptic responses from the SuM

(0%, 0/9 cells, Figures 5H and 51). This result was somewhat expected, as very few SuM
fibers are present in the stratum oriens (SO), where most dendrites of SOM™ cells are
located. Taking these results together, we conclude that the SuM completely avoids two
major subtypes of CA1 interneurons, PV* and SOM™* cells.

In summary, the connectivity probabilities between the SuM and different CA1 interneuron
subtypes vary substantially (Figure 51). The connectivity probabilities between the SUM

and SR/SLM interneurons in general and between the SuM and VIP* cells were very high,
followed by NDNF™ cells, whereas PV* and SOM™ cells did not receive the monosynaptic
excitation from the SuM (Figure 51). In addition, optogenetic stimulation of SuM terminals
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evoked APs in most SR/SLM interneurons and VIP™ cells but failed to evoke APs in
NDNF*, PV*, or SOM* cells (Figure 5J).

Most nonresponsive cells are presumably NDNF* cells

We noted that approximately 22.2% of CA1 SR/SLM interneurons (10/45 cells) during
“random” patch-clamp recording did not show any detectable light-evoked excitatory
responses (nonresponsive cells) (Figure 2L). Given that NDNF* cells have relatively lower
connectivity probability and none of them fire spikes in response to SuM stimulation
(Figures 3H and 31), we asked whether most nonresponsive cells were indeed NDNF*

cells. To test this possibility, we analyzed and compared basic electrical properties of three
groups: responsive, nonresponsive, and NDNF* (Figure S3). We found that the parameters
of passive and active membrane properties of nonresponsive cells were largely comparable
to those of NDNF* cells but significantly differed from responsive cells (Figure S3). For
example, responsive cells had significantly more depolarized resting membrane potentials
than nonresponsive or NDNF cells (responsive, =50.6 + 1.0 mV, n= 35 cells; nonresponsive,
-60.8 + 2.9 mV, 7= 9 cells; NDNF*, =62.4 + 1.1 mV, n= 20 cells; p=4.64 x 1078,
one-way ANOVA). In addition, the parameters of AP wave-forms, including AP amplitude,
rise time, half-width, and decay time, in nonresponsive cells were comparable to those of
NDNF* cells, but were substantially different from those of responsive cells (Figure S3).
For example, responsive cells had a significantly shorter AP half-width than nonresponsive
or NDNF cells (responsive, 0.419 £ 0.025 ms, 1= 35 cells; nonresponsive, 0.673 + 0.081
ms, 7= 9 cells; NDNF*, 0.701 + 0.022 ms, 7= 20 cells; p= 6 x 1079, one-way ANOVA).
Overall, the electrical properties of nonresponsive cells closely match those of NDNF* cells
but significantly differ from those of responsive cells. Although not conclusive, these results
indicate that the nonresponsive cells likely comprise a relatively homogeneous group of
interneurons, presumably corresponding to a subset of NDNF* cells (neurogliaform cells).

The SuM provides no direct excitation but provides feedforward inhibition to suppress CAl

PNs

Finally, we asked: does the SuUM make monosynaptic connections with CA1 PNs? What

is the impact of SuM activation on CA1 PNs? To address these questions, we bilaterally
injected AAV-Syn-ChR2-EYFP into the SuM and performed whole-cell recording in

CAL PNs (Figures 6A-6C). Voltage-clamp recording showed that light pulses produced

no excitatory synaptic responses in any of the CA1 PNs tested (0%, 0/20 cells) while
holding the membrane potential at =70 mV (near reversal potential of inhibition), indicating
the complete absence of direct monosynaptic excitation between the SuM and the CA1

PNs (Figures 6D and 6J). Interestingly, light pulses consistently produced an outward
current (IPSC) in CA1 PNs when the membrane was held at -50 mV (10.8 + 2.9 pA,

n=10 cells) (Figure 6D). Similarly, in current clamp, we found very little change in
membrane potential when light pulses were delivered at the resting potential (Figures 6E
and 6F). Remarkably, when a small constant positive current was injected to depolarize

the membrane potential to near =50 mV, light stimulation produced a small, but consistent,
membrane hyperpolarization (-1.72 £ 0.43 mV, n= 13 cells, Figures 6E and 6F). Overall, in
all CA1 PNs tested, we detected no light-evoked excitatory synaptic connections (0%, 0/20
cells, Figure 6J). In sharp contrast, the light-evoked inhibitory events (IPSCs or inhibitory
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postsynaptic potentials, IPSPs) were detected in an overwhelming majority of CA1 PNs
tested (95%, 19/20 cells, Figure 6J). Moreover, the onset of the inhibitory events in CA1
PNs was substantially longer than the onset of EPSCs in CAL interneurons (Figure 6G,
IN-excitation, 1.13 + 0.07 ms, 7= 35 cells; PN-inhibition, 6.00 + 0.38 ms, n= 14 cells; p
=3.2 x 10723, unpaired t test). In addition, light-evoked IPSCs were completely abolished
by bath application of DNQX/APV (Figures 6H and 61, DNQX/APV = 3.93 £ 1.61% of
baseline, 7= 5 cells/3 mice; p=0.00183, paired t test). These results suggest that the
light-evoked inhibition in CA1 PNs is mediated by disynaptic feedforward driven by spikes
of SR/SLM interneurons.

Next, we directly assessed the impact of the SuM-driven feedforward inhibition on CA1

PN excitability. A 10 Hz light stimulation protocol led to minimal changes in membrane
potential at resting potential in CA1 PNs but a significantly hyperpolarized membrane
potential when the membrane potential was depolarized to near =50 mV (Figures 6K and
6L). Finally, we used a protocol of injecting a 2 s constant current to elicit APs in CAl

PNs, paired with or without 10 Hz light stimulation (Figures 6M and 6N). We found that

10 Hz light stimulation significantly reduced the number of spikes compared with no light
stimulation (Figures 6M and 6N, no light, 12.54 + 0.46 spikes; light, 8.74 £ 0.77 spikes; n=
9 cells; p=0.0022, paired t test). From these results taken together, we conclude that SuM
activation was able to suppress CA1 PN excitability by exciting CA1 SR/SLM interneurons.

DISCUSSION

In this study, we provide several conceptual advances in our understanding of the
subcortical-hippocampal interactions and SuM-CA1 interneuron circuit. First, the present
study provides compelling anatomic and functional evidence that the SuM can directly
regulate the activity of CA1, the main output region of the hippocampus, bypassing CA2,
CA3, and the DG. Our findings complement the previous work on the SuM-hippocampus
circuit, which has thus far almost exclusively focused on the projections from the SuM

to CA2 or the DG.1.6-14.16.21 Second, our data reveal a circuit mechanism by which the
SuM regulates CAL1 via its selective projection to CA1 SR/SLM interneurons. This is
distinct from its actions in CA2 and the DG.%13 In CA1, the SuM fibers project to and
excite a selective group of interneurons located in the SR/SLM border but completely avoid
CAL1 PNs, PV* cells, and SOM™ cells. By contrast, in CA2 and the DG, the SuM fibers
project heavily to the pyramidal cell layer or GCL and target both excitatory and inhibitory
neurons.®13 Third, we demonstrated that one function of this pathway is for the SuM to
suppress CA1 PN activity via feedforward inhibition. In addition, given that both CA1
interneurons and the SuM are involved in generating hippocampal rhythmic activity, such
as theta oscillations,2:1546:47 our results raise an interesting possibility that this SUM-CA1
interneuron pathway may play an important role in coordinating rhythmic activity between
the hippocampus and the SuM in behaving animals. Finally, it has been well established that
entorhinal cortex layer Il and the thalamic nucleus reuniens are the two major excitatory
sources projecting to the CA1 SLM and make synaptic contacts with both CA1 PNs and
interneurons.*849 The SUM-CA1 pathway identified here represents another glutamatergic
pathway that selectively targets the CA1 SR/SLM, but has distinct postsynaptic targets,
compared to other pathways. The preferential innervation of the SuM onto a selective group
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of SR/SLM interneurons provides an opportunity to explore the function of this class of
less-studied interneurons.31:34

Sparse innervation can have significant functional relevance

Over the past decade, the SuM-hippocampus projections have gained significant attention,!
with intense interest in its projections to the DG and CA2, presumably because of the
apparent dense SuM innervation onto both regions. Interestingly, our survey of the published
studies using conventional tracing or modern viral tracing consistently reveals the presence
of SuM fibers in the CA1 SR/SLM border.9:12:22.27 et surprisingly, this pathway has
received no mention in any prior literature. Our current study, together with our previous
work on the SuM-CA3 pathway,? raises an important question for the field of anatomic
and functional neural circuit mapping: seemingly sparse innervation in downstream targets
should not be neglected. The level of fiber density, which is often used as a proxy

for connectivity strength, may not necessarily correlate with the functional significance
under certain conditions. The present study represents a striking example highlighting the
importance of identifying the target cell types and evaluating connectivity at the functional
level. Notably, in both SUM-CAL and SuM-CA3 pathways, the SuM selectively targets
interneurons.> As the number of interneurons is small, sparse afferents would be sufficient
to cause a great number of interneurons to fire APs. Because each interneuron can make
thousands of synaptic contacts with a large number of downstream principal neurons and
other interneurons,29:30 the disynaptic inhibitory signal can be broadcasted and amplified to
a larger area. This view is supported by our observation here as well as our previous report
on the SUM-CA3 pathway.> Nearly all CA1 and CA3 PNs are regulated by the SuM-driven
disynaptic inhibition. Thus, under certain conditions the sparse innervation can potentially
have a significant impact on the downstream region.

Selective targeting of CA1 SR/SLM interneurons by the SuM

Our results demonstrated that an extrahippocampal glutamatergic pathway selectively targets
a group of interneurons in the CA1 SR/SLM border and completely avoids making
monosynaptic connections with CAL1 PNs. The SuM fiber trajectory within a narrow band

in the CA1 SR/SLM border is striking, if not unique. Its geometric location indicates that
SuM fibers are strategically positioned to target SR/SLM interneurons, whose cell bodies
and dendrites are concentrated in the SR/SLM border. Of note, CA1 SR/SLM interneurons
are highly diverse but remain relatively underexplored, compared to interneurons in other
layers, such as PV* and SOM* cells in the SO and SP.29-31

Our data show that the SuM is highly selective in targeting specific cell types in CA1, which
is markedly distinct from its projection to CA2, CA3, and the DG. First, unlike its dense
projection to CA2 and the DG, where nearly all principal neurons receive monosynaptic
inputs,>913 SUM inputs completely avoid CA1 PNs but selectively target CA1 interneurons.
Second, in sharp contrast with its preferential innervation onto PV cells in CA2 and
CA3,>? the SuM completely avoids making monosynaptic connections with PV* cells in
CAL. Third, even within the CA1 SR/SLM interneurons, the SuM projection does not appear
to randomly target SR/SLM interneurons. Based on their electrophysiological properties,

the cells that do not receive SuM inputs can be classified into a relatively homogeneous
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group of interneurons. Our analysis indicates that the electrical properties of nonresponsive
cells match those of neurogliaform cells, whereas the connectivity probability of other
SR/SLM interneuron subtypes is considerably high. Moreover, our data indicate that VIP*
cells in SR/SLM received a weaker excitatory input, compared to VIP~ cells. However,
the impact of SuM activation on VIP* cells, measured by the high probability of firing

in response to repetitive SuM stimulation, is still significant. This is likely, in part, due

to the high input resistance in VIP* cells. The genetic identity of VIP~ or NDNF~ cells
that were strongly excited by the SuM is unknown. Based on the previous studies on CA1
SR/SLM interneurons,31:32:34 they likely comprise a diverse group of interneurons that
express cholecystokinin (CCK) and/or other interneuron markers and preferentially target
different dendritic compartments in CA1 PNs (see below).

Functional implications of the SuM-CAL1 interneuron pathway

We show that SuM activation powerfully excites CA1 SR/SLM interneurons to fire APs,
which is sufficient to suppress CA1 PN excitability. Notably, CA1 SR/SLM interneurons are
highly heterogeneous, and unlike perisomatic inhibition mediated by basket cells, different
subtypes of SR/SLM interneurons preferentially target different dendritic compartments

in CA1 PNs, including apical dendrites in both SR and SLM and basal dendrites in
S0.31:32.38,39 Gjven that SuM activation can cause most SR/SLM interneurons to fire

APs, the level of somatic suppression in CA1 PNs induced by SuM activation was
surprisingly moderate. This moderate somatic inhibition can be explained by the preferred
dendritic targeting of SR/SLM interneurons,31:32 as dendritic inhibition cannot be accurately
measured at the soma. Thus, we propose that the SUM-CA1 pathway is well positioned to
regulate CA1 dendritic excitability and powerfully gate two primary excitatory drives from
CAZ2/CAS3 (Schaffer collateral) and the entorhinal cortex (perforant path). Future studies
using dendritic patch-clamp recording will be valuable to further explore whether SuM
inputs can regulate dendritic excitability and integration in CA1 PNs.

The SuM is involved in multiple hippocampal-dependent behaviors, including spatial
learning and social behavior, with each of these functions being assigned to its respective
projections to either the DG or CA2.1 Our findings indicate that the current view of the
functions of the SUM-DG versus the SUM-CAZ2 pathway is likely overly simplistic, given
that CA1 and CA3 are also involved in spatial memory and social behavior.28:50-53 We argue
that a holistic view including SUM-CA1 and SuM-CAZ3 projections is required to interpret
functions of the SuM-hippocampus circuit.

Limitations of the study

One technical limitation using AAVretro-Cre (Figures 1F-11) is the potential leakage of
the virus to the neighboring CA2/3 or DG. The leakage could explain the presence of
ChR2-EYFP* fibers in CA2 and DG in Figures 1H and 11. Additional work is required to
examine whether the SuM neurons that project to CA1 represent a subtype distinct from
those projecting to other hippocampal regions.

Although we have identified VIP* and NDNF™ cells as two sub-types of interneurons
targeted by the SuM, the excitatory synaptic responses in these two cell types were relatively
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weak. The genetic identity of the strong responsive interneurons is unknown. Additional
work using other interneuron-specific mouse lines is needed to identify the large responsive
cell types. In addition, although our study provides important insights into an SuM-CA1
circuit at the anatomic and functional levels, the /n vivo behavioral relevance of this circuit
is unknown. The SuM is thought to act as an important theta oscillator.1:2:14.15.19,46,54,55
Different subtypes of hippocampal interneurons are also involved in generating rhythmic
activity, including theta and gamma oscillations.6:47:56 This raises an interesting possibility
that the SUM-CAL1 interneuron pathway may play a role in coordinating activity between the
SuM and the hippocampus during rhythmic activity in behaving animals. This idea remains
to be tested in the future.

STARMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—AIl mouse lines, including PV-IRES-Cre (stock number: 017320), SOM-IRES-
Cre (stock number: 028864), VIP-IRES-Cre (stock number: 031628), NDNF-IRES-Cre
(stock number: 030757), and Ai9 tdTomato reporter (stock number: 007909), were
purchased from the Jackson Laboratory (JAX). Mice were housed and bred in the Animal
Resource Center of Case Western Reserve University School of Medicine on a 12h/12h,
light/dark cycle with ad /ibitum access to food and water. Both male and female mice of
2-5-month-old with C57BL6 background were used in the experiments. The procedures
described were conducted in accordance with National Institutes of Health regulations and
approved by the Institutional Animal Care and Use Committees of Case Western Reserve
University.

Hippocampal slice preparation—Transverse hippocampal slices were prepared from
2-5-month-old mice.>#°> Animals were anesthetized with isoflurane and sacrificed by
decapitation in accordance with institutional regulations. Both left and right hippocampi
were immediately dissected out from the mouse brain on ice and the entire hippocampus
were embedded in a block of premade agar (3-4%). The transverse hippocampal slices (400
pum thick) were then cut from dorsal to ventral on Leica VT1000s or VT1200s vibratomes
(Leica Biosystems, Germany) in ice-cold dissection solution containing (in mM): 10 NaCl,
195 sucrose, 2.5 KCI, 10 glucose, 25 NaHCO3, 1.25 NaH,PO4, 2 Na-Pyruvate, 0.5 CaCl,
and 7 MgCl,. Only dorsal slices (dorsal 20-50%) were used in this study. Slices were then
incubated at 32°C in regular artificial cerebrospinal fluid (ACSF in mM: 125 NaCl, 2.5
KCI, 20 glucose, 25 NaHCO3, 1.25 NaH,POy4, 2 Na-Pyruvate, 2 CaCl, and 1 MgCly) for
20-30 min and then kept at room temperature for at least 1.5 hours before transfer to the
recording chamber for patch-clamp recording. Dissection solution and recording ACSF were
both saturated with 95% O, and 5% CO» (pH 7.4). All electrophysiological recordings were
performed at 31-32°C.

METHOD DETAILS

Whole-cell patch-clamp recording—Whole-cell recordings were obtained from CA1
PNs using the “blind” patch clamp technique under a 4x objective®°8:59, Recordings from
interneurons or tdTomato* cells were obtained using conventional visualized patch clamp
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technique under a 40x water-immersion objective. The patch pipettes were pulled from
borosilicate capillary glass using a P-1000 Micropipette Puller (Sutter Instruments, Novato,
CA, USA) and had resistances ranging from 4 to 6 MU. The pipettes were filled with an
intracellular solution of the following chemicals (in mM): 135 K-Gluconate, 5 KCI, 0.1
EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP-Mg, 0.4 GTP-Na2, 10 phosphocreatine-Na2 (pH
7.3-7.4; 280 — 290 mOsm). Biocytin (0.2%) was included in the intracellular solution.
Liquid junction potential was not corrected. Series resistance was monitored throughout
each experiment. Neurons with a series resistance >30 MQ were excluded from analysis.
Resting membrane potential was measured immediately upon break-in. CA1 PNs with
resting potentials more depolarized than —60 mV upon break-in were excluded from
analysis. Interneurons with resting potentials more depolarized than —36 mV upon break-in
were also excluded from analysis. During voltage-clamp recording, neurons were held at
=70 mV or =50 mV for EPSC or IPSC measurements, respectively, whereas PSP and
action potentials were measured at resting potential in current-clamp mode. For IPSC
measurements in some voltage-clamp experiments (Figures 2H, 21, 6H, and 61), Cs+ based
intracellular solution was used: 135 Cs Methanesulfonate, 5 KCI, 0.1 EGTA-Na, 10 HEPES,
2 NaCl, 5 ATP-Mg, 0.4 GTP-Na2, 10 phosphocreatine-Na2 (pH 7.3-7.4; 280 — 290 mOsm).
In some current-clamp recording experiments, a constant positive current was injected into
the soma to depolarize membrane potential to approximately =50 mV in order to reveal
hyperpolarizing responses mediated by inhibition.

Optogenetics—The 470-nm blue light pulses were delivered via a 40x water immersion
objective placed above the slices through a 4-color LED light source (LED4D294, Thorlabs)
driven by pClamp11 software. Photostimuli consisting of 2-ms blue light pulses of
maximum light intensity were delivered to evoke light response. A single light pulse or

a 10-pulse train of 10-20 Hz light stimulation protocol was applied.

Stereotaxic viral injection—Muice were anesthetized with isoflurane (1-3%) and placed
in a digital stereotaxic apparatus (RWD Life Science, Cat. No: 68045). The glass
micropipettes pulled from a P-1000 puller (Sutter Instrument) were used for viral injection
using a nanoinjector system (Nanoject 111, Drummond Scientific)4°.

For SuM anterograde tracing, 100 nl AAV8-hSyn-ChR2-EYFP (Salk Viral Vector Core) was
injected into the SuM of the WT mice bilaterally using the coordinates (AP: —=2.70 mm; ML.:
+0.50 mm; DV: —4.80/-5.00 mm). Two weeks later, mice were sacrificed for histology.

To target ChR2-EYFP into SuM neurons that project to CA1, an AAVretro carrying

Cre recombinase (AAVretro-EF1a-mCherry-IRES-Cre, 100 nl, Addgene) was unilaterally
injected into dorsal CA1 of the WT mice first, using the coordinates (AP: —1.90 mm; ML.:
+1.50 mm; DV: —-1.50 mm). Cre retrogradely spreads to presynaptic SuM neurons that
project to CAL. After two weeks, a second Cre-dependent AAV (AAVdj-EF1a-DIO-hChR2-
EYFP-WPRE-pA, 100 nl, Salk Viral Vector Core) was injected into SuM bilaterally using
the coordinates (AP: —2.80 mm; ML.: £0.40 mm; DV: —4.80 mm) to target CAl-projecting
SuM neurons. Mice were sacrificed for histology after two weeks.
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For optogenetic stimulation of SuM terminals, rAAV2-hsyn-hChR2(H134R)-EYFP-WPRE-
PA (400 nl per site, UNC Viral Core) was injected bilaterally into the SuM of the WT,
PV-tdTomato, SOM-tdTomato, VIP-tdTomato, or NDNF-tdTomato mice (AP: =2.80 mm;
ML: £0.40 mm; DV: —4.80 mm). Mice were sacrificed 3-5 weeks after viral injection for
electrophysiological recording.

Biocytin staining—Slices that underwent whole-cell recordings were fixed at 4°C for 24—
48 hours in 4% PFA in PBS, pH 7.3. The fixed slices were subsequently treated with PBS
containing normal goat serum (5%) and 0.5% Triton for 2 hours at room temperature. Slices
were then incubated in PBS containing Streptavidin, Alexa Fluor 594 or 647 conjugate
(1:500) and 0.1% Triton for 2 days at 4°C. Subsequently, slices were rinsed in PBS several
times and embedded in VECTASHIELD Antifade Mounting Medium (Vector Laboratories),
followed by fluorescent imaging using a confocal microscope (LSM 800; Zeiss).>8

Immunohistochemistry and confocal microscopy—Muice were deeply anesthetized,
perfused with pre-cooling phosphate buffered saline (PBS), followed by 4%
paraformaldehyde (PFA) in PBS. Brains were dissected out and post-fixed with 4% PFA
overnight at 4°C. Coronal sections (45-um thick) were cut using Leica 1000-S vibratome.
Floating sections were first rinsed three times in 1x PBS and then blocked in 1x PBS with
0.3% Triton X-100 and 5% normal goat serum for 1 hr at room temperature (RT). Incubation
with primary antibodies was performed at 4°C overnight in 1 x PBS with 0.3% Triton
X-100. The following primary antibodies were used: chicken anti-GFP (1:500, Aves lab, Cat
#: GFP-1020). Sections were then washed three times in PBS and incubated with secondary
antibodies (goat anti-chicken 488, 1:1000, Invitrogen, Cat #: A11039) for 1-2 hr at room
temperature. Sections were then washed three times in PBS and incubated with DAPI

for 10-20 min at room temperature. Sections were washed three times in PBS, mounted

and embedded in VECTASHIELD Antifade Mounting Medium (Vector Laboratories). The
fluorescence images were obtained using a laser scanning confocal microscope (LSM 800;
Zeiss) and analyzed in ImageJ Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test, one-way ANOVA, or two-way ANOVA test followed by a Tukey test for
multiple comparisons were used for statistical analysis. Statistics were analyzed using Excel
with Microsoft 365 (Microsoft Corporation, Redmond, WA, USA), Igor Pro 8 software
(WaveMetrics, Lake Oswego, OR, USA), or OriginPro 2022b (OriginLab, Northampton,
MA, USA). The statistical details of experiments, including the statistical tests used and the
values of n, can be found in the figure legends or results. The line profile of fluorescence
intensity in Figure 1D was analyzed using “Plot Profile” function in ImageJ Fiji. The values
were obtained by drawing a straight line along the CA1 radial axis and the fluorescence
intensity was normalized to the peak value for each line. The electrophysiological data were
analyzed using in-house functions in AxoGraph X or pClamp 11. All data are expressed as
mean + SEM. P < 0.05 is considered statistically significant.
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Highlights

The supramammillary nucleus (SuM) projects to the SR/SLM border in
hippocampal CA1

The SuM monosynaptically excites SR/SLM interneurons, including VIP*
and NDNF* cells

The SuM makes no synaptic contacts with CA1 pyramidal neurons (PNs) or
PV* or SOM* cells

The SuM drives disynaptic feedforward inhibition to suppress CA1 PN
excitability
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Figure 1. Anatomic evidence of the projection from the SuM to CA1
(A) Experimental procedure and timeline. Schematic of SUM-CA1 projection and injection

of AAVSyn-ChR2-EYFP into the SuM.

(B) Sample confocal images show the injection site in the SuM (left) and the expanded view
(right).

(C) ChR2-EYFP* fiber distribution in the hippocampus. Note the dense ChR2-EYFP™ fibers
in the DG and CA2 and in a narrow band between the SR and the SLM in CAL.

(D) Left, expanded view of the rectangle in CAlb shown in (C). Right, quantification

of ChR2-EYFP fluorescence intensity along the CA1 radial axis. Note the sharp peak of
fluorescence intensity in the SR/SLM border. Gray shading shows the SEM. n= 6 slices/4
mice. s.0., stratum oriens; s.r., stratum radiatum; s.l.m., stratum lacunosum-moleculare.

(E) Expanded views of the yellow squares shown in (C). Note the abundant expression of
EYFP* fibers in the SR/SLM border along the CA1 transverse axis.

(F) Experimental procedure and timeline show the strategy to target ChR2-EYFP into
CALl-projecting SuM neurons.
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(G) Left, sample confocal image shows the expression of ChR2-EYFP in the SuM, the
injection site of Cre-dependent AAV-DIO-ChR2-EYFP. Right, expanded views show co-
labeling of Cre-mCherry and ChR2-EYFP in SuM cells.

(H) The distribution of ChR2-EYFP* SuMfibers in the hippocampus.

() Expanded views of the yellow squares shown in (H). Note the expression of EYFP*
fibers in the SR/SLM border along the CA1 transverse axis. Repeated in four mice.
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Figure 2. The SuM strongly excites interneurons in the CA1 SR/SLM border
(A) Experimental procedure and timeline.

(B) Representative confocal images showing a hippocampal slice that was injected with
AAV-ChR2-EYFP into the SuM and underwent whole-cell recording (left) and expanded
views of two biocytin-filled SR/SLM interneurons (right).

(C) Current-clamp recording shows the membrane voltage responses to 1 s somatic
injections of the indicated currents from a CA1 SR/SLM interneuron.

(D) Top, voltage-clamp recording shows light-evoked EPSC recorded from a CA1 SR/SLM
interneuron (holding potential =70 mV). Bottom, expanded view of the dashed box indicated
in the top. Note the very short delay of the onset of EPSC evoked by blue light. Blue bars
represent light pulses.

(E and F) Sample traces (E) and group data (F) of light-evoked EPSCs in the absence and
presence of DNQX (20 uM) and APV (50 pM). ***p < 0.001, paired t test, n=5 cells/3
mice. Error bars show SEM.

(G) Sample voltage-clamp traces show the baseline light-evoked EPSC (top), after bath
application of TTX (1 uM) (middle), and followed by bath application of both TTX (1 uM)
and 4-AP (1 mM) (bottom). Repeated in three cells.

(H and 1) Sample traces (H) and group data (I) of light-evoked IPSCs in the absence and
presence of DNQX/APV (holding potential 0 mV). ***p < 0.001, paired t test, 7= 6 cells/3
mice. Error bars show SEM.

(J) Group data of onsets of excitatory synaptic events (77 = 35 cells/9 mice) versus inhibitory
synaptic events in CA1 SR/SLM interneurons (17 = 8 cells/3 mice). Blue bar depicts the
duration of light pulse. ***p < 0.001, unpaired t test. Error bars show SEM.

(K) Sample traces of APs evoked by a train of 20 Hz light stimulation in an SR/SLM
interneuron.
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(L) A pie chart showing the probability of synaptic connections between SuM and CA1
SR/SLM interneurons (7= 45 cells/9 mice).

(M) A pie chart showing the probability of suprathreshold APs evoked by 10-20 Hz light
stimulation in CA1 SR/SLM interneurons (7= 45 cells/9 mice).
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Figure 3. The SuM excites but fails to evoke spikes in NDNF* cells
(A) Genetic strategy to target tdTomato into NDNF™ cells by crossing an NDNF-IRES-Cre

line with a floxed tdTomato reporter line (Ai9).

(B) Experimental procedure and timeline.

(C) Left, the distribution of NDNF* cells in the CA1 SLM and SR/SLM border. Right,
representative confocal images show a biocytin-filled tdTomato* cell in CA1 from the
NDNF-td mouse that underwent whole-cell recording.

(D) Current-clamp recording shows the membrane voltage responses to 1 s somatic
injections of the indicated currents from an NDNF* cell.

(E) Voltage-clamp recording shows sample light-evoked EPSC traces recorded from
responsive and nonresponsive NDNF™ cells (holding potential =70 mV).

(F) Sample current-clamp trace of subthreshold postsynaptic potentials (PSPs) evoked by a
train of 20 Hz light stimulation from a responsive NDNF* cell.

(G) Group data of light-evoked EPSCs from CA1 SR/SLM interneurons (/7= 35 cells/9
mice) and NDNF* cells (7= 10 cells/3 mice). ***p < 0.001, unpaired t test. Error bars show
SEM.

(H) A pie chart shows the probability of connectivity between SuMand NDNF™ cells (7= 20
cells/4 mice).

(1) A pie chart shows that NDNF™ cells (7= 20/20 cells/4 mice) do not fire suprathreshold
APs evoked by 10-20 Hz light stimulation.
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Figure 4. The SuM excites both VIP* and VIP~ cells in the CA1 SR/SLM border
(A) Genetic strategy to target tdTomato into VIP* cells by crossing a VIP-IRES-Cre line

with a floxed tdTomato reporter line (Ai9).

(B) Experimental procedure and timeline.

(C) Left, a representative confocal image shows a hippocampal slice from a VIP-td mouse
that was injected with AAV-ChR2-EYFP into the SuM and underwent whole-cell recording.
Right, expanded views of two biocytin-filled VIP* (asterisk) and VIP~ (arrowhead) cells in
the CA1 SR/SLM border.

(D) Current-clamp recording shows the membrane voltage responses to 1 s somatic
injections of indicated currents from VIP* (left) and VIP~ (right) cells.

(E) Voltage-clamp recording shows sample light-evoked EPSC traces recorded from VIP*
and VIP~ cells (holding potential =70 mV). Blue bars represent light pulses.

(F) Group data of light-evoked EPSCs from VIP* (/7= 19 cells/5 mice) and VIP~ cells (7=9
cells/4mice). **p < 0.01, unpaired t test. Error bars show SEM.

(G) Group data of input resistance from VIP* (7= 20 cells/5 mice) and VIP~ cells (7= 10
cells/4 mice). *p < 0.05, unpaired t test. Error bars show SEM.

(H) Sample traces of APs evoked by a train of 10 Hz light stimulation in VIP* (top) and
VIP~ (bottom) cells.
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(1) Group data of the percentage of VIP* and VIP™ cells that receive light-evoked excitatory
responses fromthe SuM. The numbers of cells are shown above the bars.

(J) Group data of the percentage of VIP* and VIP~ cells that fire APs in response to light
stimulation. The numbers of cells are shown above the bars.
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Figure 5. The SuM does not make monosynaptic connections with PV* or SOM™ cells in CA1
(A) Genetic strategy to target tdTomato into PV* or SOM* cells by crossing the PV-IRES-

Cre or SOM-IRES-Cre lines with a floxed tdTomato reporter line (Ai9).

(B) Experimental procedure and timeline.

(C) Representative confocal images show a biocytin-filled PV* cell from a PV-td mouse that
underwent whole-cell recording. Arrowhead shows co-labeling of biocytin and tdTomato.
(D) Current-clamp recording shows the membrane voltage responses to 1 s somatic
injections of the indicated currents from a PV* cell. Note the characteristics of the fast-
spiking firing pattern of PV* cells.

(E) Voltage-clamp recording shows no light-evoked excitatory synaptic response in a PV*
cell (holding potential =70 mV).

(F) Representative confocal images show a biocytin-filled SOM* cell from a SOM-td
mouse that underwent whole-cell recording. Arrowhead shows co-labeling of biocytin and
tdTomato.

(G) Current-clamp recording shows the membrane voltage responses to 1 s somatic
injections of the indicated currents from a SOM* cell.
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(H) Voltage-clamp recording shows no light-evoked excitatory synaptic response in a SOM*
cell (holding potential =70 mV).

(I) Summary data of the connectivity probability of different subtypes of CA1 interneurons.

The numbers of cells are shown above the bars.

(J) Summary data of the percentage of different subtypes of CA1 interneurons that fire APs

in response to light stimulation. The numbers of cells are shown above the bars.
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Figure 6. SuM activation drives disynaptic feedforward inhibition to suppress CA1 PN activity
(A) Experimental procedure and timeline.

(B) Sample confocal images show a biocytin-filled CA1 PN that underwent whole-cell
recording.

(C) Current-clamp recording shows membrane voltage responses to 1 s depolarizing or
hyperpolarizing current injections in a CA1 PN.

(D) Voltage-clamp recording shows the absence of a light-evoked EPSC (top left, holding
potential =70 mV) and presence of a light-evoked IPSC (bottom left, holding potential =50
mV) recorded from a CA1 PN. Right: expanded view of the light-evoked IPSC indicated in
the bottom left. Note the long delay of onset of the light-evoked IPSC. Blue bars represent
light pulses.

(E) Current-clamp recording shows the absence (top left, at resting potential) and presence
of a light-evoked PSP (bottom left, at -50 mV) recorded from a CA1 PN. Right: expanded
view of the light-evoked PSP indicated in the bottom left. Note the long delay of the onset of
light-evoked PSP. Blue bars represent light pulses.
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(F) Group data of light-evoked PSPs from individual CA1 PNs at resting potential and —50
mV; n= 11 cells/7 mice. **p < 0.01, paired t test. Error bars show SEM.

(G) Group data of onset of excitatory synaptic events in SR/SLM interneurons (IN-
excitation, 1= 35 cells/9 mice) versus inhibitory synaptic events in CA1 PNs (PN-inhibition,
n=14 cells/7 mice). Blue bar depicts the duration of light pulses. ***p < 0.001, unpaired t
test. Error bars show SEM.

(H and 1) Sample traces (H) and group data (I) of light-evoked IPSCs in the absence and
presence of DNQX/APV (holding potential 0 mV). **p < 0.01, paired t test, 7=5 cells/3
mice. Error bars show SEM.

(J) The probability of excitatory and inhibitory connections in CA1 PNs. Numbers of cells
are shown above bars.

(K and L) Sample traces (K) and group data (L) of membrane voltage responses evoked by
a train of 10 Hz light stimulation at resting potential (7= 6 cells/4 mice) or at =50 mV (n=
8 cells/4 mice) in CAL PNs. **p < 0.01, two-way ANOVA repeated measures followed by a
Tukey test. Error bars show SEM.

(M) Sample traces of spikes elicited by constant current injections, paired without (top) or
with (bottom) a train of 10 Hz light stimulation in a CA1 PN.

(N) Group data of the number of spikes elicited by constant current injections, paired
without or with a train of 10 Hz light stimulation in CA1 PNs (=9 cells/5 mice). **p <
0.01, paired t test. Error bars show SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Chicken anti-GFP Aves lab Cat #: GFP-1020; RRID:AB_10000240

Goat anti-chicken 488
Streptavidin, Alexa Fluor 594 conjugate

Streptavidin, Alexa Fluor 647 conjugate

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat #: A11039; RRID:AB_2534096
Cat #: S32356
Cat #: 532357

Bacterial and virus strains

AAV8-hSyn-ChR2-EYFP
AAVretro-EF1a-mCherry-IRES-Cre
AAV(j-EF1A-DIO-hChR2-EYFP-WPRE-pA
rAAV2-hsyn-hChR2(H134R)-EYFP-WPRE-PA

Salk Viral Vector Core
Fenno et al.>”

Salk Viral Vector Core
UNC Viral Core

Addgene: #26973
Addgene: #55632-AAVrg
Addgene: #20298
Addgene: #26973

Chemicals, peptides, and recombinant proteins

Tetrodotoxin (TTX)
4-aminopyridine (4-AP)
DNQX

DL-AP5

Biocytin

Hello Bio
Hello Bio
Hello Bio
Hello Bio
Hello Bio

Cat#: HB1035
Cat#: HB1073
Cat#: HB0262
Cat#: HB0251
Cat#: HB5035

Experimental models: Organisms/strains

VIP-IRES-Cre Jackson Laboratory JAX: 031628
SOM-IRES-Cre Jackson Laboratory JAX: 028864
PV-IRES-Cre Jackson Laboratory JAX: 017320
NDNF-IRES-Cre Jackson Laboratory JAX: 030757
Ai9 Jackson Laboratory JAX: 007909
Software and algorithms

pClamp 11 Molecular Devices N/A
AxoGraph X AxoGraph N/A

ImageJ (Fiji) NIH N/A
OriginPro 2022 OriginLab N/A
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