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Neuromodulation of neural networks, whereby a selected circuit is
regulated by a particular modulator, plays a critical role in learning
and memory. Among neuromodulators, acetylcholine (ACh) plays
a critical role in hippocampus-dependent memory and has been
shown to modulate neuronal circuits in the hippocampus. How-
ever, it has remained unknown how ACh modulates hippocampal
output. Here, using in vitro and in vivo approaches, we show that
ACh, by activating oriens lacunosum moleculare (OLM) interneu-
rons and therefore augmenting the negative-feedback regulation
to the CA1 pyramidal neurons, suppresses the circuit from the
hippocampal area CA1 to the deep-layer entorhinal cortex (EC). We
also demonstrate, using mouse behavior studies, that the ablation
of OLM interneurons specifically impairs hippocampus-dependent
but not hippocampus-independent learning. These data suggest
that ACh plays an important role in regulating hippocampal out-
put to the EC by activating OLM interneurons, which is critical for
the formation of hippocampus-dependent memory.

acetylcholine | oriens lacunosum moleculare interneurons | hippocampus |
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M emory formation consists of two distinct phases, memory
encoding and consolidation. Memory encoding refers to
the initial memory-formation process where sensory inputs from
the neocortex are transferred to the hippocampus (1, 2). During
memory consolidation, on the other hand, the encoded tempo-
rary hippocampal information is transferred back to the neo-
cortex for long-term storage of the memory. Previous studies
have indicated that memory encoding and consolidation in-
terfere with each other and are temporally separated (3-7). As
such, memory encoding is dominant when an animal is actively
learning, whereas consolidation occurs during sleep when sen-
sory inputs are minimal (3, 5, 7). However, the mechanism be-
hind this regulation remains elusive.

Acetylcholine (ACh) plays a crucial role in memory function,
the significance of which is well known in patients with
Alzheimer’s disease who manifest a substantial loss of cholinergic
neurons (8, 9). ACh plays a unique role in learning and memory by
differentially modulating memory encoding and consolidation.
The levels of ACh in the hippocampus are high during active
memory encoding but low during slow-wave sleep, when memory
consolidation is dominant (6, 10, 11). Furthermore, pharmaco-
logical studies showed that ACh not only stimulates memory
encoding but also inhibits consolidation while encoding actively
occurs (4, 6, 12-14). In vitro examination of synaptic plasticity
using slice electrophysiology and optical imaging have shown that
ACh stimulates the Schaffer collateral pathway in the hippocam-
pus to increase memory encoding (15-18). It remains unclear,
however, whether ACh modulates the circuits involved in memory
consolidation, especially the hippocampus to the entorhinal cortex
(ECQ) circuit, which is the gateway to the consolidation pathway.

The EC plays a critical role in memory formation via acting as
an interface between the cortex and the hippocampus. Principal
cells in the EC, which are glutamatergic neurons, provide ex-
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trinsic connections with other cortical and subcortical regions.
The principal neurons in the superficial EC layers (layers II and
III) receive sensory inputs from the neocortex and project to the
hippocampus for memory encoding during active learning (19-21).
The superficial EC layers project to hippocampal area CA1 via the
trisynaptic pathway (EC-dentate gyrus-CA3-CAl) as a part of the
encoding pathway or directly to the CA1 via the temporoammonic
pathway (EC-CALl), which has been shown to be critical for
memory consolidation (22). On the other hand, principal neurons
in deep EC layers (mainly layer V) receive direct hippocampal
output and convey the information back to the cortex for memory
consolidation (23, 24). Additionally, the deep-layer EC neurons
also project to the superficial layer of the EC to complete the loop
of the hippocampus—entorhinal cortical circuit (25, 26), acting as a
hub in the hippocampus-EC circuit.

The negative-feedback mechanism is an effective way to tightly
control the output of information. Oriens lacunosum moleculare
(OLM) cells in the hippocampal area CAl are major negative-
feedback regulators of the hippocampal output neurons (i.e.,
CA1 pyramidal neurons). OLM neurons receive excitatory inputs
from the CAl pyramidal neurons while providing inhibitory in-
puts to these CA1l pyramidal neurons. Each OLM interneuron
forms more than 10,000 synaptic boutons in the stratum lacunosum
moleculare layer, where they innervate the dendrites of CAl
pyramidal neurons (27). Upon excitation by CAl pyramidal
neurons, OLM neurons release the inhibitory neurotransmitter
GABA to the distal dendrites of these CAl pyramidal neurons,
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opposing excitatory inputs from the temporoammonic pathway
(28, 29). Interestingly, it has been shown that OLM interneurons
receive heavy cholinergic inputs from the medial septum (30-32),
indicating that interneurons may play a critical role in ACh-
mediated regulation of the hippocampal output.

In the present study, using slice electrophysiology, optoge-
netics, and rabies virus-based monosynaptic tracing, we measured
synaptic currents and firing activity in CA1 and EC neurons to
understand the mechanism of cholinergic modulation of the CAl-
EC circuit. We demonstrate here that ACh, by acting on OLM
interneurons, increases dendritic inhibition onto CA1 pyramidal
neurons and opposes the excitatory temporoammonic inputs,
resulting in a decrease in hippocampal output to the EC. In
addition, we examined the cholinergic modulation of the circuit by
measuring real-time neuronal activity of deep-layer EC neurons in
freely moving mice using fiber photometry in combination with
optogenetics and pharmacology. Furthermore, we show here, using
cell type-specific expression of diphtheria toxin A (DTA) and mouse
behavioral testing, that the negative-feedback inhibition is critical for
proper memory formation.

Results

Cholinergic Regulation of Hippocampal Output to the EC. We first
sought to investigate how medial septum cholinergic neurons,
which provide the major cholinergic inputs to the hippocampus
(33, 34), influence the hippocampal output to the EC. Previously
it has been shown that the hippocampus provides the major input
to the deep-layer EC (35). To identify hippocampal neurons that
directly project to the EC principle neurons, we used the rabies
virus-based monosynaptic tracing method, which allowed us to
label presynaptic neurons that synapse onto particular neurons
of interest (i.e., principle neurons in the deep-layer EC) (36). To
limit the transsynaptic activity of rabies virus to only one synapse
without permitting it to cross multiple synapses and spread to
other upstream neurons, we used the pseudotyped glycoprotein-
deleted rabies virus. This rabies virus can bind only to avian tumor
virus receptor A (TVA) receptor-expressing cells and cannot cross
any synapse unless rabies glycoprotein B19 is already expressed in the
cell (37). We expressed the glycoprotein B19 and TVA in principle
neurons in the deep-layer EC by injecting the helper adeno-
associated virus (AAV) carrying B19, TVA, and GFP under
the CaMKlla promoter (AAV9-CaMKIla-DIO-GFP-TVA-B19G)
into layer V in the EC (ECV). After 24 wk of incubation, during
which the TVA receptor and glycoprotein are expressed at a suffi-
cient level for the rabies virus to bind and spread retrogradely by
crossing one synapse, we injected rabies virus that carries EnvA and
mCherry (EnvA G-deleted rabies-mCherry) into the same site. As
the rabies virus was pseudotyped with EnvA, the virus would spe-
cifically bind to TVA-expressing cells, targeting only the principle
cells in the EC that were previously infected with the helper AAV. As
such, the rabies-infected cells would express both GFP and mCherry,
whereas the presynaptic cells that project to the rabies-infected cells
would express mCherry without GFP expression. We observed cells
that were positive for both GFP and mCherry in the EC, where the
rabies virus successfully infected TV A-expressing cells (Fig. 14, Up-
per). In the hippocampus, we observed mCherry-positive but GFP-
negative cells in the pyramidal layer of the hippocampal area CAl,
indicating that these neurons are presynaptic to the principle neurons
in the deep-layer EC (Fig. 14, Lower). A majority of the mCherry-
positive cells were concentrated in the proximal CA1 area, although a
few neurons were also found in the CA2 and CA3 areas.

We then examined how cholinergic neurons modulate the
excitability of hippocampal area CA1 to the EC circuit using slice
electrophysiology. Previously, cholinergic modulation of hippo-
campal circuits had been examined using acutely prepared
transverse or horizontal hippocampal slices that contain cholin-
ergic projections without the cell bodies (15-17, 38-41). How-
ever, recent studies have indicated that severed axons may
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contain down-regulated vesicle clustering compared with those
still attached to the cell bodies (42, 43). Furthermore, opto-
genetic stimulation of axonal terminals, instead of the soma, can
produce neurotransmitter release that is not physiologically
relevant (44, 45). Therefore, we used the septo-hippocampal
coculture system in which a slice containing the medial septum
was cocultured adjacent to a hippocampal/EC slice for 2 wk,
during which hippocampal neurons guide cholinergic fibers by
releasing nerve growth factor (NGF) (46-48). Previous studies
have shown that the cholinergic innervation of the target hip-
pocampal neurons in the coculture system is comparable to that
observed in vivo (49-51).

Cholinergic neurons specifically express choline acetyl-
transferase (ChAT), an enzyme that synthesizes ACh. We used
the optogenetic technique, which takes advantage of the ex-
pression of the light-sensitive receptors opsins in a cell type-specific
manner. The light-activated opsin channelrhodopsin-2 (ChR2) was
specifically expressed in cholinergic neurons by injecting the Cre-
inducible AAV vector carrying ChR2 [AAV-EFla—double-floxed
hChR2 (H134R)-mCherry-WPRE-HGHpA] into the medial sep-
tum of cocultured slices from ChAT-IRES-Cre mice. We detected
mCherry-positive cell bodies of cholinergic neurons in medial septal
slices, which project to the hippocampal slices (Fig. 1B, Right). We
used optogenetic stimulation, instead of inhibition, of cholinergic
neurons for these in vitro experiments, as cholinergic neurons in slices
have low basal activity due to a lack of stimulatory extrinsic inputs
that they would receive in vivo during active memory encoding.

We first recorded the firing activity of principal neurons in
ECV using loose-seal cell-attached recordings to examine whether
cholinergic inputs affect hippocampal theta modulation of ECV
neurons. Pyramidal neurons in hippocampal area CAl are the main
output neurons of the hippocampus, as shown in our rabies-tracing
results. To mimic theta activity in the CA1 area, the CAl pyramidal
layer was electrically stimulated at a theta frequency using a stimu-
lating electrode (Fig. 1B). We found that theta-frequency stimulation
(TFES) of the CA1 pyramidal neurons caused an increase in the firing
activity in ECV neurons [from 0.10 + 0.07 to 8.14 + 3.52 Hz,
n = 11 neurons, #(14) = 2.699, P = 0.0343, two-way ANOVA
followed by Sidak’s multiple-comparisons test] (Fig. 1 C and D).
When cholinergic neurons were stimulated optogenetically with
blue light at the beginning of the TFS, the TFS in the CAl no
longer caused a significant increase in the firing in ECV neurons
[from 0.14 + 0.14 to 1.33 + 0.49 Hz, n = 5 neurons, #(14) = 0.2694,
P = 0.9565, two-way ANOVA followed by Sidak’s multiple-
comparisons test] (Fig. 1 C and D). These results suggest that
cholinergic neurons suppress the excitability of the hippocampus—
ECV circuit.

To understand the mechanism underlying this modulation, we
examined synaptic transmission from CAl to the EC. We ex-
amined glutamate release from CA1l pyramidal neurons onto
ECV neurons by recording evoked excitatory postsynaptic cur-
rents (eEPSCs) in ECV neurons upon electrical stimulation of
CAl pyramidal neurons (Fig. 1B). The ChR2-expressing cho-
linergic neurons were photostimulated continuously for >350 ms,
beginning at least 200 ms before electrical stimulation of
CA1 pyramidal layer. When cholinergic neurons were photo-
stimulated, the amplitude of eEPSCs in ECV was significantly
smaller than without photostimulation of cholinergic neurons
[239.2 + 4.4% decrease compared with control, n» = 10 neurons,
1(17) = 4.198, P = 0.0018, repeated-measures two-way ANOVA
followed by Sidak’s multiple-comparisons test] (Fig. 1 E and F),
suggesting a direct role for cholinergic neurons in the regulation
of synaptic transmission from the hippocampus to the EC. The
ACh effect on eEPSC amplitude was blocked by the GABA,
receptor antagonist gabazine (10 pM), which suggests that the
modulation is mediated by GABAergic neurons [in gabazine,
100.3 + 0.9% of control, n = 3 neurons, #(17) = 0.2074, P =
0.9958, repeated-measures two-way ANOVA followed by Sidak’s
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Fig. 1. Cholinergic regulation of the CA1-EC circuit. (A, Upper) In the ECV,

we observed cells that are positive to both GFP and mCherry, suggesting that
the cells infected with the helper AAV were successfully targeted by the
G-deleted rabies virus. (Scale bar: 50 um.) (Lower) In the hippocampus (HPC),
cells that were positive to mCherry but negative to GFP were found in the
CA1 pyramidal layer, suggesting that the mCherry-positive cells are pre-
synaptic to the helper AAV-infected cells. DG, dentate gyrus. (Scale bars:
100 pm for low magnification and 50 um for high magnification.) (B) Spike
currents were recorded in ECV neurons upon electrical stimulation of
CA1 pyramidal neurons to see whether the spiking activity is modulated by
photostimulation of cholinergic neurons. (Left) A schematic drawing of
electrode implantation and blue-light illumination. The ChR2-expressing
cholinergic neurons were stimulated with blue light (470 nm, 0.3-2.7 mW)
projecting from the 4x objective lens continuously for 350 ms, beginning
200 ms before the first electrical stimulation of the CA1 pyramidal layer.
(Right) The images of cocultured slices show mCherry-positive, ChR2-
expressing cell bodies in the medial septal slice. DIC, differential interfer-
ence contrast. MS, medial septum. (Scale bar: 300 um.) (C) TFS in the CA1
pyramidal layer caused an increase in spike frequency in ECV neurons
(Upper), which was blocked by photostimulation of cholinergic (ChAT-
positive) neurons (Lower). (D) Summary bar graph showing the CA1-TFS-
induced increase in spike frequency, which was blocked by photostimulation
of ChAT neurons. (E) Cholinergic modulation of eEPSCs as shown in B in ECV
was examined. The ChR2-expressing cholinergic neurons were stimulated with
blue light (470 nm) continuously for >350 ms, beginning at least 200 ms be-
fore electrical stimulation of CA1 pyramidal layer. The time course of
mean normalized eEPSC amplitude showing the cholinergic suppression of
eEPSC amplitude in ECV neurons. Representative traces showing that photo-
stimulation of ChAT neurons (Photo-ChAT) causes a decrease in the amplitude
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multiple-comparisons test] (Fig. 1F). Furthermore, we found
that the cholinergic suppression of the CAl-evoked eEPSC is
mediated by M1 AChRs, as they were blocked by the M1 AChR
antagonist pirenzepine [in pirenzepine, 121.4 + 4.4% of control,
n =7 neurons, t(17) = 2.001, P = 0.1738, repeated-measures two-
way ANOVA followed by Sidak’s multiple-comparisons test]
(Fig. 1F).

Given that electrical stimulation of the CAl pyramidal layer
activates all neighboring cells without cell-type specificity, we
next aimed to specifically stimulate the CA1 neurons that project
to ECV neurons. To do so, we again used the rabies virus-based
monosynaptic retrograde tracing method, which allows expres-
sion of the blue light-sensitive ChR2 specifically in CAl py-
ramidal neurons that are presynaptic to ECV neurons (52). In
this way, eEPSCs recorded from ECV neurons can be evoked
with blue light stimulation (5-10 ms) of presynaptic CA1 pyra-
midal neurons instead of electrical stimulation in the CAl py-
ramidal layer (Fig. 1G). To avoid cross-activation of cholinergic
neurons by the same wavelength of light, the red-shifted opsin
C1V1 (53) was expressed in cholinergic neurons for this exper-
iment. Furthermore, we used a digital micromirror device to il-
luminate a spatially defined area of the brain slices. To stimulate
CA1 pyramidal neurons, we selectively illuminated the pyramidal
layer region in the hippocampus with blue light, whereas the
medial septum region was selectively illuminated with red light
for the stimulation of cholinergic neurons. As C1V1 is not sig-
nificantly expressed in the axon terminals (54, 55), the blue light-
stimulation of the CA1 pyramidal layers is unlikely to stimulate
cholinergic fibers. Similar to our results with the electrically
evoked EPSCs, we found that the stimulation of cholinergic
neurons (via red light in the medial septal slice just before the
blue light stimulation of the CAl pyramidal layer) caused a
decrease in the amplitude of blue light-evoked EPSCs recorded
from ECV neurons [50.8 + 11.0% of control, n = § neurons,
t(11) = 3.321, P = 0.0136, repeated-measures two-way ANOVA
followed by Sidak’s multiple-comparison test] (Fig. 1H). The
cholinergic suppression of CAl-evoked EPSCs was also blocked
by pirenzepine [in pirenzepine, 114.4 + 5.5% of control, n = 5
neurons, #(11) = 0.6068, P = 0.8031, repeated-measures two-way
ANOVA followed by Sidak’s multiple-comparisons test] (Fig.
1H), indicating that the suppression is dependent on M1 AChRs,
consistent with our electrically evoked EPSC results (Fig. 1F). To-
gether, these results indicate that cholinergic neurons effectively
inhibit the hippocampal output to the EC via activating M1 AChRs.

OLM Neurons Modulate the Hippocampal Output to the EC. The
finding that the cholinergic suppression of the CA1-EC circuit is
blocked by a GABA,4 receptor antagonist (Fig. 1F) suggests that
the modulation is mediated by GABAergic neurons. OLM in-
terneurons are negative-feedback interneurons that innervate
the CA1 pyramidal neurons and have been shown to be sensitive
to ACh (30, 31). Therefore, we investigated if OLM interneurons
mediate the cholinergic suppression of the hippocampal output

of eEPSCs in an ECV neuron. (F) Summary of ACh-induced decrease in eEPSC
amplitude, which was blocked by pirenzepine or gabazine. (G) Cholinergic
modulation of eEPSCs in ECV was examined using the monosynaptic tracing
method. In this experiment, CA1 pyramidal neurons that were presynaptic to
ECV neurons expressed ChR2 and were stimulated with blue light, whereas
ChAT neurons expressed the red-shifted opsin C1V1 and were stimulated by
red light. For the stimulation of C1V1-expressing cholinergic neurons, red
light (565 nm, 59-352 pW) was applied continuously to the medial septum
for at least 300 ms before blue light stimulation (470 nm, 0.15-2.7 mW, 5-
10 ms pulse) of the CA1 pyramidal layer. (H) Summary bar graph showing
that stimulation of cholinergic neurons caused a decrease in light-evoked
EPSC amplitude in ECV neurons, which was blocked by pirenzepine. *P < 0.05;
**P < 0.01. n.s., not significant.
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to the EC. We first examined whether optogenetic stimulation of
cholinergic neurons can induce excitation of OLM interneurons.
We recorded AChR current in identified OLM interneurons and
investigated whether it can alter the firing of these neurons using
whole-cell patch-clamp recordings in the septo-hippocampal
coculture system. OLM interneurons were identified based on
morphology (i.e., a spindle-shaped cell body horizontally ori-
ented along the pyramidal layer) as well as location (cell body
located in the stratum oriens). In addition, OLM interneurons
were also identified based on electrophysiological characteristics;
the interneurons exhibit prominent sag following hyperpolar-
ization and a sawtooth-shaped firing pattern due to the presence
of the hyperpolarization-activated cation current (h-current) (56,
57). To minimize the desensitization of AChRs, we used a short
(<10 ms), single pulse of light to induce ACh release. ACh-
induced synaptic currents in OLM interneurons were recorded
with whole-cell patch-clamp recordings in the presence of
the glutamate receptor antagonists DNQX (20 pM) and APS
(50 pM) and gabazine (10 uM) to block glutamatergic and
GABAergic synaptic currents, respectively (Fig. 2 4 and B).
Photostimulation of cholinergic neurons evoked slow inward
AChR currents in 93% of OLM interneurons (13 of 14 cells),
which were completely blocked by the selective M1 muscarinic
AChR antagonist pirenzepine (control, —318,840 + 84,132 pA/ms;
in pirenzepine, 4,062 + 10,450 pA/ms; n = 13 neurons, rank sum
difference = —10.88, P = 0.0014, rank sum test followed by Dunn’s
multiple-comparisons test) (Fig. 2 B-D). In 57% of OLM cells
recorded (8 of 14 cells), optical stimulation of cholinergic neurons
evoked fast inward AChR currents, which were blocked by the
a7 nicotinic AChR (nAChr) antagonist methyllycaconitine
(MLA) but not by pirenzepine, indicating that the fast com-
ponent is mediated by a7 nAChRs (control, —871.3 + 562.0 pA/ms;
in pirenzepine, —1,221.0 = 822.1 pA/ms; MLA/pirenzepine,
0.4 + 4.0 pA/ms; pirenzepine vs. MLA/pirenzepine, rank sum
difference = —11, P = 0.0045, n = 6 neurons, rank sum test followed
by Dunn’s multiple-comparisons) (Fig. 2 C and E). All cells that
exhibited fast a7 AChR currents also exhibited slow M1 AChR
currents. In these o7- and M1-exhibiting cells, the M1 AChR-
mediated slow component, due to its slow decay time, accoun-
ted for the majority of the total charge (98.9 + 0.9% of the total
area) (Fig. 2F). To examine whether the membrane depolarization
caused by AChR activation increases the firing activity in OLM
interneurons, we performed whole-cell current-clamp recordings.
Photostimulation of cholinergic neurons caused a significant in-
crease in spiking activity in OLM neurons (from 0.66 + 0.18 to
2.4 + 0.72 Hz, q = 6.002, P = 0.0295, n = 6 neurons, Tukey’s
multiple-comparisons test following repeated-measures two-way
ANOVA), which was mediated by the M1 muscarinic AChR, as
this effect was blocked by pirenzepine (from 0.59 + 0.12 to 0.50 +
0.12 Hz, q = 0.3044, P = 0.9960, n = 6 neurons, Tukey’s multiple-
comparisons test following repeated-measures two-way ANOVA)
(Fig. 2 G and H). The pirenzepine application did not cause a
significant change in the baseline frequency (0.66 = 0.18 vs. 0.59 +
0.12, q = 0.2378, P = 0.9981, n = 6 neurons). The interaction
between two factors was significant [F(1, 5) = 9.942, P = 0.0253,
repeated-measures two-way ANOVA]. These data indicate that
the stimulation of cholinergic neurons causes membrane de-
polarization in OLM interneurons and increases the firing rate of
these neurons via M1 muscarinic AChRs.

Cholinergic Neurons Decrease the Firing Rate of CA1 Pyramidal
Neurons. OLM interneurons are GABAergic interneurons that
release the inhibitory neurotransmitter GABA onto dendrites of
CA1 pyramidal neurons upon excitation. Cholinergic activation
of OLM interneurons should stimulate GABA release onto
CAl pyramidal neurons. Therefore, we recorded inhibitory
postsynaptic currents (IPSCs) in the somata of CAl pyramidal
neurons in the presence of the glutamate receptor antagonists

Haam et al.

A Blue light

Medial
Septum

Recording electrode

trol MLA
on an OLM neuron B ‘Con o

L]

/ ‘w B\ o
</ )
CA1 M

Hippocampal slice

CA3

Pirenzepine

ChR2-expreséing
cholinergic neurons

C Control Pirenzepine MLA
Ds Es ‘ ‘ ‘
<&1><1005 S 2 508 an M rﬂ 20 pA
§-1x10° g -500 o5
fzo i SN
B-4x10° 1 82000 . C el
5-5¢10 £ -25 ! e
37 s ee 8 S @ ; " i
<$ Q\Q Q\Q Q\‘ Q\Q Q\Q 20 pA
fou &e Q,be P ég» (@e [20 p:
.\@: .\g@ Q.\«Qw .\@A 02s
SR R
W W H
()
2150 Photo-ChAT S o4 .
5 G oto- Bmv S #. W Control
5400 [ 23] 1 [ Photo-ChAT
= 5s gy,
2 E
o] | |
X 0 . Aoy ' oo @0
S

Fig. 2. Cholinergic activation of OLM interneurons. (A) A schematic show-
ing recording of AChR currents in OLM interneurons triggered by photo-
stimulation of cholinergic neurons. (B) Photostimulation of cholinergic
neurons (shown as blue bars, 0.27-2.7 mW LED on cholinergic cell bodies
through the 4x objective or 60-600 u\W LED light onto the cholinergic fibers
through the submerged 40x objective) for 1-10 ms evoked slow inward
currents (green) in the majority of OLM interneurons (~93%). (C) In a subset
of OLM cells recorded (~60%), ACh also evoked fast inward currents
(orange), which were sensitive to the a7 nAChR antagonist MLA but not to
pirenzepine. (D) Average areas of slow currents evoked by photostimulation
of cholinergic neurons, showing that the slow currents are mediated by the
M1 muscarinic AChRs. (E) Average areas of fast currents evoked by photo-
stimulation of cholinergic neurons showing that the fast currents are me-
diated by o7 nAChR and are blocked by MLA. (F) Summary bar graph
showing the contributions of fast and slow components to the total charge.
(G) A representative current-clamp recording trace showing that photo-
stimulation of ChAT neurons caused an increase in spike frequency in OLM
neurons. (H) Summary bar graph showing an increase in spike frequency
induced by cholinergic neurons, which was abolished in the presence of
pirenzepine. *P < 0.05; **P < 0.01.

DNQX and APS. In parallel with our data that show an increase
in spiking in OLM neurons (Fig. 2 G and H), photostimulation
of cholinergic neurons caused an increase in IPSC frequency
in CAl pyramidal neurons [from 6.0 + 0.8 to 13.1 + 1.4 Hz,
173.2 + 37.3% increase in IPSC frequency, n = 14, #(25) = 6.553,
P < 0.0001, two-way ANOVA followed by Sidak’s multiple-
comparisons test] (Fig. 3 A and B), demonstrating an increase in
GABAergic transmission to these neurons. The ACh-induced
increase in IPSC frequency was blocked by pirenzepine [14.8 +
7.4% increase, n = 4 neurons, #(25) = 0.7918, P = 0.8205] and
by the broad-spectrum muscarinic AChR antagonist atropine
[10.4 + 12.3% increase, n = 10 neurons, #(25) = 0.7321, P = 0.8519],
suggesting that the synaptic modulation is mediated by M1
muscarinic AChRs (Fig. 3C), consistent with cholinergic modu-
lation of spiking in OLM interneurons (Fig. 2H). In contrast, the
selective o7 nAChR antagonist MLA did not block the cholin-
ergic stimulation of IPSCs (Fig. S1), suggesting that the cholin-
ergic stimulation of GABAergic transmission is not dependent
on the a7 nAChRs.

Changes in local inhibitory feedback input effectively modu-
late the firing activity of neurons, as shown in vitro and in vivo in
many parts of the brain (58, 59). Therefore, we examined
whether cholinergic activation of OLM interneurons regulates
the firing activity of CA1 pyramidal neurons. Without activation
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Fig. 3. Cholinergic regulation of CA1 pyramidal neurons. (A) Photo-
stimulation (488-nm laser, 20-100 uW delivered through the 5x objective
lens for 0.9-1.4 s) of ChAT neurons caused an increase in IPSC frequency in
CA1 pyramidal neurons. (B) Time course of mean normalized frequencies of
IPSCs showing the effect of photostimulation of cholinergic neurons on IPSC
frequency in CA1 pyramidal neurons. (C) Summary of mean normalized IPSC
frequencies. Photostimulation of cholinergic neurons caused a significant
increase in IPSC frequency, which was blocked by atropine or pirenzepine.
See also Fig. S1. (D) Representative traces showing that photostimulation of
ChAT neurons caused a decrease in depolarization-induced spiking in CA1
pyramidal neurons, which was abolished in the presence of pirenzepine. The
septum and stratum oriens were illuminated by the blue LED light (470 nm,
0.6-2.77 uW) for a total of 800 ms beginning 400 ms before the 400-ms
depolarizing step. (E) Summary of F/I slope showing a decrease in F/l slope
induced by cholinergic neurons, which was blocked by pirenzepine. *P <
0.05; ***P < 0.001.

of cholinergic circuits, application of a short positive-current
pulse to CAl pyramidal neurons induced membrane depolar-
ization and firing of these neurons in current-clamp recordings.
(Fig. 3D). However, when cholinergic neurons were opto-
genetically activated, CA1 pyramidal cells fired at a significantly
lower frequency in response to the same magnitude of depola-
rizing pulse (Fig. 3D). As such, activation of cholinergic circuits
caused a decrease in the frequency—current (F/I) slope in CAl
pyramidal neurons (from 22.9 + 2.7 to 8.2 + 2.6 Hz/nA, n =
6 neurons, q = 6.055, P = 0.0285, Tukey’s multiple-comparisons
test following repeated-measures two-way ANOVA) (Fig. 3E),
indicating that cholinergic potentiation of negative-feedback in-
hibition of CA1l pyramidal neurons effectively suppresses the
firing output of these neurons. The ACh-induced decrease in F/I
slope was blocked by pirenzepine, indicating that the modulation
is mediated by M1 muscarinic AChRs (from 31.0 + 6.9 to 34.7 =
10.7 Hz/nA, n = 6 neurons, q = 1.531, P = 0.7139, Tukey’s
multiple-comparisons test following repeated-measures two-way
ANOVA) (Fig. 3E), consistent with our finding that M1 AChRs
mediate cholinergic suppression of hippocampal output to the
EC (Fig. 1 F and H) and activation of OLM interneurons (Fig. 2H).
The pirenzepine application did not cause a significant change in
the baseline frequency (22.88 + 2.73 vs. 30.97 + 6.91 Hz/nA,
q=3.342, P = 0.2026, n = 6 neurons). The interaction between
the two factors was significant [F(1, 5) = 14.39, P = 0.0127, repeated-
measures two-way ANOVA]

We also tested whether direct stimulation of OLM interneurons
is capable of suppressing the hippocampal output to the EC. OLM
interneurons are a subset of somatostatin-expressing neurons in
the hippocampus and account for the majority of somatostatin-
expressing neurons located in the stratum oriens (28, 60). To ex-
press the blue light-sensitive ChR2 specifically in somatostatin
neurons, the Cre-inducible AAV vector carrying ChR2 was injected
into cultured slices from the somatostatin-specific Cre line Som-
IRES-Cre mice. To specifically stimulate somatostatin-expressing
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neurons in the stratum oriens, we selectively illuminated the
deeper portion of the stratum oriens with the digital micro-
mirror device (Fig. S24). Photostimulation of OLM interneu-
rons caused a significant decrease in CAl-evoked eEPSC
amplitude in ECV neurons (21.5 + 8.7% of control) (Fig. S2
B and C), which was consistent with the effect of photo-
stimulation of cholinergic neurons. In fact, the photostimulation
of OLM neurons caused a larger effect on eEPSCs in ECV
neurons than that caused by photostimulation of ChAT neurons,
perhaps because the photostimulation causes more robust acti-
vation of OLM neurons than AChR activation of these neurons.
The OLM neuron-mediated decrease in eEPSC was blocked by
gabazine, indicating that the effect requires GABAergic trans-
mission (99.8 + 3.4% of control) (Fig. S2C). These data dem-
onstrate that OLM interneurons inhibit the hippocampal
output to the EC.

Cholinergic Regulation of Deep-Layer EC Neurons. We next in-
vestigated whether the cholinergic modulation of hippocampal
output to the EC occurs in vivo. To examine the activity of the
EC neurons in freely moving mice, we used fiber photometry
(Fig. 44), which can detect population activity of principal
neurons in deep brain regions (61). To monitor the activity of
principal neurons in the deep-layer EC, we expressed the
calcium indicator GCaMPo6f by stereotaxically injecting AAV
carrying GCaMP6f under the glutamatergic neuron-specific
promoter CaMKIla into the deep layer of the EC (Fig. 4B).
As a control fluorescence signal, AAV carrying the RFP tdTomato
was coinjected with the AAV carrying GCAMPo6f (Fig. 4B).
Optical probes implanted into the deep-layer EC neurons were
used to deliver excitation light at 488 nm into the brain region
and acquire real-time readouts of fluorescent signals (Fig. S3).
Any fluctuations in fluorescence signal caused by an animal’s
movements and/or changes in the connection between the pho-
ton detector and the optical fiber would manifest in both
GCaMP6f and tdTomato signals (Fig. 4C), both of which were
acquired through the same optical implant and patch cable. As
such, by taking the ratiometric measurement, signal artifacts can
be eliminated; thus, the intracellular calcium signal is repre-
sented as the ratio of the GCamp6f signal to the tdTomato signal
(Fig. 4C, Lower). Spontaneous calcium transients of a low fre-
quency (0.63 + 0.15 Hz) were observed in deep-layer EC in freely
moving mice placed in a novel environment (Fig. 4E, Upper).
Levels of ACh in the hippocampus are high during active
memory encoding but low during slow-wave sleep, when memory
consolidation is dominant (6, 10, 11). Therefore, we investigated
how the blockade of cholinergic neurons modulates the deep-
layer EC neurons in awake animals. To specifically inhibit medial
septal cholinergic neurons, we used optogenetics to specifically
inhibit the medial septal cholinergic neurons in vivo with light
(Fig. 44). The light-activated inhibitory opsin archaerhodopsin-3
(Arch) was expressed in cholinergic neurons in the medial sep-
tum (Fig. 4D) by stereotaxically injecting the Cre-inducible AAV
vector carrying double-floxed Arch (AAV-FLEX-Arch-GFP)
into the medial septum of ChAT-IRES-Cre mice. The medial
septal region, where cholinergic cell bodies are located, was il-
luminated continuously for 10 min with green light (561 nm) to
prevent rebound excitation of the Arch-expressing cells. Opto-
genetic inhibition of the cholinergic neurons caused an increase
in the activity of principle neurons in the deep-layer EC as evi-
denced by a significant increase in the calcium transient fre-
quency [from 34.3 + to 45.6 + 8.7 transients/min; n = 5 mice,
1(4) = 4.582, P = 0.0102, Student’s paired 7 test] (Fig. 4 E-G). The
fact that the inhibition of cholinergic neurons causes an increase in
the activity of principle neurons in the deep-layer EC neurons
suggests that septal cholinergic neurons actively inhibit the
neuronal activity in the EC neurons when animals are awake and
freely moving. We further tested whether the pharmacological
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Fig. 4. Cholinergic suppression of entorhinal cortical neurons in vivo. (A) A schematic drawing showing the photometry setup to examine population activity
of EC neurons in freely moving mice. (B) GCaMP6f (calcium indicator) and tdTomato (control fluorescent protein) expression in the deep-layer EC showing
colocalization of the fluorophores. (Scale bar: 50 um.) (C) GCaMP6f and tdTomato signals were obtained from the same optical fiber; unlike the GCaMP6f
signal, the tdTomato signal was steady without showing transients. The ratio of the GCaMP6f signal to the tdTomato signal was taken as a measure of calcium
signals. (D) Arch-GFP and ChAT expression in the medial septum showing that cholinergic neurons expressed Arch-GFP. (Scale bar: 50 um.) (E) Representative
traces showing that photoactivation of Arch in ChAT neurons (Arch-ChAT) causes an increase in the transient frequency. (F) Cumulative Kolmogorov-Smirnov
plots of transient intervals from the traces shown in D exhibited a shift toward shorter interevent intervals during optogenetic inhibition of ChAT neurons.
(G) Optogenetic inhibition of ChAT neurons caused a significant increase in transient frequency in the deep layer EC. (H) Cumulative Kolmogorov-Smirnov
plots of transient intervals showed a shift toward shorter interevent intervals with i.p. scopolamine administration. (/) The pharmacological blockade of
muscarinic AChRs by scopolamine caused a significant increase in transient frequency in the deep-layer EC. (J) Cumulative Kolmogorov-Smirnov plots of
transient intervals showed no change in the response to optogenetic inhibition of cholinergic neurons when scopolamine was preapplied. (K) Summary graph
showing that preapplication of scopolamine occluded the increase in transient frequency in the deep-layer EC induced by optogenetic inhibition of ChAT
neurons. (L) The inhibitory opsin was specifically expressed in cholinergic neurons in the medial septum, whereas the inhibitory DREADD hM4Di was specifically
expressed in OLM interneurons. For photometry recordings, GCamp6f and tdTomato were expressed in the deep-layer EC as shown in Fig. 1B. Cholinergic
modulation of ECV activity was examined with or without CNO application. (M) Without CNO application, optogenetic inhibition of septal cholinergic neurons
caused a significant increase in calcium transients in the deep-layer EC. (N) When CNO was administered for chemogenetic inhibition of OLM interneurons,
optogenetic inhibition of septal cholinergic neurons no longer caused a decrease in transients in the deep-layer EC. *P < 0.05.

blockade of muscarinic AChRs induces a similar response. Lp.
injection of the muscarinic AChR antagonist scopolamine (1 mg/kg
body weight) caused a significant increase in the calcium tran-
sient frequency [from 21.0 + 5.6 to 37.1 + 8.7 transients/min; n =
6 mice, t(5) = 4.078, P = 0.0096, Student’s paired ¢ test] (Fig. 4 H
and /). In addition, preapplication of scopolamine not only
caused a significant increase in transient frequency in the deep-
layer EC but also occluded the increase caused by optogenetic
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inhibition of cholinergic neurons [from 41.4 + 11.0 to 36.7 +
9.9 transients/min, n = 5 mice, #(4) =2.369, P = 0.0797, Student’s
paired ¢ test] (Fig. 4 J and K), suggesting that the cholinergic
regulation of EC activity is dependent on muscarinic AChRs.
We next investigated whether the cholinergic suppression of
the deep-layer EC activity that we observed in vivo is mediated
by OLM interneurons. We therefore tested whether optogenetic
inhibition of septal cholinergic can still increase neuronal activity
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in the deep-layer EC neurons when OLM interneurons are
chemogenetically inhibited. To express the clozapine-N-oxide
(CNO)-activated inhibitory designer receptors exclusively acti-
vated by designer drugs (DREADDs) (62) specifically in OLM
interneurons, we used the OLM-specific a2 nAChR (Chrna2)-
Cre mouse line (28, 63). It should be noted that we could not use
the Som-IRES-Cre mouse line for these in vivo studies as we did
for our in vitro studies because the Cre line is not specific to
OLM interneurons without limiting the viral solution to the
stratum oriens; diffusion of the viral solution to other layers would
inadvertently ablate non-OLM interneurons (e.g., Som-expressing
neurons in other layers of the hippocampus). We stereotaxically
injected the AAV virus carrying Cre-dependent DREADDs
[AAV-hSyn-DIO-hM4D(Gi)-mCherry] into the hippocampi of
the double-Cre—cross mice which were acquired by crossbreeding
ChAT-IRES-Cre with Chrna2-Cre mice (Fig. 4L). The inhibitory
opsin Arch was expressed in septal cholinergic neurons in the
medial septum by stereotaxically injecting the Cre-inducible AAV
vector carrying double-floxed Arch (AAV-FLEX-Arch-GFP) into
the medial septum (Fig. 4L), as we did in ChAT-IRES-Cre mice
(Fig. 4D). Without CNO administration, optogenetic inhibition
of septal cholinergic neurons caused a significant increase in tran-
sients in the deep-layer EC in these mice [from 16.1 + 5.4 to 24.2 +
6.2 transients/min, # = 4 mice, #(3) = 4.334, P = 0.0225, Student’s
paired ¢ test] (Fig. 4M), consistent with the data we have shown
in ChAT-IRES-Cre mice (Fig. 4G). When CNO was administered
to inhibit OLM interneurons, on the contrary, the optogenetic
inhibition of septal cholinergic no longer caused an increase in
EC neuron activity (from 25.7 + 5.1 to 20.8 + 5.8 transients/min,
n =4 mice, W = —10, P = 0.1250, Wilcoxon matched-pairs signed
rank test) (Fig. 4N), suggesting that the cholinergic action is
mediated by OLM interneurons.

OLM Interneurons Are Critical for Hippocampus-Dependent Memory.
Our in vitro slice electrophysiology and in vivo fiber photometry
results suggest that negative-feedback inhibition by OLM inter-
neurons plays an important role in mediating ACh modulation of
the hippocampal output. To further examine how OLM neurons
play a role in memory formation, we conducted mouse behav-
ioral studies whereby we investigated the effect of the ablation of
OLM interneurons on hippocampus-dependent and -independent
memory function. To specifically ablate OLM interneurons, we
used the OLM-specific Chrna2-Cre mouse line (28, 63). Ablation
of OLM neurons was achieved by stereotaxically injecting the
AAV9 virus carrying Cre-dependent DTA (AAV-mCherry-flex-
dtA) into the hippocampi of Chrna2-Cre mice (Fig. S44). DTA
expressed in Cre-positive cells blocks protein synthesis, leading to
cell death in these neurons. We observed a significant decrease in
the number of OLM interneurons in the caudal/ventral hippo-
campus but not in the rostral/dorsal hippocampus (Fig. S4C), which
is consistent with previous studies that showed higher expression of
Chrna?2 in ventral OLM interneurons (64, 65). The Cre-dependent
cell ablation was specific to OLM interneurons, without affecting
the number of CA1 pyramidal neurons (Fig. S4D).

After a minimum 3 wk of recovery following virus injection, we
investigated hippocampus-dependent and -independent memory
function in the OLM-ablated mice and their littermate controls.
The object-location task (OLT) is based on the rodents’ inherent
curiosity about objects with a novel location and is considered
a hippocampus-dependent memory task (66, 67). Mice were
placed in an arena with two identical objects during the training
phase of the OLT, and one of the objects was moved to a new
location during the retention delay of 20 min before the testing
phase (Fig. 54). When placed back into the arena during the
testing phase, the control mice spent significantly more time with
the object that was in a novel location than with the object in a
familiar location [stationary object, 23.1 + 3.0 s vs. displaced
object, 35.0 = 3.2 s, n = 10 mice, #(19) = 3.06, P = 0.0128, two-way
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Fig. 5. Ablation of OLM interneurons impairs the encoding of spatial
memory. (A) A schematic drawing showing the OLT. During the training
phase, a mouse was placed in an arena that contained two identical objects.
After a 20-min retention delay, during which one of the objects was moved
to a new location, the mouse was replaced in the arena, and the mouse’s
exploration of the objects was recorded. (B) Heat maps showing that an
OLM-ablated mouse, unlike the control mouse, does not show a preference
for the object with a novel location (D, displaced) over the object that has not
been moved (S, stationary). (C) Summary of exploration time for each object
showing that the littermate controls spent significantly more time on the object
with a novel location, whereas OLM-ablated mice did not show a preference for
the object with a novel location. (D) The DI of OLM-ablated mice was signifi-
cantly lower than that of control mice. (E) A schematic drawing showing the
NORT. In this task one of the initial objects placed during the training phase was
replaced with a novel object before the testing phase. (F) Heat maps showing
that both control and OLM-ablated mice preferred the novel (N) over the fa-
miliar (F) object. (G) OLM-ablated mice spent significantly more time on ex-
ploring the novel object, as did the control mice. (H) Summary bar graph
showing that DI of the OLM-ablated mice was not significantly different from
that of controls. (/) OLM-ablated mice were tested for the spontaneous alter-
nation task on a Y-maze with extramaze spatial cues to determine their spatial
working memory. (J) OLM-ablated mice showed significantly reduced sponta-
neous alternation performance compared with their littermate controls. See also
Figs. S4-S6. (K) A proposed model of cholinergic regulation of the hippocampus—
EC circuit. ACh stimulates OLM interneurons in the hippocampus by activating
M1 muscarinic AChRs expressed on OLM interneurons. The activation of OLM
interneurons causes an increase in GABAergic synaptic inputs to the dendrites
of CA1 pyramidal neurons in the stratum lacunosum moleculare layer, which
effectively suppresses the temporoammonic (TA) pathway-induced firing of CA1
pyramidal neurons. This suppresses the memory-consolidation circuits (by decreas-
ing output to the ECV), which then may allow CA1 pyramidal neurons to be
available for regulation via the memory-encoding pathway. *P < 0.05; **P < 0.01.

ANOVA followed by Sidak’s multiple-comparisons test], whereas
OLM-ablated mice spent comparable amounts of time with either
object [stationary object, 25.6 + 3.5 s vs. displaced object, 25.1 +
2.5 s, n = 11 mice, #(19) = 0.135, P = 0.9888, two-way ANOVA
followed by Sidak’s multiple-comparisons test] (Fig. 5 B and C).
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The discrimination index (DI) in OLM-ablated mice was signifi-
cantly lower than that of the control group, indicating impaired
spatial memory [control, 21.17 + 4.19, n = 10 mice; OLM-abated,
0.06 + 7.94, n = 11 mice, #(19) = 2.283, P = 0.0341, Student’s
unpaired ¢ test] (Fig. 5D).

The novel object recognition task (NORT) is similar to the
OLT, but instead of one of the objects being moved, one of the
objects is replaced (Fig. SE). The NORT without contextual
or temporal factors is generally considered a hippocampus-
independent memory task (66, 68). In our NORT tests, which
did not include a contextual or temporal component, the OLM-
ablated mice exhibited preference for the novel over the familiar
object [familiar object,13.8 + 2.2 s vs. novel object, 33.0 + 3.2 s,
n = 6 mice, #(19) = 4.593, P = 0.0015, two-way ANOVA with
Sidak’s multiple-comparisons test], as did control mice [familiar
object, 14.0 + 1.8 s vs. novel object, 28.4 + 3.9 s, n = 7 mice,
t(19) = 3.719, P = 0.0068, two-way ANOVA with Sidak’s
multiple-comparisons test] (Fig. 5 F and G). The DI of the OLM-
ablated mice was not significantly different from the control
group, indicating that they had intact object-recognition memory
[control, 33.53 + 7.29, n = 7, OLM-ablated, 40.70 + 9.06, n =
6 mice, #(11) = 0.6225, P = 0.5463, Student’s unpaired ¢ test]
(Fig. 5H).

To further assess the functional specificity of OLM interneu-
rons in memory formation, we investigated whether OLM-
ablated mice have intact spatial working memory using the
Y-maze. We utilized the Y-maze spontaneous alternation test,
which is based on the rodents’ innate curiosity to explore more
novel spaces; a higher spontaneous alternation rate indicates
more intact spatial working memory (Fig. 5I). OLM-ablated
mice showed reduced spontaneous alternation performance in
the Y-maze task compared with their Cre-negative littermates
[control, 53.92 + 3.46%, n = 8 mice; OLM-ablated, 45.51 +
1.91%, n = 12 mice, #(18) = 2.298, P = 0.0337, Student’s un-
paired ¢ test] (Fig. 5J), suggesting impaired spatial working
memory. Direct (control, 9.1 + 1.8%; OLM-ablated, 12.5 =+
1.6%) and indirect revisits (control, 24.8 + 2.7%; OLM-ablated,
27.0 = 1.5%) in OLM-ablated mice were not significantly dif-
ferent from the control group (Fig. S5). Together, these results
indicate a critical role for OLM interneurons in hippocampus-
dependent memory, which is impaired when these neurons are
ablated. The OLM-ablated mice did not show any significant
change in body weight gain, locomotion, or anxiety-related be-
havior (Fig. S6).

Discussion

A critical role for ACh in memory function has previously been
shown in rodents as well as in humans, in which dysfunction of
the cholinergic system causes memory impairment (4, 14, 69-73).
Using slice electrophysiology, it has been shown that at the cir-
cuit level ACh modulates intrinsic connections in the hippo-
campus (15-17, 38, 40, 41). However, one important remaining
question has been whether ACh regulates the hippocampal
output to the EC. Using a variety of in vitro and in vivo tech-
niques, we show here that cholinergic neurons in the medial
septum suppress the hippocampal output to the deep-layer EC
and that this has implications for memory formation.

Given that the hippocampus-EC circuit is the gateway to the
memory-consolidation pathway (1, 2, 74), the cholinergic sup-
pression of hippocampal output that we observed is in parallel
with the previous studies that show differential effects of ACh on
the memory-encoding and -consolidation processes. It has been
shown that ACh not only stimulates memory encoding but also
suppresses the memory-consolidation process (4, 6, 12-14). This
ensures that the memory-encoding and -consolidation pathways
are temporally separated, preventing them from interfering with
each other (3-7). However, until now it has remained unclear
how ACh suppresses the consolidation process. Our data suggest
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that ACh suppresses the hippocampal output to the EC, the
passage to the consolidation pathway, and that this regulation is
critical for proper formation of hippocampus-dependent memory.

What is the mechanism that might explain our observation
that suppression of the CAI1-EC circuit is critical for proper
memory formation? As a part of the memory consolidation
pathway, ECV neurons project to neurons in the neocortex to
convey hippocampal information for the formation of long-term
memory, but at the same time these neurons also project to the
superficial layer in the EC, which subsequently projects back to
the hippocampal area CAl (25, 26). The recurrent pathway,
called the “temporoammonic pathway,” has been shown to be
critical for memory consolidation (22), allowing the reentrance
of the processed information back to the hippocampus. How-
ever, given that the same type of neurons (i.e., CAl pyramidal
neurons) also receive the Schaffer collateral inputs as a part
of memory-encoding pathway, overactivation of the recurrent
pathway (i.e., the ECV-ECIII-CA1 temporoammonic pathway)
will interfere with incoming information from the neocortex
during encoding. As such, cholinergic suppression of the hip-
pocampal output during encoding might be essential in tempo-
rarily separating the recurrent inputs from newly incoming
information (Fig. 5K).

Additionally, when we further examined the hippocampus—-EC
circuit using in vitro slice electrophysiology and in vivo pho-
tometry recording in combination with optogenetics and che-
mogenetics, we found that OLM interneurons, which are a
negative-feedback regulator, played a critical role in the cholin-
ergic regulation of the informational flow from the hippocampus
to the EC. OLM interneurons innervate the distal dendrites of
CA1 pyramidal neurons in the stratum lacunosum moleculare,
where the temporoammonic pathway from the EC arrives. This
anatomical structure allows the OLM interneurons to selectively
inhibit the temporoammonic inputs (28). The OLM neuron-
mediated negative-feedback mechanism suggests an important
aspect of the cholinergic regulation, which is that ACh can se-
lectively tune the temporoammonic pathway-induced firing of
CA1 pyramidal neurons without limiting the Schaffer collateral
pathway-induced firing. Using behavioral studies, we demon-
strated that the negative-feedback inhibition mediated by OLM
interneurons plays a critical role in memory encoding. These
findings complement previous studies on the firing pattern of
OLM interneurons; OLM interneurons fire more actively when
an animal is awake and engaged in learning and are suppressed
when the animal is asleep or at rest, during which time newly
formed memory is consolidated (75, 76). However, the critical
role for the OLM in learning has remained unclear until now.
Our results demonstrate that OLM interneurons are crucial in
the encoding of hippocampus-dependent memory via suppres-
sion of the CA1-ECV pathway.

In this study, we found that OLM interneurons in the in-
termediate/ventral hippocampus play a critical role in the encod-
ing of spatial memory. These results are surprising, given that
early anatomical and lesion studies have shown that the dorsal
hippocampus is critical for spatial and episodic memory, whereas
the ventral hippocampus is involved in emotional behaviors or
the stress response. This discrepancy can be explained by the
following two reasons. First, it has been shown that each OLM
interneuron makes more than 10,000 synaptic boutons in the
stratum lacunosum moleculare layer, thereby affecting a large
number of CAl pyramidal neurons (27). As such, OLM inter-
neurons located in the ventral/intermediate hippocampus may
affect CA1 pyramidal neurons in the dorsal hippocampus. Sec-
ond, data from recent studies suggest that the ventral hippo-
campus is also involved in spatial and contextual memory by
interacting with the dorsal hippocampus (77, 78). Cells in the
ventral hippocampus, similar to the dorsal hippocampus, fire
action potentials when an animal is in a specific field of space,
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called “the place field,” suggesting a role in spatial processing.
The ventral hippocampal neurons, having larger place fields than cells
in the dorsal hippocampus (79), have been suggested to play a role in
higher-order memory representations (80).

Using in vitro slice electrophysiology, we have shown that pho-
toactivation of either cholinergic or OLM interneurons can effec-
tively control the CA1 output to the EC circuit. It is possible that
our optogenetic stimulation activates the neurons differently from
the in vivo condition, inducing an unnatural firing frequency or
mode of firing. To rule out this possibility, in our in vivo fiber pho-
tometry experiments we inhibited the neurons during the condition
when cholinergic tone is naturally high; the results showed an increase
in EC activity (Fig. 4), consistent with our in vitro observations.

In conclusion, we demonstrate that cholinergic inputs originating
from the medial septum effectively suppress the hippocampal out-
put to EC by increasing negative-feedback inhibition through OLM
interneurons and that this regulation is critical for hippocampus-
dependent memory. Dissection of the cholinergic regulation of the
hippocampal circuit and identification of the key players will allow
better understanding of cholinergic modulation of memory function.
Our results are consistent with findings in humans showing the se-
lective loss of OLM interneurons in age-related cognitive impair-
ments (81) and suggest that this pathway may be a target for therapeutic
interventions.

Materials and Methods

Animals. ChAT-IRES-Cre and Som-IRES-Cre knockin mice were originally
obtained from the Jackson Laboratory. The Chrna-cre transgenic mouse line
was originally obtained from Mutant Mouse Resource and Research Centers
(MMRRC). Three- to ten-month-old male mice were used for fiber photom-
etry recordings, rabies virus-based monosynaptic tracing, and behavioral
testing. All animal procedures were performed according to the animal
study protocols approved by the National Institute of Environmental Health
Sciences Animal Care and Use Committee and in compliance with the NIH
Humane Care and Use of Animals regulations.
Details regarding animals can be found in S/ Materials and Methods.

Monosynaptic Tracing. The AAV helper virus (AAV9-CaMKlla-T2A-TVA-E2A-
B19G) was injected into the ECV of 10- to 12-wk-old ChAT-IRES-Cre mice.
After a minimum of 4 wk of recovery post AAV virus injection, the attenu-
ated G-deleted rabies virus (EnvA G-deleted Rabies-mCherry) was injected to
the ECV. Seven to ten days after the rabies injection, mice were trans-
cardially perfused for immunohistochemical staining. The details of virus
injection can be found in S/ Materials and Methods.

Septo-Hippocampal Coculture System. The coculture was made from 7- to 8-d-
old ChAT-IRES-Cre mice. A coronal slice containing the medial septum was
placed near a horizontal slice containing the hippocampus, which was cul-
tured at least for 2 wk before being used for electrophysiological recordings.
Virus was injected into slices using a microinjector through a glass pipette
targeting the area of interest. The details of the coculture system and virus
injection can be found in S/ Materials and Methods.

In Vivo Fiber Photometry. A fiber photometry system similar to that previously
described (61) was used for in vivo measurements of GCaMP6f fluorescence in
ECV neurons. After a minimum of 4 wk of recovery after intracerebral mi-
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croinjection of the virus, optical probes were implanted in the deep layers of
the EC. At least 2 wk of recovery were allowed before in vivo measurement of
fluorescence signals. The normalized ratio of GCaMP6f/tdTomato (Rgxqg) Was
used to represent calcium signals. The details of virus injection, photometry
setup, and data analysis can be found in SI Materials and Methods.

Electrophysiology. Electrophysiological recordings were performed on a
horizontal hippocampal slice. For electrical stimulation, a bipolar stimulating
electrode was lowered to the region of interest before recordings. Synaptic
currents were recorded at —60 mV using the whole-cell patch-clamp con-
figuration. For recording of spikes, whole-cell current-clamp or loose-seal
recordings were used. For loose-seal recordings, spike currents were recor-
ded at the membrane potential with 0 pA current injection. The details of
the experiments can be found in S/ Materials and Methods.

Immunohistochemistry. For tissue collection, mice were transcardially per-
fused with 4% paraformaldehyde (PFA) in 0.1 M PBS with heparin. The brains
were then equilibrated with 30% sucrose and were frozen for cryosection.
Sections were then incubated with a primary antibody overnight, which was
followed by a 2- to 4-h incubation with a secondary antibody. The sections
were imaged on a confocal microscope (Zeiss LSM 710 or LSM 880; Carl Zeiss).
The details of immunostaining, imaging, and data analysis can be found in S/
Materials and Methods.

Behavioral Assays. After virus injection, mice were allowed to recover for at
least 3 wk before behavioral testing. Before being tested for the OLT, mice
were habituated to the open-field chambers for 3 d for 10 min/d. The mouse’s
ambulatory distance and time spent in the central zone were recorded
during the first day of habituation. During the 10-min training phase, the
mouse was placed in the open-field chamber where two identical objects
were placed. Mice were placed back in the same arena after a retention
delay of 20 min, during which one of the objects was moved to a new lo-
cation (OLT) or replaced with a novel object (NORT). The DI was calculated as
follows: (Thovel = Ttamiliar)(Tnovel + Tfamiliar) X 100. For the Y-maze sponta-
neous alternation task, mice were placed on a Y-maze for 8 min, during
which they were allowed to freely explore the three distal arms. The percent
of spontaneous alternations was calculated by dividing the number of al-
ternations by the maximum possible number of alternations as follows:
(number of alternations)/(total number of arm entries — 2) x 100. The details
of behavioral tests can be found in S/ Materials and Methods.

Statistics. For comparison of two groups, Student’s t test and Mann-Whitney
U test were used. For comparisons of multiple groups, ANOVA and Wilcoxon
signed-rank test were used. Pairwise comparisons were performed using
Sidak’s multiple-comparisons and Tukey’s test. The details of statistical tests
can be found in S/ Materials and Methods.
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