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Acetylcholine regulates various cognitive functions through broad cholinergic
innervation. However, specific cholinergic subpopulations, circuits and
molecular mechanisms underlying recognition memory remain largely
unknown. Here we show that Ngfr" cholinergic neurons in the substantia
innominate (SI)/nucleus basalis of Meynert (nBM)-medial prefrontal cortex
(mPFC) circuit selectively underlies recency judgements. Loss of nerve growth
factor receptor (Ngfr”~ mice) reduced the excitability of cholinergic neurons in
the SI/nBM-mPFC circuit but not in the medial septum (MS)-hippocampus
pathway, and impaired temporal order memory but not novel object and
object location recognition. Expression of Ngfr in Ngfr’~ SI/nBM restored
defected temporal order memory. Fiber photometry revealed that acet-
ylcholine release in mPFC not only predicted object encounters but also
mediated recency judgments of objects, and such acetylcholine release was
absent in Ngfr”- mPFC. Chemogenetic and optogenetic inhibition of SI/nBM
projection to mPFC in ChAT-Cre mice diminished mPFC acetylcholine release
and deteriorated temporal order recognition. Impaired cholinergic activity led
to a depolarizing shift of GABAergic inputs to mPFC pyramidal neurons, due to
disturbed KCC2-mediated chloride gradients. Finally, potentiation of acet-
ylcholine signaling upregulated KCC2 levels, restored GABAergic driving force
and rescued temporal order recognition deficits in Ngfr”" mice. Thus, NGFR-
dependent SI/nBM-mPFC cholinergic circuit underlies temporal order recog-
nition memory.

Recognition memory refers to the ability to distinguish something
novel from familiar. It involves the judgment of prior experiences on
object, location, as well as their temporal order relationship'.
Experimentally, four subtypes of recognition memory tasks have been
used in rats to examine the underlying mechanisms: novel object
preference, temporal order, object location, and object-in-place*’.
Lesions studies suggest that the perirhinal cortex (PRH) plays a key
role in all four subtypes of recognition memory, whereas hippocampus

(HP) and medial prefrontal cortex (mPFC) are more involved in the
spatial and temporal aspects of recognition rather than object recog-
nition per se*’. Moreover, interference of acetylcholine (ACh)-releas-
ing cholinergic projections to these critical brain structures also
disturbs recognition memory. Cholinergic projection neurons pre-
dominantly reside in the basal forebrain (BF), and lesions of BF sig-
nificantly damage recognition memory* . However, specific
cholinergic circuits, namely cholinergic neurons from which BF nuclei
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projecting to which cortical or subcortical structures, underlie which
subtypes and what aspects of recognition memory remain largely
unknown. More importantly, how ACh signals help neuronal control of
the spatial and temporal aspects of object recognition are not under-
stood. By utilizing a newly developed ACh sensor capable of detecting
ACh release with high sensitivity and spatiotemporal resolution during
memory task, combined with chemogenetic and optogenetic tech-
nologies to manipulate the activity of cholinergic neurons, we may
uncover the intricate relationship between ACh dynamics and the
precise behavioral outcomes associated with recognition memory"-2,

In addition to BF, the cholinergic neurons are dispersed in many
brain regions including the brainstem, thalamus, striatum, and cortex,
and regulate a wide variety of physiological functions ranging from
sleep, attention, to mood and memory'". An important task in mod-
ern neuroscience is to determine the functional heterogeneity of the
cholinergic neurons and their molecular signature within each anato-
mical boundary. Within BF, the cholinergic projection neurons are
clustered in a series of nuclei following a rostral to caudal direction,
including the medial septuml (MS), the vertical and horizontal sub-
divisions of the diagonal band (vDB, hDB), the ventral pallidum (VP),
the substantia innominate (SI) and the nucleus basalis of Meynert
(nBM). During the development, the caudally located cholinergic
neurons are early-born (SI/nBM), whereas the rostrally located choli-
nergic neurons are later-born (MS/DB), under different transcriptional
controls™. In addition to the subcluster segregation by birthdate, the
BF cholinergic projection neurons are specified by their outputs and
function. Specifically, the MS, VP, and DB cholinergic neurons form
functional clusters that project primarily to the hippocampus, para-
hippocampus, olfactory bulb, and midline cortical structures. By
contrast, the Sl and nBM subpopulations predominantly innervate the
neocortex and amygdala®. While the BF cholinergic subpopulations
show broad heterogeneity, the functional significance underlying the
diverse cholinergic subpopulations remains elusive.

Differentiation of BF cholinergic neurons is supported by the
neurotrophic factors derived from projection targets'. Accordingly,
cholinergic neurons express neurotrophic receptors for signaling
transduction, including NGFR (also known as p75™™®), TRKA, TRKB, and
TRKC". Among these, NGFR shows remarkable changes in expression
pattern along brain development. At the embryonic stage, NGFR is
expressed in many types of neurons but its expression dramatically
declines postnatally”. Cell culture experiments demonstrated that
activation of NGFR by proBDNF, the precursor of brain-derived neu-
rotrophic factor (BDNF), could lead to axonal collapses, dendritic
atrophy, and spine shrinkage" . It appears that the proper develop-
ment of the nervous system requires a balance between proBDNF-
NGFR and mature BDNF-TrkB signaling”’2°. In the adult brain, NGFR is
robustly and almost exclusively expressed in BF cholinergic
neurons”>’, Whether NGFR regulates the survival and/or function of
BF cholinergic neurons remains unresolved. Both increase and
decrease in the number of BF cholinergic neurons were reported using
various Ngfr knockout mice?* % The apparent effect of NGFR on cell
death seems inconsistent with its selectively high expression in BF
cholinergic neurons in the adult brain, suggesting that the major
function for NGFR may not be for the survival of these neurons.

What is the molecular and circuitry mechanism underlying the
integrated cholinergic regulation of recognition memory? In this
study, we illustrate the functional specificity of Ngfr" cholinergic pro-
jection neurons and examine their selective regulation of three types
of recognition. Using single-cell RNA sequencing data, we character-
ized the molecular signature of cholinergic subpopulations from dif-
ferent anatomical boundaries. Chemogenetic and optogenetic
manipulation of cholinergic circuitry was performed to determine the
differential effect of cholinergic innervations in recency judgments. To
understand how ACh signals help to discriminate objects in temporal
order, we monitored ACh dynamics with an advanced high sensitivity

ACh sensor, coupled with detailed behavioral changes during the
recognition process. Further, a series of electrophysiological record-
ings were performed to unravel the effect of cholinergic activity in
shaping GABAergic transmission polarity, which mediates recency
judgments. Collectively, our results suggest that Ngfr* SI/nBM-mPFC
circuit selectively regulates recency judgment in recognition memory.

Results

Ngfr specifies cholinergic projection neurons in BF

Previous studies have classified four types of cholinergic neurons,
based on their anatomical locations: (1) projection neurons in the BF
and brainstem; (2) interneurons in the striatum, cortex, and hippo-
campus; (3) glutamatergic neurons in the thalamus, and (4) motor
neurons in the hindbrain and spinal cord"***, We employed the single-
cell RNA sequencing datasets, which established an atlas of cell-type-
specific gene expression patterns of the adolescent and adult mouse
nervous system, to investigate the molecular signatures of different
types of cholinergic neurons. In the DropViz single-cell RNA sequen-
cing dataset®, we analyzed cholinergic neurons distributed in different
brain regions, including globus pallidus externus and nucleus basalis
(66,318 cells), thalamus (89,027 cells), frontal cortex (156,167 cells),
posterior cortex (99,186 cells), and striatum (77,037 cells) (Fig. 1a).
Cholinergic neurons are defined by the specific expression of choline
acetyltransferase (CHAT, encoded by Chat) and the vesicular ACh
transporter (VACHT, encoded by Slc18a3). Cholinergic neurons from
these anatomical boundaries were integrated into a uniform manifold
approximation and projection (UMAP) space (Fig. 1b). Interestingly,
cholinergic neurons from different anatomical locations showed
remarkable molecular diversity (Fig. 1c). To define the molecular sig-
nature for each cholinergic cluster, top differentially expressed genes
(DEGs) were selected for further analysis. Subclustering analysis
identified Ngfr as a key marker for cholinergic neurons originating
from the BF, while Slc17a8 for those from the striatum. Nwd2 labels the
cholinergic population originating from the thalamus, and Vip marks
the subpopulation of cholinergic neurons in the cortex (Fig. 1d). To
corroborate these findings, we examined these molecular markers
using another single-cell RNA sequencing dataset Mousebrain®. Chat-
expressing cholinergic neurons from different anatomical locations
were clustered by UMAP (Supplementary Fig. 1a). Consistently, Ngfr
exclusively marked BF cholinergic neuron (cluster: DECHOL1). Likewise,
Slc17a8 labeled cholinergic subcluster in the striatum (cluster:
TECHO), Nwd?2 tagged neurons originating from the thalamus (cluster:
DECHO2), and Vip marked those from the cortex (cluster: TEINH4),
respectively (Supplementary Fig. 1b). Thus, molecular markers for
each cholinergic subcluster are strongly correlated between individual
datasets.

Moreover, comparison of the expression pattern of BF cholinergic
neurons and that from the other three regions in the DropViz and
Mousebrain dataset, we found that Ngfr, rather than the other reported
neurotrophic receptors, showed exclusively abundant expression in
the BF (Fig. 1e and Supplementary Fig. 1c-e). To validate these results,
we performed immunofluorescence of cholinergic neurons in the
brain of adult mice. Cholinergic neurons labeled with ChAT were
identified in the MS/vDB and SI/nBM within BF, habenula within the
thalamus, and caudate putamen within the striatum (Fig. 1f). By con-
trast, we only detected NGFR expression in the ChAT" cholinergic
neurons from BF, but not those from habenula or caudate putamen.
Therefore, our findings provide solid evidence that Ngfr serves as a
defining marker for BF cholinergic projection neurons.

NGFR regulates the excitability of cholinergic neuron in SI/nBM
but not MS

We further analyzed the enriched biological processes associated with
distinct expression patterns of the Ngfr* cholinergic neurons in the BF
versus Ngfr cholinergic neurons in the other anatomical locations.
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Based upon the DropViz and Mousebrain single-cell RNA sequencing
datasets, GSEA analyses using GO annotation indicated that pathways
related to the regulation of synaptic signaling, neurotransmitter
transport, exocytosis and vesicle-mediated transport in synapse are
associated with NGFR expression (Fig. 2a and Supplementary Fig. 2a).
These results suggest that NGFR may regulate cholinergic neuronal
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activity and synaptic transmission. Thus, we investigated whether
disruption of Ngfr would affect the excitability of cholinergic neuron.
To this end, Ngfr”* and Ngfr’~ mice were crossed with a ChAT-EGFP
transgenic line so that all BF cholinergic neurons were labeled with
green fluorescence protein (GFP) (Supplementary Fig. 2b). Previous
studies demonstrated that SI/nBM and MS cholinergic neurons, the
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Fig. 1| Ngfr specifies cholinergic projection neurons in BF. a Schematic illus-
tration of the cholinergic neurons that dispersed in the basal forebrain (BF), stria-
tum (STR), cortex (CTX), and thalamus (TH). b Visualization of cholinergic neuron
clusters from different anatomic boundaries using UMAP (single-cell RNA
sequencing data from the DropViz dataset). Numbers of Chat" cholinergic neuron
sampled in each region are indicated. BF, n =142 cells; STR, n =144 cells; CTX,
n=111 cells; TH, n=109 cells. ¢ Hierarchical clustering of the expression profile of
cholinergic neurons from different regions. Top five differentially expressed genes
(DEGs) in each cholinergic cluster are indicated. d Visualization of each cholinergic
cluster using specific marker genes in UMAP. Cholinergic, Chat and Slc18a3; basal
forebrain, Ngfr; striatum, Slc17a8; thalamus, Nwd2; cortex, Vip. e Volcano plot

showing the DEGs that differentiate the BF cholinergic projection neurons from the
other cholinergic clusters. Top DEGs are highlighted (log; fold change > 1, g < 0.05).
log, fold change > 1 indicates genes enriched in the BF cholinergic neurons. f Spatial
distribution of ChAT and NGFR expression. Sagittal brain section of wild-type mice
at the age of 3 months is subjected to immunofluorescence staining. NGFR co-
localized with ChAT* cholinergic neurons in the MS/vDB (top row) and SI/nBM
(bottom row), but not with the cholinergic neurons in the MHb (top row) and CPu
(bottom row). MHb medial habenular nucleus, CPu caudate putamen. Scale bar,

1 mm. Statistical analyses in (c) and (e) were performed by two-sided Wilcoxon
rank-sum test, p value adjusted by false discovery rate (FDR) to get the g value.

two subpopulations of BF cholinergic neurons, exhibit distinct fea-
tures in fate specification, spatial localization and projecting patterns'.
Specifically, the caudally located early-born SI/nBM cholinergic neu-
rons project primarily to mPFC and other cortical regions, whereas
rostrally located late-born MS cholinergic neurons mainly innervate
hippocampus and subcortical structures. Thus, we performed whole-
cell clamp recordings of these two subpopulations separately. A
depolarizing current step triggered a train of action potentials in the
cholinergic neurons of the SI/nBM from the Ngfr”* mice. Surprisingly,
the identical depolarizing current step resulted in a significantly
reduced number of action potentials in the Ngfr’~ SI/nBM cholinergic
neuron (Fig. 2b). A systematic analysis using depolarizing steps of
increasing amplitudes demonstrated a consistent decrease in the
firing frequency of Ngfr’~ neurons as compared with the Ngfr*'*
neurons, suggesting a reduced excitability in the SI/nBM neurons
of the Ngfr’~ mice (Fig. 2c). Next, whole-cell current-clamp
recordings were performed on the MS cholinergic neurons
(Fig. 2d). Interestingly, spike frequency was not altered in the
Ngfr~ MS cholinergic neurons (Fig. 2e). Further, we examined the
membrane electrophysiological properties (resting membrane
potential (RMP), input resistance, action potential threshold,
amplitude and half-width) of SI/nBM and MS cholinergic neurons,
and found no difference between Ngfr* and Ngfr’~ mice (Sup-
plementary Table 1). These data indicate that NGFR selectively
regulates the excitability of a subpopulation of BF cholinergic
neurons in the SI/nBM, but not those in the MS.

To determine whether the changes in neuronal excitability are
due to an alteration of health and wellbeing of the SI/nBM neurons, we
examined the cholinergic cell number from the SI/nBM in the Ngfr”
mice. Quantification of ChAT" cell number in the SI/nBM indicated no
significant difference between Ngfr*’* and Ngfr”’~ mice (Supplementary
Fig. 2c, d, Ngfr”", 40.43 £1.15; Ngfr”’", 43.76 +1.93). We thus demon-
strated that NGFR regulates cholinergic activity without affecting
cholinergic cell number at the adult stage of Ngfr” mice.

Ngfr”~ mice show defective temporal order recognition memory
Next, we investigated the behavioral outcome of changes in the SI/
nBM neuron excitability. It has been reported that IgG 192 saporin
lesions of cholinergic inputs from BF lead to recognition memory
deficits®*. Given NGFR’s differential regulation of BF cholinergic sub-
populations, we investigated three specific types of recognition
memory. These types correspond to temporal order, novel object, and
object location recognition?, which represent the ability to discern
recency, familiarity, and location, respectively’. The object-in-place
test was too difficult for mice to perform and therefore was not
examined. In the temporal order recognition test, mice were exposed
to two identical objects in sample phase 1 and 1 h later to another two
identical objects (but different from those used in sample phase 1) in
sample phase 2. After 3 h, mice would generally spend more time
exploring the object from sample phase 1, compared to that from
sample phase 2, owing to instinctive tendency to explore the earlier
acquaintance of the two familiar objects (Fig. 3a). We found that unlike
the Ngfr'”* mice, the Ngfr’ mice did not show a preference for the

earlier objects from sample phase 1. The discrimination ratio in the test
phase was 0.54 + 0.09 for Ngfr”* mice and 0.01 + 0.08 for Ngfr”~ mice
(Fig. 3b). These results suggest that loss of NGFR leads to significant
impairment in temporal order recognition memory. There was no
difference between Ngfr”* and Ngfr”’~ mice in the total time spent
exploring the objects during sample phase 1, sample phase 2, and test
phase (Fig. 3c). Moreover, Ngfr”* and Ngfr”’~ mice exhibited similar
overall locomotor activity (Fig. 3d, e). Thus, the reduction in dis-
crimination ratio in the temporal order recognition test seen in Ngfr’~
mice was not due to deficits in motor control. Taken together, we
found that Ngfr, as a unique molecular identifier of BF cholinergic
neurons, regulates behavioral outputs of temporal order recognition
memory.

To determine whether the familiarity and spatial aspects of
recognition memory were affected in Ngfr’”~ mice, we further per-
formed novel object recognition and object location preference tests.
In the novel object recognition test, mice were initially exposed to two
identical objects during the sample phase, followed by a test phase
where they were presented with one familiar object and one novel
object (Fig. 3f). Mice generally spent more time on the novel object as
compared with the familiar one. In this test, Ngfr'"* and Ngfr’~ mice
exhibited no statistical difference in discrimination ratio (Fig. 3g, Ngfr"/
*, 0.48 £0.12; Ngfr”’", 0.31+£0.09). In the object location preference
test, mice were initially exposed to two identical objects during the
sample phase. After 1 h interval, the mice were presented with the same
two objects again, with one object in its original location and the other
in a new location (Fig. 3i). Mice likely spent more time on the object
relocated to a new location. Again, the Ngfr** and Ngfr”~ mice showed
no significant difference in the object location recognition (Fig. 3j,
Ngfr'*, 0.42 +0.13; Ngfr’", 0.30 + 0.11). There was no statistical differ-
ence between Ngfr”* and Ngfr’~ mice in the amount of time spent
exploring the objects during the sample phase and test phase in each
of these two tests (Fig. 3h, k). These results indicate that NGFR speci-
fically regulates recency judgment but not familiarity discrimination or
spatial recognition.

To determine whether impairment in temporal order recognition
in Ngfr’~ mice was attributable to development compensatory effects,
we performed both rescue experiments in adult Ngfr/~ mice and
cholinergic-specific knockdown of Ngfr expression experiments in
adult wild-type mice. Specifically, we bilaterally injected Ngfr-expres-
sing adeno-associated virus (AAV) 9 or control virus under the control
of cholinergic-specific promoter into SI/nBM of Ngfr’~ mice at ages of
2-5 months. Immunofluorescence staining revealed significant NGFR
immunoreactivity in SI/nBM but not in other regions, indicating re-
expression of NGFR in the Ngfr”’~ mice (Supplementary Fig. 3a, bottom
row). Behavioral tests were performed 4 weeks after Ngfr-virus injec-
tion. We found that NGFR expression in SI/nBM rescued the impair-
ment in temporal order recognition memory (Supplementary Fig. 3b,
Ngfr ' :control, —0.23 + 0.15; Ngfr’":Ngfr, 0.15 + 0.07), without affecting
novel object recognition (Supplementary Fig. 3c, Ngfr’ :control,
0.06 +0.05; Ngfr’:Ngfr, 0.14 + 0.04) and object location recognition
(Supplementary Fig. 3d, Ngfr’:control, 0.17+0.06; Ngfr’ :Ngfr,
0.13+0.07). Moreover, we bilaterally injected AAV9-ChAT-mini
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Fig. 2 | Ngfr’~ mice show decreased intrinsic excitability of cholinergic neurons
in SI/nBM but not MS. a Gene set enrichment analysis (GSEA) of gene expression
profiles of BF cholinergic projection neurons versus cholinergic clusters from the
other brain regions (single-cell RNA sequencing data from the DropViz dataset).
The GO database is used for the annotation of biological process. GSEA results are
plotted based on the normalized enrichment scores (NES). g values for each
pathway are determined by FDR. b Representative traces of cholinergic action
potential discharges evoked by long depolarization pulse (300 pA, 15s) in the SI/
nBM of both Ngfr*’* and Ngfr”~ mice. c Intrinsic excitability is calculated as action
potential numbers plotted against the depolarizing currents injected into the
cholinergic neuron in whole-cell current-clamp recordings. The excitability of SI/

. L 40 mV

+/+

nBM cholinergic neurons of Ngfr”~ mice was significantly lower than that of Ngfr
mice. Finteraction(8,176) =10.24, p < 0.0001; Feyrrents(1.40,30.74) = 61.41, p < 0.0001;
Fgenotype(1,22) =17.21, p= 0.0004. Ngfr”*, n =12 cells from 7 mice; Ngfr’", n=12 cells
from 7 mice. d Representative traces of cholinergic action potentials evoked by
long depolarization pulse (300 pA, 1s) in the MS. e Quantification plots of MS
cholinergic neuron actional potential numbers against a series of depolarizing
events. Finceraction(8,128) = 1.21, p = 0.30; Feurrents(1.51,24.11) = 9.32, p = 0.0022;
Fgenotype(1,16) =0.28, p=0.61. Ngfr'*, n=9 cells from 5 mice; Ngfr’", n=9 cells from
7 mice. Numerical data are means + SEM. Statistical analyses in (c) and (e) were
performed by two-way ANOVA with Sidak’s multiple comparisons. ***p < 0.0001;
ns not significant. Source data are provided as a Source Data file.

TK promoter-miR30shRNA(Ngfr), which would knockdown Ngfr
expression through antisense shRNA, or the control virus, into SI/nBM
of wild-type mice at ages of 2-3 months. Immunofluorescence stain-
ing revealed a marked reduction in NGFR expression in the wild-type
SI/nBM cholinergic neurons (Supplementary Fig. 3e, bottom row).
Consistently, reduction in NGFR expression significantly deterio-
rated temporal order recognition memory (Supplementary Fig. 3f,
Control, 0.32+0.10; Ngfr shRNA, —0.37 £ 0.10), leaving intact the

novel object recognition (Supplementary Fig. 3g, Control,
0.17 £ 0.06; Ngfr shRNA, 0.05 + 0.05) and the object location recog-
nition (Supplementary Fig. 3h, Control, 0.26 +0.07; Ngfr shRNA,
0.14 + 0.04). Taken together, these data provided solid evidence that
the SI/nBM Ngfr expression controls temporal order recognition by
regulating the electrophysiological function of the cholinergic neu-
rons itself in the adult, rather than affecting nervous system devel-
opment in general.
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Decreased ACh release in mPFC underlies defective temporal
order recognition in Ngfr '~ mice

The cholinergic neurons in the SI/nBM project to cortical regions, and
among them, mPFC has been reported as a main cholinergic target for
the complex temporal order recognition process*’>S. We therefore
examined ACh release in mPFC using a newly developed ACh fluor-
escent indicator ACh3.0, and examined ACh dynamics in mice per-
forming temporal order recognition memory task. The improved
ACh3.0 sensor exhibits precise spatiotemporal resolution in ACh
detection®”*°. The ACh3.0 sensor delivered by the AAV system

1 1
Ngfr”* Ngfr”

Sample phase Test phase

together with the optical fiber was introduced to the mPFC of Ngfr*’*
and Ngfr’~ mice (Fig. 4a). Strong GFP signal indicated expression of
ACh3.0 sensor (Fig. 4b). The fluorescent signal representing ACh
release in mPFC was recorded by photometry, and the correlation
between ACh dynamics and behavioral outcomes was analyzed.
Remarkably, we found that the rising of ACh signal always occurred
1-2 s before wild-type mice encountered the objects, and declined
rapidly when they moved away from the exploration of objects, sug-
gesting that the ACh signal may function as an initiator for the
recognition processing (Fig. 4c, d and Supplementary Movie 1).
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Fig. 3 | Ngfr’~ mice show defective temporal order recognition memory.

a Diagram of temporal order recognition test. b Performance of temporal order
memory is assessed by discrimination ratio in the test phase, as defined as
“(exploration time of the object from sample phase 1 - exploration time of the
object from sample phase 2)/total exploration time”. Ngfr’~ mice exhibited a sig-
nificantly decreased discrimination ratio in temporal order recognition compared
with Ngfr** mice. p =0.0008. The number of mice used in this and all other figures
is indicated by n. Ngfr"*, n=8; Ngfr"", n=9. ¢ No significant difference in the
exploration time during each sample and test phase of the temporal order recog-
nition test between genotypes. Ngfr*, n=8; Ngfr’", n=9. d, e No significant dif-
ference in locomotor activity in Ngfr*’* and Ngfr”’~ mice. Total distance, p = 0.48 (d)
and distance traveled per 5-min intervals (e) are analyzed. Fipteraction(11,198) = 0.42,
P =0.95; Fiime(3.74,67.38) =11.52, p < 0.0001; Fgenotype(1,18) = 0.52, p=0.48. Ngfr*",
n=12; Ngfr”", n=8. f Diagram of novel object recognition memory test. g For the
novel object recognition, the discrimination ratio represented the time spent

exploring the novel object minus the time spent exploring the familiar object
divided by the total exploration time. Ngfr"*, n=9; Ngfr’", n=9. h No significant
difference in the exploration time between genotypes during the sample and test
phase of novel object recognition. Ngfr*, n=9; Ngfr’~, n=9. i Diagram of object
location recognition memory test. j For the object location recognition, the dis-
crimination ratio represented the time spent exploring the displaced object minus
time spent exploring the object in the familiar location divided by the total
exploration time. Ngfr”*, n=9; Ngfr”’", n=12. k No significant difference between
genotypes in the exploration time during the sample and test phase of the object
location recognition test. Ngfr”*, n=9; Ngfr’~, n=12. Numerical data are means +
SEM. Statistical analyses were performed by unpaired two-sided t-test in (b), (d),
(g), and (j), and two-way ANOVA with Bonferroni’s multiple comparisons in (c), (e),
(h), and (k). ***p < 0.001; ns not significant. Source data are provided as a Source
Data file.

Moreover, we determined whether ACh release is involved in object
discrimination and recency judgments in the wild-type mice. There
was a rise in ACh release during object encounter, but no significant
difference in ACh levels when the mice explored the two identical
objects, either in the sample phase 1 (left object, 0.57 £ 0.06; right
object, 0.52 £ 0.05) or sample phase 2 (left object, 0.50 + 0.05; right
object, 0.50 + 0.05). Interestingly, in the test phase, ACh signals were
significantly higher when the mice explored the earlier object from
sample phase 1 than that when they explored the later object from
sample phase 2 (Fig. 4e, earlier object, 0.67 +0.09; later object,
0.32 £ 0.08). Taken together, these data support the notion that the
rise in ACh signals not only predicts object encounters, but also plays a
crucial role in discriminating earlier versus later objects.

By contrast, the photometry recording for the sample phases and
test phase revealed almost no surge of ACh transients in the Ngfr’~
mice (Fig. 4c, d). Group summary of the peak ACh signals during object
encounters in the recognition processing indicated a significantly
decreased fluorescence response in Ngfr’~ mice (Fig. 4f, sample phase
1, Ngfr'”, 0.63+0.09; Ngfr’", 0.18+0.04; sample phase 2, Ngfr'’*,
0.73+0.13; Ngfr’", 0.21+0.07; test phase, Ngfr"’*, 0.76 + 0.10; Ngfr ",
0.14 £ 0.06). These findings offer compelling evidence that NGFR is
required for ACh release from cholinergic afferents in mPFC, and dis-
ruption of NGFR impairs recency judgment in recognition by reducing
ACh release in mPFC.

Next, we systematically examined mPFC ACh dynamics in the
other two types of recognition memory. In novel object recognition
test (Supplementary Fig. 4a), ACh release in mPFC only occurred in the
sample phase in Ngfr’* mice but not Ngfrf’~ mice (Supplementary
Fig. 4b-d, left, Ngfr'*, 0.55+0.11; Ngfr’", 0.12+0.03), and no ACh
signals were detected in the test phase (Supplementary Fig. 4b-d,
right, Ngfr’*, 0.08+0.02; Ngfr’", 0.07+0.02). Likewise, in object
location recognition (Supplementary Fig. 4e), the rise of ACh was seen
only in the sample phase (Supplementary Fig. 4f-h, left, Ngfr’*,
0.50 £ 0.11; Ngfr’", 0.08+0.01), but not in the test phase (Supple-
mentary Fig. 4f-h, right, Ngfr'*, 0.09 + 0.02; Ngfr”", 0.11 + 0.02). Thus,
although ACh release in mPFC in the sample phase appears to be
associated with object encounter, it is not required for recognition of
novel object or its specific location. The lack of mPFC ACh signals in
the test phase either in Ngfr*”* or Ngfr’~ mice further supports the
notion that SI/nBM-mPFC cholinergic circuit is not involved in the
novel object or object location recognition.

Inhibition of ACh release in the SI/nBM-mPFC circuit impairs
temporal order recognition

To determine whether the SI/nBM-mPFC cholinergic projection is
essential for temporal order recognition memory, we interfered this
specific circuit in ChAT-Cre mice using chemogenetic hM4D(Gi)
delivered through AAV-Retro virus retrograde labeling system. Cre-
dependent hM4D(Gi)-mCherry AAV-Retro virus or the control virus

was bilaterally injected into the mPFC of ChAT-Cre mice, which would
retrogradely transport from mPFC to SI/nBM and specifically inhibit
the ChAT-expressing SI/nBM cholinergic neurons (Fig. 5a). Immuno-
fluorescence suggested hM4D expression in the SI/nBM cholinergic
neurons (Supplementary Fig. 5a). We performed temporal order
recognition test 1 h after intraperitoneal injection of Clozapine N-oxide
(CNO), which binds hM4D to inhibit the cholinergic activities in SI/
nBM. As expected, selective inhibition of SI/nBM-mPFC circuit sig-
nificantly deteriorated temporal order memory, as compared with the
control group (Fig. 5b, mCherry, 0.30 + 0.09; hM4D, -0.06 + 0.06).
Comparatively, novel object recognition was not affected by the
selective inhibition of SI/nBM-mPFC circuit (Supplementary Fig. 5b,
test phase, mCherry, 0.43 + 0.11; hM4D, 0.42 + 0.05). These data are
consistent with previous studies showing that lesions in mPFC impair
temporal order recognition but not novel object recognition®. More-
over, we examined whether the other cholinergic subpopulation, MS/
vDB, is involved in temporal order recognition. AAV carrying hM4D
was injected into the MS/vDB of ChAT-Cre mice to achieve specific
inactivation of the cholinergic subpopulation (Supplementary Fig. 5c).
Chemogenetic inhibition of the MS/vDB cholinergic neurons did not
affect temporal order recognition (Supplementary Fig. 5d, test phase,
mCherry, 0.27 + 0.10; hM4D, 0.15 + 0.15). Taken together, these data
demonstrate the specific role of SI/nBM-mPFC cholinergic circuit in
the selective regulation of temporal order recognition.

In addition, we recorded ACh dynamics during the temporal order
recognition test (Fig. 5c). Fiber photometry recording revealed rising
ACh signals during object encounters in ChAT-Cre mice with control
virus. By contrast, a significant reduction in ACh release was observed
in the ChAT-Cre mice injected with hM4D virus (Fig. 5d). Statistical
quantification revealed that inhibition of SI/nBM cholinergic neuron
impaired ACh release in mPFC in both the sample phases and test
phase (Fig. 5e, sample phase 1, mCherry, 0.69+0.08; hM4D,
0.38 + 0.05; sample phase 2, mCherry, 0.63 + 0.10; hM4D, 0.23 + 0.04;
test phase, mCherry, 0.73 + 0.11; hM4D, 0.27 £ 0.08). Thus, these data
demonstrate that cholinergic activity in the SI/nBM-mPFC circuit plays
a critical role in determining temporal order recognition memory.
Next, we inactivated mPFC-projecting cholinergic neurons by opto-
genetic manipulations. AAV carrying eNpHR3.0-mCherry was injected
into the SI/nBM area of the ChAT-Cre mice bilaterally (Fig. 5f). As
shown in Supplementary Fig. 5e, immunofluorescence indicated
halorhodopsin expression specifically in ChAT-expressing SI/nBM
cholinergic neurons. Meanwhile, eNpHR3.0-mCherry-expressing
terminals were observed in mPFC, reflecting the axonal terminals of
cholinergic afferents (Supplementary Fig. 5f). Optical stimulation was
given through optical fibers implanted in mPFC to selectively activate
halorhodopsin-expressing terminals and therefore inhibited the cho-
linergic inputs into mPFC. We found that the eNpHR3.0 expressing
mice showed significantly impaired temporal order memory, whereas
the mice with control virus remembered the serial presentation of two
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objects (Fig. 5g, mCherry, 0.47 +0.23; eNpHR3.0, —-0.0019 + 0.09).
These data together suggest that the SI/nBM-mPFC cholinergic circuit
is required for temporal order recognition.

Moreover, we examined whether the MS-hippocampus (HP)
cholinergic circuit is required for temporal order recognition memory.
Using the same method described above, we bilaterally injected Cre-

dependent hM4D-mCherry AAV-Retro virus or the control virus into
HP of ChAT-Cre mice, which would retrogradely transport to MS and
inhibit the activity of MS cholinergic neurons (Fig. Sh and Supple-
mentary Fig. 5g). In contrast to the SI/nBM-mPFC circuit, inhibition of
MS-HP cholinergic projection did not change the discrimination ratio
in the temporal order test (Fig. 5i, mCherry, 0.30+0.07; hM4D,
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Fig. 4 | Decreased ACh release in mPFC underlies defective temporal order
recognition in Ngfr’~ mice. a Schematic diagram depicting the measurement of
relative ACh levels by a fluorescent ACh3.0 sensor. Fiber photometry was used for
recording the fluorescence response of ACh sensor during sample 1, sample 2, and
test phase in temporal order recognition test. b Fluorescence of AAV-ACh3.0
expressed in the mPFC. Scale bar, 1 mm. ¢ Pseudocolored fluorescence responses
of ACh3.0 in mPFC during object encounters (time 0) in each phase of the temporal
order recognition test. Phasic ACh release was absent in Ngfr”’~ mice. Color scale
indicates AF/Fy. d Averaged ACh release upon object encounters (time 0). Thick
lines indicate the averaged values between trials and the shaded areas represent
SEM. e Group summary of peak ACh signals indicates no significant difference in

ACh release when the mice explored the two identical objects in sample phases.
ACh signals were significantly higher when the mice explored the earlier object
from sample phase 1 (green circle) than that when they explored the later object
from sample phase 2 (purple square). Sample phase 1, p = 0.54; sample phase 2,
p=0.97; test phase, p=0.044. Ngfr"*, n=3; Ngfr”", n=3. f Group summary of peak
ACh signals during object interaction indicate significantly reduced ACh release in
each phase of the temporal order recognition in Ngfr’~ mice. Sample phase 1,
p=0.013; sample phase 2, p=0.023; test phase, p=0.0063. Ngfr'"*, n=3; Ngfr ",
n=3. Numerical data are means + SEM. Statistical analyses were performed by
unpaired two-sided t-test in (e) and (f). *p < 0.05; **p < 0.01; ns not significant.
Source data are provided as a Source Data file.

0.34 £ 0.03). Taken together, only the specific cholinergic projection
from SI/nBM to mPFC, but not MS to HP, plays a critical role in the
temporal order memory.

A depolarizing shift of GABAergic inputs to mPFC in Ngfr~~ mice
How does SI/nBM cholinergic projection regulate the activity of mPFC
neurons? ACh is known to modulate synaptic activity and neuronal
excitability®*. Thus, we measured both inhibitory and excitatory
synaptic inputs onto mPFC layer V pyramidal neurons, which receive
most of the ACh afferents from SI/nBM". Whole-cell patch recorded
miniature inhibitory postsynaptic currents (mIPSCs) in mPFC pyr-
amidal neurons in the presence of the voltage-gated sodium channel
blocker tetrodotoxin (TTX, 1.5 uM), the NMDA receptor antagonist 2R-
amino-5-phosphonovaleric acid (APV, 50 pM) and the AMPA receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 50 uM) at a
holding potential of -70 mV (Supplementary Fig. 6a). Neither the
amplitude nor the frequency (inter-event interval) of mIPSC was dif-
ferent between Ngfr'’* and Ngfr’~ mPFC (Supplementary Fig. 6b, c,
amplitude, Ngfr'*, -45.4 £5.6; Ngfr’", -37.1+ 4.8; inter-event interval,
Ngfr', 210.4 +14.6; Ngfr”", 205.7 +10.9). Similarly, there was no dif-
ference in the amplitude or frequency of miniature excitatory post-
synaptic currents (mEPSCs) measured in the presence of TTX (1.5 uM)
and the GABAA receptor antagonist picrotoxin (80 uM) (Supplemen-
tary Fig. 6d-f, amplitude, Ngfr"*, -12.4 +1.2; Ngfr’", -12.7 + 0.7; inter-
event interval, Ngfr'*, 323.8 +27.8; Ngfr’", 348.9+23.4). Next, we
measured synaptic strength by recording input/output curves of
evoked synaptic responses. An extracellular stimulating electrode was
placed at layer II/1ll and whole-cell recordings were made from mPFC
layer V pyramidal neurons (holding potential, =70 mV). We observed
no alteration in the amplitude of evoked IPSCs or that of evoked EPSCs
between Ngfr”* and Ngfr”~ mice, using a number of different stimulus
intensities (Supplementary Fig. 6g, h). Finally, we measured the
excitability of mPFC layer V pyramidal neurons in response to depo-
larizing current injection of increasing intensities. Pyramidal neurons
from Ngfr*”* and Ngfr”~ mice exhibited similar firing frequencies over a
wide range of depolarization steps (Supplementary Fig. 6i, j). Taken
together, these results suggest deficiency in ACh release in mPFC as a
consequence of NGFR disruption does not alter the number or
strength of inhibitory or excitatory synapses, nor does it change the
intrinsic excitability of pyramidal neurons in mPFC.

There is also evidence suggesting that cholinergic activity deter-
mines the excitatory or inhibitory state of GABAergic signaling*’. We
therefore examined whether the polarity of GABAergic inputs to mPFC
pyramidal neurons was altered in Ngfr’~ mice. Layer V pyramidal
neurons of mPFC were patched at different holding potentials (Vio1q),
in the presence of 50 uM APV and 50 uM CNQX, to determine at which
Vhola the GABAergic input switched from hyperpolarizing to depolar-
izing (Fig. 6a). To avoid perturbing the intracellular chloride gradient,
recordings were made using the gramicidin perforated-patch
configuration®’. In the voltage-clamp mode, we found a dramatic
depolarizing-shifted reversal potential of GABAy-mediated inhibitory
postsynaptic currents (Ejpscs) from —91.0+2.1mV in Ngfr'"* slices to

-59.6+3.8mV in Ngfr slices (Fig. 6b), whereas no changes in RMP
were observed under current-clamp recording configuration (Fig. 6c,
Ngfr*, -74.4 £ 0.64; Ngfr'~, -72.4 + 0.97). The polarity of GABAergic
driving force was determined by subtracting RMP from Ejpscs. To this
end, the GABAergic driving force was hyperpolarizing in the Ngfr*’*
mice, but became depolarizing-shifted in the Ngfr’~ mPFC (Fig. 6d,
Ngfr'*, -16.6 £2.2; Ngfr”",12.9 + 3.6). These results suggest that loss of
NGFR leads to a dramatic depolarizing shift of GABAergic polarity.

We next measured the impact of shift in GABAergic polarity on
cortical network excitability. Cell-attached recordings were performed
to record carbachol-induced firing (Fig. 6e, 10 uM). We observed that
carbachol-induced action potential frequency was much higher in
Ngfr’~ mice, as compared with that observed in Ngfr"* mice (Fig. 6f,
Ngfr*, 2.5+ 0.2 Hz; Ngfr'", 4.7 + 0.5 Hz). Isoguvacine, a GABA agonist,
effectively ceased cortical firing in Ngfr”* mice, with ceased firing
periods as long as 35.7 £ 1.8 s. By contrast, isoguvacine only exerted a
weak inhibition of cortical firing in Ngfr”~ mice, with ceased firing
period of 12.0 + 2.3 s (Fig. 6g). In addition to carbachol, we used 12 uM
NMDA to induce mPFC pyramidal neuronal firing to examine whether
NMDA-induced firing was inhibited by GABA agonist isoguvacine
(Supplementary Fig. 7a). As shown in Supplementary Fig. 7b, in steady-
state, NMDA-induced firing frequency in Ngfr”’~ mice was similar to
that in Ngfr'”* mice (Ngfr'"*, 24+0.5Hz; Ngfr’", 2.4 +0.3 Hz). After
puffing isoguvacine, ceased firing period was significantly shorter in
Ngfr”~ mice than that in Ngfr'"* mice (Supplementary Fig. 7c, Ngfr'’",
22.2+3.5s; Ngfr’",12.7 £ 1.9 s). The carbachol-induced firing frequency
of layer V pyramidal cells was increased in Ngfr”~ mice as compared to
control mice, whereas NMDA-induced firing frequency was not affec-
ted in Ngfr”’~ mice. We argue that long-term downregulation of choli-
nergic activity in Ngfr’~ mice may lead to some changes in the various
cholinergic receptors in this region. This compensatory effect may
lead to increased firing upon carbachol treatment in Ngfr’~ mice.
However, in either carbachol-induced or NMDA-induced firing system,
NGFR deficiency resulted in consistent disinhibition to GABAergic
agonist isoguvacine. Taken together, these data reveal prominent
GABAergic disinhibition in the mPFC of Ngfr”~ mice.

Previous studies have shown that a depolarizing shift of
GABAergic signaling in the hippocampus significantly impaired object
location recognition***>, Next, we determined whether a depolarizing
shift of GABAergic driving force in the mPFC also contributes to
temporal order recognition impairment in Ngfr”’~ mice. The GABAergic
reversal potential of Ejpscs is determined by the surface expression of
KCC2 and NKCCI1 chloride co-transporters, which mediates chloride
efflux and influx, respectively. During postnatal development, Epscs
shifts from depolarizing to hyperpolarizing due to a concomitant
downregulation of NKCC1 and upregulation of KCC2*****’, To alter
GABAergic driving force in the wild-type mice, we applied furosemide,
an inhibitor that preferentially blocks KCC2 but also has effects on
NKCC1*. Specifically, we bilaterally injected 2 mM furosemide through
cannula into mPFC of adult wild-type mice (3 months old), and per-
formed three types of recognition memory tests. Remarkably, mPFC
delivery of furosemide specifically attenuated temporal order
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recognition (Supplementary Fig. 7d, test phase, saline, 0.32+0.08; recognition memory and strengthens the specific role of mPFC in the
furosemide, -0.13 £ 0.20), but not novel object recognition (Supple- temporal order recognition, but not novel object and object location
mentary Fig. 7e, test phase, saline, 0.48+0.10; furosemide, recognition.

0.56 +0.27) or object location memory (Supplementary Fig. 7f, test In parallel, we determined whether the shift of Ejpscs in Ngfr”™
phase, saline, 0.47 + 0.06; furosemide, 0.46 £ 0.09). These data sug- mice was attributable to changes in the expression of chloride co-
gest that the polarity of GABAergic signaling in mPFC controls transporters. Western blot revealed a significant reduction in KCC2
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Fig. 5 | Inhibition of ACh release in the SI/nBM-mPFC circuit impairs temporal
order recognition. a Schematic diagram illustrating chemogenetic inhibition of SI/
nBM to mPFC cholinergic projection by injection of Cre-dependent hM4D-mCherry
AAV-Retro or control virus in ChAT-Cre mice. b Discrimination ratio of temporal
order recognition decreased in the hM4D group. p = 0.012. mCherry, n=4; hM4D,
n=5. ¢ Pseudocolored fluorescence responses of ACh3.0 in mPFC during object
encounters (time 0) in each phase of the temporal order recognition test for the
mCherry and hM4D group. d Reduction in averaged ACh release upon object
encounters in hM4D group in each phase of the temporal order recognition test.
Thick lines indicate the averaged values of trials and the shaded areas represent
SEM. e Group summary of peak ACh signals indicates reduced ACh release in hM4D
group during object encounters. Sample phase 1, p = 0.035; sample phase 2,
p=0.025; test phase, p=0.028. mCherry, n=3; hM4D, n =3. f Diagram of

optogenetic inhibition of cholinergic projection from SI/nBM to mPFC. AAV9-DIO-
eNpHR3.0, or control virus were injected into SI/nBM of ChAT-Cre mice. After

4 weeks, 589 nm light was applied through an optical fiber planted in mPFC to
inhibit cholinergic terminals. g Decreased discrimination ratio in temporal order
recognition by optogenetic inhibition of SI/nBM to mPFC cholinergic innervation.
p=0.047. mCherry, n=5; eNpHR3.0, n = 8. h Schematic diagram depicting specific
inhibition of MS to HP cholinergic projection by injection of Cre-dependent hM4D-
mCherry AAV-Retro or control virus in ChAT-Cre mice. i Intact discrimination ratio
in temporal order recognition after chemogenetic inhibition of MS to HP choli-
nergic projection. p = 0.58. mCherry, n=4; hM4D, n = 4. Numerical data are
means = SEM. Statistical analyses were performed by unpaired two-sided ¢-test in
(b), (e), (g), and (i). *p < 0.05; ns not significant. Source data are provided as a
Source Data file.

[+

levels in the mPFC of Ngfr”~ mice as compared to Ngfr'’* mice (Fig. 6h,
Ngfr'*, 1.0 £ 0.09; Ngfr”", 0.53 + 0.09). By contrast, NKCC1 expression
in the mPFC of Ngfr”’~ mice was not altered (Fig. 6i, Ngfr'*, 1.0 + 0.08;
Ngfr”=,0.99 + 0.02). Thus, the reduced KCC2 levels may be responsible
for the observed changes in GABAergic reversal potential in the mPFC
of Ngfr’~ mice.

Comparatively, we examined the FEpscs in the CAl pyramidal
neuron from Ngfr”~ hippocampus. Consistent with the intact MS-HP
cholinergic activity in the Ngfr’~ mice, there was no difference in the
Eipscs nor the GABAergic driving force between genotypes (Fig. 6j-1,
RMP, Ngfr*, -70.8+0.78mV; Ngfr’”, -70.4+0.67mV). Thus,
GABAergic inputs onto the hippocampal pyramidal neurons were
normal in the Ngfr’~ mice.

ACh receptor agonist nicotine rescues defected temporal order
recognition in Ngfr '~ mice

If reduced ACh release from the SI/nBM-mPFC circuit led to reduced
KCC2 expression, depolarizing shift of GABAergic driving force and
impaired temporal order recognition in Ngfr’~ mice, restoration of
cholinergic activity should be able to rescue these phenotypes. ACh
signaling is activated through muscarine or nicotine ACh receptors**°.
We examined the effect of in vivo administration of nicotine in Ngfr”~
mice, which could effectively permeate the blood-brain barrier’*2 By
subcutaneous injection of nicotine (2.5 mg/kg, s.c., 4 injections during
the 12-h light cycle) over 14 consecutive days*’, we observed that KCC2
expression was significantly increased in the mPFC of Ngfr’~ mice
(Fig. 7a, Control, 0.77 + 0.05; Nicotine, 1.09 + 0.08). Furthermore, we
investigated whether nicotine treatment would restore the depolariz-
ing shift of the reversal potential of Ejpscs and rescue the impairment in
temporal order memory in Ngfr’~ mice. To reduce the potential stress
effect of daily subcutaneous injection on animal behaviors, nicotine
was given in the drinking water at the dose of 650 pg/ml over 4-week
period. Perforated-patch recordings of mPFC layer V pyramidal neu-
rons revealed a dramatic reversal of the depolarizing-shifted Ejpscs,
from -79.23 +3.79 mV to -109.5 + 6.41mV in the Ngfr’~ mPFC, closer
to that from wild-type mPFC (Fig. 7b—e, RMP, Control, -67.58 + 3.55;
Nicotine, -72.77 £2.57). Remarkably, the discrimination ratio was
0.008 +0.05 for Ngfr”’~ mice treated with vehicle, but 0.31+0.11 for
those treated with nicotine, indicating a significant improvement of
temporal order recognition (Fig. 7f, g). No significant difference in
temporal order recognition for nicotine-treated wild-type mice cor-
roborates the notion that specific cholinergic deficiency underlies
impaired recency judgment in Ngfr’~ mice (Supplementary Fig. 7g,
Test phase, Control, 0.21+0.07; Nicotine, 0.08 + 0.06). Taken toge-
ther, these results suggest that activation of cholinergic pathway
restores GABAergic driving force and temporal order recognition
deficits in Ngfr’~ mice.

Discussion
The goal of the present study is to investigate the functional specificity
of BF cholinergic subpopulations and determine the circuitry and

molecular mechanisms underlying the cholinergic control of recog-
nition memory. We have taken advantage of single-cell RNA sequen-
cing data with systematic survey of cell types in the mouse nervous
system and identified the molecular markers for cholinergic neurons
from different anatomic boundaries. Interestingly, NGFR specifically
defines BF cholinergic projection neurons, which broadly innervate
cortical and subcortical regions and modulate a plethora of cognitive
function. We thus employed the Ngfr knockout mouse model and
investigate its regulatory role in cholinergic circuits. A number of
interesting discoveries were made in this study. First, we showed that
NGFR specifically regulated the excitability of cholinergic neuron in
the SI/nBM-mPFC circuit, but not MS-HP pathway. Second, Ngfr’
mice exhibited prominent impairment in temporal order recognition
memory, whereas the other forms of recognition memory were intact.
Expression of Ngfr in the Ngfr’~ SI/nBM rescued impaired temporal
order memory. Third, using a genetic sensor ACh3.0 with millisecond
temporal resolution, we demonstrated that ACh release in mPFC not
only predicted object encounters but also mediated recency judg-
ments of objects during temporal order recognition, whereas dimin-
ished ACh release was seen in Ngfr’~ mice. Fourth, by using
chemogenetic and optogenetic tools, we demonstrated that SI/nBM-
mPFC circuit was essential for temporal order recognition memory.
Finally, electrophysiology recording revealed a depolarizing shift of
GABAergic inputs to Ngfr’~ mPFC pyramidal neurons, which was in
parallel with downregulated KCC2 levels. Conversely, potentiation of
ACh signaling increased KCC2 levels, restored GABAergic driving force
and rescued temporal order recognition memory deficits in Ngfr’~
mice. Taken together, these results highlight the critical role of NGFR
in regulating the SI/nBM-mPFC cholinergic circuit, which is funda-
mental to temporal order recognition memory.

The function of NGFR has been well studied in the peripheral
nervous system**°, as well as during early brain development”’2°%,
The “Yin and Yang” theory of neurotrophins denotes that NGFR acts as
a negative regulator for neuronal survival and synaptic competition®®.
Interestingly, we found that Ngfr is specifically enriched in the BF
cholinergic projection neuron in the adult nervous system, but not in
the cholinergic neuron residing in the striatum, thalamus, and cortex.
Moreover, previous studies reported impaired cognitive function in
the BF cholinergic neuron-specific Ngfr knockout mice®. To resolve the
seemingly contradiction arising from the apparent high expression of
Ngfr in certain cholinergic subpopulation versus its putative effect on
cell death, we stratified the cholinergic neurons into Ngfr* and Ngfr
subpopulations and compared the DEGs. Biological process analysis of
DEGs between these two subpopulations indicated that Ngfr is pro-
minently involved in the regulation of neurotransmitter and synaptic
signaling, rather than cell death. Indeed, electrophysiological record-
ing revealed that loss of NGFR leads to reduced excitability of SI/nBM
cholinergic subpopulation. Consistently, fiber photometry recordings
revealed diminished ACh release in the Ngfr’~ mPFC, a major target of
SI/nBM projection, during object encounters and discrimination of
objects in temporal order. By contrast, we found no significant
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Fig. 6 | Depolarizing-shifted reversal potential of GABA,-mediated Eypscs and
reduced GABAergic inhibition in Ngfr’~ mPFC. a Perforated patch recorded the
reversal potential of Ejpscs and resting membrane potential (RMP) in the layer V
pyramidal neurons, in the presence of 50 uM APV and 50 uM CNQX. Representative
traces indicate a depolarizing shift of Fipscs in Ngfr”~ mPFC. b Group summary
suggests depolarizing shift of reversal potential of Epscs in Ngfr”~ mice. Ngfr'”*,
n=12 cells from 5 mice; Ngfr”", n=9 cells from 5 mice. ¢ No differences of RMP in
current-clamp mode between genotypes. p = 0.095. Ngfr**, n =12 cells from 5 mice;
Ngfr”", n=9 cells from 5 mice. d Hyperpolarizing GABAergic driving force in Ngfr"’*
mice, versus depolarizing-shifted GABAergic strength in Ngfr’~ mice. p < 0.0001.
Ngfr'*, n=12 cells from 5 mice; Ngfr”", n=9 cells from 5 mice. e Reduced GABAergic
inhibition of layer V pyramidal neurons in Ngfr’- mPFC. Cell-attached recordings of
carbachol-induced firing. Representative traces of basal spike frequency and effects
of puffing GABA agonist isoguvacine (100 uM). fIn steady-state, carbachol-induced
firing frequency was significantly higher in Ngfr’™ mice. p=0.0004. Ngfr'*, n=16

cells from 4 mice; Ngfr’, n=18 cells from 4 mice. g After puffing isoguvacine,
ceased firing period was significantly shorter in Ngfr”~ mice. p < 0.0001. Ngfr’*,
n=16 cells from 4 mice; Ngfr”~, n=18 cells from 4 mice. h Representative blots and
quantification of KCC2 levels in mPFC. Significantly reduced KCC2 expression in
Ngfr”~ mice. p=0.0026. Ngfr”*, n=7; Ngfr’", n=7. i Representative blots and
quantification indicate intact NKCC1 expression in Ngfr’- mPFC. p = 0.93. Ngfr'’",
n=5; Ngfr'", n=5. j Perforated patch recorded the reversal potential of Epscs and
RMP of hippocampal CA1 pyramidal neurons. k Intact reversal potential of Ejpscs in
CA1 pyramidal neurons of Ngfr’~ mice. Ngfr"’*, n=9 cells from 3 mice; Ngfr’",n=9
cells from 3 mice. I No difference of RMP between genotypes. p=0.75. Ngfr'", n=9
cells from 3 mice; Ngfr’~, n=9 cells from 3 mice. Numerical data are means + SEM.
Statistical analyses were performed by unpaired two-sided t-test in (c), (d), (F-i),
and (I). **p < 0.001; ***p < 0.0001; ns not significant. Source data are provided as a
Source Data file.
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Ngfr* cholinergic neuron

difference in the cell number of cholinergic neurons in SI/nBM
between the adult Ngfr"”* and Ngfr”~ mice at the age we used for our
experiments (3-7 months). It should be noted that previous studies
reported either increased or decreased cell number of cholinergic
neurons in the Ngfr’~ MS/vDB*7%%°, Whether loss of NGFR affects SI/
nBM was not fully studied. We now show that SI/nBM exhibited similar
number of ChAT* cells in Ngfr** and Ngfr”~ mice. Thus, Ngfr may exert

mPFC pyramidal neuron

mPFC pyramidal neuron

differential effects on various cholinergic subpopulations, and in SI/
nBM the primary function of NGFR is to regulate cholinergic excit-
ability and ACh release, rather than controlling cell survival. Taken
together, we have characterized a role of NGFR in the regulation of SI/
nBM cholinergic neuron activity and ACh release.

Exactly how NGFR regulates the excitability of cholinergic neu-
rons in SI/nBM and ACh release in mPFC remains elusive. It has been
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Fig. 7 | ACh receptor agonist nicotine rescues defected temporal order recog-
nition in Ngfr”’~ mice. a Subcutaneous injection of nicotine (2.5 mg/kg, s.c., 4
injections during the 12-h light cycle) over 14 consecutive days increased KCC2
expression in Ngfr”’~ mice. p = 0.0041. Control, n=7; Nicotine, n = 6. b The reversal
potential of Ejpscs and resting membrane potential (RMP) was recorded in the mPFC
layer V pyramidal neurons, in the presence of 50 uM APV and 50 uM CNQX.
Representative traces indicate a hyperpolarizing shift of Fipscs in Ngfr”~ mPFC after
chronic treatment of nicotine over 4-week period. ¢ Group summary of Ejpscs
suggest hyperpolarizing shift of reversal potential of Epscs in Ngfr’~ mice treated
with nicotine. Control, n =13 cells from 4 mice; Nicotine, n=10 cells from 3 mice.
d No difference of RMP in current-clamp mode between control and nicotine
group. p=0.26. Control, n =13 cells from 4 mice; Nicotine, n =11 cells from 3 mice.
e Hyperpolarizing shift of GABAergic driving force after chronic nicotine treatment.
p=0.013. Control, n =13 cells from 4 mice; Nicotine, n =11 cells from 3 mice.

f, g Chronic treatment of Ngfr”’~ mice with nicotine over 4-week period significantly

improved temporal order recognition, as indicated by the discrimination ratio,
p=0.014 (f). No difference in the exploration time of objects between treatments
(g). Control, n=14; Nicotine, n =8. h Working model. Ngfr* cholinergic projection
from SI/nBM to mPFC selectively regulates temporal order recognition memory.
Specifically, NGFR determines the intrinsic excitability of SI/nBM cholinergic pro-
jection neurons and tunes ACh release at cholinergic terminals in mPFC during
object encounters and recency judgments. Impaired ACh release in Ngfr/~ mPFC is
associated with reduced KCC2 expression, GABAergic disinhibition, and deficits in
recency judgment. This panel was partly generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution 4.0 unported
license. Numerical data are means + SEM. Statistical analyses were performed by
unpaired two-sided ¢-test in (a), (d-f), and two-way ANOVA with Bonferroni’s
multiple comparisons in (g). *p < 0.05; **p < 0.01; ns not significant. Source data are
provided as a Source Data file.

reported that NGFR regulates the firing properties of sympathetic
neurons through voltage-gated currents including the sodium current,
the M-type, delayed rectifier, and calcium-dependent potassium
currents®. Moreover, neurotrophins including BDNF and NGF activate
NGFR and increase the excitability of rat sensory neurons by enhancing
TTX-resistant sodium current and suppressing a delayed rectifier-like
potassium current®. We thus speculate that NGFR may control the
excitability of BF cholinergic neuron by regulating the expression or
the activity of ion channels, which warrants future studies.

Another important finding of this study is that the SI/nBM-mPFC
innervation plays a critical role in temporal order recognition memory.
Previous studies have suggested that BF cholinergic neuron exerts
broad control over cortical regions and regulates physiological pro-
cesses including attention, learning, and memory® ., Deficits in cho-
linergic inputs lead to neurodegenerative diseases, mood disorder,
and chronic pain®>®’. A whole-brain atlas for the cholinergic system has
also been mapped®®. However, the specific cholinergic circuit that
mediates different types of recognition memory and the critical
molecule that determines the cholinergic activity remain elusive. Pre-
viously, a major obstacle in the study of cholinergic circuits and
activities lies in the lack of ACh sensors with high spatiotemporal
resolution. Because of this technical limitation, the release of ACh was
thought to be “slow” and “tonic”®’. Choline oxidase-coated micro-
electrodes have been used to detect the concentration of choline, the
decomposition product of ACh’°72, However, this method was limited
by low sensitivity and potential disturbance of endogenous ACh
homeostasis. To monitor the ACh kinetics in the mPFC during the
recognition memory task, we have applied an optimized ACh sensor
3.0 for real-time tracing of the cholinergic activity in vivo*’.

A number of interesting findings were made using the ACh sensor.
First, we found that ACh release in the mPFC was tightly associated
with object encounters, the first step in the object recognition process.
Intriguingly, the ACh signals in mPFC rose a few seconds before the
interaction with objects, and declined rapidly when the mice withdrew
from exploring the objects. These results imply that the phasic ACh
release in mPFC is required for the recognition of objects and the rise
of ACh signals predicts the time for response. Second, we have quan-
titatively compared the strength of ACh release when the mice explore
the earlier object versus the later object. The ACh signals in the sample
phase 1 and 2, in which the mice explored two identical objects, were
equal. Remarkably, during the test phase, there was a lot more ACh
release when the animals explored the earlier object than that of the
later object. These data suggest that ACh signal not only predicts
object encounter, but also directly determines recency judgments of
objects. Third, in contrast to temporal order recognition, ACh signals
in the mPFC during novel object recognition and object location were
detected only in the sample phase but not in the test phase. These data
suggest that ACh signals in mPFC are not involved in the memory
retrieval of novel object and object location recognition. Fourth,

although Ngfr’~ mice exhibited reduced ACh signals in the sample
phase of novel object and object location recognition, the behavioral
outcomes of these two types of recognition remained intact. We
speculate that defected ACh release in mPFC during the encoding
stage of recognition may not be sufficient to interrupt discrimination
of object familiarity or spatial recognition. Indeed, lesions in the mPFC
per se do not affect novel object and object location recognition®
Measurement of ACh release in other brain regions, such as perirhinal
cortex or hippocampus, during novel object and object location
recognition, warrants future studies. Taken together, our findings
highlight the pivotal role of Ngfr-dependent ACh release in the mPFC in
temporal order recognition memory, but not in novel object or object
location recognition.

Human imaging studies and nonhuman primate lesion
studies’®”” demonstrate mPFC as a critical brain region for recognition
memory. The lesion studies in rats further reveal a key role of mPFC in
temporal order memory task®*. The selective ablation studies also
suggest that the perirhinal cortex, the hippocampus and the mPFC
must work together to ensure proper temporal order memory>*’%, In
this study, we have delineated the SI/nBM-mPFC cholinergic circuit in
the regulation of temporal order recognition memory, and illustrated
the functional significance of NGFR in this specific circuit. In terms of
the correlation between NGFR and neurological diseaes, genome-wide
association analysis revealed NGFR SNP rs2072446 is associated with
AD risk’. Moreover, NGFR SNP rs11466125, rs2072446, and rs11466162
are indicative of the risk of schizophrenia®®. We thus define a specific
NGFR-dependent SI/nBM-mPFC cholinergic circuit in the regulation of
a specific type of recognition memory and suggest its implication in
neurological and psychiatric diseases.

In addition to the observation that NGFR is critical for the choli-
nergic activity in the SI/nBM-mPFC innervation, we suggest the func-
tional significance of reduced ACh release on cortical synaptic
plasticity. Remarkably, we found that it is the transmembrane chloride
gradients-mediated GABAergic driving force, but not the inhibitory
synaptic inputs impinging on pyramidal neurons in the mPFC, that is
affected by the disrupted Ngfr* cholinergic innervation. It has been well
established that the efficacy of GABAergic inhibition is not only
mediated by GABA receptors, but also determined by the transmem-
brane chloride gradient. The dynamics of electrochemical gradient of
chloride are regulated by the chloride transporters NKCC1 and KCC2,
which function as the neuronal importer and exporter of chloride,
respectively®”. During the developing process of interneuron migra-
tion into the cortical layers, the low expression of KCC2 and high
expression of NKCC1 elicits membrane depolarization and calcium
influx upon GABA exposure®*®*, Then, the functional switches of GABA
occur after the first postnatal week in the rodent cortex, due to the
physiological upregulation of KCC2 and downregulation of NKCC1
expression by nicotinic cholinergic activity*’. Remarkably, either
mutations in the regulatory domain of KCC2 or reduced expression of

73-75

Nature Communications | (2024)15:7342

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51707-w

KCC2 is identified in autism, schizophrenia, tuberous sclerosis com-
plex, focal cortical dysplasia, epilepsy, and Rett syndrome®>*% As the
convergent mechanism of these neurological disorders, reduced KCC2
expression results in excessive intraneuronal chloride levels and
excitation/inhibition imbalance in neural circuits. In our study, a series
of experiments demonstrated a depolarizing shift of GABAergic
reversal potential, and impaired GABAergic inhibition on cortical firing
in parallel with reduced KCC2 expression in Ngfr’~ mice. Further, we
determined that changes in the polarity of GABAergic signaling in the
Ngfr~ mPFC contribute to the impairment in temporal order recog-
nition. We used furosemide, an inhibitor that preferentially blocks
KCC2 but also has effects on NKCCI, to alter the GABAergic driving
force in the wild-type mPFC. We found that delivery of furosemide to
the mPFC of adult wild-type mice specifically attenuated temporal
order recognition, but not novel object recognition or object location
recognition, an effect similar to that seen in Ngfr”’~ mice with reduced
KCC2 expression in mPFC. These inextricably linked molecular and
cellular events underlie the mechanism of temporal order recognition
memory deficits in Ngfr”~ mice. Moreover, we provide evidence that
potentiation of ACh signaling upregulates KCC2 levels, restores
GABAergic driving force, and rescues temporal order recognition
memory deficits. Therefore, we delineate a molecular pathway
underlying the cholinergic regulation of GABAergic polarity and tem-
poral order recognition.

The differential effects of NGFR on ACh release by SI/nBM and MS
cholinergic neurons deserve further investigations. Although these
two BF subpopulations all express NGFR, they show comprehensive
difference in nature. First, SI/nBM cholinergic neuron is early-born in
the embryonic day, whereas the MS subcluster is late-born. The dif-
ferentiation and migration of these two subpopulations are under the
control of distinct group of transcritonal factors®®. Second, SI/nBM
subpopulation is caudally located and primarily projects to the cortical
regions, whereas the MS neuron is rostrally located and mainly pro-
jects to the hippocampus®. Third, distinct cholinergic outputs of these
two subpopulations lead to difference in the retrograde signals and
target-specific cues, such as growth factors (NGF, BDNF, CNTF, NT3)
and morphogens (SHH, RA, FGF8, BMP9)", which in turn affect choli-
nergic differentiation’. Thus, in terms of nature and nurture, the SI/
nBM and MS cholinergic neurons show broad heterogeneity. More-
over, it has been reported that BF cholinergic neurons show distinct
patterns of firing modes, synchronization and behavioral
correlates™*"2, It thus complicates the regulatory role of NGFR on the
excitability of these two distinct subtypes of cholinergic neurons. In
addition to the diverse effects of NGFR’s regulation on cholinergic
soma, differential effects of NGFR on cholinergic axons either inner-
vating to the cortex or the hippocampus have also been reported®.
Thus, further studies that reveal differences in gene expression pat-
terns of the SI/nBM and MS subpopulations may provide insights to
the intricate effect of NGFR regulation.

In conclusion, we identify that NGFR-dependent SI/nBM-mPFC
cholinergic circuit regulates temporal order recognition memory, and
illustrate the mechanism that ACh signaling determines the polarity of
GABAergic transmission. These results may provide insights into the
functional specificity of the cholinergic subpopulation.

Methods

Mice models

Ngfr knockout mice” from Jackson Laboratories (stock number:
002213) were backcrossed into C57BL/6 genetic background over 15
generations. Adult Ngfr knockout (Ngfr”") and wild-type (Ngfr'*) males
were littermates derived from a heterozygous (Ngfr") mating strategy.
To conduct electrophysiology study of cholinergic neurons, Ngfr mice
in C57BL/6 were crossed with ChAT-EGFP mice’ in Swiss-Webster
(kindly provided by Dr. Hermes Yeh) for more than five generations. To
perform behavioral studies, mice backcrossed to C57BL/6 background

for over five generations were used. Animals were group housed (2-4
animals/cage) in a climate-controlled animal facility (22 +2 °C), main-
tained on a 12-h light/dark cycle. All procedures were approved by the
Animal Care and Use Committees of Tsinghua University. The beha-
vioral and electrophysiological experiments were performed in male
mice, owing to cyclic hormone effects of female mice. The molecular
biology and photometry experiments were performed in both male
and female mice.

Locomotor activity, novel object, object location, and temporal
order recognition tests

The behavior tests for rat recognition memory have been previously
described® and we used the same procedure in our mice. Experiments
were conducted in male mice, at the ages of 3-7 months old, during
the light phase. On testing days, mice were habituated in a room
adjacent to the testing room for 1h prior to testing. On day 1, mice
were habituated to the experimental apparatus consisting of a Plex-
iglas Digiscan automated open field (Accuscan; 42 x 42 x 30 cm) under
red-light illumination (7+2 lux). The mice were allowed to freely
explore the open field for 1h and the total distance traveled, in 5-min
time intervals, was recorded. The next day, mice were examined in the
temporal order recognition test in the same apparatus. The temporal
order recognition test measures the mouse’s ability to differentiate
between two familiar objects presented at different intervals. The test
was run in three 5-min sessions. For all three sessions, mice were
placed in the same apparatus from the locomotor activity test the day
before. There was 1h time period between the first (Sample 1) and
second session (Sample 2), and a 3-h time period between the second
and third (Test) sessions. For the first session, mice were placed in the
apparatus with two identical objects and allowed to explore. During
the second session, mice were presented with a different set of
identical objects. During the third session, mice were placed with
duplicates of each object from the previous two sessions. If temporal
order memory is intact, mice will spend more time exploring the
object from sample phase 1 compared with the object from sample
phase 2. The animal performance in temporal order recognition
memory was assessed by discrimination ratio. The discrimination
ratio was calculated as the difference in time spent by each animal
exploring the object from sample phase 1 compared with the object
from sample phase 2 divided by the total time spent exploring both
objects during the test period. The objects consisted of two rectan-
gular boxes (3 x3x6cm), or two laboratory flasks (4 x 6 cm), each
either black or white. The objects were placed in two corners of the
open field apparatus, 8 cm from the side walls. The positions of the
objects in the test and the objects used in the different phases were
counterbalanced between the genotypes. Each session was video
recorded using a Sony Handycam with the experimenter absent from
the room during the test. Time spent exploring each object was
subsequently scored from the videotapes with EthoVision XT 16
(Noldus). Exploration time was recorded as the number of seconds
when each mouse was facing the object with its nose within 2 cm of
the object. Mice with total exploration time <3 s were excluded from
further analyses.

For the object location recognition, mice were placed into the
open field for a 10-min period where they were allowed to explore two
identical copies of an object. One hour later, mice were returned to the
arena for the 5-min test phase and allowed to explore one copy of the
object in the same location as that in the sample phase and one copy of
the object in a novel location.

For the novel object recognition, mice were placed into the arena
for a 10-min period where they were allowed to explore two identical
copies of an object. One hour later, mice were placed back into the
open field for 5 min, with a copy of the object encountered previously
and a copy of a novel object. The novel object differed from the
familiar object in both color and shape.
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Experiments and data analyses were conducted by experimenters
who were blinded to the genotype and experimental groups.

Single-cell RNA sequencing analysis

Single-cell RNA sequencing data were downloaded from the DropViz**
and the Mousebrain datasets”, respectively. Cell clusters annotated
with the expression of Chat were extracted. For the DropViz dataset,
the clusters of GP_1-1, GP_1-2, TH_1-1, PC 4-8, FC 1-5, and STR 12-1 were
used. For the Mousebrain dataset, the clusters of TECHO for striatum,
DECHOIL for BF, DECHO2 for thalamus, and TEINH4 for cortex were
used. The isolated cell cluster from the cortex with no expression of
Chat was excluded. Low quality cells have been filtered in the original
datasets. In each dataset, read matrix from different clusters were re-
clustered with the Seurat package (v4.3.0.1)°°. PCA analysis was carried
out and the top 20 principal components were used. Cell clusters were
identified with the function of FindClusters by setting the resolution
threshold as 1.0. The brain regions for cells (BF, striatum, thalamus,
cortex) were noted from the original datasets.

The differential expression analysis of single-cell RNA sequencing
data was done by Seurat using the function of FindAllMarkers
(Wilcoxon rank-sum test, p value adjusted by FDR). Genes with adjus-
ted p value <0.05 were taken as DEGs. The UMAPs and DEGs heatmap
were drawn using the plot functions of Seurat. GSEA analysis was done
by clusterProfiler (v4.7.1.2) using the Gene Ontology database’.

Preparation and maintenance of brain slices

Ngfr'”* and Ngfr”~ mice at the ages of postnatal weeks of 7-10 were
used in this study. The mice were sacrificed with a guillotine after being
administered with isoflurane. The brains were quickly removed, and
300 um-thick coronal slices containing mPFC or BF were cut on a
Compresstome (VF-200, Presionary, Greenville, NC). The slices were
cut in oxygenated ice-cold Na'-free sucrose solution containing
2.5 mM KCl, 1.25 mM NaH,PO,4, 26 mM NaHCO3, 0.5 mM CaCl,, 4.0 mM
MgCl,, 10 mM glucose, and 250 mM sucrose. The slices were initially
incubated at 34 °C in ACSF containing 125mM NaCl, 2.5mM KClI,
1.25mM NaH,PO,, 2mM CaCl,, 1mM MgCl,, 26 mM NaHCO,, and
10 mM glucose, bubbled with carbogen gas (95% 0,-5% CO,, pH 7.4),
and then kept at room temperature. Slices were allowed to recover for
at least 60 min before experiments were started.

Electrophysiological recordings

After recovery, the mPFC or the BF slices were transferred into a
recording chamber at ~32-34 °C. For the current clamp, the record-
ing pipettes were filled with intracellular solution containing (in mM)
130 K-gluconate, 1 MgCl,, 5 EGTA, 5 MgATP, 10 HEPES and 0.4
Na,GTP (pH 7.2 with KOH). The resistances of patch pipettes were
3-6 MQ. The mEPSCs were recorded with a holding potential at
=70 mV in the presence of 80 uM picrotoxin and 1.5uM TTX to block
GABA, receptor currents and voltage-gated sodium currents,
respectively. To record mIPSCs, Cs*-based intracellular solution
(140 mM CsCl,, 2 mM MgCl,, 2 mM Na,-ATP, 0.5 mM Na,GTP, 5mM
Na,-phosphocreatine, 1 mM EGTA, 10 mM HEPES, and 5 mM QX-314,
pH 7.25 with CsOH) was used. The mIPSCs were recorded at -=70 mV
in the presence of 50 uM CNQX, 50 pM APV, and 1.5uM TTX. The
access resistance was monitored during recordings, and the data
were excluded from analysis if the series resistance changed more
than 20% from control levels.

Perforated-patch recordings were made from identified pyr-
amidal neuron at layer V of mPFC and the extracellular stimulating
electrodes were placed at mPFC layer II/Ill. Recording electrodes
(4-5MQ) contained 80-100 ug/ml gramicidin in a solution com-
prised of the following (in mM): 140 KCI, 1 MgCl,, 4 MgATP, 0.5
EDTA, 10 HEPES, pH 7.2. The electrode tip was front-filled with an
identical, but gramicidin-free solution. Recordings did not com-
mence until the access resistance (Ra) had stabilized. If perforated-

patch configuration ruptured, the reversal potential of Epscs
would be 0 mV.

In cell-attached recordings, to determine neuronal firing fre-
quency at layer V of mPFC, the recording pipettes were filled with
ACSF. The pipette resistances were 3-6 MQ. Ten micromolars of car-
bachol or 12uM NMDA was applied to induce neuronal firing in the
mPFC. A Picospritzer (Parker Hannifin Instrumentation, Cleveland,
OH) was used to puff 100 uM isoguvacine via a pipette (5MQ) posi-
tioned close to the patched neurons with 50 ms pulse duration and
10 psi pressure.

All recordings were made with an Axopatch 200B amplifier
through a DigiData 1321A interface (Molecular Devices, CA). The
excitability recorded in current-clamp mode and postsynaptic cur-
rents (excitatory and inhibitory) recorded in voltage-clamp mode were
analyzed with Clampfit 11.1. For the excitability experiments, number
of action potential spikes per second was calculated. Reversal poten-
tials were determined by measuring the shift of GABA,-mediated
inhibitory postsynaptic currents of pyramidal neurons patched at
different holding potentials. The typical traces of miniature EPSCs or
miniature IPSCs were selected to create a sample template for event
detection within a data period, respectively. The frequency (event
number) and amplitude of individual event was examined. The input
resistances of the tested neurons were calculated offline from the
voltage produced by negative current injection (-10 pA) prior to the
step currents.

Stereotaxic injection of AAV

Mice were anesthetized with Avertin (200 mg/kg), and then were set-
tled in a brain stereotaxic apparatus (RWD Life Science Co., Shenzhen,
China). AAV2/Retro-hSyn-DIO-hM4D(Gi)-mCherry (1.43 x 10" v.g./ml),
AAV2/Retro-hSyn-DIO-mCherry (1.43 x 102 v.g./ml), AAV2/9-Efla-DIO-
eNpHR3.0-mCherry (143 x10%v.g./ml), AAV2/9-Efla-DIO-mCherry
(5.47 X102 v.g./ml), AAV2/9-hSyn-DIO-hM4D(Gi)-mCherry
(8.66 x102v.g./ml), AAV2/9-hSyn-DIO-mCherry (1.32 x10®v.g./ml),
AAV2/9-ChAT-mini TK promoter-Ngfr-3xFlag (2.54 x102v.g./ml),
AAV2/9-ChAT-mini TK promoter-3xFlag (1.2x102v.g./ml), AAV2/9-
ChAT-mini TK promoter-EGFP-miR30shRNA(Ngfr) (5.13 x102v.g./ml,
CCGATGCTCCTATGGCTACTA), AAV2/9-ChAT-mini TK promoter-
EGFP-miR30shRNA(NC) (5.92 x 102 v.g./ml) were from OBiO Technol-
ogy Corp. AAV2/9-hsyn-ACh3.0 (3.01x10"v.g./ml) was from WZ
Biosciences Inc. For AAV injection, 300 nl AAV was administered
bilaterally into the mPFC, HP, SI/nBM, and MS/vDB of ChAT-Cre mice,
respectively, according to the experimental design. Ten milliliters of
Hamilton syringe with a 33-gauge needle was used. The following
coordinates defined brain area location, mPFC: anteroposterior,
1.94 mm; mediolateral, +0.3 mm; and dorsoventral, —3.0 mm relative
to the Bregma; HP: anteroposterior, —1.82 mm; mediolateral, +1.3 mm;
and dorsoventral, -1.5mm relative to the Bregma; SI/nBM: ante-
roposterior, —-0.6 mm; mediolateral, +1.7mm; and dorsoventral,
—-4.7 mm relative to the Bregma; MS/vDB: anteroposterior, 0.98 mm;
mediolateral, £0.3 mm; and dorsoventral, -5.0 mm relative to the
Bregma. At the end of the infusion, the needle was kept in the brain for
another 5 min to reduce backflow. Shortly after surgery, mice received
Metacam (1mg/kg) for analgesia and were translocated to their
home cages.

Immunofluorescence

Anesthetized mice were transcardially perfused with 50 mL of 4%
paraformaldehyde in phosphate-buffered saline (PBS). Brains were
removed and postfixed overnight at 4 °C. Twenty percent sucrose and
30% sucrose in PBS were sequentially used for cryopreservation. Brains
were coronal sliced (30 pm) by Leica CM1950. Slices were permeabi-
lized with PBS and 0.3% Triton X-100 for 30 min and blocked in 5% BSA
in PBS for 1h, and incubated in diluted primary antibody (ChAT,
AB144P, Millipore, 1:100, RRID:AB_2079751; NGFR, ab52987, Abcam,
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1:200, RRID:AB_881682; Flag, 8146, CST, 1:500, RRID:AB_10950495) at
4 °C overnight. After incubation of secondary antibodies (Invitrogen
Alex Fluor) at room temperature for 50 min and staining with 0.5 pg/
ml DAPI for 5min, coverslips were mounted and visualized with
Olympus VS 120.

Immunoblotting

For western blot, mice brain tissues were lysed in RIPA buffer con-
taining (all units are in mM): 50 Tris-HCI (pH 7.4), 150 NaCl, 2 EDTA, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 PMSF, a cocktail of
protease inhibitor (Roche), and phosphatase inhibitor (10 NaF, 1
Na;VO,). Supernatants obtained after centrifugation at 12,000 x g for
15 min at 4 °C were subjected to SDS-PAGE, and immunoblot analysis
was performed with appropriate antibodies (KCC2, 07-432, Millipore,
1:1000, RRID:AB_310611; NKCC1, T4, Development Studies Hybridoma
Bank, 1:200, RRID:AB_528406). Second antibodies were conjugated to
infrared dyes (Rockland Immunochemicals, 1:1000). We detected
bound antibody using Odyssey Infrared Imaging System and measured
signal intensities with the image analysis software Odyssey. Samples
were quantified and normalized as the ratio of target protein to control
protein Tubulin. For the comparison between different genotypes or
treatments, we presented the data as the fold change of one group to
the other group.

Fiber photometry recording

For fiber photometry recording of ACh signals in the mPFC, mice were
injected with AAV2/9-hsyn-ACh3.0 (WZ Biosciences Inc.) and implan-
ted with an optic fiber (N.A. = 0.22) in the mPFC. Four weeks after viral
expression, ACh signals were recorded by a commercial fiber photo-
metry setup (Thinker Tech Nanjing Biotech Co. Ltd.). A 390-Hz sinu-
soidal blue LED light (480 nm) was used to excite ACh3.0, and the
emission light was transformed into electronic waves by a PMT. The
signal was low pass filtered with a cut-off frequency of 5 Hz. The laser
intensity at the fiber tip was adjusted to 30-40 pyW to minimize
fluorescence bleaching. The recorded data were analyzed by MATLAB
2018b. We analyzed the recording data in a time window of 8s,
including 4 s before (—4s to 0s) and 4s after (Os to 4s) object
exploration. To detect the changes in ACh release for each object in the
sample phase or the test phase, we calculate AF/F, for the specific
object separately. The values of signal AF/F, were calculated with the
following formula: (F - Fo)/Fo, where F represented the fluorescence
signal and F, represented the averaged value of the signal for 10 s
before the analysis.

Chemogenetics and optogenetics

For chemogenetic experiments, 300 nl AAV2/Retro-DIO-hM4D(Gi)-
mCherry, AAV2/Retro-DIO-mCherry, or AAV2/9-hSyn-DIO-hM4D(Gi)-
mCherry and AAV2/9-hSyn-DIO-mCherry (OBiO Technology Corp.)
were bilaterally injected into the mPFC, HP or MS/vDB of ChAT-Cre
mice. After 4 weeks of recovery period, behavioral tests were per-
formed. Mice were injected with 1 mg/kg CNO (s.c., 1mg/ml in 0.9%
saline), 1 hour before behavioral tests.

For optogenetic experiments, AAV2/9-Efla-DIO-eNpHR3.0-
mCherry or AAV2/9-Efla-DIO-mCherry (OBiO Technology Corp.) were
bilaterally injected into the SI/nBM of ChAT-Cre mice and implanted
with optical fiber in the mPFC. During temporal order recognition test,
constant light with 589 nm was given to the cholinergic terminals in
mPFC at 4-6 mW during the 5 min exploration in each phase.

Nicotine treatment

For chronic nicotine treatment, mice were given a drinking solution
containing nicotine plus 1% saccharin to mask nicotine’s bitter taste.
Nicotine in the drinking water was applied at the dose of 650 pg/ml
over a 4-week period. In order to apply sufficient nicotine, only
nicotine-laced water will be administered to animals.

Cannula infusion of drug

For the bilateral cannula implantation into the mPFC of wild-type mice,
the following coordinates were used: anteroposterior, 1.7 mm; med-
iolateral, +1.5 mm (implantation with an angle of 20°); and dorsoven-
tral, -2.75mm relative to the Bregma. One week after the cannula
implantation, behavioral experiments were performed. Furosemide
was infused through cannula 1h before the onset of novel object
recognition and object location recognition tests. For the temporal
order recognition test, furosemide was infused twice at the following
time point, 1 h before the sample phase 1 and 1 h before the test phase.
Specifically, furosemide sodium (2 mM) in a total volume of 500 nl per
side was infused through an injector cannula with a microinfusion
pump at a speed of 500 nl/min. The injection infuser was kept in the
mPFC for 1 min after infusion.

Drugs

TTX, CNQX, APV, carbachol, picrotoxin, gramicidin, and nicotine
bitartrate were from Sigma-Aldrich. Isoguvacine was purchased from
Tocris Bioscience. Furosemide sodium was from Selleck.

Data analysis

Prism GraphPad 8.2.1 was used for statistical analysis. The statistical
significance of differences between groups was calculated with
unpaired two-sided t-test, two-way ANOVA with Bonferroni’s or Sidak’s
multiple comparisons, and two-sided Wilcoxon rank-sum test, p value
adjusted by FDR. Numerical data are means + SEM. *p < 0.05; **p < 0.01;
**p < 0.001; ***p < 0.0001; ns, not significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available within the main
text and Supplementary Materials. Source data are provided with this
paper as a Source Data file. All data are available from the corre-
sponding author upon request. Source data are provided with
this paper.

Code availability
Previously published and open-access software was used following the
instructions. Descriptions are available in the “Methods” section.
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