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Abstract
Alzheimer’s disease (AD) is a prevalent neurodegenerative disorder linked to cognitive decline. To understand how specific neuronal
circuits are impaired in AD, we have used optogenetic and electrophysiological approaches to reveal the functional changes between
prefrontal cortex (PFC) and basal forebrain (BF), 2 key regions controlling cognitive processes, in a tauopathy mouse model. We found
that the glutamatergic synaptic responses in BF cholinergic neurons from P301S Tau mice (6–8 months old) were markedly diminished.
The attenuated long-range PFC to BF pathway in the AD model significantly increased the failure rate of action potential firing of BF
cholinergic neurons triggered by optogenetic stimulations of glutamatergic terminals from PFC. In contrast, the projection from PFC
to other regions, such as amygdala and striatum, was largely unaltered. On the other hand, optogenetic stimulation of cholinergic
terminals from BF induced a persistent reduction of the excitability of PFC pyramidal neurons from Tau mice, instead of the transient
reduction exhibited in wild-type mice. Taken together, these data have revealed a selective aberration of the pathway between PFC
pyramidal neurons and BF cholinergic neurons in a tauopathy mouse model. This circuit deficit may underlie the loss of attention
and executive function in AD.
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Introduction
Cognitive decline in Alzheimer’s disease (AD) is associated with multiple neuropathological features (Lawrence
et al. 2017; Gan et al. 2018). The concept of neurodegeneration in AD has been expanded from the idea of general
neuronal loss and astrogliosis to include earlier alterations such as synaptic and dendritic injury in specific
brain circuits. To better understand the functional disturbances linked to AD-associated memory impairment, it is
important to have the high-resolution mapping of cognitive circuits that go awry in AD. Optogenetic stimulation
of specific pathways and ex vivo patch-clamp recording
of synaptic responses (Gu and Yakel 2011; Yizhar et al.
2011; Chaudhury et al. 2013; Kim et al. 2013; Jiang et al.
2016; Zhong et al. 2020) provide the powerful tool to
interrogate circuit changes in AD and the underlying
synaptic mechanisms.
Prefrontal cortex (PFC) and basal forebrain (BF), 2
reciprocally connected key regions controlling cognitive
processes (Gaykema et al. 1991; Woolf 1991; Chandler
and Waterhouse 2012; Bloem et al. 2014), are degenerated
at early stages of AD (Arnold et al. 1991; Teipel et al. 2005;
Grothe et al. 2010; Grothe et al. 2012). PFC is composed
of glutamatergic pyramidal projection neurons and
GABAergic interneurons. It controls high-level executive
functions by top-down governing of its innervated

regions, while it is also subject to bottom-up regulation
by interconnected subcortical regions (Tomita et al.
1999; Buschman and Miller 2007; Comte et al. 2016;
Yan and Rein 2021). BF is composed of cholinergic
neurons and heterogeneous noncholinergic neurons
that are distributed in a series of nuclei, including
medial septal nucleus, diagonal band (DB) nuclei,
preoptic nucleus, nucleus basalis (NB), and substantia
innominata (SI) (Woolf 1991). Cholinergic neurons in NB
and DB provide the predominant cholinergic projections
to PFC (Mesulam et al. 1983; Woolf 1991; Bloem et al.
2014), which is directly engaged in attention and memory
(Picciotto et al. 2012; Ballinger et al. 2016).
To find out whether the loss of cholinergic signaling
is linked to cognitive impairment in neurodegenerative
disorders as perceived before (Bartus et al. 1982; Grothe
et al. 2010), we examined the alteration of long-range
connections between PFC and BF in an AD model, the
transgenic mouse carrying P301S mutation on human
microtubule-associated protein Tau. P301S Tau mice
reconstitute a variety of AD-related phenotypes, including tau filament abnormality, synapse loss, synaptic
dysfunction, microglial activation, cognitive behavioral
deficits, and neurodegeneration (Allen et al. 2002;
Yoshiyama et al. 2007; Takeuchi et al. 2011; Onishi et al.
2014; Cao et al. 2020; Wang et al. 2021). To examine
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Selective impairment of circuits between prefrontal
cortex glutamatergic neurons and basal forebrain
cholinergic neurons in a tauopathy mouse model
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Materials and methods
Animals and surgery
All animal uses were approved by the IACUC of State
University of New York at Buffalo. Wild-type (WT), Tau
P301S transgenic mice (Yoshiyama et al. 2007) (Jackson
Laboratory, 008169) and ChAT-IRES-Cre mice (Rossi et al.
2011) (Jackson Laboratory, 006410) were used in this
study.
AAV9.CAG.hChR2(H134R)-mCherry.WPRE.SV40
(ChR2) and pAAV-EF1a-double f loxed-hChR2(H134R)mCherry-WPRE-HGHpA (Cre-ChR2) were purchased
from Penn Vector Core. Virus injection was conducted
as previously described (Qin et al. 2018; Zhong et al.
2020; Rapanelli et al. 2021; Tan et al. 2021). Briefly,
mice (∼5 months old) were anesthetized with ketamine
(95 mg/kg) and xylazine (5 mg/kg). After achieving deep
anesthesia, using the stereotaxic apparatus (KoPF), we
bilaterally injected ChR2 virus (1 μL) into the medial
PFC area (AP: 2.00 mm, ML: ± 0.5 mm, DV: −2 mm) or
Cre-ChR2 virus (1 μL) into the BF area (AP: −0.2 mm,
ML: ± 1.5 mm, DV: −5.0 mm) through a Hamilton
syringe (31 gauge). Injection speed was controlled using
a microinjection pump (KD Scientific) (100 nL/min). The
injection needle was left in place for 5 min following
injection. Mice were allowed for viral expression for over
6 weeks before experimentation.

Electrophysiological and optogenetic recordings
Mice were anesthetized with isof lurane and rapidly
decapitated. Brains were quickly removed and submerged into the ice-cold sucrose solution (in mM: 234
sucrose, 4 MgSO4 , 2.5 KCl, 1 NaH2 PO4 , 0.1 CaCl2 , 15 HEPES,
11 glucose, pH 7.35). Coronal slices (300 μm) containing
BF regions including horizontal diagonal band (HDB) and
SI were prepared on a vibratome (Leica VT1000s) in the
ice-cold sucrose solution, then were transferred into
artificial cerebrospinal f luid (ACSF) (in mM: 130 NaCl,
26 NaHCO3 , 3 KCl, 5 MgCl2 , 1.25 NaH2 PO4 , 1 CaCl2 , 10
Glucose, pH 7.4, and 300 mOsm, oxygenated with 95%
O2 + 5% CO2 ), and kept at ∼32 ◦ C for 1 h and then at the
room temperature (22–24◦ C) for 1–4 h.
For recordings, 1 slice was positioned in a perfusion
chamber attached to the fixed stage of an upright
microscope (Olympus) and submerged in continuously

flowing oxygenated ACSF (external solution). Wholecell patch-clamp experiments were performed with a
Multi-clamp 700A amplifier and Digidata 1322A data
acquisition system (Molecular Devices). Neurons were
visualized with the infrared differential interference
contrast video microscopy. Recording electrodes were
pulled from borosilicate glass capillaries (1.5/0.86 mm
OD/ID) with a micropipette puller (Sutter Instrument
Co., model P-97). The resistance of patch electrode was
3–4.0 MΩ.
Optogenetic stimulation of ChR2-expressing neurons
or terminals in brain slices was carried out via a microscope objective (Olympus LUMPlan FI/IR, 40X0.80w)
using a UHP-Microscope-LED-460 system (Prizmatix)
that provides >1 W collimated blue light (460 nm
peak, 27 nm spectrum half width, 85% peak power at
450 nm). The blue light was triggered with TTL pulses
programmed by the pClamp (Molecular Devices) data
acquisition software and an on/off precision of about
0.1 ms was determined by the software-based acquisition
rate. Single light pulses (width: 5 ms) or trains of light
pulses (5 Hz, 4–5 pulse/train) were delivered during
electrophysiological recordings.
Whole-cell voltage clamp was used to measure
spontaneous excitatory postsynaptic current (sEPSC),
EPSC evoked by electrical stimulation of neighboring
neurons (eEPSC), and EPSC evoked by optogenetic
stimulation of ChR2-expressing neurons or terminals
(opto-EPSC). The internal solution contained (in mM):
130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 1 MgCl2 ,
5 EGTA, 10 HEPES, 4 Mg-ATP, 0.5 Na2 GTP, and 10 Naphosphocreatine. Whole-cell current clamp was used
to record action potentials (APs) evoked by optogenetic
stimulation of ChR2-expressing neurons or terminals
(opto-AP) and synaptic-driven spontaneous action potential (sAP) firing. The internal solution contained (in mM):
20 KCl, 100 K-gluconate, 10 HEPES, 4 Mg-ATP, 0.5 Na2 GTP,
and 10 Na-phosphocreatine. For increasing neuronal
activity in slices, a modified ACSF with lower magnesium
(0.5 mM MgCl2 ) and higher potassium (3.5 mM KCl) was
used as the external solution in the experiments for the
recording of sEPSC, opto-AP, and sAP. To induce synapticdriven sAP, a small (<50 pA) adjusting current (positive
DC) was injected to elevate the membrane potential
(inter-spike potential: −58 mV) (Maffei and Turrigiano
2008; Zhong and Yan 2016). APs evoked by injected
currents were recorded in regular ACSF.

Immunofluorescent staining
Six weeks after virus injection, mice were anesthetized
and transcardially perfused as we previously described
(Cao et al. 2020). Brain tissue was post-fixed in 4%
paraformaldehyde and dehydrated with 30% sucrose
for 2 consecutive days. Coronal sections (50 μm) were
cut with a vibrating microtome (Leica VT1000 S) and
stored in cryoprotectant solution at −20 ◦ C until ready to
use. For illustrating the viral expression of ChR2(H134R)mCherry in PFC, slices were blocked with PBS containing
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the PFC to BF pathway, we injected ChR2 into PFC
and recorded BF cholinergic neurons in response to
optogenetic stimulation of glutamatergic terminals from
PFC. On the other hand, to examine the BF to PFC
pathway, we injected ChR2 into BF cholinergic neurons
and recorded PFC pyramidal neurons in response to
optogenetic stimulation of cholinergic terminals from
BF. Our results have revealed a selective aberration of
the pathway between PFC pyramidal neurons and BF
cholinergic neurons in a tauopathy mouse model, which
may contribute to the loss of attention and executive
function in AD.
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Data analysis
Data were acquired (sampling rate: 10 kHz, filtering frequency: 1 kHz) using the software Clampex 9.2 (Molecular Device). Data analyses were performed with the
Clampfit software (Molecular Devices), Mini Analysis Program (Synaptosoft), and KaleidaGraph software. Statistical analysis was performed with Prism (GraphPad) and
2-tailed unpaired Student’s t-test was used to determine
the significance of differences between groups. All data
are expressed as the mean ± SEM.

Results
Synaptic excitation in BF cholinergic neurons
from P301S Tau mice is diminished
To find out whether cholinergic function in BF is impaired
in the Tau model of AD, we performed whole-cell
recordings of synaptic currents in cholinergic neurons
at the HDB area of BF. Large oval-shaped neurons
were identified to be BF cholinergic neurons, as we
characterized previously (Gu et al. 2014). The sEPSC was
first measured in the presence of a low-magnesium ACSF
to enable the elevation of neuronal activity in slices
(Maffei and Turrigiano 2008; Zhong and Yan 2016). As
shown in Fig. 1A–C, sEPSC in BF cholinergic neurons from
WT mice had numerous large high-frequency (bursting)
events, while sEPSC in BF cholinergic neurons from
P301S Tau mice had much smaller events and almost no
bursting. When comparing sEPSC with a low threshold
of 10 pA to include all events, a significant reduction
of sEPSC amplitude, but not frequency, was found in BF
cholinergic neurons from P301S Tau mice (Fig. 1D, WT:
29.5 ± 1.7 pA, 9.65 ± 0.62 Hz, n = 10, Tau: 22.4 ± 1.2 pA,
8.86 ± 0.66 Hz, n = 11, amp: t19 = 3.4, P = 0.003, frequency:
t19 = 0.9, P = 0.39). When only medium-sized (threshold:
25 pA) and large-sized (threshold: 45 pA) sEPSC events
were selected, a significant reduction was found on both
amplitude and frequency of sEPSC in BF cholinergic
neurons from P301S Tau mice (Fig. 1D, 25 pA threshold,
WT: 48.6 ± 3.1 pA, 3.73 ± 0.38 Hz, n = 10, Tau: 37.3 ± 1.9
pA, 2.08 ± 0.24 Hz, n = 11, amp: t19 = 3.2, P = 0.005,
frequency: t19 = 3.7, P = 0.002; 45 pA threshold, WT:
67.2 ± 3.3 pA, 1.68 ± 0.17 Hz, n = 10, Tau: 55.9 ± 2.0 pA,
0.64 ± 0.13 Hz, n = 11, amp: t19 = 3.0, P = 0.007; frequency:
t19 = 4.9, P < 0.001, t-test).

To further examine synaptic responses in BF cholinergic neurons, we measured EPSC evoked by electrical stimulation of neighboring glutamatergic inputs from local
or long-range projections. AMPAR-EPSC was recorded at
−70 mV, and NMDAR-EPSC was recorded at +40 mV (peak
detected at 40 ms after electric stimulation when AMPAR
inactivated) in the presence of bicuculline (10 μM). Compared to WT mice, the amplitude of AMPAR-EPSC and
NMDAR-EPSC was significantly smaller in BF cholinergic
neurons from P301S Tau mice (Fig. 2A and B, AMPAR, WT:
61.2 ± 7.9 pA, n = 10, Tau: 42.1 ± 3.9 pA, n = 11, t19 = 2.3,
P = 0.03; NMDAR, WT: 40.2 ± 4.6 pA, n = 10, Tau: 27.7 ± 3.6
pA, n = 11, t19 = 2.9, P = 0.009, t-test), indicating the diminished glutamatergic transmission in these neurons.

Optogenetic recordings reveal that PFC to BF
cholinergic neurons pathway is selectively
impaired in P301S Tau mice
BF cholinergic neurons are directly contacted by PFC
afferents (Gaykema et al. 1991). The diminished synaptic
responses in BF cholinergic neurons from Tau mice could
be due to the reduced glutamatergic inputs from PFC. To
test this, we first used optogenetic recordings to find out
whether PFC provides an important excitatory projection
to BF cholinergic neurons. The ChR2(H134R)-mCherry
AAV was injected into PFC, and whole-cell patch-clamp
recordings were performed on BF cholinergic neurons by
light stimulation of glutamatergic terminals from PFC
pyramidal projection neurons (Fig. 3A). Confocal images
showed the expression of ChR2 in PFC neurons at the
viral injection site (Fig. 3B). Moreover, ChR2 was transported to target regions innervated by PFC, including BF,
and BF cholinergic neurons (ChAT+) also received rich
projections from PFC (Fig. 3C).
BF is composed of heterogeneous types of neurons
(Gritti et al. 2006). The glutamatergic inputs from PFC
could directly activate BF cholinergic neurons or indirectly inactivate BF cholinergic neurons via feedforward
inhibition by stimulating BF GABAergic inhibitory neurons (Fig. 3D). To test this, we recorded light-evoked EPSC
(opto-EPSC, holding at −70 mV) and IPSC (opto-IPSC,
holding at 0 mV) in BF cholinergic neurons. As shown in
Fig. 3E, AMPA receptor antagonist DNQX (50 μM) blocked
both opto-EPSC and opto-IPSC, while GABAA R antagonist
bicuculline (10 μM) only blocked opto-IPSC, indicating
that opto-EPSC is mediated by AMPARs and opto-IPSC
is mediated by GABAA Rs. These synaptic currents are
both dependent on light stimulation of glutamatergic
terminals from PFC, and opto-IPSC is likely generated
via the disynaptic PFC to BF GABA interneuron to BF
cholinergic neuron pathway. Light failed to induce any
response in BF cholinergic neurons from mice without
ChR2 virus injection (Fig. 3E), confirming that the optogenetic response was induced by stimulation of PFC to
BF projections.
To examine the functional alteration of PFC to
BF pathway in AD, we compared synaptic responses
to optogenetic stimulation of PFC projections in BF
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5% goat serum (1 h, room temperature), followed by
PBS washing and direct imaging with a Leica DMi8
fluorescence inverted microscope with Spiral function at
10× magnification. For labeling BF cholinergic neurons,
slices were incubated with anti-ChAT (AB144P, 1:500,
Millipore Sigma) at 4 ◦ C overnight. For labeling PFC
neurons, slices were incubated with anti-NeuN (1:500;
Millipore, MAB377). After washing, slices were incubated
with a f luorescent secondary antibody (A-11055, 1:1000,
ThermoFisher Scientific) at room temp for 1 h. Images
were acquired by using a Leica TCS SP8 confocal
microscope.
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cholinergic neurons from WT versus Tau mice. As shown
in Fig. 4A and B, the amplitude of opto-EPSC and optoIPSC was significantly reduced in BF cholinergic neurons
from Tau mice (opto-EPSC, WT: 121.2 ± 17.2 pA, n = 10;
Tau: 71.5 ± 9.1 pA, n = 13, t21 = 2.7, P = 0.013; opto-IPSC,
WT: 85.7 ± 7.8 pA, n = 10, Tau: 57.9 ± 7.6 pA, n = 13,
t21 = 2.5, P = 0.021, t-test), suggesting the impairment of
PFC → BF circuit in AD.

PFC projects to many subcortical regions other than
BF, such as basolateral amygdala (BLA) and striatum.
To find out the specificity of the compromised PFC to
BF pathway in AD, we also examined PFC to BLA and
PFC to striatum pathways. BLA principal neurons can be
directly activated by glutamatergic inputs from PFC and
indirectly inactivated via feedforward inhibition from
stimulated BLA inhibitory interneurons (Tan et al. 2021;
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Fig. 1. BF cholinergic neurons from P301S Tau mice have the diminished baseline EPSCs. A, B) Representative sEPSC traces recorded in BF cholinergic
neurons from 6-month-old WT and P301S Tau transgenic (Tau) mice. C) Expanded view of sEPSC traces from the selected regions in B (highlighted in
gray). D) Bar graph showing the sEPSC amplitude and frequency in BF cholinergic neurons from WT versus Tau mice. All events (threshold: 10 pA),
medium events (threshold: 25 pA), and large events (threshold: 45 pA) were compared. ∗∗ P < 0.01; ∗∗∗ P < 0.001, t-test.
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Wang et al. 2021), so both opto-EPSC and opto-IPSC were
detected in BLA principal neurons (Fig. 4C). However, no
significant difference was found on the amplitude of
opto-EPSC and opto-IPSC in BLA principal neurons from
WT versus Tau mice (Fig. 4D, opto-EPSC, WT: 131.2 ± 10.2
pA, n = 9; Tau: 128.8 ± 9.8 pA, n = 11, t17 = 0.17, P = 0.86;
opto-IPSC, WT: 134.4 ± 10.9 pA, n = 9; Tau: 118.5 ± 7.7 pA,
n = 11, t17 = 1.9, P = 0.07, t-test). In striatal medium spiny
neurons (MSNs), opto-EPSC was detected, but opto-IPSC
was not (Fig. 4E), suggesting the presence of excitatory
projections from PFC to striatum and the lack of recurrent GABAergic connections among MSNs in striatum.
No significant alteration was found on the amplitude of
opto-EPSC in striatal medium spiny neurons from Tau
mice (Fig. 4F, opto-EPSC, WT: 72.4 ± 7.6 pA, n = 9; Tau:
64.6 ± 4.9 pA, n = 9, t16 = 0.9, P = 0.41, t-test).
Given the selective impairment of PFC to BF pathway
in P301S Tau mice, we next examined its impact on
the excitability of BF cholinergic neurons driven by
PFC stimulation. APs evoked by optogenetic stimulations of glutamatergic terminals from PFC (optoAP) were detected in BF cholinergic neurons (Fig. 5A).
In contrast to the reliable triggering of opto-AP by
light pulses in WT mice, a significantly higher failure
rate of opto-AP was observed in P301S Tau mice
(Fig. 5B, WT: 14.3 ± 7.4%, n = 7, Tau: 62.5 ± 6.7%, n = 8,
t13 = 4.8, P < 0.001, t-test). Frequencies of APs evoked by
injected currents were largely unchanged (Fig. 5C and D,
n = 10/group, F1,16 (genotype) = 1.51, P = 0.24, 2-way analysis
of variance), indicating that the intrinsic firing properties
are normal in BF cholinergic neurons from Tau mice.
These data suggest that the impaired PFC to BF pathway
causes functional deficiency of BF cholinergic neurons
in AD.

PFC (Woolf 1991; Chandler and Waterhouse 2012;
Bloem et al. 2014; Zaborszky et al. 2015). Next, we
used optogenetic studies to find out whether the BF
cholinergic to PFC pathway is also functionally altered
in AD mice. ChAT-Cre mice, which have Cre expression
in cholinergic neurons, were crossed with WT or Tau
mice, and the Cre-dependent ChR2 virus, pAAV-EF1adouble floxed-hChR2(H134R)-mCherry-WPRE-HGHpA,
was injected into BF of these mice. After 6 weeks of viral
expression, we performed patch-clamp recordings of PFC
pyramidal neurons that receive the cholinergic inputs
from BF. Confocal images (Fig. 6A) showed the expression
of ChR2 in BF cholinergic neurons (ChAT+) at the virus
injection site. Moreover, ChR2 was transported to target
regions innervated by BF cholinergic neurons, including
PFC neurons (NeuN+).
Optogenetic stimulation of cholinergic terminals from
BF, which can trigger ACh release within 100 ms of the
light stimulus (Gritton et al. 2016), did not induce direct
AP firing in PFC pyramidal neurons. So we examined
the neuromodulatory effect of ACh (Picciotto et al. 2012;
Jiang et al. 2016) by measuring its impact on the frequency of synaptic-driven, sAP in PFC (Zhong and Yan
2016). As shown in Fig. 6B and C, episodic stimulations
of BF cholinergic inputs triggered a short-lived reduction
of sAP frequencies in PFC pyramidal neurons from WT
mice; however, a long-lasting reduction of sAP frequencies in response to repeated optogenetic stimulations
of cholinergic terminals was observed in PFC pyramidal
neurons from Tau mice. Thus, after 8–10 stimulations,
Tau mice had a significantly lower sAP frequency than
WT mice (WT: 1.07 ± 0.07 Hz, n = 9, Tau: 0.31 ± 0.06 Hz,
n = 8, t15 = 13.2, P < 0.0001, t-test), suggesting that PFC
pyramidal neurons are persistently suppressed by BF
cholinergic inputs in AD.

BF cholinergic neuron-mediated modulation of
PFC pyramidal neuronal excitability is altered in
P301S Tau mice

Discussion

BF cholinergic neurons send extensive projections via
their elaborate axon arbors to cortical targets including

One of the important and understudied questions in AD
is how specific brain circuits are altered at the early
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Fig. 2. BF cholinergic neurons from P301S Tau mice have the attenuated AMPAR- and NMDAR-mediated synaptic responses. A) Representative EPSC
traces evoked by electrical stimuli in BF cholinergic neurons (held at −70 mV for AMPAR-EPSC and +40 mV for NMDAR-EPSC) from 6-month-old WT
and Tau mice. B) Bar graph showing the AMPAR-EPSC and NMDAR-EPSC amplitudes in BF cholinergic neurons from WT versus Tau mice. ∗ P < 0.05;
∗∗ P < 0.01, t-test.
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stage, which leads to cognitive decline. Given the early
compromise of PFC-mediated functions in AD, such as
working memory, it is not surprising that PFC is one of the
brain regions with a high vulnerability of degeneration
in aging and AD (Raz et al. 1997; Salat et al. 2001). PFC
controls high-level cognitive processes via interacting
with its connected subcortical regions, including the BF
cholinergic system (Tomita et al. 1999; Buschman and
Miller 2007; Comte et al. 2016; Yan and Rein 2021). BF

atrophy is found in people with mild cognitive decline,
and a widespread reduction of AChE expression and
ACh receptors is found in patients with AD, implicating
the critical role of cholinergic dysfunction in AD-related
cognitive impairment (Teipel et al. 2005; Grothe et al.
2012; Ballinger et al. 2016).
Using P301S Tau mice, we first revealed the significant
reduction of glutamatergic transmission in BF cholinergic neurons of the AD model. Large bursts of sEPSC
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Fig. 3. Optogenetic recordings reveal that BF cholinergic neurons are functionally innervated by PFC. A–C) A diagram of the experimental setting (A)
and confocal images showing the viral expression of ChR2(H134R)-mCherry in PFC (red, B, injection site) and ChR2-expressing terminals at the target
regions including BF (red, C). Cholinergic neurons in BF are stained with anti-ChAT (green, C). Main brain regions on the image include: CTX (cortex), CPu
(caudate putamen), LS (lateral septal), and BF. Blue: DAPI staining. The high-power images were from subregions of the low-power ones. D) Schematic
diagram showing the inputs from PFC to BF cholinergic neurons directly and indirectly via the BF inhibitory interneuron. E) Representative traces of
excitatory and inhibitory postsynaptic currents evoked by the blue light pulse (5-ms) stimulation (opto-EPSC, opto-IPSC) in BF cholinergic neurons.
Opto-EPSC was recorded at −70 mV, which was blocked by AMPAR antagonist DNQX (50 μM). Opto-IPSC was recorded at 0 mV, which was blocked by
GABAA R antagonist bicuculline (10 μM). The response to light stimulation in a representative BF cholinergic neuron from a mouse without ChR2 virus
injection is also shown.
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exhibited in BF cholinergic neurons of WT mice were not
detected in Tau mice (Fig. 1). The reduced sEPSC amplitude and frequency (Fig. 1), as well as the diminished
AMPAR- and NMDAR-mediated synaptic currents (Fig. 2),
suggest that BF cholinergic neurons may have impaired
glutamatergic inputs in AD.
Using optogenetic and electrophysiological approaches,
we next revealed the functional changes in long-range
connections from PFC glutamatergic neurons to BF

cholinergic neurons in the Tau AD model. BF cholinergic neurons are influenced by PFC inputs via direct
glutamatergic excitation (monosynaptic) and indirect
feedforward GABAergic inhibition (disynaptic) (Fig. 3).
We find that BF cholinergic neurons in P301S Tau mice
(∼6 months old) receive the significantly diminished
PFC inputs, as demonstrated by the reduced EPSC and
IPSC evoked by optogenetic activation of PFC projections
(Fig. 4). Consequently, BF cholinergic neurons in P301S
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Fig. 4. Optogenetic recordings reveal that the PFC to BF pathway is selectively impaired in P301S Tau mice. A, C, E) Representative traces of opto-EPSC
and opto-IPSC evoked by the blue light pulse stimulation in BF cholinergic neurons (A), BLA principal neurons (B), or striatal medium spiny neurons (C)
from WT and Tau mice (∼7–8 months old) with the injection of ChR2(H134R) in PFC. B, D, F) Bar graph showing the opto-EPSC and opto-IPSC amplitudes
in BF cholinergic neurons (B), BLA principal neurons (D), or striatal medium spiny neurons (F) from WT versus Tau mice. ∗ P < 0.05, t-test.
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Tau mice have the elevated failure rate of firing APs in
response to the stimulation of PFC → BF pathway (Fig. 5).
In contrast to the attenuated PFC to BF pathway in the
AD model, the projection from PFC to other regions, such
as BLA and striatum, is not significantly altered (Fig. 4),
suggesting the pathway specificity of the circuit changes
in AD.
Molecular and cellular mechanisms underlying specific circuit alterations in AD await to be explored.
We speculate that the disrupted microtubule stability
resulting from the accumulation of hyperphosphorylated
Tau in P301S mice interferes with the microtubule-based
transport of cargos important for synaptic transmission
in selective neuronal circuits, such as the long-range PFC
to BF projections.

PFC receives extensive cholinergic inputs from BF
(Woolf 1991; Chandler and Waterhouse 2012; Bloem et al.
2014; Zaborszky et al. 2015). Prior studies have found
that stimulation of BF cholinergic inputs to release ACh
in cortex triggers the excitation of cortical GABAergic
interneurons via nicotinic receptors, leading to the
feed-forward disynaptic inhibition of cortical pyramidal
neurons (Gulledge and Stuart 2005; Arroyo et al. 2012).
Subsequently, ACh depolarizes pyramidal neurons
through muscarinic AChRs to increase their excitability
(McCormick and Prince 1985). The impaired cholinergic
excitation of PFC pyramidal neurons is exhibited in
an AD model as a result of the excessive activation of
calcium-activated hyperpolarizing conductance (Proulx
et al. 2015). Here we have revealed that optogenetic
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Fig. 5. BF cholinergic neurons have a higher failure rate of action potentials (APs) evoked by optogenetic stimulation of PFC to BF pathway in P301S Tau
mice. A) Representative traces of APs in BF cholinergic neurons evoked by the blue light pulse stimulations (a train of four 5-ms pulses of 5 Hz) from
WT and Tau mice with PFC injection of ChR2(H134R). B) Bar graph showing the failure rate of opto-APs in BF cholinergic neurons from WT versus Tau
mice. ∗∗∗ P < 0.001, t-test. C) Representative traces of APs evoked by injected currents in BF cholinergic neurons from WT and Tau mice. D) Plot of spike
numbers in response to a series of injected currents in BF cholinergic neurons from WT and Tau mice.
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stimulation of cholinergic terminals from BF transiently
reduces sAP frequencies in PFC pyramidal neurons from
WT mice but induces a persistent reduction of sAP
frequencies in those from P301S Tau mice (Fig. 6). The
underlying mechanism for this neuromodulatory effect
of synaptically released ACh is unclear. We speculate that
the nicotinic inhibition of PFC pyramidal neurons, which
is responsible for the early reduction of sAP frequency,
is unchanged, but the delayed muscarinic activation of
PFC pyramidal neurons, which is responsible for the later

increase of sAP frequency, is impaired in the AD model,
leading to the altered temporal profile of ACh signaling.
Cholinergic circuits are at the center for normal executive function, and the loss of cholinergic signaling is
strongly linked to cognitive decline (Ballinger et al. 2016).
Our results have revealed a selective aberration of the
pathway between PFC pyramidal neurons and BF cholinergic neurons in a tauopathy mouse model. The diminished PFC excitation of BF cholinergic neurons in AD
reduces the release of ACh in widespread target regions,
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Fig. 6. Optogenetic stimulation of BF cholinergic neurons to PFC pathway induces a sustained reduction of spontaneous action potential (sAP) frequencies
in PFC pyramidal neurons from P301S Tau mice. A) Left: Diagrams showing the experimental setting. DIO-ChR2-mCherry AAV was stereotaxically
injected into BF of ChAT-Cre mice, and recordings were performed in PFC pyramidal neurons. Right: Confocal images showing the expression of ChR2
(red) in BF cholinergic neurons (stained with anti-ChAT, green) at the virus injection site and ChR2-expressing terminals (red) in PFC neurons (stained
with anti-NeuN, green) at the target region. Blue: DAPI staining. B) Synaptic-driven sAP traces in a representative PFC pyramidal neuron from a WT
mouse (left) and a representative PFC pyramidal neuron from a Tau mouse (right) at various time points before and after episodic stimulations of ChR2expressing terminals from BF cholinergic neurons with blue light pulses (5 trains of five 5-ms pulses of 5 Hz). C) Plot showing the averaged frequency
of sAPs in PFC pyramidal neurons from WT and Tau mice at various time points before and after repeated optogenetic stimulations of inputs from BF
cholinergic neurons. sAP frequencies of WT and Tau mice were normalized to 1 before optogenetic stimulations.
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including PFC. On the other hand, the sustained cholinergic inhibition of PFC pyramidal neurons in AD reduces
PFC outputs to target regions, including BF. This vicious
cycle impairs a central circuit for cognition, which may
contribute to the loss of attention and memory in AD.
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