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1 | BACKGROUND

Episodic memory impairment is a prominent symptom of Alzheimer’s
disease (AD). Even in the presymptomatic stage, individuals with AD-
related mutations face an elevated risk of difficulties retrieving recent
or remote memories following stressful events like injury, infection,
or anesthesia and surgery.~3 For example, patients with underlying
dementia are more prone to developing postoperative delirium, and
those who experience delirium exhibit an increased incidence of newly
diagnosed dementia once the delirium episodes have subsided.* Stud-
ies in animals have suggested a potential link between exposure to
anesthesia and the onset and progression of cognitive impairment and
AD pathology.>® However, the precise mechanism by which anesthe-
sia detrimentally affects remote memory retrieval in presymptomatic
AD is largely unknown.

Episodic memories are encoded within hippocampal and prefrontal
circuits.” The acquisition of spatial memory, for instance, relies on the
involvement of the hippocampus, with neuronal firing in the CA1 region
playing a crucial role in the successful retrieval of recent memory. 1011
Once memories are consolidated, the storage of remote or long-term
memories appears to involve the anterior cingulate cortex (ACC), a
subregion of the medial frontal cortex.!? Previous studies demon-
strated that the retrieval of remote memory led to an increased
expression of activity-dependent genes and sustained neuronal activ-
ity in the ACC.13-1> Conversely, both pharmacological and optogenetic
inhibition of ACC impedes remote memory recall.16:17

Both the hippocampus and ACC are susceptible to neurological
insults, and in the context of AD, the presence of intracellular aggre-
gates of hyperphosphorylated tau, a microtubule-associated protein,
can exacerbate their damage.1®-20 Increasing evidence suggests that
anesthesia can significantly impact tau phosphorylation.?! For exam-
ple, repeated exposure of young or adult mice to sevoflurane, a
commonly used inhalational anesthetic, induces tau hyperphosphory-
lation in the hippocampus, leading to cognitive impairment.22-2¢ |n
aged mice, a single exposure to sevoflurane anesthesia resultsinamore
than twofold increase in tau phosphorylation in the frontal cortex.2”
Furthermore, in patients, the incidence and severity of postoperative
delirium have been linked to levels of total and phosphorylated tau in

28,29

the serum, while increased functional magnetic resonance imag-

ing (FMRI) activity in the hippocampus of healthy older adults has
shown a correlation with tau levels in cerebrospinal fluid (CSF).30:31
Despite these associations, whether tau contributes to anesthesia-
induced neural network dysfunction and remote memory deficits
remains unclear.

In this study, we examined the impact of sevoflurane exposure
on the recall of previously acquired memory in two mouse mod-
els of AD (5xFAD and APP/PS1). To explore the neuronal circuit
mechanism underlying anesthesia-induced remote memory impair-
ment, we employed a combination of in vivo two-photon CaZ* imag-
ing, viral-based circuit tracing, recombinase-mediated labeling, and
chemogenetic techniques. Our results demonstrated that sevoflurane
exposure led to a significant increase in pyramidal neuron activity
in the ACC. This heightened activity was driven by the disinhibition
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RESEARCH IN CONTEXT

1. Systematic review: The consolidation and retrieval of
memory involve intricate interactions between the hip-
pocampus and neocortex. In individuals with Alzheimer’s
disease (AD), this process is thought to be compro-
mised. Animal studies have suggested that anesthesia can
exacerbate difficulties in recalling previously acquired
memories. However, the specific molecular and neural cir-
cuit mechanisms responsible for this effect remain poorly
understood.

2. Interpretation: In our study, we used 5xFAD and
APP/PS1 models of AD and observed that exposing
presymptomatic mice to anesthesia resulted in a disrup-
tion of the recall of spatial memory they had previously
acquired. Our findings indicate that this impairment of
remote memory can be attributed to abnormal hyper-
activation of the anterior cingulate cortex, triggered by
anesthesia-induced tau hyperphosphorylation in the
hippocampus.

3. Future directions: Future studies could employ other AD
models, such as apolipoprotein E4 (APOE4), to deter-
mine whether anesthesia-induced memory impairment is
mediated by similar mechanisms of neural network dys-
function. Additionally, assessing the therapeutic potential
of tau inhibitors as interventions for memory impair-
ment at various stages of disease progression would be

valuable.

of local inhibitory circuits and augmentation of long-range excita-
tory inputs originating from the hippocampal CA1 region. Further-
more, we showed that chemogenetic inhibition of CA1-ACC inputs
rectified ACC neuronal hyperactivity and improved remote recall.
Importantly, inhibiting tau hyperphosphorylation in the hippocam-
pus prevented anesthesia-induced ACC hyperactivity and remote
memory impairment. These findings in animals provide insights into
anesthesia-induced remote memory deficits and highlight the ther-
apeutic potential of targeting tau phosphorylation in AD-associated
retrograde amnesia.

2 | METHODS

2.1 | Animals

Transgenic mouse strains, including 5xFAD (034840), APP/PS1
(004462), PV-T2A-Cre (012358), SST-IRES-Cre (013044), CRH-
IRES-Cre (012704), and VIP-IRES-Cre (010908), were obtained from
the Jackson Laboratory. Thy1.2-GCaMPés line 1 mice were bred

in-house.?? Mice were group-housed in temperature-controlled rooms



w6 | Alzheimer’s & Dementia

CHENET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

with a 12-h light-dark cycle. They were randomly assigned to different
treatment groups, and male and female mice aged 3 to 5 months were
used in this study. All mice were kept at the Columbia University ani-
mal facility and handled in accordance with the National Institutes of
Health (NIH) guidelines for animal care and use. The study procedures
(protocol no. AABN7553) were approved by the Institutional Animal
Care and Use Committee at Columbia University. No association was

found between animals’ sex and experimental results.

2.2 | Anesthesia and physiological measurements
Prolonged anesthesia duration is associated with an increased risk of
postoperative complications.33 To conceptually simulate such clinical
scenarios, mice in the anesthesia group underwent 6 h of anesthe-
sia, following established protocols from previous animal studies.8-34
Specifically, the mice were placed in a transparent anesthesia chamber
and administered 3% sevoflurane in 30% oxygen for 6 h. To prevent
hypothermia,3>3¢ the animals’ body temperature was continuously
monitored and regulated using a feedback-controlled system (World
Precision Instruments Inc., Sarasota, FL, USA). The system automat-
ically adjusted the heating pad positioned beneath the anesthesia
chamber to maintain the mice’s rectal temperature at approximately
37°C (Figure S1). After the mice recovered from anesthesia, they were
returned to their home cages with ad libitum access to food and water.
Mice in the control group remained in their home cages under room air
conditions for the same 6-h duration.

Physiological measurements were performed on separate sets of
animals following the same anesthesia procedure described above
(Figure S1). Specifically, respiratory rates were determined by count-
ing the number of thoracic breathing movements during a 30-s period
and calculated as breaths per min. Heart rates were monitored inde-
pendently using electrocardiogram signals. Artery blood gas analysis
was performed using an iSTAT analyzer (Abbott Laboratories, Abbott
Park, IL). Consistent with previous studies,3” sevoflurane at 3% did
not induce substantial changes in the mice’s pH, pO,, and pCO, val-
ues (Figure S1). No mortality was observed during the anesthesia

procedure.

2.3 | Barnes maze

All behavioral experiments were conducted in a double-blind manner.
The Barnes maze test is a well-established method for assessing spa-
tial memory in rodents. In this study, we adopted a shortened protocol
from a previous study>® to conduct the Barnes maze test. The experi-
ment was conducted on a circular platform with a diameter of 90 cm,
featuring 19 evenly distributed holes around the edge and an escape
hole. An escape cage (24 x 5 x 5 cm) was attached to the escape hole,
providing a hiding place for the mice. Visuospatial cues were placed
in the surrounding area to aid the mice in locating the escape cage,
and an auditory cue (buzzer) was used as an environmental stimulus.

Four training trials were conducted during the training day with 20-min

intervals between each trial. The mice were placed in the center of the
platform and given 5 s to acclimate before being allowed to explore the
platform for 3 min to find the escape cage. If the mice could not locate
the escape cage within the allotted time, the researcher guided them
toit. The platform and escape cage were thoroughly cleaned using 75%
alcohol between trials. Sixteen days after the training, spatial mem-
ory recall was assessed by testing the mice on the same platform for
3 min but with the escape cage removed. The recall performance was
measured as the percentage of time the mice spent in the target quad-
rant. Behavioral data were recorded and analyzed using ANY-maze
software (Stoelting, Wood Dale, IL).

24 | Open field

To assess locomotor function and anxiety-like behavior in mice, we
used a standardized open field arena (40 x 40 cm), where the mice
were observed and recorded for 10 min. Video tracking and behavioral
data analysis were performed using the ANY-maze software. Several
parameters, including total distance traveled and time spent in the
central region of the arena, were quantified. The central region was
defined as a square measuring 20 x 20 cm at the center of the testing
field.

2.5 | Viruses and drugs

Recombinant AAV viral vectors were obtained from Addgene.
Aliquoted AAVs were stored at —80°C, thawed on ice, and centrifuged
before use. AAVs were stereotaxically injected into the targeted
brain region using a picospritzer (34 KPa, 12 ms pulse width, 0.3 to
0.4 Hz). The injection speed was ~10 to 15 min per 0.1 uL, allow-
ing an additional 10 to 15 min for spreading at the injection site
before withdrawing the glass micropipette. The coordinates for viral
injections were as follows: ACC (anterior-posterior (AP) 0.8 mm,
medial-lateral (ML) 0.3 mm, and subpial (SP) 0.6 mm), mediodorsal
thalamus (MDT) (AP —1.60 mm, ML 0.6 mm, SP 2.8 mm), dorsal
hippocampal CA1 (AP —2.0 mm, ML 1.5 mm, SP 1.5 mm). Viruses
were injected into the ACC, MDT, or CA1 at least 2 weeks before the
experiments. The titer (genome copies per mL, gc mL~1) and stock
number for each vector were as follows: AAV1-Syn-FLEx-GCaMPés
(>1 x 108 gc mL~1; Stock No. 100845), AAVrg-CaMKlla-mCherry
(7 x 1012; 114469), AAV1-hSyn-Cre (7 x 1012; 105553), AAV1-
CaMKiII-Cre (1 x 1013; 105558), AAV9-hSyn-FLEx-axon-GCaMPés (1
x 1013; 112010), AAV8-CaMKIla-hM3Dg-mCherry (3 x 1012; 50476),
AAV9-hSyn-DIO-hM4Di-mCherry (1 x 1013; 44362), AAV9-hSyn-
DIO-hM3Dg-mCherry (1 x 1013; 44361), and AAV2/1-FLEx-tdTomato
(1x10%3;28306).

To reduce neuronal hyperactivity, mice were intraperitoneally
administered a low dose of clonazepam (0.05 mg/kg) or vehicle (saline).
To inhibit tau phosphorylation in the hippocampus,3? 0.15 uL of LiCl
(100 mM, L7026, Sigma) or vehicle was bilaterally infused into the CA1

regions.
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2.6 | Surgical preparation for imaging awake,
head-restrained mice

The surgical procedure for preparing a cranial window to image
the mouse cortex was described previously.*? Specifically, mice were
deeply anesthetized with 100 mg kg=! ketamine and 15 mg kg1
xylazine. Following disinfection and scalp removal, a head plate (CF-
10, Narishige) was attached to the surface of the mouse’s skull using
glue and dental acrylic. The ACC was identified using stereotaxic coor-
dinates (AP, 0.8 mm; ML, 0.3 mm), and a cranial window was created
over the ACC while ensuring the preservation of the intact dura. The
cranial window was then covered with a silicon elastomer, and the mice
were given at least 24 h to recover.

To prepare the hippocampal imaging window, a modified protocol
was used based on previous reports.*1*2 After head plate mounting,
a craniotomy was performed in the parietal bone, specifically over the
dorsal hippocampus, using a microdrill. The bone flap was carefully
removed, and debris or blood was cleaned. The meninges and corti-
cal matter were removed using a blunt needle connected to a vacuum
pump. Artificial CSF (ACSF) was applied throughout the tissue removal
process to prevent dehydration. A 1.5-mm-long cannula was slowly
inserted into the cortex until the glass coverslip at the bottom made
contact with the hippocampus. Once the cannula was inserted, the skull
was cleaned, and a mixture of adhesive cement was applied to the rim
of the cannula and the skull. It was then left to dry and harden for
20 min. Finally, a removable adhesive film was used to cover the imag-
ing window, preventing debris from entering the cannula. Following the
surgery, mice were monitored daily and received subcutaneous admin-
istration of anti-inflammatory drugs (Meloxicam, 1 mg/kg) for 2 days.
Mice were used for in vivo imaging 1 to 2 weeks after the window
implantation. Before the imaging day, the mice underwent habituation
to the imaging platform through two sessions, each lasting 10 min, to

minimize head fixation stress.

2.7 | Invivo Ca?* imaging and data analysis

Thy1-GCaMPé6s mice were used for Ca?* imaging of pyramidal
neurons in the ACC. For Ca2t imaging of inhibitory interneurons,
0.2 uL of AAV2/1-hSyn-FLEx-GCaMPés was injected into the ACC
of Crh'RES-Cre  g5tIRES-Cre ' py/q|pT2A-Cre  and Vip!RES-Cre mice. For imag-
ing Ca2* in MDT-ACC glutamatergic axons, a 0.2-uL mixture (vol-
ume ratio 1:1) of AAV1-CaMKII-Cre and AAV9-hSyn-FLEx-axon-
GCaMPé6s was injected into the MDT. Similarly, to image CaZ*
in CA1-ACC glutamatergic axons, a 0.2-uL mixture (volume ratio
1:1) of AAV1-CaMKII-Cre and AAV9-hSyn-FLEx-axon-GCaMPés was
injected into the CA1. To image CaZ* activity in CA1-ACC pro-
jection neurons, 0.15 uL of AAVrg-pkg-Cre was injected into the
ACC, while 0.2 uL of AAV1-Syn-FLEx-GCaMPés was injected into
the CA1.

Each animal underwent one Ca2* imaging session 24 h after expo-
sure to sevoflurane or air. Before imaging, the silicon elastomer or

adhesive film was removed, and the cranial window was cleaned twice
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using ACSF. Subsequently, the mice were positioned on the stage of a
Scientifica two-photon microscope equipped with a Ti: Sapphire laser
(Vision S, Coherent) tuned to 920 nm. For Ca2* imaging in the ACC,
images were collected at depths of 700 to 900 um below the pial sur-
face to detect somas of L5 pyramidal neurons, 200 to 500 um for
interneurons, and ~150 um for long-range projecting axons. For Ca?+
imaging in the hippocampal CA1, images were collected at depths of
100 to 600 um below the glass window. Time-lapse imaging was per-
formed in two fields of view to capture 50 to 100 somas or axons per
animal for analysis. All images were acquired using a frame rate of
1.07 Hz and an image size of 512 x 512 pixels, using a 20x objective
(1.0 N.A.) immersed in ACSF with a digital zoom of 1.5 or 2x for corti-
cal neurons and 4x for axons. Image acquisition was performed using
Scanlmage software (version 5.4; Vidrio Technologies).

The Ca?* imaging data were analyzed using NIH ImageJ soft-
ware, following the method described previously.*® In brief, the raw
images were registered and motion-corrected using the TurboReg plu-
gin for ImagelJ. Regions of interest (ROIs) were manually selected to
correspond to visually identifiable axons and somas. Background flu-
orescence was subtracted for each ROI, and the pixel values within
the ROI were averaged to generate a time-series fluorescence trace,
which was represented as AF/Fy = (F — Fg)/Fo, where Fy is the baseline
fluorescence averaged over a 6-s period corresponding to the lowest
fluorescence signal during the recording session. The Ca2* activity was
quantified by averaging AF/Fq over a 3- to 10-min recording session.

1 were clas-

1

Neurons exhibiting a CaZ* transient frequency >5 min~
sified as hyperactive, while those with a frequency <1 min~* were
classified as inactive. Neurons displaying frequencies within this range

were classified as normal.

2.8 | Chemogenetic manipulation

To inhibit or activate ACC excitatory neurons, 0.2 uL of inhibitory
or excitatory DREADD (AAV8-CaMKlla-hM4Di-mCherry or
AAV8-CaMKlla-hM3Dg-mCherry) or control vectors (AAVS8-
CaMKlla-mCherry) were bilaterally injected into the ACC of 5xFAD
mice. To inhibit VIP interneurons, 0.2 uL of inhibitory DREADD
(AAV9-hSyn-DIO-hM4Di-mCherry) or control vectors (AAV9-hSyn-
DIO-mCherry) were bilaterally injected into the ACC of Vip'RES-Cre;
5%XFAD mice. To inhibit CA1-ACC projection neurons, 0.2 ulL of
AAV9-hSyn-DIO-hMy4Di-mCherry was bilaterally injected into the
CAZ1 regions, while 0.2 uL of AAVrg-pkg-Cre was bilaterally injected
into the ACC of 5xFAD mice. For mice expressing hM3;Dq or hMy4Di
receptors, 2 mg/kg CNO (C0832; Sigma-Aldrich) was administered
via intraperitoneal injection 30 min before imaging or behavioral

experiments.

2.9 | Cell-type specific circuit dissection

For retrograde labeling of excitatory neurons projecting to the ACC,

0.25 uL of AAVrg-CaMKlla-mCherry was unilaterally injected into the
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ACC of C57BL/6 mice. To label the ACC neurons receiving monosynap-
tic projections from the CA1, 0.2 uL of AAV1-hSyn-Cre was injected
into the CA1, and 0.15 uL of AAV2/1-hSyn-tdTomato was injected into
the ipsilateral ACC of C57BL/6 mice.

2.10 | Immunohistology and data analysis

Mice were deeply anesthetized and then perfused with 30 mL
phosphate-buffered solution (PBS), followed by 20 mL of 4%
paraformaldehyde (PFA). The brain was collected and further fixed
in PFA for 24 h. After fixation, the brain tissues were dehydrated
with 30% sucrose for 3 days. The brain was then sectioned into
60-um coronal slices using a Leica vibratome (VT-1000S). The brain
slices were washed twice in PBS for 10 min each, then blocked with
a mixture of donkey serum and 1% Triton X-100 at room tempera-
ture for 2 h. Subsequently, the slices were incubated with primary
antibodies (anti-CaMKlla, Cell Signaling Technology, 50049; anti-
GABA, Sigma-Aldrich, A2052; anti-parvalbumin, Abcam, ab11427;
ab30788;
polypeptide, Cell Signaling Technology, 63269; anti-c-Fos, Cell Signal-
ing Technology, 2250; anti-phospho-tau (AT8), Invitrogen, MN1020B)
at 4°C for ~48 h. After the primary antibody incubation, the slices

anti-somatostatin, Abcam, anti-vasoactive intestinal

were washed three times with PBS to remove any remaining primary
antibodies and then incubated with secondary antibodies (anti-rabbit
Alexa Fluor 488; anti-mouse Alexa Fluor 488; anti-mouse Alexa Fluor
564) for 2 h at room temperature. Following another round of washing,
the slices were mounted with a mounting medium containing DAPI and
covered with coverslips.

Confocal imaging was performed using a Nikon Ti laser scanning
confocal system with a 20x objective. Images captured with differ-
ent fluorescent channels were merged using ImageJ software, and
the number of cells was subsequently calculated using the same

software.

2.11 | Statistical analysis

Statistical analyses were performed using Prism 7.0 (GraphPad Soft-
ware, Inc). Summary data were presented as mean + SEM. Sample
sizes were determined based on our previous studies 4“*° to ensure
adequate statistical power while minimizing the number of animals
used, in accordance with ethical guidelines. No animals that were
successfully measured were excluded from the analysis. Tests for dif-
ferences between two populations were performed using Student’s t
test or nonparametric Mann-Whitney U-test. Multiple-group compar-
isons were performed using one-way ANOVA followed by Bonferroni’s
post hoc tests. All comparisons were two-tailed. The significance level
was set at p <.05. All statistical details of the experiments can be found

in the figure legends.

3 | RESULTS

3.1 | Sevoflurane impairs remote memory retrieval
in presymptomatic AD mice

To investigate the potential impact of anesthesia on the retrieval of
previously acquired memory, we conducted a study using wild-type
(WT) and presymptomatic AD transgenic mice, specifically 3-month-
old 5xXFAD mice and 5-month-old APP/PS1 mice (Figure 1A). Mice
were trained in a Barnes maze task to assess spatial learning and mem-
ory (Figure 1B). This task involved identifying a dark, enclosed escape
cage in an open environment using visuospatial cues surrounding the
maze. Both WT and presymptomatic AD mice showed successful acqui-
sition of spatial memory during the training phase (day 0), as evidenced
by a progressive decrease in latency to identify the escape cage across
four training trials (Figure 1C). To evaluate remote memory, we delayed
the recall test by 16 days. On the day preceding the recall test (day
15), the mice were exposed to 3% sevoflurane or air for 6 h. We
found that WT mice treated with sevoflurane displayed a compara-
ble amount of time spent in the target quadrant (where the escape
cage is located) during the recall test compared to WT mice treated
with air (Figure 1D and Figure S2). In contrast, 5}XFAD mice in the
sevoflurane group spent significantly less time in the target quadrant
than those in the air group (Figure 1D), indicating a decline in remote
recall following recent sevoflurane exposure. Similarly, 5-month-old
APP/PS1 mice in the sevoflurane group also exhibited impaired mem-
ory recall in the Barnes maze test compared to those in the air group
(Figure 1D). These results indicate that exposure of presymptomatic
AD mice to sevoflurane impairs the retrieval of remote memory they
had previously acquired.

We further verified that sevoflurane had no significant impact
on the animals’ locomotor activity (Figure 1E and 1F). The data
analysis from the open field test revealed no significant differ-
ence in the total distance traveled between the sevoflurane and
air groups. Additionally, mice in the sevoflurane group displayed
no signs of anxiety-like behavior, as indicated by their compara-
ble amount of time spent in the center of the open field arena
(Figure 1F).

3.2 | ACC hyperactivation following sevoflurane
anesthesia

The ACC plays a critical role in contextual information processing and
memory retrieval.!é To examine the impact of sevoflurane on cortical
network activity, we conducted immunostaining for c-Fos, a marker of
neuronal activity. Remarkably, we observed that 1 day after sevoflu-
rane exposure, the number of c-Fos* cells in the ACC of 5xFAD mice
was approximately three times higher compared to the air-exposed

group (Figure S3).
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FIGURE 1 Sevoflurane exposure impairs remote memory retrieval in presymptomatic AD mice. (A) Experimental timeline. (B) Representative
navigation path during the Barnes maze training (left) and recall test for 3-month-old 5xFAD mice treated with air (middle) or sevoflurane (right).
(C) Latency to locate the escape cage across four trials during the training day in 3-month-old WT mice, 3-month-old 5xFAD mice, and
5-month-old APP/PS1 mice. (D) Recall performance during test, assessed by time spent in target quadrant, for WT mice (n = 7 mice per group;
unpaired t test, t 1o = 0.2349, p = .8163), 5}FAD mice (n = 6, 7 mice; unpaired t test, t 1 = 2.834, p =.0139), and APP/PS1 mice (n = 6, 5 mice;
unpaired t test, t g = 2.714, p =.0228). (E) Representative trajectory plots of mice exploring an open field arena. (F) Total distance traveled and time
spent in center region of open field arena. Summary data are presented as mean + SEM. Each dot represents data from a single animal (D, F).

To investigate cell type-specific activity changes, we performed in
vivo CaZ* imaging in the ACC of 5xFAD mice crossed with Thy1.2-
GCaMPé6 mice, which express the genetically encoded Ca2* indicator
GCaMPés specifically in layer 5 (L5) pyramidal neurons (Figure 2A).
Using a cranial window, we visualized GCaMPés-expressing pyrami-
dal neurons in the ACC, located at depths of 700 to 900 um below
the pial surface and 400 to 600 um away from the midline (Figure 2B).
Following 6-h exposure to sevoflurane, we observed an approximately
threefold increase in Ca2* activity in the somas of ACC pyramidal neu-
rons in 5XFAD mice during a resting state. This increase was evident
in measurements of the area under the curve (AUC), frequency, and
peak amplitude of Ca2* transients compared to air-treated controls
(Figure 2C). Furthermore, sevoflurane-exposed 5xFAD mice exhibited
a higher percentage of hyperactive ACC pyramidal neurons compared

to air-exposed mice (14.3% vs 4.7%) (Figure 2D), which is consistent

with the observed increase in c-Fos™ cells. Importantly, the level of
hyperactivity in ACC pyramidal neurons in 5xXFAD mice correlated
with the spatial memory impairment observed in the Barnes maze
test (Figure 2E). Similarly, in 5-month-old APP/PS1 mice, we observed
elevated somatic Ca?* activity in ACC pyramidal neurons 24 h after
sevoflurane exposure compared to air-exposed mice (Figure 2F,G). This
activity increase also correlated with recall performance (Figure 2H). In
contrast, the same sevoflurane exposure had no significant effects on
ACC neuronal Ca?* activity in WT mice (Figure S4). These results indi-
cate that sevoflurane anesthesia induces hyperactivation of pyramidal
neurons in the ACC of presymptomatic AD mice.

To examine the role of ACC hyperactivation in remote memory
impairment in presymptomatic AD mice, we used a chemogenetic
approach to specifically modulate ACC neuronal activity. We used

Cre-dependent adeno-associated viruses (AAV) to express either an
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FIGURE 2 Sevoflurane exposure causes pyramidal neuron hyperactivity in ACC of presymptomatic AD mice. (A) Experimental timeline for
Barnes maze training, sevoflurane exposure, and in vivo two-photon (2P) Ca2* imaging in ACC of 5xFAD; Thy1-GCaMPés mice. (B) Representative
image of L5 pyramidal neurons expressing GCaMPé6s (left) and Ca2* traces (right). (C) Quantification of area under the curve (AUC), peak
amplitude, and frequency of Ca2* transients in 5XFAD mice treated with air or sevoflurane (n = 245, 353 cells from four to five mice per group,
unpaired t test; AUC: t 594 = 3.64, p <.0001; amplitude, t 594 = 2.383, p <.0001; frequency, t 594 = 2.99, p < .0001). (D) Percentage of hyperactive
neurons following air or sevoflurane exposure. (E) Recall performance correlates with pyramidal neuronal Ca2* activity in ACC of 5xFAD mice
(Pearson correlation, r2 = 0.65, p = .0108). (F-H) Similar to (C)-(E), but for APP/PS1 mice (n = 199, 309 cells from four to five mice per group,
unpaired t test; AUC: t 504 = 5.459, p <.0001; amplitude, t 504 = 5.822, p <.0001; frequency, t 504 = 2.908, p =.0010; Pearson correlation,

r2 =0.57, p =.0046). (1) Experimental design for chemogenetic inhibition of excitatory neurons in ACC 30 min prior to recall test. 5xFAD mice
were previously trained in the Barnes maze and exposed to sevoflurane for 6 h 1 day before the recall test. (J) Inhibition of ACC neuronal
hyperactivity improves recall performance in 5XFAD mice with recent sevoflurane exposure (n = é mice per group, unpaired t test, t 1o = 2.475,

p =.0382). (K) Experimental design for chemogenetic activation of excitatory neurons in ACC prior to recall test. 5XFAD mice were previously
trained in Barnes maze and exposed to room air. (L) Chemogenetic activation of ACC excitatory neurons impairs remote memory recall in 5xFAD
mice without sevoflurane exposure (n = 6 mice per group, unpaired t test, t 1o = 2.508, p =.031). Summary data are presented as mean + SEM.
Each dot represents data from a single cell (C, F) or animal (E, H, J, L).
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inhibitory DREADD variant, hM4Di, or mCherry (control), under
the control of a CaMKIlla promoter. This strategy ensured selec-
tive DREADD expression in excitatory neurons (Figure 2| and Figure
S5). Activation of hM4Di receptors by the ligand clozapine N-oxide
(CNO) led to the opening of G-protein inwardly rectifying potassium
channels, resulting in membrane hyperpolarization and reduced neu-
ronal firing.*® Two weeks after the Barnes maze training, 5xFAD
mice expressing hM4Di in ACC excitatory neurons were exposed to
sevoflurane for 6 h. The subsequent day, mice were administered
CNO 30 min prior to the memory recall test. We found that inhibi-
tion of anesthesia-induced ACC neuronal hyperactivity substantially
increased the time spent by mice in the target quadrant (Figure 2J),
suggesting an improvement in memory retrieval.

To further examine the causal relationship between ACC hyperac-
tivation and remote memory impairment in presymptomatic AD, we
used an excitatory DREADD variant, hM3Dq, to enhance neuronal
activity in the ACC of 5xFAD mice exposed to air (without sevoflu-
rane) (Figure 2K). After viral infection and Barnes maze training, mice
received CNO administration 30 min prior to the recall test. We found
that direct activation of ACC excitatory neurons with hM3Dq signifi-
cantly reduced the time spent by mice in the target quartet, indicating
impaired memory recall (Figure 2L). These results collectively demon-
strate the critical role of ACC hyperactivation in remote memory

impairment in presymptomatic AD mice.

3.3 | Enhanced vasoactive intestinal peptide
interneuron activity in ACC

Cortical pyramidal neurons receive regulatory input from local
inhibitory circuits, which consist of various subtypes of interneu-
rons, including corticotropin-releasing hormone (CRH), somatostatin
(SST), parvalbumin (PV), and vasoactive intestinal peptide (VIP)-
expressing interneurons (Figure 3A). To better understand the impact
of sevoflurane on ACC circuits, we used Cre-dependent AAV to express
GCaMPés in Crh'RES-Cre  G5tIRES-Cre  py/q|pT2A-Cre g Vip!RES-Cre mice
crossed with 5xFAD and then imaged Ca2* activity of interneurons
24 h after sevoflurane exposure (Figure 3B,C). Previous studies sug-
gested that CRH-expressing neurons are involved in stress response
and behavior, such as anxiety and social withdrawal.*”8 Our results
showed that sevoflurane exposure had no significant effect on the
Ca?* activity of CRH-expressing neurons (Figure 3D, p =.7174), which
aligns with our behavioral data showing that these mice did not exhibit
anxiety-like behavior in the open field test after sevoflurane exposure
(Figure 1F).

SST and PV interneurons directly inhibit cortical pyramidal neu-
rons, while VIP interneurons can indirectly disinhibit them.*? One day
after sevoflurane anesthesia, SST interneurons showed no significant
changes in somatic Ca?* activity (Figure 3E, p = .8403). PV interneu-
rons, on the other hand, displayed a trend toward decreased CaZ*
activity, although it did not reach statistical significance (Figure 3F,
p =.0547). Notably, VIP interneurons exhibited a substantial increase
in CaZ* activity 24 h after sevoflurane exposure (Figure 3G, p <.0001),
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suggesting a potential role for these cells in sevoflurane-induced ACC
disinhibition in presymptomatic AD mice.

To confirm the involvement of VIP interneurons in ACC pyrami-
dal neuron hyperactivation and remote memory recall impairment, we
chemogenetically reduced VIP activity in vivo. Specifically, we bilat-
erally injected a Cre-dependent AAV encoding hM4Di into the ACC
of Vip'RES-Cre; 55 FAD; Thy1-GCaMPés mice (Figure 3H,1). Following
Barnes maze training and sevoflurane exposure, we observed that inhi-
bition of VIP interneurons significantly reduced the hyperactivity of
pyramidal neurons, bringing their activity levels comparable to those
in air-treated mice (Figure 3J). Furthermore, when mice were admin-
istered CNO 30 min prior to testing for Barnes maze recall, we found
that CNO treatment was sufficient to reverse the remote memory

impairment induced by sevoflurane exposure (Figure 3K).

3.4 | Elevated excitatory inputs from CA1 to ACC
To investigate the mechanisms underlying the increased activity of
VIP and pyramidal neurons in the ACC following sevoflurane expo-
sure, we focused on identifying the source of excitatory input to the
ACC. As a cognitive and affective processing hub, the ACC receives
extensive projections from various brain regions.’® To determine the
origin of excitatory input, we injected a retrograde transducing AAV
(AAVrg) carrying mCherry under the control of a CaMKlla promoter
into the ACC of C57BL/6 mice. Three weeks after viral infection, we
observed significant retrograde labeling of ACC-projecting neurons
(mCherry*) in several brain regions, including the MDT, dorsal and ven-
tral hippocampus (dCA1 and vCA1), orbitofrontal cortex, basolateral
amygdala, lateral hypothalamus, and median raphe nucleus (Figure Sé).
Among these brain regions, the MDT and CA1 exhibited the highest
number of mCherry* cells.

To test the potential involvement of projections from the MDT in
activating the ACC after sevoflurane anesthesia,”’ we examined the
activity of MDT axonal terminals in the ACC. To do this, we selec-
tively expressed axon-targeted GCaMP6s°2 in the excitatory neurons
of the MDT in 3-month-old 5xFAD mice and performed axonal CaZ*
imaging in the ACC 1 day after sevoflurane exposure (Figure 4A).
Immunostaining of brain slices revealed that MDT axonal terminals
were concentrated in layers 1 and 5 of the ACC (Figure S7), consistent
with previous reports.>3 Surprisingly, we did not observe significant
changes in the levels of CaZ* activity in MDT terminals following the 6-
h sevoflurane exposure (Figure 4B), suggesting a minimal role of MDT
inputs in driving ACC hyperactivation.

Previous studies established the crucial role of the hippocam-
pus in encoding and retrieving spatial memory,'° and it is known to
be particularly vulnerable to damage during the early stages of AD
pathogenesis.”* Using the same method as that described earlier, we
expressed axonal GCaMPés in the CA1 pyramidal neurons of 3-month-
old 5xFAD mice (Figure 4C). After viral expression, the presence of
CA1 terminals was primarily observed in layers 1, 2/3, and 6 of the
ACC (Figure S7). One day after sevoflurane exposure, we observed a

significant increase in CA1 axonal CaZ* levels in the ACC of 5xFAD
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FIGURE 3 Sevoflurane exposure induces VIP cell hyperactivity in ACC of presymptomatic AD mice. (A) Schematic of ACC local circuitry. PYR,
pyramidal neurons; PV, parvalbumin-expressing interneurons; SST, somatostatin-expressing interneurons; CRH, corticotropin-releasing hormone
neurons; VIP, vasoactive intestinal peptide-expressing interneurons. (B) Experimental timeline and design for cell-type-specific expression of
GCaMPés in ACC of 5xFAD mice. (C) Example image of ACC showing VIP interneurons expressing GCaMPés. (D) Representative image (left),
Ca?* traces (middle), and quantification of average Ca2* activity in CRH neurons (n = 82, 117 cells from three mice per group, unpaired t test, t
197 =0.3625,p =.7174). (E-G) Similar to (D), but for SST (E, n = 109, 132 cells from three mice per group, unpaired t test, t 539 =0.2017, p = .8403),
PV (F,n =119, 132 cells from three mice per group, unpaired t test, t 549 = 1.93, p =.0547), and VIP interneurons (G, n = 193, 240 cells from five
mice per group, unpaired t test, t 431 = 8.129, p <.0001). (H) Experimental timeline for chemogenetic inhibition of VIP cells in ACC of 5xXFAD;
Thy1-GCaMPés mice with recent exposure to sevoflurane. (I) Representative image of ACC region showing mCherry* neurons. (J) Pyramidal
neuron Ca2* activity in ACC of 5xFAD mice expressing hM,Di in VIP cells (n = 280, 257 cells from four mice per group, unpaired t test, t

535 = 7.453, p < .0001). The dashed line indicates the CaZ* level in 5xFAD mice with air exposure. (K) Inhibition of VIP cell hyperactivity improves
recall performance in sevoflurane-exposed 5xFAD mice (n = 6, 10 mice, unpaired t test, t 14 = 4.332, p =.0027). Summary data are presented as
mean + SEM. Each dot represents data from a single cell (D-G, J) or animal (K).
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FIGURE 4 Sevoflurane exposure induces increased excitatory inputs from hippocampus to ACC. (A) Experimental design for imaging
MDT—ACC axonal terminals in ACC. (B) Representative two-photon image (left), Ca2* traces (middle), and quantification of axonal Ca2* activity
in 3-month-old 5xFAD mice with recent exposure to air or sevoflurane (n = 82, 117 axons from four mice per group, Mann-Whitney test,
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mice compared to air-exposed mice (Figure 4D). To further confirm that
CA1 neurons projecting to the ACC were indeed hyperactive follow-
ing sevoflurane anesthesia, we injected AAVrg-Cre into the ACC and
simultaneously injected FLEx-GCaMPés into the hippocampal CA1
(Figure 4E). This injection strategy allowed for the selective expression
of GCaMPés in CA1 pyramidal neurons that project to the ACC. In vivo
CaZ* imaging in the dorsal hippocampal CA1 of 5xFAD mice revealed
a substantial increase in somatic Ca2* levels in these ACC-projecting
neurons 24 h after sevoflurane exposure (Figure 4F). Collectively, these
in vivo Ca2* recordings demonstrate that sevoflurane induces a potent
activation of CA1-ACC circuits in 54XFAD mice.

Using an AAV-mediated anterograde transsynaptic tracing strat-
egy, we characterized the connectivity within the CA1-ACC circuit in
C57BL/6 mice. Specifically, we injected AAV1-hSyn-Cre into the CA1
region and Cre-dependent tdTomato into the ACC (Figure 4G). Lever-
aging the anterograde transsynaptic spread properties of AAV1,°° this
approach allowed for the selective expression of tdTomato in ACC
neurons that receive monosynaptic projections from CA1. After 3
weeks of viral infection, we visualized tdTomato* cells in brain sec-
tions using confocal imaging (Figure 4H) and found that they were
distributed across all layers of the ACC, with a majority located in
layer 2/3 (Figure 41). Among the tdTomato™ cells, approximately 42%
were CaMKlla*, and 51% were GABA™ (Figure 4J,K), indicating the
presence of both glutamatergic and GABAergic neurons in the ACC
forming synaptic connections with CA1 projection neurons. Notably,
a significant fraction (36%) of tdTomato™ cells were positive for VIP
(Figure 4J,K). These findings indicate that CA1 neurons primarily
project to pyramidal neurons and VIP interneurons in the ACC.

3.5 | Targeting CA1-ACC circuits to protect remote
memory

To investigate whether targeting CA1-ACC circuits could protect
against remote recall impairment following anesthesia exposure, we
used an inhibitory DREADD approach to decrease the activity of CA1-
ACC projection neurons in vivo. Specifically, we injected AAVrg-Cre
into the ACC of 5xFAD; Thy1-GCaMPés mice and simultaneously
injected Cre-dependent hM4Di or mCherry (control) into the CA1
(Figure 5A, Figure S8). After training the mice on the Barnes maze
and administering sevoflurane anesthesia to mice expressing hM4Di or
mCherry in CA1-ACC projection neurons, we administered CNO and
performed Ca2* imaging in ACC pyramidal neurons 30 min later. As

expected, a single injection of CNO effectively inhibited CA1 neurons,

as evidenced by the reduction of c-Fos™ cells (Figure S8). Subsequently,
we observed a marked reduction in CaZ* activity in ACC pyramidal
neurons, bringing their activity levels to a range comparable to those
observed in 5xFAD mice without sevoflurane exposure (Figure 5B).
Furthermore, the sevoflurane-induced impairment of remote memory
in 5XFAD mice was significantly reversed upon the inactivation of CA1
neurons by CNO (Figure 5C). As a control, the injection of CNO in
5xFAD mice expressing mCherry (without hM4Di) had no observable
effects on ACC neuronal activity and remote recall.

In a separate experiment, we tested whether chemogenetic activa-
tion of CA1-ACC projection neurons in presymptomatic AD mice could
replicate the negative impact of sevoflurane on neuronal activity in the
ACC and remote recall in mice. For this purpose, we injected AAVrg-
Cre and Cre-dependent hM3Dq into the ACC and CA1 of 3-month-old
5xFAD mice, respectively (Figure 5D). Two weeks after Barnes maze
training, these mice received a single dose of CNO after air exposure
(without sevoflurane). Immunostaining of c-Fos confirmed the success-
ful activation of CA1 neurons (Figure S8). As a result of CA1 neuronal
activation, we observed a threefold increase in CaZ* activity in ACC
pyramidal neurons (Figure 5E). Subsequently, when these mice were
subjected to the Barnes maze test for spatial memory recall, we noted
a substantial decline in their spatial memory performance (Figure 5F).
These findings indicate that excessive activation of CA1 pyramidal
neurons, even in the absence of sevoflurane exposure, is sufficient to
induce ACC hyperactivation, leading to impaired remote memory recall
in presymptomatic AD mice.

Lastly, we investigated whether clinical medications used to con-
trol neuronal overexcitation could alleviate remote memory impair-
ment induced by sevoflurane. Clonazepam, a benzodiazepine known
to act as a GABA,-receptor agonist and commonly used to treat
insomnia and anxiety-related disorders, has shown promise in atten-
uating cognitive deficits in mouse models of AD by reducing neuronal
hyperactivation.”® To test whether clonazepam could rescue remote
memory deficits induced by sevoflurane, we administered a low dose of
clonazepam (0.05 mg/kg) intraperitoneally 30 min prior to in vivo CaZ*
imaging and the recall test (Figure 5G). We found that clonazepam
treatment effectively reduced pyramidal neuron activity in the ACC
of 5XFAD mice (Figure 5H), bringing it to levels comparable to those
observed in mice without sevoflurane exposure. Furthermore, when
we assessed spatial memory in the Barnes maze, we found that clon-
azepam treatment reversed the spatial memory deficit in 5XFAD mice
subjected to sevoflurane anesthesia (Figure 51). These results indicate
that restoring neuronal activity in the CA1-ACC circuits can reverse

the remote recall deficits induced by sevoflurane.

U = 1253, p =.0909). (C) Experimental design for imaging CA1—ACC axonal terminals in ACC. (D) Representative two-photon image (left), Ca2+
traces (middle), and quantification of axonal Ca2+ activity in 3-month-old 5xFAD mice with recent exposure to air or sevoflurane (n = 109, 132
axons from four mice per group, Mann-Whitney test, U= 1017, p < .0001). (E) Experimental design for in vivo Ca2* imaging of CA1 neurons
projecting to ACC. (F) Representative two-photon image (left), CaZ* traces (middle), and quantification of somatic Ca2* activity in CA1 neurons
(n =338, 353 cells from five mice per group, Mann-Whitney test, U= 47715, p <.0001). (G) Experimental design for selective expression of
tdTomato in ACC neurons that receive direct projections from CA1. (H) Confocal image of tdTomato™ neurons in ACC. (I) Distribution of
tdTomato™ neurons across layers in ACC. (J) Confocal images of ACC showing colocalization of tdTomato* neurons with different neuronal
markers. (K) Percentages of tdTomato™ neurons colocalized with glutamatergic or GABAergic neurons (n = 3 mice). Summary data are presented
as mean + SEM. Each dot represents data from a single cell (B, D, F) or animal (K).
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FIGURE 5 Inhibition of CA1-ACC hyperactivity protects against sevoflurane-induced remote memory impairment. (A) Experimental design
and timeline for chemogenetic inhibition of CA1-ACC projection neurons in 3-month-old 5xXFAD mice with recent exposure to sevoflurane. (B)
Representative CaZ* traces of ACC pyramidal neurons 30 min after CNO administration (left) and quantification of Ca2* activity (right, n = 269,
220 cells from four mice per group, unpaired t test, t 457 = 17.79, p <.0001). The dashed line indicates the Ca?* level in 5xFAD mice with air
exposure. (C) Recall performance in Barnes maze test (n = 6 mice per group, unpaired t test, t 1o = 2.74, p =.0208). (D) Experimental design and
timeline for chemogenetic activation of CA1-ACC projection neurons in 3-month-old 5xFAD mice without recent sevoflurane exposure. (E)
Representative Ca2* traces of ACC pyramidal neurons 30 min after CNO injection (left) and quantification of Ca2* activity (right;n=219,251
cells from four mice per group, unpaired t test, t 44 = 17.79, p < .0001). (F) Recall performance in Barnes maze (n = 4, 5 mice; unpaired t test, t

7 =4.15,p =.0043). (G) Experimental design and timeline. Low-dose clonazepam, a GABA-receptor agonist, was administered 30 min before
CaZ* imaging and recall test in 5XFAD mice with recent exposure to sevoflurane. (H) Left, representative Ca2* traces of ACC pyramidal neurons
following saline or clonazepam injection. Right, quantification of ACC pyramidal neuron Ca2+ activity (n = 266, 251 cells from four mice per group,
unpaired t test, t 515 = 14.81, p <.0001). The dashed line indicates the Ca?t level in 5xFAD mice with air exposure. (1) Recall performance in Barnes
maze test (n =5, 6 mice, unpaired t test, t 9 = 3.908, p =.036). Summary data are presented as mean + SEM. Each dot represents data from a single
cell (B, E, H) or animal (C, F, I).

3.6 | Tau hyperphosphorylation contributes to in the CA1 and ACC of 5xFAD mice (Figure 6A). Our results showed

neural network dysfunction and remote memory
impairment

How does sevoflurane induce ACC hyperactivation? Previous studies
indicated that sevoflurane may increase tau phosphorylation in the

brain,22-26

and tau hyperphosphorylation has been associated with
neuronal network hyperexcitability.”” To test this possibility, we per-

formed immunostaining of phospho-tau (p-tau) using the AT8 antibody

that 5XFAD mice treated with sevoflurane exhibited a higher level of
p-tau inthe CA1 region than those treated with air (Figure 6B,C). There
was no significant difference in the amount of p-tau in the ACC of
5xFAD mice following air or sevoflurane exposure (Figure S9).

Given the critical role of CA1 activation in driving ACC hyperactiv-
ity, we next tested whether inhibiting tau phosphorylation in the CA1
could prevent sevoflurane-induced neuronal hyperactivity and remote

recall deficits. To this end, we performed a bilateral infusion of tau
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FIGURE 6 Hippocampal tau hyperphosphorylation contributes to ACC hyperactivity and remote memory impairment. (A) Experimental

timeline. (B) Representative immunofluorescent images of hippocampal CA1 region showing p-tau (AT8) expression. (C) Exposure to sevoflurane
increased the level of p-tau in the CA1 region of the hippocampus (n = 6 mice per group, one-way ANOVA, F ; 15 = 1.752, p = .0088; Air + vehicle
vs Sevo + vehicle, p =.0126), which can be alleviated by the infusion of tau antagonist LiCl during anesthesia (Sevo + vehicle vs Sevo + LiCl,

p =.0357). (D) Experimental design (top) and timeline (bottom) for Barnes training, sevoflurane exposure, LiCl infusion, and in vivo Ca2* imaging in
5xFAD mice. (E) Representative Ca2* traces (left) and average Ca2* activity (right, n = 198, 293 cells from four mice per group, unpaired t test, t
489 = 13.75, p <.0001) of ACC pyramidal neurons treated with vehicle or LiCl. The dashed line indicates the Ca2* level in 5xFAD mice with air
exposure. (F) Recall performance in Barnes maze test (n = 6, 7 mice per group, unpaired t test, t14 = 3.226, p =.0081). (G) Schematic summary.
Hyperactivation of the CA1-ACC circuit, due to tau hyperphosphorylation in the hippocampus induced by sevoflurane, impedes remote memory
retrieval in presymptomatic AD mouse models. Summary data are presented as mean + SEM. Each dot represents data from a single cell (E) or

animal (C, F).

inhibitor (LiCl, 100 mM) into the CA1 regions of 5XFAD mice dur-
ing sevoflurane exposure (Figure 6D). The following day, mice treated
with LiCl showed a significant reduction in the levels of p-tau in the
CA1 compared to those treated with vehicle (Figure 6B,C). More-
over, CaZ* activity in ACC pyramidal neurons was markedly decreased,
reaching a level comparable to that observed in 5xFAD mice without
sevoflurane exposure (Figure 6E). Behaviorally, sevoflurane-induced
remote recall deficits in 5xFAD mice were also rescued (Figure 6F).
These results indicate that suppressing tau hyperphosphorylation in

the hippocampus can effectively prevent sevoflurane-induced ACC

hyperactivation and remote recall deficits in presymptomatic AD mice
(Figure 6G).

4 | DISCUSSION

Individuals with underlying AD pathology are susceptible to memory
impairment following anesthesia and surgery.? However, the spe-
cific mechanisms by which anesthesia affects neuronal circuits, leading

to remote memory impairment, are poorly understood. In this study,
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we provide evidence that sevoflurane anesthesia induces increased
tau phosphorylation in the hippocampus, which subsequently leads
to hyperactivation of CA1-ACC circuits. These effects ultimately dis-
rupt the retrieval of remote memories in presymptomatic AD mouse
models.

The ACC has been shown to be crucial for the storage and
retrieval of remote spatial memory.2® Our findings reveal that pro-
longed sevoflurane anesthesia induces abnormal hyperactivation of
pyramidal neurons in the ACC of 3-month-old 5xFAD mice and 5-
month-old APP/PS1 mice, both of which are in the presymptomatic
phases of AD. This hyperactivation of ACC pyramidal neurons is
strongly associated with the animals’ remote recall impairment in the
Barnes maze test. Moreover, we observed alterations in the activ-
ity of local inhibitory interneurons in the ACC following anesthesia.
Specifically, there was a trend of decreased activity in inhibitory PV
interneurons, while disinhibitory VIP interneurons exhibited increased
activity. Both of these changes favor heightened pyramidal neu-
ron activity. These findings align with previous reports of increased
pyramidal neuron activity in the prefrontal cortex of aged mice dur-
ing emergence from sevoflurane anesthesia.?’ Additionally, other
research groups have reported enhanced pyramidal neuronal activity
following isoflurane anesthesia, which involves modulation of GABAer-
gic boutons of PV interneurons.”® Moreover, repeated anesthesia
has been linked to reduced PV neuronal activity and the loss of
PV interneurons.??-¢0

In this study, we did not observe significant changes in SST and
CRH interneuron activity 24 h after sevoflurane anesthesia. Among
GABAergic neurons in the prefrontal cortex, CRH neurons constitute
a significant proportion and have been implicated in the modulation
of affective behaviors such as anxiety and social withdrawal.*”48 Our
findings of unaltered CRH neuronal activity are consistent with the
observation that 5xFAD mice did not exhibit anxiety-like behavior
following sevoflurane exposure. Nonetheless, it is important to note
that a significant number of patients undergoing major surgery involv-
ing anesthesia have reported symptoms of depression and anxiety.6*
Future studies are needed to explore the potential impact of anesthesia
in combination with surgery on CRH neuron function and its potential
association with postsurgical affective disorders.

Anesthesia-induced hyperactivation of the ACC is primarily driven
by increased excitatory inputs from the hippocampal CA1. Using viral-
based circuit tracing techniques, we identified that most excitatory
inputs projecting to the ACC originate from the CA1 and MDT. Despite
the known influence of general anesthesia on the thalamus,®? we did
not observe significant changes in MDT-ACC axonal activity 24 h after
sevoflurane exposure. In contrast, we observed a notable increase in
CA1-ACC axonal activity within the ACC. In vivo CaZ* imaging in the
CA1 region revealed heightened somatic activity of neurons project-
ing to the ACC, suggesting that abnormal hippocampal activity may
contribute to the hyperactivation of ACC. This observation is particu-
larly noteworthy considering the susceptibility of the hippocampus to
the effects of anesthetics and AD pathologies.”* To test this hypoth-
esis, we selectively inhibited the excitatory inputs from CA1 to ACC
using inhibitory DREADD and found that this intervention normalized
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neuronal activity in the ACC and improved the retrieval of remote
memories in 5xXFAD mice.

Previous studies have demonstrated functional connections
between the hippocampus and prefrontal circuits. In vitro and in
vivo electrophysiological recordings have shown that both excitatory
and inhibitory neurons in the prefrontal cortex exhibit postsynaptic
currents upon stimulation of the hippocampus.t2-¢* In this study,
we employed anterograde tracing and post hoc immunofluorescent
staining techniques to investigate the connectivity between the ACC
and CA1 neurons. Our findings indicate that both glutamatergic and
GABAergic neurons in the ACC form monosynaptic connections
with CA1 neurons. However, previous studies examining projections
from the ACC to the hippocampus produced varied results. Some
studies identified monosynaptic connections from ACC pyramidal
neurons to hippocampal pyramidal cells in the CA3/CA1 regions®®
or from prefrontal GABAergic neurons to hippocampal disinhibitory

interneurons®®

using retrograde tracing and anterograde electro-
physiological recording methods. In contrast, a recent study did not
find evidence of direct, monosynaptic projection from the ACC to the
hippocampus.®”

Our findings, obtained from mouse models of AD, provide sup-
port for the standard consolidation theory, which proposes that the
hippocampus plays a critical role in encoding contextual memory
under normal physiological conditions. Once acquired, remote mem-
ory becomes less dependent on the hippocampus and is distributed
more broadly across neocortical circuits.?2 However, our results also
indicate that disruptions in the connectivity between the hippocampus
and cortical circuits can still impact the retrieval of remote memories.
Importantly, we found that the majority of GABAergic neurons in the
ACC that receive direct inputs from the hippocampus are VIP interneu-
rons. Inhibiting VIP interneurons in the ACC prevents sevoflurane-
induced deficits in remote recall in presymptomatic AD mice. These
findings suggest a crucial role of VIP cells in modulating CA1-ACC
circuits and facilitating the retrieval of previously acquired spatial
memories. Additionally, consistent with previous reports,”® we found
that systemic administration of low-dose clonazepam can restore nor-
mal CA1-ACC network function and protect remote memory in AD
mice.

An important finding of the current study is that tau hyper-
phosphorylation may serve as a potential mechanism underlying
sevoflurane-induced neural network hyperactivity and remote mem-
ory impairment. This finding aligns with previous observations in older
adults, in which higher tau levels have been correlated with hippocam-
pal hyperactivity,*° and a reduction of hippocampal hyperactivity has
been shown to improve cognition.®® Neuronal hyperexcitability is rec-
ognized as an early functional hallmark of AD. Recent studies have
revealed early abnormal neuronal activity in the hippocampal and cor-
tical regions of AD patients and animal models.®?-7! Furthermore,
prior research has demonstrated that hyperphosphorylated tau con-
tributes to neuronal network hyperexcitability,”” and inhibition of tau
hyperphosphorylation in the brain restores normal neuronal network
activity.”273 Our immunofluorescent staining data revealed the pres-

ence of tau hyperphosphorylation specifically in the hippocampal CA1
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region following sevoflurane anesthesia, while no tau hyperphosphory-
lation was observed in the ACC. Consistently, we found that inhibition
of CAl tau phosphorylation through LiCl infusion prevented the hyper-
activity of ACC pyramidal neurons and rescued the impairment of
remote memory. These findings highlight the therapeutic potential of
tau inhibitors for the treatment of retrograde amnesia.

This study has several limitations. First, the mice in our study under-
went surgical procedures, including cranial window implantation and
viral injection, which involved the use of a different anesthetic, prior
to the Barnes maze testing and subsequent imaging. These additional
variables have the potential to influence the behavior and neuronal
activity of the animals. Although our previous study demonstrated
that brief anesthesia and surgical preparation did not have long-lasting
effects on neural plasticity and learning ability in adult WT mice,”*7>
future studies should investigate whether these factors could affect
5xFAD mice differently. Second, our study focused solely on explor-
ing tau hyperphosphorylation as a potential mechanism underlying
anesthesia-induced remote memory impairment in 5xFAD mice. Since
5xFAD is a model of amyloidopathy, further investigations examining
amyloid pathology will be necessary to obtain a more comprehensive
understanding of the mechanisms underpinning anesthesia-induced
neural circuit dysfunction. Third, caution must be exercised when
extrapolating the clinical relevance of our findings in mouse models,
as it is challenging to perform equivalent physiological monitoring dur-
ing anesthesia in mice as conducted in human patients, which limits the
direct translation of our results to the clinical setting. It is important
to note that while our study and some other animal studies suggest
an association between exposure to anesthesia and the development
or exacerbation of learning and memory impairment,” there is cur-
rently no direct evidence supporting a causal link between anesthesia
exposure and AD in humans.

5 | CONCLUSION

In summary, our study in presymptomatic AD mouse models indicates
that remote memory impairment induced by anesthesia may arise from
the hyperactivation of CA1-ACC circuits. Moreover, we identify tau
hyperphosphorylation as a potential therapeutic target for preserv-
ing neural network function in AD. Further investigations using other
AD models, such as apolipoprotein E4 (APOE4), could provide addi-
tional insights into the involvement of neuronal network hyperactivity

in memory impairment associated with AD.
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