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ARTICLE INFO ABSTRACT

Keywords: Western diet (WD) consumption during early life developmental periods is associated with impaired memory
Early life function, particularly for hippocampus (HPC)-dependent processes. We developed an early life WD rodent model
Adolescent associated with long-lasting HPC dysfunction to investigate the neurobiological mechanisms mediating these
8E§f;;irgic effects. Rats received either a cafeteria-style WD (ad libitum access to various high-fat/high-sugar foods; CAF) or
Food reward standard healthy chow (CTL) during the juvenile and adolescent stages (postnatal days 26-56). Behavioral and
Nicotinic metabolic assessments were performed both before and after a healthy diet intervention period beginning at
High-fat diet early adulthood. Results revealed HPC-dependent contextual episodic memory impairments in CAF rats that
Memory persisted despite the healthy diet intervention. Given that dysregulated HPC acetylcholine (ACh) signaling is

associated with memory impairments in humans and animal models, we examined protein markers of ACh tone
in the dorsal HPC (HPCd) in CAF and CTL rats. Results revealed significantly lower protein levels of vesicular
ACh transporter in the HPCd of CAF vs. CTL rats, indicating chronically reduced ACh tone. Using intensity-based
ACh sensing fluorescent reporter (IAChSnFr) in vivo fiber photometry targeting the HPCd, we next revealed that
ACh release during object-contextual novelty recognition was highly predictive of memory performance and was
disrupted in CAF vs. CTL rats. Neuropharmacological results showed that alpha 7 nicotinic ACh receptor agonist
infusion in the HPCd during training rescued memory deficits in CAF rats. Overall, these findings reveal a
functional connection linking early life WD intake with long-lasting dysregulation of HPC ACh signaling, thereby
identifying an underlying mechanism for WD-associated memory impairments.

1. Introduction

Consumption of a Western diet (WD), broadly defined as a diet high
in processed foods, saturated fat, and simple sugars, is associated with
excessive caloric intake, obesity, and metabolic dysfunction (Heinonen
et al., 2014; Luo et al., 2016; Shively et al., 2019; Wilson et al., 2007).
Independent of these outcomes, WD consumption is also linked with
cognitive dysfunction (Francis and Stevenson, 2013; Kanoski and
Davidson, 2011; Noble et al., 2017b), especially when consumed during
early life periods of development (Hsu et al., 2015; Kendig et al., 2013;
Tsan et al., 2021). One region of the brain that is particularly vulnerable

to early life dietary insults is the hippocampus (HPC) (Davidson et al.,
2012; Kanoski et al., 2010), known for its key role in mediating episodic
memory of previous experiences and the context (e.g., time, place) in
which they occurred (Bird and Burgess, 2008; Henke et al., 1999; Jar-
rard, 1993). An accumulating number of studies in both humans and
animal models reveal that habitual WD consumption during early life
leads to impairments in HPC-dependent learning and memory function,
even absent of metabolic dysfunction or body weight gain (Baym et al.,
2014; Clark et al., 2020; Ferreira et al., 2018; Noble et al., 2021; Yang
et al., 2019). However, despite these established connections between
WD consumption and disrupted memory, the underlying
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neurobiological mechanisms through which WD during development
leads to long-lasting hippocampal dysfunction remain elusive.

WD- and obesity-associated alterations in HPC neural processes have
been identified, including reduced levels of brain-derived neurotrophic
factor, altered synaptic plasticity, and elevated markers of neuro-
inflammation (Hsu et al., 2015; Kanoski, 2012; Kanoski and Davidson,
2011; Molteni et al., 2004; Moser and Pike, 2017; Sobesky et al., 2014).
However, very little is understood about the underlying neurotrans-
mitter systems driving these outcomes. The HPC relies on acetylcholine
(ACh) neurotransmission, particularly from the medial septum, for
proper memory function (Bunce et al., 2004; Fadda et al., 1996; Has-
selmo, 2006; Levin et al., 2006) and disrupted ACh signaling is a path-
ological marker of Alzheimer’s disease (AD). There is a close
relationship between amyloid p peptide (Af) accumulation and cholin-
ergic dysfunction in AD, and Af suppresses the synthesis and release of
ACh from septal neurons (Haam and Yakel, 2017; Liu et al., 2022; Ma
and Qian, 2019). Given the longitudinal associations between WD
consumption and AD onset (Wieckowska-Gacek et al., 2021), distur-
bances in ACh signaling is a candidate mechanism for long-term WD-
related memory impairments. Here we evaluate the long-lasting impact
of early life WD consumption on HPC-dependent contextual episodic
memory, and the extent that behavioral outcomes are mediated by
dysregulated HPC ACh signaling.

Dietary factors drastically alter the gut microbiome (David et al.,
2014; De Filippo et al., 2010; de La Serre et al., 2010; Noble et al.,
2017a; Noble et al., 2021; Tsan et al., 2022b) and a growing body of
evidence supports a functional link between early life diet, cognitive
function, and changes in gut bacteria (Noble et al., 2017b; Noble et al.,
2021; Olson et al., 2021). Based on this recent literature, including
findings that WD-induced microbiome changes are associated with
changes in brain acetylcholine (ACh) signaling (Guo et al., 2021), a
plausible hypothesis is that the gut microbiome is functionally con-
nected with early life WD-induced memory impairments, and poten-
tially via changes in HPC ACh function. This hypothesis is evaluated
here using an ethologically-relevant WD model that includes dietary
choice (between various high sugar and/or fat food and drink options)
and macronutrient profiles modeling a modern human WD.

The extent that WD-induced memory impairments are reversible
with dietary intervention is poorly understood. In adults, hippocampal-
dependent memory impairments induced by a high-fat diet are revers-
ible with healthy diet intervention (Sobesky et al., 2014). However,
whether this is also the case following WD consumption during devel-
opment is poorly understood. Here, we aimed to elucidate how con-
sumption of a WD in early life perturbs memory function in both the
short- and long-term. Using our ‘junk food’ cafeteria-style diet model to
represent an early life WD model in rats, we examined metabolic,
behavioral, microbial, biochemical, and functional imaging outcomes
after a WD access period from juvenile onset, as well as after a healthy
diet intervention period starting in early adulthood. Our collective
findings show that consumption of a WD in early life leads to long-
lasting deficits in HPC-dependent episodic memory that are attribut-
able to impaired HPC ACh signaling, which persist despite a healthy diet
intervention in adulthood.

2. Materials and methods
2.1. Subjects

The subjects for all experiments were male Sprague Dawley rats
obtained from Envigo (Indianapolis, IN, USA) and housed in the animal
vivarium at the University of Southern California. Rats arrived at the
animal facility on postnatal day (PN) 25 and started their respective diet
on PN 26. They were housed under a reverse 12:12 h light-dark cycle,
with lights turned off at 11:00 and turned on at 23:00, and with tem-
perature of 22-24 °C and humidity of 40-50 %. All rats were singly
housed in hanging wire cages in order to facilitate food spillage
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collection for accurate measurement of individual food intake. Animals
were weighed three times per week between 8:30-10:30 (shortly before
the onset of the dark cycle). The specific numbers of animals used in
each experiment are provided in the general experimental overview
below as well as in Supplementary Table S1. All animal procedures were
approved by the University of Southern California Institutional Animal
Care and Use Committee (IACUC) in accordance with the National
Research Council Guide for the Care and Use of Laboratory Animals.

2.2. Dietary model

We implemented a junk food cafeteria-style diet (CAF) to model a
Western diet in the present experiments, a model that we previously
developed in female rats (Tsan et al., 2022b). This CAF diet consisted of
free-choice ad libitum access to high-fat high-sugar chow (HFHS diet;
D12415, Research Diets, New Brunswick, NJ, USA; 20 % kcal from
protein, 35 % kcal from carbohydrate, 45 % kcal from fat), potato chips
(Ruffles Original, Frito Lay, Casa Grande, AZ, USA), chocolate-covered
peanut butter cups (Reese’s Minis Unwrapped, The Hershey Company,
Hershey, PA, USA), and 11 % weight/volume (w/v) high-fructose corn
syrup-55 (HFCS) beverage (Best Flavors, Orange, CA, USA), placed in
separate food/drink receptacles in the home cage for each animal. The
11 % w/v concentration of HFCS was chosen to match the amount of
sugar in sugar-sweetened beverages commonly consumed by humans, as
we have previously modeled (Hsu et al., 2015; Noble et al., 2019; Tsan
et al., 2022b). CAF rats also received ad libitum access to water. Control
(CTL) rats received the same number of food/drink receptacles, but they
were filled with standard chow only (LabDiet 5001; PMI Nutrition In-
ternational, Brentwood, MO, USA; 28.5 % kcal from protein, 13.5 % kcal
from fat, 58.0 % kcal from carbohydrate) or water, accordingly. Body
weights and food intakes (including spillage collected on cardboard
under the hanging wire cages) were measured three times per week
between 8:30-10:30 (shortly before the onset of the dark cycle).

The percentage of total kilocalories consumed from each of the CAF
diet components was calculated by multiplying the measured weights of
food/drink consumed per rat by the energy density of each component
(4.7 kcal/g for HFHS diet, 5.7 kcal/g for potato chips, 5.1 kcal/g for
peanut butter cups, 0.296 kcal/g for HFCS beverage), and in the same
manner the total energy intake for the CTL group was calculated using
the energy density of standard chow (3.36 kcal/g). The percentage of
kilocalories consumed from each macronutrient (% kcal from carbohy-
drate, % kcal from protein, % kcal from fat) for the CAF diet groups was
calculated using the kilocalories consumed from each CAF diet compo-
nent and each component’s macronutrient composition.

2.3. General experimental overview

In order to match initial body weights by group in all cohorts, on PN
26 rats were pseudo-randomly assigned to groups receiving either the
CAF diet, modeling a WD, or CTL diet from PN 26-56, which approxi-
mately represents the juvenile and adolescent periods in rats (Quinn,
2005; Sengupta, 2013). For the first cohort of rats, the WD access period
continued until the end of the first time point of behavioral and meta-
bolic assessments (PN 86; 60 days of exposure). After it was established
that the memory impairments persisted even after a 30-day healthy diet
in the first cohort, subsequent cohorts received WD until PN 56 (30
days). A generalized timeline of procedures is provided in Fig. 1A, and
specific details for each of the four experimental cohorts can be found in
Supplementary Methods and Materials.

2.4. Metabolic assessments

All metabolic assessments were performed during the dark cycle
between 11:00-14:00, and specific methodological details can be found
in the Supplementary Materials and Methods file.
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Fig. 1. Early life Western diet consumption does not result in immediate or persistent alterations in body weight trajectory, body composition, or glucose tolerance,
despite promoting hyperphagia during the Western diet (WD) period. (A) Experimental design timeline for behavioral and metabolic assessments. (B) Body weight
over time (postnatal day) throughout the course of study for the main metabolic and behavioral cohort (N = 24 total rats, n = 12 CTL, n = 12 CAF; two-way ANOVA
with repeated measures over time; time x diet: P = 0.0004, no post hoc differences using Sidak’s multiple comparisons test, time: P < 0.0001, diet: P = 0.8772;
additional cohorts are shown in Fig. S1). (C) Assessment of body composition (fat-to-lean ratio) following the WD period but before the healthy diet intervention (N
= 24 total rats, n = 12 CTL, n = 12 CAF,; unpaired t-test [2-tailed]; P = 0.0766; additional body composition values can be found in Fig. S2). (D) Assessment of body
composition (fat-to-lean ratio) following the healthy diet intervention (N = 24 total rats, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed]; P = 0.1834; additional
body composition values can be found in Fig. S2). (E) Glucose tolerance test results after the WD period but before the healthy diet intervention (N = 24 total rats, n
=12 CTL, n = 12 CAF; two-way ANOVA (diet, time [as repeated measure], diet x time interaction) for blood glucose over time; unpaired t-test [2-tailed] for blood
glucose AUG; time x diet: P < 0.0001, no post hoc differences using Sidak’s multiple comparisons test, time: P < 0.0001, diet: P = 0.3812, for AUC: P = 0.3861). (F)
Glucose tolerance test results following the healthy diet intervention (N = 24 total rats, n = 12 CTL, n = 12 CAF; two-way ANOVA (diet, time [as repeated measure],
diet x time interaction) for blood glucose over time; unpaired t-test [2-tailed] for blood glucose AUC; time x diet: P = 0.8630, time: P < 0.0001, diet: P = 0.7111, for
AUC: P = 0.6909). (G) Food intake expressed as kcal over time (postnatal day) throughout the course of study for the main metabolic and behavioral cohort (N = 24
total rats, n = 12 CTL, n = 12 CAF; two-way ANOVA with repeated measures over time; time x diet: P < 0.0001, many post hoc differences using Sidak’s multiple
comparisons test, time: P < 0.0001, diet: P = 0.0479; additional cohorts are shown in Fig. S1). (H) Percentage of energy intake consumed from the CAF diet
components for the main metabolic and behavioral cohort (N = 24 total rats, n = 12 CTL, n = 12 CAF; additional cohorts are shown in Fig. S1). (I) Percentage of
energy intake from macronutrients for the main metabolic and behavioral cohort (N = 24 total rats, n = 12 CTL, n = 12 CAF; additional cohorts are shown in Fig. 52).
AUC, area under the curve; CAF, cafeteria diet group; CTL, control group; WD, Western diet. Error bars represent = SEM. *P < 0.05, **P < 0.01.
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2.5. Behavioral assessments

All behavioral assessments were performed during the dark cycle
between 11:00 and 17:00.

2.5.1. Novel location recognition (NLR)

NLR was performed to assess spatial recognition memory, which
relies on HPC function (Broadbent et al., 2004; Clark et al., 2005). A grey
opaque box (38.1 cm L x 56.5 cm W x 31.8 cm H), placed in a dimly lit
room in which two adjacent desk lamps were pointed toward the floor,
was used as the NLR apparatus. Rats were habituated to the empty
apparatus and conditions for 10 min 1-2 days prior to testing. Testing
constituted a 5-min familiarization phase during which rats were placed
in the center of the apparatus (facing a neutral wall to avoid biasing
them toward either object) with two identical objects placed in two
corners of the apparatus and allowed to explore. The objects used were
either two identical empty glass salt-shakers (that never contained salt)
or two identical empty soap dispensers (that were never used with soap;
first NLR time point), or two identical textured glass vases or two
identical ceramic jugs (second NLR time point). Rats were then removed
from the apparatus and placed in their home cage for 5 min. During this
period, the apparatus and objects were cleaned with 10 % ethanol so-
lution and one of the objects was moved to a different corner location in
the apparatus (i.e., the object was moved but not replaced). Rats were
then placed in the center of the apparatus again and allowed to explore
for 3 min. The types of objects used and the novel location placements
were counterbalanced by group. The time each rat spent exploring the
objects was quantified by hand-scoring of video recordings by an
experimenter blinded to the animal group assignments, and object
exploration was defined as the rat sniffing or touching the object with
the nose or forepaws.

2.5.2. Novel object in context (NOIC)

NOIC was conducted to assess HPC-dependent contextual episodic
memory (Balderas et al., 2008; Martinez et al., 2014). The 5-day NOIC
procedure was adapted from previous research (Martinez et al., 2014),
and conducted as in previous work from our laboratory (Davis et al.,
2020; Noble et al., 2021; Suarez et al., 2018; Tsan et al., 2022a; Tsan
et al., 2022b). Each day consisted of one 5-min session per animal, with
cleaning of the apparatus and objects using 10 % ethanol between each
animal. Days 1 and 2 were habituation to the contexts — rats were placed
in Context 1, a semitransparent box (41.9 cm L x 41.9 cm W x 38.1 cm
H) with yellow stripes, or Context 2, a black opaque box (38.1 cm L x
63.5cm W x 35.6 cm H). Each context was presented in a distinct room,
both with similar dim ambient lighting yet with distinct extra-box
contextual features. Rats were exposed to one context per day in a
counterbalanced order per diet group for habituation. Following these
two habituation days, on the next day each animal was placed in Context
1 containing single copies of Object A and Object B situated on diagonal
equidistant markings with sufficient space for the rat to circle the objects
(NOIC day 1). Objects were an assortment of hard plastic containers, tin
canisters (with covers), and the Original Magic 8-Ball (two types of
objects were used per experimental cohort time point; objects were
distinct from what animals were exposed to in NOR and NLR). The sides
where the objects were situated were counterbalanced per rat by diet
group. On the following day (NOIC day 2), rats were placed in Context 2
with duplicate copies of Object A. The next day was the test day (NOIC
day 3), during which rats were placed in Context 2 again, but with single
copies of Object A and Object B; Object B was therefore not a novel
object, but its placement in Context 2 was novel to the rat. Each time the
rats were situated in the contexts, care was taken so that they were
consistently placed with their head facing away from both of the objects.
On NOIC days 1 and 3, object exploration, defined as the rat sniffing or
touching the object with the nose or forepaws, was quantified by hand-
scoring of videos by an experimenter blinded to the animal group as-
signments. The discrimination index for Object B was calculated for
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NOIC days 1 and 3 as follows: time spent exploring Object B (the “novel
object in context” in Context 2)/[time spent exploring Object A + time
spent exploring Object B]. Data were then expressed as a percent shift
from baseline as: [day 3 discrimination index — day 1 discrimination
index] x 100. Rats with intact HPC function will preferentially explore
the “novel object in context” on NOIC day 3, while HPC impairment will
impede such preferential exploration (Balderas et al., 2008; Martinez
et al., 2014).

Methods for Novel Object Recognition (NOR), Zero Maze, and Open
Field are found in Supplementary Methods and Materials.

2.6. Stereotaxic surgery

Stereotaxic surgery procedures are found in the Supplementary
Methods and Materials file.

2.7. In vivo fiber photometry during memory testing

Fiber photometry during NOIC procedure and data analyses. Fiber
photometry involves transmission of a fluorescence light through an
optical patch cord (Doric Lenses, Quebec City, Quebec, Canada) and
convergence onto the optic fibers implanted in the animals, which in
turn emits neural fluorescence through the same optic fibers/patch
cords and is focused on a photoreceiver. For the present experiments,
animals were habituated to having patch cords attached to their HPC
fiber optic cannulae prior to NOIC experimentation. Every animal had
patch cords attached for both NOIC habituation days as well NOIC days
1-3, and unilateral photometry recordings were collected on NOIC days
1 and 3. Recording sessions lasted the duration of the trials on both NOIC
days 1 and 3 (5 min each day per rat). Photometry signal was captured
according to previous work by our group using the Neurophotometrics
fiber photometry system (Neurophotometrics, San Diego, CA, USA) at a
sampling frequency of 40 Hz with alternating wavelengths at 470 nm
and 415 nm (Décarie-Spain et al., 2022; Subramanian et al., 2023). The
signal representing ACh release (470 nm) was corrected by subtracting
the isosbestic signal (415 nm) and fitting the result to a biexponential
curve using MATLAB (R202a, MathWorks, Inc., Natick, MA, USA).
Corrected fluorescence signal was normalized within each recording
session per rat by calculating AF/F using the average fluorescence signal
for the entire recording. Resulting data was aligned with real-time
location of each animal obtained from ANYmaze behavior tracking
software (Stoelting, Wood Dale, IL, USA) using a customized MATLAB
code. Investigations occurring at least 5 s apart were isolated for further
analysis. Time-locked z-scores were obtained by normalizing AF/F for
the 5 s following an object investigation episode to the AF/F at the onset
of the investigation (time O s). Area under the curve was also calculated
for z-scores for the 5 s following an object investigation episode. Aside
from the patch cords and recording, NOIC was performed in the same
manner as detailed above.

2.8. HPC ACh agonist infusion during memory testing

Animals were habituated to having their cannulae obturators
removed and replaced one week prior to NOIC experimentation. In-
jectors for drug administration projected 1 mm beyond the guide
cannulae for all infusions. NOIC procedures were carried out as
described above with the exception that infusions of either ACh agonist
or vehicle were performed in the animal housing room 3-8 min before
each animal was placed in Context 2 on NOIC day 2 for the 5-min
familiarization period with duplicate copies of Object A. This agonist
administration timing was based off previous research (Caine et al.,
1991) and pilot experiments in our lab that identified the encoding and
consolidation periods as critical to ACh function (data not shown). The
broad, nonselective ACh agonist carbachol (0.8 pg total dose; 0.2 pL
volume of 2 pg/pL per side; Y0000113, Millipore Sigma, St. Louis, MO,
USA), the a7 nAChR specific agonist PNU 282987 (1.6 pg total dose; 0.2
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pL volume of 4 pg/pL per side; PNU 282987, Tocris, Ellisville, MO, USA),
or vehicle (artificial cerebrospinal fluid [aCSF] or 50/50 % aCSF/
dimethylsulfoxide [DMSO]) was infused bilaterally per rat. Volumes for
bilateral HPC infusions were 200 nl/hemisphere (rate = 5 pL/min) via a
33-gauge injector and microsyringe attached to an infusion pump
(Harvard Apparatus). Injectors were left in place for 20 s after infusions.
Carbachol was dissolved in aCSF, and PNU 282987 was dissolved in 50/
50 % aCSF/DMSO. Following infusions, animals were carefully brought
to the behavior room and proceeded with NOIC day 2 training as
described above.

2.9. Tissue collection

2.9.1. Experimental cohorts 1 and 2

Following intramuscular injection of a cocktail of ketamine (90.1
mg/kg body weight), xylazine (2.8 mg/kg body weight), and acepro-
mazine (0.72 mg/kg body weight), animals were rapidly decapitated.
Cecal content was collected as described below, and brains were flash-
frozen in a beaker containing —30 °C isopentane, surrounded by dry
ice. All samples were stored at —80 °C until further processing and
analysis. Tissue punches of the dorsal HPC (atlas levels 28-32; one 2 mm
diameter punch in the CA1 / dentate gyrus, one 1 mm diameter punch in
the CA3) for immunoblot analyses were collected using the Leica CM
cryostat (Wetzlar, Germany) and anatomical landmarks were based on
the Swanson rat brain atlas (Swanson, 2018). Punches were stored at
—80 °C until used for later immunoblotting assays as described below.

2.9.2. Experimental cohort 3

Rats were anesthetized via an intramuscular injection of a ketamine
(90.1 mg/kg body weight), xylazine (2.8 mg/kg body weight), and
acepromazine (0.72 mg/kg body weight) cocktail and then trans-
cardially perfused with 0.9 % sterile saline (pH 7.4) followed by 4 %
paraformaldehyde (PFA) in 0.1 M borate buffer (pH 9.5). Brains were
dissected from the skull and post-fixed in PFA with 15 % sucrose for 24
h, and then flash-frozen in isopentane cooled in dry ice. Brains were then
stored at —80 °C. On a freezing microtome, brains were sectioned to 30
pm thickness and sections were collected in 5-series, stored in antifreeze
solution at —20 °C, and thereafter immunohistochemistry was per-
formed to visualize viral expression as described in Supplementary
Materials. Photomicrographs for confirmation of AAV injection sites and
fiber optic cannulae placement within the dorsal dentate gyrus of the
hippocampus were captured using a Nikon 80i camera (Nikon DSQI1,
1280X1024 resolution, 1.45 megapixel) under epifluorescence. 70 % of
animals were included in data analysis, taking injection site, cannulae
placement, and acquisition of quality signal during photometry re-
cordings into consideration.

2.9.3. Experimental cohort 4

Injection of a cocktail of ketamine (90.1 mg/kg body weight), xyla-
zine (2.8 mg/kg body weight), and acepromazine (0.72 mg/kg body
weight) was administered intramuscularly. Pontamine sky blue ink (2
%, 200 nL per hemisphere) was then infused into the indwelling HPC
bilateral cannulae to allow for postmortem verification of the infusion
sites. Thereafter, rats were rapidly decapitated. Brains were extracted
and post-fixed in 10 % formalin until further processing. Cannulae
placements were examined through anatomical verification of the po-
sition of the pontamine sky blue ink infusions. Animals with ink
confined to the dorsal HPC based on the Swanson rat brain atlas
(Swanson, 2018) in both cannulae were included in data analysis. 5 % of
animals were excluded from data analysis based on this criterion.

2.10. Western blotting (experimental cohort 1)
Dorsal HPC tissue punches from experimental cohort 1 were

analyzed for levels of markers of cholinergic tone (choline acetyl-
transferase [ChAT], vesicular acetylcholine transporter [VAChT], and
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acetylcholinesterase [AChE]) as well as for levels of key inflammatory
markers (Tumor Necrosis Factor-a [TNF-a], interleukin-6 [IL-6], and
interleukin-1p [IL-1f]). Proteins in brain lysates (25 pg per sample/well;
determined via the reducing agent and detergent compatible [RC DC™]
protein assay, Bio-Rad Laboratories, Inc.) were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis, transferred onto
poly-vinylidene difluoride membranes, and subjected to enhanced
chemiluminescence for immunodetection analysis (Chemidoc XRS,
BioRad). A rabbit polyclonal anti-choline acetyltransferase antibody
(1:100; Sigma-Aldrich, catalog # AB143) was used to determine the
concentration of ChAT relative to a load control signal detected by a
rabbit anti-B-tubulin antibody (1:1000; Cell Signaling Technology, 9F3
rabbit mAb, catalog # 2128). A rabbit polyclonal anti-vesicular ACh
antibody (1:1000; Sigma-Aldrich, catalog # ABN100) was used to
determine the concentration of VAChT relative to a load control signal
detected by a rabbit anti-f-actin antibody (1:1000; Abcam, catalog #
ab8227). A rabbit recombinant anti-acetylcholinesterase antibody
(1:1000; Abcam, catalog # ab183591) was used to determine the con-
centration of AChE relative to a loading control signal detected by a
rabbit anti--actin antibody (1:1000; Santa Cruz Biotechnology, catalog
# NB600-503). A rabbit polyclonal anti-TNF-o antibody (1:1000;
Abcam, catalog # ab6671) and rabbit polyclonal anti-IL-1p antibody
(1:1000; Abcam, catalog # ab2105) were used to determine the con-
centrations of TNF-a and IL-1p, respectively, relative to a loading control
signal detected by a rabbit anti-p-tubulin antibody (1:1000; Cell
Signaling Technology, D13U1W mouse mAb, catalog # 86298). A mouse
monoclonal anti-IL-6 antibody (1:1000; Abcam, catalog # ab9423) was
used to quantify the concentration of IL-6 relative to a mouse anti-
p-tubulin antibody (1:1000; Cell Signaling Technology, 9F3 rabbit mAb,
catalog # 2128). Goat anti-rabbit-IgG-horseradish peroxidase (HRP)-
linked antibody (1:5000; Cell Signaling Technology, catalog # 7074)
was used as the secondary antibody for ChAT, VAChT, AChE, TNF-a, and
IL-1p, while sheep ECL anti-mouse-IgG-HRP-linked antibody (1:5000;
GE Healthcare UK Limited, catalog # NA931V) was used as the sec-
ondary antibody for IL-6. Blots were quantified with densitometry
analysis using ImageJ as previously reported (Hsu et al., 2015; Kanoski
et al., 2013; Suarez et al., 2018).

2.11. Microbiome analyses

Methodological details for the microbiome analyses can be found in
the Supplementary Materials and Methods file.

2.12. Statistical analysis

Data are presented as means + standard errors (SEM) for error bars
in all figures. Each experimental group was analyzed with its respective
control group per experimental cohort. Statistical analyses were per-
formed using Prism software (GraphPad, Inc., version 8.4.2, San Diego,
CA, USA) or R (4.2.0, R Core Team 2022. Significance was considered at
p < 0.05. Detailed descriptions of the specific statistical tests per figure
panel can be found in Table S1. In all cases, model assumptions were
checked (normality by Shapiro-Wilk test and visual inspection of a qq
plot for residuals per analysis, equal variance/homoscedasticity by an F
test to compare variances and visual inspection of a residual plot per
analysis). In one case (NLR time point 1 for cohort 1), data violated the
assumption of homoscedasticity and thus a Welch’s correction was
employed to account for the unequal variance. Group sample sizes were
based on prior knowledge gained from extensive experience with rodent
behavior testing and survival animal surgeries.

3. Results
3.1. Early life WD does not yield obesity or metabolic impairments

No differences in body weight were observed between CAF and CTL
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rats throughout either the WD access period or healthy diet intervention
(Fig. 1A and B, Fig. S1C and E). Furthermore, no differences in body
composition (lean/fat mass ratio) were observed either after the early
life WD access period or after the healthy diet intervention period
(Fig. 1Cand D, Fig. S2E and F). Glucose tolerance was not altered in CAF
rats compared to CTL rats at either time point (Fig. 1E and F). Despite

Before healthy
diet intervention
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the lack of body weight and body composition effects, rats receiving the
CAF diet in early life consumed approximately 15 % more kilocalories
than CTL rats during the early life WD access period. However, this
increased caloric intake did not persist when the CAF rats were switched
to the healthy diet in adulthood (Fig. 1G; Fig. S1B, D, F). During the WD
access period, rats in the CAF group consumed the majority of their
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Fig. 2. Early life Western diet (WD) consumption yields long-lasting episodic memory impairments in the absence of impacts on perirhinal cortex-dependent novel
object exploration or markers of anxiety. (A) Novel Location Recognition (NLR) behavioral scheme. (B) NLR exploration index following the WD access period but
before the healthy diet intervention (N = 24 total, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed] with Welch’s correction for unequal variances; P = 0.3258). (C)
NLR exploration index following the healthy diet intervention (N = 24 total, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed]; P < 0.0001). (D) Novel Object in
Context (NOIC) behavioral scheme. (E) NOIC percent shift from baseline performance following the WD access period but before the healthy diet intervention (N =
24 total, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed]; P < 0.0001). (F) NOIC percent shift from baseline performance following the healthy diet intervention (N
= 24 total, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed]; P = 0.002). (G) Novel Object Recognition (NOR) behavioral scheme. (H) NOR exploration index
following the WD access period but before the healthy diet intervention (N = 24 total, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed]; P = 0.3320). (I) NOR
exploration index following the healthy diet intervention (N = 24 total, n = 12 CTL, n = 12 CAF; unpaired t-test [2-tailed]; P = 0.0634). (J) Zero Maze apparatus
illustration. (K) Percent time spent in and entries into the open arm regions of the Zero Maze apparatus after the WD access period but before the healthy diet
intervention (N = 23 total, n = 11 CTL due to one outlier, n = 12 CAF; unpaired t-test [2-tailed]; P = 0.4064 for percent time in open, P = 0.1175 for entries into
open). (L) Percent time spent in and entries into the open arm regions of the Zero Maze apparatus following the healthy diet intervention (N = 23 total, n = 12 CTL, n
= 11 CAF due to one outlier; unpaired t-test [2-tailed]; P = 0. 7719 for percent time in open, P = 0. 6752 for entries into open). CAF, cafeteria diet group; CTL, control
group; WD, Western diet. Error bars represent + SEM. **P < 0.01, ****P < 0.0001.
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kilocalories from the distinct CAF components in the following order
(highest to lowest % kcal consumed): high-fat, high-sugar chow >
peanut butter cups > potato chips > HFCS (Fig. 1H; Supplementary
Fig. S2A-C). In terms of macronutrients during the WD period, CAF rats
consumed approximately equal kilocalories (44 %) from fat and carbo-
hydrate, and the remaining from protein (12 %) (Fig. 1I; Fig. S2A-C).
For comparison, the healthy standard chow that the CTL group received
throughout the study and that the CAF group received for the healthy
diet intervention contained 13 %, 58 %, and 29 % kcal from fat, car-
bohydrate, and protein, respectively. Collectively, these results show
that despite promoting overconsumption of energy, the WD model did
not induce an obesogenic weight trajectory or metabolic impairments,
and the hyperphagia reversed immediately upon healthy diet
intervention.

3.2. Early life WD imparts long-lasting HPC-dependent memory
impairments without influencing perirhinal cortex-dependent memory or
novelty aversion

We performed both Novel Location Recognition (NLR) and Novel
Object in Context (NOIC) to assess HPC-dependent spatial recognition
(Broadbent et al., 2004; Clark et al., 2005) and contextual episodic
memory (Balderas et al., 2008; Martinez et al., 2014), respectively
(Fig. 2A-F). Following the early life WD access period, there were no
differences in spatial recognition memory evaluated through NLR
(Fig. 2B). After the healthy diet intervention period the CAF rats showed
an impairment in this task (Fig. 2C). As for NOIC, deficiencies in
contextual episodic memory were apparent both before and after the
healthy diet intervention period in CAF rats (Fig. 2E and F; Fig. S3),
signifying that early life WD consumption led to long-lasting memory
impairments, regardless of consumption of a healthier diet in early
adulthood. Importantly, these deficits occurred absent of any differences
in total object exploration time between the CAF and CTL groups
(Fig. S3A-D, F-I). Together, these findings reveal that early life WD
‘programs’ long-lasting deficits in HPC-dependent memory function.

To evaluate object recognition memory that is not HPC-dependent,
we determined whether consumption of a WD in early life impairs
memory in a Novel Object Recognition (NOR) behavioral approach that
relies on the perirhinal cortex independently of the HPC (Albasser et al.,
2011; Cohen and Stackman, 2015) (Fig. 2G). Immediately following the
early life WD access period, there were no differences in exploration
index of a novel vs. non-novel object between CAF and CTL rats (Fig. 2H;
P = 0.33). Following the healthy diet intervention period, there was a
trend for decreased exploration of a novel object in CAF rats vs. CTL rats,
but this did not reach significance (Fig. 2I; P = 0.06). These findings
indicate early life WD consumption did not lead to robust differences in
recognition of a novel object in a memory task that does not involve the
HPC. Importantly, these results suggest that NLR and NOIC impairments
were not secondary to novelty aversion.

3.3. Early life WD does not alter markers of anxiety or locomotor activity

Because memory and anxiety-like behavior can both involve hippo-
campal function (André et al., 2014; Carlini et al., 2011; Miller and Hen,
2015), we examined markers of anxiety-like behavior and locomotor
activity through the Zero Maze and Open Field tests. There were no
differences in the percentage of time that rats spent in the open arms of
the Zero Maze apparatus, a marker of anxiety-like behavior, between the
CAF and CTL groups either before or after the healthy diet intervention
(Fig. 2J-L). Furthermore, there were no differences in the number of
entries into the open arms of the Zero Maze apparatus at either time
point (Fig. 2K and L), which is an assessment of locomotor activity. We
also performed the Open Field task after the WD access period, and there
were no differences in distance travelled, an additional assessment of
locomotor activity, or time spent in the center of the apparatus, an
additional marker of anxiety-like behavior, in this test (Fig. S3L and M).
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These results signify that the persistent HPC-dependent memory im-
pairments due to a WD are not confounded by altered anxiety-like
behavior or locomotor activity.

3.4. Early life WD leads to gut microbiome alterations that are reversed
with adult healthy diet intervention

Because the gut microbiome has previously been shown to be altered
by WD exposure (Tsan et al., 2022b), we examined whether early life
WD consumption impacted gut microbial taxonomic composition both
immediately after the WD access period as well as after the healthy diet
intervention period. Cladogram visualization and PCoA of 16 s TRNA
sequencing of fecal samples collected immediately after the 30-day WD
period reveal robust differences in gut microbiome at the genus level
between CAF and CTL rats (Fig. 3A and B). Similar differences were
observed in the PCoA for sequences of cecal content of animals that were
not exposed to the healthy diet intervention (Fig. 3D). However, after
the healthy diet intervention, PCoAs of sequences of both fecal and cecal
contents revealed that the initial marked differences were largely
reversed (Fig. 3C and E). Shannon indices, which assess a-diversity of
microbial communities in fecal and cecal samples were significantly
lower in the CAF group than those in the CTL group after the early life
WD access period, but these differences did not persist after the healthy
diet intervention (Fig. S4). A cladogram for the time point after WD
exposure depicts the broad distribution of taxa across groups (Fig. 3A).
By contrast, only 5 taxa were significantly altered after the healthy diet
intervention (FDR < 0.1), further indicating that early life WD did not
impart long-lasting effects on the gut microbiome.

Given the pronounced differences in gut microbiome immediately
after the early life WD access period, we performed correlation analyses
to determine if any microbial taxa were related to the early life WD
memory impairments observed. A number of correlational analyses
between specific taxon and memory performance in the NOIC task at the
time point following the early life WD access period withstood the FDR
correction (Fig. S4). Most notably, individual abundances of the genera
Lactococcus and Bifidobacterium were negatively correlated with NOIC
memory performance (Fig. S4). In contrast, abundance of the species
Lactobacillus intestinalis was positively correlated with NOIC memory
performance (Fig. S4). We then sought to decipher a potential mecha-
nistic role of the gut microbiome in the long-lasting memory deficits by
building a machine learning model to test whether the gut microbiome
immediately after the WD access period could predict memory function
in NOIC after the healthy diet intervention. Using random forest
regression models with both 3-fold and 4-fold cross validation, we
observed that microbiome after the WD period was linked with NOIC
memory performance before the healthy diet intervention but not later
in life after the healthy diet intervention (Fig. 3F, Fig. S5). This indicates
that the microbiome was not responsible for the long-lasting memory
impairments observed.

3.5. Early life WD yields long-lasting reductions in chronic HPC ACh
signaling tone

Given that the HPC relies on ACh neurotransmission for proper
memory function (Bunce et al., 2004; Fadda et al., 1996; Hasselmo,
2006; Levin et al., 2006), we examined levels of proteins related to ACh
signaling in the HPC as a potential novel mechanism for enduring HPC
dysfunction from early life WD. Protein quantification was evaluated for
choline acetyltransferase (ChAT), an enzyme that synthesizes ACh from
the precursors choline and acetyl-CoA whose expression correlates
positively with spatial memory (Dunbar et al., 1993); vesicular ACh
transporter (VAChT), which transports ACh to vesicles for synaptic
release and whose expression is positively correlated with improved
spatial memory function during aging (Nagy and Aubert, 2015); and
HPC acetylcholinesterase (AChE), an enzyme that degrades ACh and
that has been found to disrupt memory function (Haider et al., 2014;
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Fig. 3. Early life Western diet (WD) robustly alters the gut microbiome, but these alterations do not persist upon a healthy diet intervention in adulthood. (A)
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Pepeu and Giovannini, 2010). Immunoblotting analyses from dorsal
HPC tissue collected after the healthy diet intervention period revealed
that there were no differences in ChAT or AChE levels, yet CAF rats had
reduced levels of VAChT compared to CTL rats (Fig. 4A-C). These results
suggest that there was no post-synaptic compensation for a reduced
amount of ACh reaching a synapse. To further determine whether these
changes in chronic cholinergic tone could be related to features of the
microbiome, we performed correlational analyses between the abun-
dances of key microbial taxa both before and after the healthy diet
intervention and VAChT levels, and results revealed no significant cor-
relations for any taxa (Fig. S6). Overall, these findings suggest that early
life WD consumption leads to long-lasting reductions in cholinergic
tone.

Previous research has identified a cholinergic anti-inflammatory
pathway (Borovikova et al., 2000; Pavlov and Tracey, 2005). Due to
the chronic attenuation of HPC cholinergic tone observed in CAF rats,
and given that a WD has been shown to provoke a pro-inflammatory
response with unknown long-term impacts (Jena et al., 2018; Sobesky
et al., 2014), we next examined protein levels of the pro-inflammatory
cytokines TNF-a, IL-6, and IL-1p through Western blotting in the dor-
sal HPC in CAF and CTL rats after the healthy diet intervention period.
Results revealed no differences in the levels of any of these markers
(Fig. S7).

3.6. Early life WD disrupts acute ACh signaling dynamics during memory
testing

Given that early life WD consumption resulted in enduring memory
dysfunction and decreases in HPC ACh tone, we next investigated
whether acute ACh signaling dynamics during the contextual episodic
memory task were altered in CAF vs. CTL rats. After the 30-day healthy
diet intervention period, CAF and CTL animals underwent the NOIC
behavioral task with simultaneous recording of ACh signaling via in vivo
fiber photometry (Fig. 5A and B). Replicating the results from our pre-
vious cohorts, results revealed that CAF rats were impaired in the task
(Fig. 5C). CTL rats showed increased ACh release at the moment of
investigating the object novel to the context compared to the object
familiar to the context on the test day (day 3; Fig. 5D, Fig. S8), whereas
CAF rats showed no difference in ACh release upon investigating the two
objects on the test day (Fig. 5E, Fig. S8). Comparing between groups, the
extent of ACh release at the onset of exploring the object novel to the
context was significantly elevated in CTL rats compared to CAF rats
(Fig. 5F), but there were no differences in ACh release between groups at
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the onset of investigating the object familiar to the context (Fig. 5G).
Additionally, there were no differences in ACh release when investi-
gating the objects upon initial exposure to them on NOIC day 1 (Fig. S8).
Collectively, these findings reveal early life WD access has lasting effects
on the temporal dynamics of ACh signaling in the HPC during discrim-
ination of a context-object novelty.

To determine whether these ACh release photometric data were
related to memory performance, we regressed the extent of HPC DGd
ACh release with memory performance (shift from baseline in the NOIC
task) with both CAF and CTL groups combined and observed a strong
positive correlation, such that the better the rats did in the memory task,
the greater the ACh release during object-contextual novelty encounter
(Fig. 5H). When separated by diet group, the positive correlation
remained for the CTL group of rats (Fig. 5I) but dissipated for the CAF
group (Fig. 5J). These results indicate that in CTL rats, with intact ACh
neurotransmission, better memory performance was linked with
increased ACh signaling upon object-context novelty encounter,
whereas no such link was found in CAF rats with disrupted ACh
neurotransmission.

3.7. ACh agonists reverse early life WD-induced memory impairments

Given the long-term reduction in HPC ACh tone and altered temporal
HPC ACh dynamics in CAF rats, we next sought to determine whether
pharmacological administration of ACh receptor agonists could rescue
the long-lasting deficits in memory function in CAF rats. On day 2 of the
HPC-dependent NOIC task (tested after a healthy diet intervention),
each rat was given bilateral infusions of either a general ACh receptor
agonist (AChRa; carbachol), an o7 nicotinic receptor ACh agonist
(a7nAChRa; PNU 282987), or vehicle 3-8 min immediately prior to
undergoing the task (Fig. 6A and B). On the subsequent test day of the
task, rats that received either AChRa (carbachol) or a7nAChRa (PNU)
exhibited improved memory performance compared to rats receiving
vehicle alone, with the latter group showing memory performance at
chance levels analogous CAF rats in preceding experiments (Fig. 6C).
These findings not only reveal that early life WD-induced memory im-
pairments are reversed by augmenting ACh transmission during the
encoding and consolidation phases of the memory task, but also that o7
nicotinic receptor signaling likely underlies the WD-induced memory
dysfunction.
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Fig. 4. Early life Western diet (WD) leads to long-lasting reduction in hippocampal cholinergic tone. (A) Immunoblot representative images and results for choline
acetyltransferase (ChAT) protein levels in the dorsal hippocampus (HPC) of rats following WD access in early life and a healthy diet intervention in adulthood (N =
15 total, n = 7 CTL due to outlier, n = 8 CAF; unpaired t-test [2-tailed], P = 0.9165). (B) Immunoblot representative images and results for vesicular acetylcholine
transporter (VAChT) protein levels in the dorsal HPC of rats following early life WD access and a healthy diet intervention in adulthood (N = 16 total, n = 8 CTL, n =
8 CAF,; unpaired t-test [2-tailed], P = 0. 0449). (C) Immunoblot representative images and results for acetylcholinesterase (AChE) protein levels in the dorsal HPC of
rats following WD access in early life and a healthy diet intervention in adulthood (N = 15 total, n = 8 CTL, n = 7 CAF due to outlier; unpaired t-test [2-tailed], P = 0.
5570). ACh, acetylcholine; AChE, acetylcholinesterase; CAF, cafeteria diet group; ChAT, choline acetyltransferase; CTL, control group; HPC, hippocampus; VAChT,
vesicular acetylcholine transporter; WD, Western diet. Error bars represent + SEM. *P < 0.05.
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Fig. 5. Early life Western diet (WD) disrupts hippocampal cholinergic release upon contextual-object novelty encounter during episodic memory testing. (A)
Behavioral scheme for the Novel Object in Context contextual episodic memory task coupled with in vivo fiber photometry. (B) In vivo fiber photometry approach to
track acetylcholine (ACh) release in the dentate gyrus (DG) region of the dorsal hippocampus (HPC). (C) Representative photomicrograph of iAChSnFR viral
expression and cannula placement in the dorsal DG of the HPC. (D) NOIC percent shift from baseline performance following healthy diet intervention and with
implementation of in vivo fiber photometry (N = 18 total, n = 9 CTL, n = 9 CAF; unpaired t-test [2-tailed]; P = 0.0064). (E) Average z-score of ACh release in the DG
at the onset of exploring the novel vs. familiar objects during the test day of NOIC in CTL rats (N = 8 total, n = 8 CTL group only, paired t-test [2-tailed], P = 0.0140;
two-way ANOVA (diet, object [as repeated measure], diet x object interaction), P = 0.0087 for diet x object interaction). (F) Average z-score of ACh release in the
DG at the onset of exploring the novel vs. familiar objects during the test day of NOIC in CAF rats (N = 6 total, n = 6 CAF group only, paired t-test [2-tailed], P =
0.1453; two-way ANOVA (diet, object [as repeated measure], diet x object interaction), P = 0.0087 for diet x object interaction). (G) Comparison of average z-score
of ACh release in the DG at the onset of exploring the novel object during the test day of NOIC in CTL vs. CAF rats (N = 14 total, n = 8 CTL, n = 6 CAF; unpaired t-test
[2-tailed], P = 0.0068; two-way ANOVA (diet, object [as repeated measure], diet x object interaction), P = 0.0087 for diet x object interaction and P = 0.0478 for
novel object comparison between diet groups). (H) Comparison of average z-score of ACh release in the DG at the onset of exploring the familiar object during the test
day of NOIC in CTL vs. CAF rats (N = 14 total, n = 8 CTL, n = 6 CAF; unpaired t-test [2-tailed], P = 0.4641; two-way ANOVA (diet, object [as repeated measure], diet
% object interaction), P = 0.0087 for diet x object interaction and P = 0.6038 for familiar object comparison between diet groups). (I) Regression of average z-score
of ACh release at the onset of novel object exploration on percent shift from baseline NOIC memory performance (N = 14 total, n = 8 CTL, n = 6 CAF; R> = 0.63, P =
0.0006). (J) Regression of average z-score of ACh release at the onset of novel object exploration on percent shift from baseline NOIC memory performance in CTL
rats only (N = 8 total, n = 8 CTL; R* = 0.57, P = 0.02). (K) Regression of average z-score of ACh release at the onset of novel object exploration on percent shift from
baseline NOIC memory performance in CAF rats only (N = 6 total, n = 6 CAF; R? = 0.27, P = 0.28). ACh, acetylcholine; CAld, dorsal CAl subregion of the hip-
pocampus; CA3d, dorsal CA3 subregion of the hippocampus; CAF, cafeteria diet group; CTL, control group; DG, dentate gyrus; DG mo, molecular layer of the dentate
gyrus; DG sg, subgranular layer of the dentate gyrus; HPC, hippocampus; NOIC, Novel Object in Context; WD, Western diet. Error bars represent + SEM. *P < 0.05,
**P < 0.01.
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Fig. 6. Pharmacological administration of acetylcholine agonists improves Western diet-induced memory performance. (A) Illustration of bilateral indwelling
catheter infusions into the dorsal HPC. (B) Schematic of the Novel Object in Context (NOIC) contextual episodic memory task depicting timing of acetylcholine (ACh)
agonist infusion on day 2. (C) NOIC percent shift from baseline performance following healthy diet intervention and with ACh infusion on day 2 (N = 25 total, n =9
CAF + Vehicle, n = 8 CAF + Carbachol [general ACh agonist], n = 8 CAF + PNU [a7 nicotinic receptor agonist] due to outliers; One-way ANOVA (infusion group)
with Tukey’s post-hoc test for multiple comparisons; F(3 22) = 5.122 and P = 0.0149 for overall model, for multiple comparisons: CAF + Vehicle vs. CAF + Carbachol:
P = 0.0226 with n = 22 degrees of freedom (df), CAF + Vehicle vs. CAF + PNU: P = 0.0431 with n = 22 df, CAF + Carbachol vs. CAF + PNU: P = 0.9542 with n = 22
df). ACh, acetylcholine; CAF, cafeteria diet group; CTL, control group; HPC, hippocampus; NOIC, Novel Object in Context; WD, Western diet. Error bars represent +

SEM. *P < 0.05.
4. Discussion

Although the negative metabolic impacts of consuming a Western
diet (WD) high in refined sugar, saturated fat, and processed foods have
been widely investigated (Heinonen et al., 2014; Luo et al., 2016;
Shively et al., 2019; Wilson et al., 2007), much less is known regarding
the mechanisms through which WD leads to cognitive impairment. Here
we developed an early life rodent WD model that, absent of metabolic or
general behavioral abnormalities, yields enduring memory deficits that
persist even after healthy diet intervention at the onset of adulthood.
Results reveal that these long-lasting early life WD-induced memory
impairments are mediated by compromised hippocampus (HPC)
acetylcholine (ACh) signaling, manifested both in terms of chronic re-
ductions in HPC ACh tone as well as aberrant acute temporal ACh
release dynamics in the HPC during mnemonic evaluation. The trans-
lational relevance of these findings is enhanced by additional results
revealing that HPC administration of an ACh agonist targeting
a7nAChRs during the memory encoding and consolidation phases
reversed the WD-induced memory impairments, thus identifying po-
tential pharmacological targets for diet-induced cognitive impairment.
While perturbations in the gut microbiome were observed during the
early life WD-access period, these outcomes are unlikely to be tied to the
memory deficits, as healthy diet intervention in adulthood reversed the
microbiome changes but failed to rescue the memory impairments.
Collectively, these findings denote a mechanistic role of ACh signaling,
and not the gut microbiome, in persistent memory impairments due to
WD consumption during early life periods of development.

The reliance of the HPC on ACh for proper memory function and the
connection between impaired ACh neurotransmission and Alzheimer’s
disease (AD) have been well-established (Fadda et al., 1996; Haam and
Yakel, 2017; Hasselmo, 2006; Liu et al., 2022; Ma and Qian, 2019). The
current findings identify altered ACh signaling as a functional mediator
of early life WD-induced alterations in memory function. Previous evi-
dence in adult rats receiving either a WD containing 22 % kcal from fat,
a high-fat diet containing 60 % kcal from fat, or a control diet containing
7 % kcal from fat for 12 weeks showed no differences in levels of ChAT in
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the medial septum/vertical limb of the diagonal band or in levels of
AChE in the HPC despite impairments in spatial memory for the WD and
high-fat diet groups (Kosari et al., 2012). Integrated with our present
results, this suggests early life (juvenile-adolescence) is a critical period
for dietary exposure to impact HPC ACh neuronal pathway develop-
ment. This is further supported by previous research indicating that
administration of choline (an ACh precursor) throughout gestation and
up through PN 24 enhanced spatial memory of rats in adulthood (Meck
et al., 1988). In contrast, a recent study in diet-induced obese adult rats
revealed increased levels of ChAT in the HPC after 5 and 17 weeks’
consumption of a high-fat diet containing 45 % kcal from fat, decreased
levels of AChE in the HPC after 17-week consumption of the diet, and
increased level of VAChT in the HPC after 17-week consumption of the
diet compared to control chow-fed rats (Martinelli et al., 2022).
Furthermore, expression of the a7nAChR (nicotinic) was decreased at
both 5 and 17 weeks on the diet in the HPC, while no effects were
observed for muscarinic ACh receptor subtypes 1, 3, or 5 in the HPC
regardless of time point (Martinelli et al., 2022). With the exception of
the decreased level of a7nAChR, these findings suggest that ACh
neurotransmission was increased in animals fed a high-fat diet, yet an
important factor for consideration is that no behavior tests were per-
formed to assess HPC function or other cognitive tasks. In addition, the
study design differed in age of the rats and the duration of diet exposure
compared to our present work. However, this previous study did identify
that a7nAChR is more susceptible to high-fat dietary insults, which
aligns with our current finding that selective agonism of a7nAChR
rescued early life WD-induced HPC memory impairments.

Given this connection between diet, memory, and ACh signaling, an
imperative topic of future research is to specifically determine how diet
is ultimately giving rise to altered ACh neurotransmission and,
furthermore, whether this leads to a predisposition to develop AD or
other forms of dementia. We hypothesize a role for gastrointestinal (GI)-
originating vagus nerve signaling in mediating WD-associated alter-
ations in HPC ACh signaling. For example, we recently demonstrated
that ablation of GI-specific vagal sensory signaling impairs HPC-
dependent contextual episodic memory in rats (Suarez et al., 2018). In
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this report we also identified the medial septum as an anatomical relay
connecting vagal signaling to the dorsal HPC. Given that the medial
septum is a principal source of ACh input to the HPC, it may be that
blunted Gl-derived vagal signaling contributes to the altered ACh
signaling associated with early life WD. While additional work is
required to support this hypothesis, it is the case that WD consumption is
associated with blunted GI vagal signaling (Covasa et al., 2000; de
Lartigue et al., 2012; Savastano and Covasa, 2005), thus providing
additional evidence for this working model (Suarez et al., 2018).

While we did not observe elevated levels of pro-inflammatory cyto-
kines in the dorsal HPC after the healthy diet intervention, previous
research has identified a cholinergic anti-inflammatory pathway in
which a7nAChR activation plays a pivotal role (Borovikova et al., 2000;
Patel et al., 2017; Pavlov and Tracey, 2005; Shytle et al., 2004; Wang
et al., 2003). In light of previous evidence indicating that early life HFCS
consumption increased levels of pro-inflammatory cytokines in the
dorsal HPC (Hsu et al., 2015), it is possible that neuroinflammation was
present during the early life WD consumption period in the current study
and then reversed upon the healthy diet intervention. Given existing
evidence for pro-inflammatory effects of a WD (Jena et al., 2018;
Sobesky et al., 2014), future research is warranted to more thoroughly
probe potential connections between WD consumption during early life,
neuroinflammation, and ACh neurotransmission.

Our results clearly show that consumption of WD in early life
markedly altered the gut microbiome, but, when the animals were
switched to a healthy diet in adulthood, the alterations were largely
reversed. The initial changes in the gut microbiome between CAF and
CTL rats were expected, considering that the diets for each group were
very distinct with marked differences in dietary fiber content, dietary
fiber type (e.g., source, structure), macronutrient composition, micro-
nutrient characteristics, and energy density, among other factors, which
have been linked with shifts in gut microbial taxonomic populations in
both humans and animal studies (Baxter et al., 2019; de La Serre et al.,
2010; Fava et al., 2013; Tap et al., 2015). However, persistence of diet-
induced taxonomic shifts in the gut microbiome have varied by age of
exposure to a given diet, duration of diet exposure, type of diet used,
host genome, and sex, among a variety of other potential factors
(Ericsson and Franklin, 2021; Franklin and Ericsson, 2017). In our
previous work with the same early life CAF diet model implemented in
females, gut microbiome differences following the healthy diet inter-
vention became more disparate (Tsan et al., 2022b) instead of being
reversed as with the current study in males. Previous research has shown
that male and female mice have distinctly different bacterial taxonomic
compositions as well as bacterial diversity in adulthood, independent of
diet (Unger et al., 2019; Zhang et al., 2020). Given that the machine
learning analyses in the present study indicate that early WD-associated
microbiome changes were not associated with long- (after dietary
intervention) term memory impairments in males, and also that males
and females display divergent WD-induced gut microbiome phenotypes
in adulthood yet both have long-lasting HPC-dependent cognitive defi-
cits (Tsan et al., 2022b), we conclude that the gut microbiome is unlikely
to be mediating the enduring HPC dysfunction associated with early life
WD. To further support this and lend evidence that the microbiome is
not related to altered HPC ACh neurotransmission, our correlational
analyses between microbial taxa and HPC VAChT levels in male rats
revealed no significant relationships, and the five bacterial taxa that
differed in abundance between groups after the healthy diet interven-
tion period were not significantly correlated with memory performance
either before or after the healthy diet intervention. Regardless, whether
aberrant HPC ACh signaling is functionally connected to WD-associated
memory impairments in females requires further experimentation to
fully elucidate.

An important distinction of the current findings is that the persistent
WD-induced memory impairments due to altered ACh signaling
occurred in the absence of effects on metabolic outcomes and body
weight. This signifies that early life diet can have a critical, long-lasting
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effects on neural function — independently of obesity. Previous research
has also found HPC-dependent memory impairments in the absence of
differences in body weight or metabolic markers following early life
free-access to 11 % sugar or 11 % HFCS in rats (Noble et al., 2019), or
before the onset of body weight differences in mice or rats fed a high-fat
diet (Kaczmarczyk et al., 2013; Kanoski and Davidson, 2010). These
findings suggest that development of HPC-dependent neurocognitive
deficits may precede weight gain and an obesity phenotype. However, in
the present study the CAF rats were hyperphagic compared to controls
during the CAF exposure period. One possibility for this caloric intake-
body weight mismatch is based on a micronutrient deficiency in the
CAF group. This is unlikely, however, as the predominant source of
calories in the CAF model was the commercially-available high-fat diet,
which provides sufficient micronutrient access. A more likely explana-
tion is that the CAF model altered energy expenditure. Consistent with
this notion, previous research has shown that consumption of palatable
cafeteria-style WDs increase energy expenditure in rodents, even in the
absence of a running wheel or other forms of exercise (Bjursell et al.,
2008; El Ayadi et al., 2021; Rothwell and Stock, 1982). However, pu-
tative changes in energy expenditure are unlikely to account for the HPC
dysfunction given that there was no caloric intake-body weight
mismatch when memory impairments were observed after the healthy
dietary intervention. Although no differences in body weight were
observed in the present work, we reason that challenging rats with our
WD in adulthood would likely have caused an obesity phenotype,
especially given existing evidence indicating that impairments in HPC
dependent memory predict weight gain when rats consume a high-fat
diet (Davidson et al., 2009; Davidson et al., 2013).

The present study has some limitations to be considered. Accurately
measuring caloric intake in individual animals necessitated the meth-
odological decision to singly house rats, but this could also have altered
the vulnerability of the HPC to dietary insults or other stressors.
Although in the present work WD-induced memory impairments per-
sisted despite a healthy diet intervention in adulthood, some previous
studies have found that a standard/healthy diet intervention rescues
memory deficits in other WD models (Boitard et al., 2016; Hao et al.,
2016; Nicolas et al., 2022; Sobesky et al., 2014; Tran and Westbrook,
2017). Differences in type of WD (e.g., types of foods, macronutrient
profiles), duration of exposure to a given WD and standard/healthy diet,
and age during exposure could be related to the discrepant findings.
Accordingly, the CAF diet we used to model a WD does not allow for
determination of which specific dietary component(s) or macronutrient
(s) give rise to the effects observed. We also did not directly investigate a
role for sex and/or sex hormones. Given that our previous work in fe-
male rats showed early life WD-access led to initial deviations in the gut
microbiome that became more apparent after the healthy diet inter-
vention (vs. controls) — an effect not observed in males - it is possible
that early life WD exposure has sex-specific effects. Further, while we
did not determine whether cholinergic agonism alters performance in
the NOIC memory task in control animals never exposed to the WD, it is
important to note that HPC ACh signaling exhibits an inverted U-shape
in function (Geerts, 2012; Karami et al., 2021) and thus we hypothesize
that ACh agonism in healthy control rats may actually compromise their
memory performance. Finally, as is inherent with all animal models, the
translation to humans is nonlinear. However, it should be underscored
that WD consumption is also linked with memory impairments and
elevated AD risk in humans (Sullivan, 2020; Wieckowska-Gacek et al.,
2021). Given that AD is associated with aberrant HPC ACh signaling, the
present results may provide important translational insight into links
between the early life dietary environment and late-life neurocognitive
impairments. In light of previous evidence identifying a cholinergic anti-
inflammatory pathway involving a7nAChR activation in glial cells, as-
trocytes, and vascular mural cells (Li et al., 2019; Shytle et al., 2004;
Wang et al., 2003), future research is needed to examine the connections
between vasodynamics, cholinergic signaling, and cognitive impair-
ments in distinct cell types. Although we used ACh agonists that were
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not selective for a specific cell type, «7nAChR is more highly expressed
in neurons than other cell types and the ACh sensor used in fiber
photometry was expressed via a neuron-specific promoter (Borden et al.,
2020; Chen et al., 2021; Dani and Bertrand, 2007; Zhu et al., 2020),
collectively lending support for the hypothesis that neural cells played a
larger role than other cell types in the observed cognitive impairments.

The present findings collectively reveal a mechanistic connection
between early life exposure to a WD, long-lasting contextual episodic
memory impairments, and ACh neurotransmission. The o7 nicotinic
receptor was found to be a key intermediary of the WD-induced dis-
rupted memory function, and persistent memory deficits were observed
independent of altered metabolic outcomes or general behavior abnor-
malities — and were not specifically linked to alterations in the gut
microbiome. Overall, this work identifies a link between early life diet
and impaired ACh neurotransmission in the HPC. Whether these find-
ings have translational relevance to the etiology of human dementia
warrants further investigation.
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