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Abstract
Background: The ketogenic diet (KD), characterized by high-fat, low-carbohydrate, and moderate protein intake, has

gained attention for its therapeutic potential in patients with neurodegenerative diseases, including Alzheimer’s disease
(AD). Studies in AD rodent models report that KD and/or ketogenic supplements attenuate cognitive-behavioral impair-

ments, neuroinflammation, amyloid-β (Aβ) plaques, and tau pathology. However, it is unknown whether KD can similarly

benefit individuals with cerebral amyloid angiopathy (CAA), a prevalent condition in which Aβ accumulates in cerebral

vessels. CAA is highly comorbid with AD and, on its own, increases the risk of stroke, cognitive impairment, and demen-

tia, yet no effective treatments currently exist.

Objective: To determine whether KD can improve cognitive-behavioral and neuropathological outcomes in a mouse

model with CAA.

Methods: Male Tg-SwDI mice were fed either a standard chow or KD from 3.5 to 7.5 months of age. Following ∼3
months of dietary intervention, glucose and ketone body levels were assessed, then mice underwent a battery of behav-

ioral tests to evaluate locomotor activity, anxiety-related behaviors, and cognition. Immunohistochemistry was performed

to assess amyloid pathology, vascular density, neuroinflammation, white matter integrity, and hippocampal neurogenesis.

Results: In addition to KD inducing nutritional ketosis and achieving metabolic benefits, mice on KD exhibited increased

activity, enhanced spatial learning and memory, and a trend toward improved spatial working memory. These cognitive

benefits were accompanied by an attenuation of amyloid pathology and increased hippocampal neurogenesis.

Conclusions: These findings suggest that a KD may be safe and effective in AD and dementia patients with CAA.
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Introduction
Cerebral amyloid angiopathy (CAA), the accumulation of
amyloid peptides (most commonly amyloid-β; Aβ) in the
cerebral vasculature, is one of the most prevalent forms of
cerebral small vessel disease. Most CAA cases are sporadic
and associated with aging, though familial forms exist. As a
single pathology, CAA can result in vascular cognitive
impairment and dementia and significantly increases the
risk of stroke.1,2 One of the most significant clinical conse-
quences of CAA is the increased risk of intracerebral
hemorrhages. These can be large or small (microbleeds),
and recurrent hemorrhages are common. Although

hemorrhages are more common, CAA can also lead to
ischemic events, including transient ischemic attacks and
strokes. The progressive accumulation of amyloid in
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vessel walls can narrow the lumen of the vessels, leading to
chronic hypoperfusion. This reduced blood flow can cause
gradual damage to brain tissue, contributing to cognitive
decline. Indeed, CAA is specifically linked to impairments
in several cognitive domains, including perceptual speed
and episodic memory.1 CAA can also be associated with
inflammation characterized by activated microglia and
reactive astrocytes that produce pro-inflammatory cytokines
and chemokines, reactive oxygen and nitrogen species, and
activation of the complement pathway.2 Of note, CAA is
commonly found in patients with Alzheimer’s disease
(AD)3; this overlap can exacerbate cognitive decline and
other neurological symptoms.4 The high rate of comorbidity
is perhaps unsurprising, as both CAA and AD are character-
ized by the accumulation of Aβ, albeit differing in their dis-
tribution (blood vessel walls in CAA versus brain
parenchyma in AD). The processes that govern Aβ clear-
ance and deposition are common to both diseases. Indeed,
CAA likely contributes to AD pathology by impairing peri-
vascular Aβ drainage from the brain, a major route of Aβ
clearance.5,6

Currently, there is no cure for CAA, nor are there any
FDA-approved treatments. Recently approved Aβ-directed
monoclonal antibodies (e.g., lecanemab) facilitate parenchy-
mal Aβ removal in patients with AD; however, these treat-
ments have questionable benefits for cognition and carry
substantial risk for amyloid-related imaging abnormalities
(ARIA), including brain swelling (edema) and bleeding
(hemorrhage).7,8–10 ARIA resulting from the treatment of
AD with Aβ-directed monoclonal antibodies may be of par-
ticular concern in individuals with CAA.8–11 In fact, it was
recently hypothesized that patients who are positive for
CAA should be identified and excluded from anti-amyloid
therapy.12 Therefore, novel interventions are necessary for
patients with CAA when present either as a singular path-
ology or in cases where CAA is comorbid with AD.

One potential nonpharmacological intervention for CAA
that has yet to be tested is the ketogenic diet, which involves
the consumption of limited carbohydrates (usually <5%),
moderate protein intake, and very high levels of fat.13

Limiting the intake of carbohydrates induces a state of
“nutritional ketosis” that promotes ketogenesis while redu-
cing gluconeogenesis.13 This causes ketone bodies to
replace glucose as the body’s primary energy source.
Originally used for the treatment of epilepsy, the ketogenic
diet has gained considerable attention in recent decades for
its ability to produce quick weight loss and improve meta-
bolic outcomes, such as those related to prediabetes/Type
II diabetes (e.g., insulin resistance, blood glucose).14,15

Additionally, growing evidence supports the efficacy of
the ketogenic diet in promoting brain health and improving
cognitive performance across a number of domains, includ-
ing working memory, reference memory, and attention.16

Notably, the ketogenic diet has been found to be protective
in a variety of neurodegenerative diseases, including AD,

Parkinson’s disease, and motor neuron disease.17

Emerging research suggests that consumption of a ketogenic
diet or supplementation with exogenous ketones exerts
many beneficial effects, including cognitive-boosting, pro-
neurogenic, anti-inflammatory, and antioxidant effects.18–
21 Studies in AD rodent models have found that ketogenic
diet and/or exogenous treatment with ketone supplements
attenuate cognitive-behavioral impairments, neuroinflam-
mation, oxidative stress, and Aβ accumulation; and
enhance mitochondrial function and synaptic plasticity.20

A review of the use of either ketogenic diet or exogenous
ketone supplementation reported that these ketogenic
dietary interventions provide treatment benefits in AD
patients; however, most studies are small, uncontrolled,
and involve relatively short treatment periods.22

There is evidence to suggest that ketogenic dietary inter-
ventions promote brain health and enhance cognitive per-
formance, are protective against neurodegenerative
diseases, including AD, and aid in the recovery from cere-
brovascular events, such as stroke.16,18,20,22,23 However, it
has yet to be determined whether the ketogenic diet can
similarly benefit patients with CAA. Here, we used a trans-
genic mouse model with CAA (Tg-SwDI mice) to test the
hypothesis that chronic consumption of a ketogenic diet
during early-to-moderate disease stages will improve
cognitive-behavioral and neuropathological outcomes.

Methods

Animals and housing conditions
All experiments were approved by the Institutional Animal
Care and Use Committee at Nova Southeastern University
(Davie, FL, USA), and compliance was maintained with
the ARRIVE guidelines.24 Male Tg-SwDI mice (JAX
MMRRC stock #034843) were bred for this experiment at
Nova Southeastern University using mice purchased from
Jackson Laboratory (Bar Harbor, ME). These mice carry
three mutations in the human amyloid-β protein precursor
(AβPP) gene: Iowa (APP/D694N), Dutch (APP/E693Q),
and Swedish (K670N/M671L). These mutations lead to
the accumulation of fibrillar Aβ peptides in the cerebral vas-
culature, effectively replicating the key pathological fea-
tures of CAA.25 Tg-SwDI mice also exhibit
cerebrovascular dysfunction, neuroinflammation, and
cognitive-behavioral impairment, as we and others have
previously shown.25–29 Animals were housed in groups of
three to four in standard polysulfone cages (dimensions:
7.75""L × 14.75""W × 5.25""H). The housing facility
was kept on a reversed 12-h light-dark cycle (lights on at
8:00 PM and off at 8:00 AM) to mimic the natural circadian
rhythm of the mice. Temperature and humidity were set at
68–72°&degF and 40–60%, respectively. These conditions
were monitored and recorded daily to ensure a stable and
comfortable environment conducive to the mice’s
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physiological needs. Mice were given ad libitum access to
fresh food and water and were provided with various envir-
onmental enrichment items (plastic huts, chew bones,
nesting materials) for the duration of the study. All work
with mice was performed during the dark cycle.

Diet intervention
A timeline of the experiment is shown in Figure 1. All mice
were fed a standard chow diet until approximately 3.5
months of age. At that point, mice were either switched to a
ketogenic diet (n= 8) or maintained on the standard chow
diet (n= 7) for the duration of the study (∼4 months). The
Ketogenic Diet AIN-76A Modified (Catalog #F3666,
Bio-Serv, Flemington, NJ) was composed of 93.4% fat,
4.7% protein, and 1.8% carbohydrates, and had a caloric
value of 7.24 kcal/g. The ingredients of the ketogenic diet
included lard, butter, corn oil, casein, cellulose, mineral
mix, vitamin mix, and dextrose. The standard chow diet
(5P76, LabDiet, St. Louis, MO) was composed of 14.4%
fat, 26.1% protein, and 59.5% carbohydrates. Mice were
weighed and food was replenished twice weekly. Average
food and fluid intake per mouse were calculated for each
cage based on the total amount consumed divided by the
number of mice housed in the cage; food (kcal) and fluid
(mL) consumption were then normalized to body weight.

Ketone body levels, blood glucose levels, and glucose
tolerance testing
Ketone body levels, fasting blood glucose levels, fed blood
glucose levels, and glucose tolerance were assessed at
approximately 6 months of age. Ketone body levels and
fed blood glucose levels were measured in the fed state
∼2–4 h into the dark cycle using a Precision Xtra blood
ketone meter and a Prodigy Autocode glucometer,

respectively. Blood (∼3–5 µL) was collected via tail snip
(<1 mm) following application of topical analgesic
(Aspercreme).

Mice underwent a glucose tolerance test on a subsequent
day to assess diabetic status. Mice were fasted for ∼16 h,
and their fasting blood glucose levels were measured (t=
0) using a Prodigy Autocode glucometer with blood col-
lected via tail snip (<1 mm) following application of
topical analgesic (Aspercreme). Following an intraperito-
neal injection of 2 g/kg of glucose, blood glucose levels
were measured at 15, 30, 60, 90, and 120 min post-injection
to assess glucose tolerance. Approximately 3–5 µL of blood
was collected at each time point.

Behavior testing
Three months after diet initiation, mice were subjected to a
battery of behavioral tests, including the open field test,
novel object recognition test, object placement test,
Y-maze, elevated zero maze, and Barnes maze. Mice
were acclimated to the behavior testing room for at least
30 min prior to the start of testing. Following each trial,
behavioral equipment and any objects used during testing
were cleaned with 70% isopropyl alcohol and allowed to
dry thoroughly before the next animal was assessed.

Open field. An open field test was performed to assess
general activity levels/exploratory behavior and anxiety-
like behavior. Mice were placed into an open field arena
(46 cm×46 cm×46 cm; opaque white acrylic walls and
floor), and behavior was recorded for 10 min. Distance trav-
eled, time spent moving, speed, and center activity were
quantified using automated software (Noldus EthoVision
v17, Wageningen, the Netherlands), while measures of
rearing and grooming behavior were manually recorded
by two independent raters blinded to the experimental
condition.

Figure 1. Timeline of the experiment. Male Tg-SwDI mice either remained on standard rodent chow or were switched to a ketogenic

diet at ∼3.5 months of age, and the assigned diet was maintained for the duration of the study. At 6 months of age, metabolic testing

was performed to assess blood ketone body and glucose levels in the fed and fasting states, as well as glucose tolerance. Behavior testing

was then performed to assess locomotor activity, anxiety-like behavior, and cognition, followed by euthanasia and tissue collection at

∼7.5 months of age.
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Novel object recognition test (NORT). NORT was performed
to assess object recognition memory using two trials, both
of which were performed in the open field arena. In the
first trial (training), mice were placed in the arena with
two identical objects and allowed to explore for 10 min.
Mice were then returned to their home cage for a 1-h reten-
tion period, after which mice were placed back into the
arena for the second trial (test). In the test trial, there were
two objects in the arena in the same location as during train-
ing: one “familiar” object (previously exposed to during the
training trial) and one “novel” object. The time spent
exploring each object was recorded for 5 min and measured
using automated software (Noldus EthoVision v17,
Wageningen, the Netherlands), with intact memory deter-
mined by more interaction with the novel object versus
the familiar object. The discrimination index was calculated
as [(time with novel object – time with familiar object)/time
with both objects].

Object placement test (OPT). OPT was performed to assess
spatial memory using two trials, both of which were per-
formed in the open field arena. In the first trial (training),
mice were placed in the arena with two identical objects
and allowed to explore for 10 min. Mice were then returned
to their home cage for a 1-h retention period, after which
mice were placed back into the arena for the second trial
(test). In the test trial, the same two objects were placed
in the arena as in the training trial. This included one
object in a “familiar” location (same as in the training
trial) and one “displaced” object (location switched from
the previous training trial). The time spent exploring each
object was recorded for 5 min and measured using auto-
mated software (Noldus EthoVision v17, Wageningen,
the Netherlands), with intact memory determined by more
interaction with the displaced object versus the familiar
object. The discrimination index was calculated as [(time
with displaced object – time with familiar object)/time
with both objects].

Y-maze. The Y-maze was performed to assess spatial
working memory. Each mouse received one 5-min trial per-
formed in a Y-shaped maze consisting of three opaque arms
positioned at a 120° angle from each other (each arm=
30 cm L × 6 cm W × 15 cm H). The order of arm entries
was recorded by an experimenter blinded to the experimen-
tal conditions, and the total number of arm entries was
counted as a measure of exploratory behavior. Rodents typ-
ically prefer to explore a new arm of the maze instead of
returning to one that they have previously visited.30 Over
the course of multiple arm entries, subjects should alternate
the arms visited, showing a tendency to enter a less recently
visited arm. The number of triads (a sequence of each of the
three arms visited) was recorded in order to calculate the
percentage of alternation. An entry into an arm was only

counted when all four paws were within that arm.
Spontaneous alternation (indicative of intact spatial
working memory) was calculated as ([# triads/(total # arm
entries – 2)]× 100). Additional outcome measures assessed
for the Y-maze include same arm return, alternate arm
return, arm preference, distance traveled, and velocity
(speed while moving).

Elevated zero maze. The elevated zero maze was performed
to assess anxiety-like behavior. The elevated zero maze is
composed of a circular “O”-shaped platform divided into
2 closed sections (high walls surrounding the edges) and
2 open sections (no surrounding walls). Each mouse under-
went a single 5-min trial that began by placing the mouse
into a closed portion of the maze. The number of entries
into the open areas and the time spent in or near the open
sections were recorded as measures of reduced anxiety-like
behavior measured using automated software (Noldus
EthoVision v17, Wageningen, the Netherlands).

Barnes maze. The Barnes maze was performed to assess
spatial learning and memory. The maze consists of an ele-
vated circular white platform (diameter= 122 cm) with 40
evenly spaced holes around the perimeter. One hole was
deemed the “target hole,” which had a cup mounted under-
neath it, while the remaining 39 holes were left empty.
Because bright light and open spaces are aversive, mice
are motivated to locate and enter the cup beneath the
escape hole. The location of the target hole was kept con-
stant throughout the habituation and training trials.

Day 1 consisted of a single habituation trial. During
habituation, mice were placed in the escape cup for 1 min
and covered with a clear glass beaker. Mice were then
placed in the center of the arena and covered with an
opaque beaker for 15 s prior to the start of the 5-min explor-
ation period. The exploration period lasted 5 min, regard-
less of whether the mouse entered the escape cup. At the
end of the 5 min, mice were placed in the escape cup and
covered with a clear glass beaker for 1 min, after which
they were returned to their home cage.

Days 2–4 consisted of 2 training trials per day, with trials
separated by approximately 1 h. At the start of each trial,
mice were placed in the center of the arena and covered
with an opaque beaker for 15 s prior to the start of each
training trial. Mice were then given a maximum of 3 min
to find and enter the escape cup, at which point the trial
ended, and they were covered with a clear glass beaker
for 1 min. If a mouse did not enter the escape cup within
3 min, it was gently guided to the escape cup and covered
with a clear glass beaker for 1 min before being returned
to its home cage. The latency to find the escape cup
across the 6 total training trials was calculated as a
measure of spatial learning using automated software
(Noldus EthoVision v17, Wageningen, the Netherlands).
Additional measures assessed for Barnes maze training
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trials include path efficiency, success rate for finding the
target hole, total errors (entries to non-target holes), refer-
ence memory errors (initial entry into a non-target hole
during a trial), and working memory errors (repeated
entries into the same non-target hole within a single trial).
For trials in which a mouse did not find the target hole, a
score of “0” was assigned for path efficiency, while for
all error types, a value of the maximum score +1 was
assigned.

On day 5, a single probe trial was conducted ∼24 h after
the last training trial (1-day probe). Mice were placed in the
center of the arena and covered with an opaque beaker for
15 s prior to the start of the trial. The escape cup was
removed from the arena for the probe trials. The exploration
period lasted 2 min for each mouse. An additional probe
trial was conducted 7 days after the last training trial to
assess longer-term spatial memory (7-day probe). For
each trial, automated tracking software (Noldus
EthoVision v17, Wageningen, the Netherlands) was used
to determine the primary latency (latency to first target
hole visit) and the time spent in the target quadrant where
the escape cup had previously been located. Additional
measures assessed for Barnes maze training trials include
path efficiency, success rate for finding the target hole,
and velocity (speed of travel while mouse was active).

Euthanasia and tissue collection
Euthanasia and tissue collection were performed after com-
pletion of all behavior testing. Mice were deeply anesthe-
tized with isoflurane anesthesia (5% induction; ∼3–4%
maintenance), underwent transcardial perfusion with
ice-cold 0.9% NaCl, and were decapitated to allow for
brain extraction. Adipose tissue (visceral and subcutaneous
fat) was dissected and weighed. Brains were collected and
bisected; one hemisphere was fixed, and the other was flash-
frozen. The fixed hemisphere was immersed in 4% parafor-
maldehyde (PFA) for 48 h and then cryopreserved in 30%
sucrose containing 0.01% sodium azide, both at 4 °C. The
flash-frozen hemisphere was frozen in 2-methylbutane
over dry ice, then stored at −80 °C until use.

Immunofluorescence
Fixed brain hemispheres were embedded in OCT and cut on
a cryostat at ∼18 °C into 4 sets of 40 µM sagittal free-
floating sections. Free-floating immunohistochemistry was
performed to assess glial markers [ionized calcium-binding
adapter molecule 1 (Iba1; microglia) and glial fibrillary
acidic protein (GFAP; astrocytes)], as well as white
matter integrity (myelin basic protein; MBP) and neurogen-
esis markers [doublecortin (DCX), a measure of neuro-
blasts/immature neurons, and Ki-67, a marker of cell
proliferation).

Sections were washed in 1x PBS containing 0.01%
sodium azide (3× 3 min at room temperature), permeabi-
lized in 0.3% Triton X-100 in 1x PBS with 0.01%
sodium azide (30 min at room temperature), and blocked
in 4% donkey serum with 0.3% Triton X-100 in 1x PBS
with 0.01% sodium azide (30 min at room temperature).
Sections were then incubated with primary antibodies over-
night at 4 °C. Primary antibodies were diluted in blocking
buffer and included: rabbit anti-Iba1 (1:1000; Cat
#019-19741, Fujifilm Wako, Richmond, VA), rabbit
anti-GFAP (1:100; Cat #PB9082, Boster Bio, Pleasanton,
CA), guinea pig anti-DCX (1:1000; Cat #AB2253,
Millipore, Burlington, MA), rabbit anti-MBP (1:200; Cat
#10458-1-AP, Proteintech, Rosemont, IL), and rat
anti-Ki67 (1:200; Cat #14-5698-82, Invitrogen, Waltham,
MA). The following day, sections were washed with 1x
PBS with 0.01% sodium azide (3× 3 min at room tempera-
ture) and incubated for 1 h at room temperature with sec-
ondary antibodies diluted in blocking buffer. Secondary
antibodies included: donkey anti-guinea pig 488 (1:300;
Cat #706-545-148, Jackson Immunoresearch, West
Grove, PA), donkey anti-rabbit 594 (1:300; Cat #A21206,
Invitrogen, Waltham, MA), donkey anti-rabbit 594
(1:300; Cat #711-585-152, Jackson Immunoresearch,
West Grove, PA), and donkey anti-rat 647 (1:300; Cat
#A78947, Invitrogen, Waltham, MA). Sections were then
washed with 1x PBS with 0.01% sodium azide (3× 3 min
at room temperature) prior to being mounted onto glass
microscope slides using Prolong Gold Antifade mounting
media with DAPI counterstain.

Fresh frozen brain hemispheres were cut on a cryostat at
∼13 °C into 3 sets of 20 µM sagittal sections, thaw-mounted
onto charged glass microscope slides, and stored at −80 °C
until use. Sections were thawed to room temperature, fixed
with 4% paraformaldehyde in PBS (10 min at room tem-
perature), washed in 1x PBS with 0.01% sodium azide (3
× 3 min at room temperature), permeabilized in 0.1%
Triton X-100 in 1x PBS with 0.01% sodium azide
(30 min at room temperature), and blocked in 4% donkey
serum with 0.1% Triton X-100 in 1x PBS with 0.01%
sodium azide (30 min at room temperature). Sections
were then incubated with primary antibody overnight at
4 °C. The primary antibody solution consisted of rabbit
anti-collagen IV (1:200; Cat #PA1-28534, Invitrogen,
Carlsbad, California) diluted in blocking buffer. The fol-
lowing day, sections were washed (3× 3 min at room tem-
perature), then incubated for 1 h with secondary antibody
solution at room temperature. The secondary antibody solu-
tion consisted of donkey anti-rabbit 594 (1:300, Cat
#A21206, Invitrogen, Carlsbad, California) diluted in
blocking buffer. After three additional washes (3× 3 min
at room temperature), sections were stained with 0.0125%
Thioflavin-S in 50% PBS/50% EtOH (15 min at room tem-
perature). Sections were washed with 50% PBS/50% EtOH
(2× 3 min at room temperature) then 1x PBS with 0.01%
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sodium azide (3× 3 min at room temperature) prior to being
mounted with Prolong Gold Antifade mounting media.

Images were taken using a 5x or 10x objective with
cellSens Imaging Software on an Olympus IX73 fluores-
cence microscope, or with a 20x objective using
BZ-X800 Viewer Software on a Keyence BZ-X810 fluores-
cence microscope. For analysis of Thioflavin-S staining
(amyloid), collagen IV (blood vessels), Iba1 (microglia),
and GFAP (astrocytes), images were taken in the hippocam-
pus (subiculum, dentate gyrus, CA1, and CA3), thalamus,
and cortex. For analysis of MBP (myelin), images were
taken in the hippocampus, corpus callosum, and cortex.
For analysis of Ki67 (cell proliferation) and DCX (neuro-
genesis), images were taken in the dentate gyrus of the
hippocampus. Representative images with annotated
regions of interest are shown in Supplemental Figure 1.
NIH ImageJ software was used to identify regions of inter-
est, threshold images, and extract measures of intensity and/
or % area covered for Thioflavin-S, Collagen IV, Iba-1,
GFAP, and MBP in each brain region. Colocalization ana-
lysis of Thioflavin-S/Collagen IV was performed to distin-
guish vascular (CAA-associated) from non-vascular
(parenchymal/plaque) amyloid accumulation. Plaque #
was manually counted in cortical sections stained with
Thioflavin-S. DCX+ cells (neuroblasts/immature neurons)
and Ki67+ cells (proliferating cells) were manually
counted in the dentate gyrus of the hippocampus as a
measure of neurogenesis. DCX+ and Ki67+ cells counts
were performed by two independent raters who were
blinded to the experimental condition of each mouse.

Statistical analyses
Statistical analyses were performed using Prism v10.1.1
(GraphPad Software, San Diego, CA, USA). The Grubbs’
test, a widely accepted method for detecting outliers in
small datasets, was conducted to identify statistically sig-
nificant outliers (α= 0.05); outliers were replaced with the
next most extreme value. Unpaired two-sample t-tests
were conducted for data that did not include repeated mea-
sures. Two-way mixed ANOVAs followed by Holm-Sidak
post hoc tests were performed for data that were collected
and reported at multiple timepoints (body weight, fasting
and fed blood ketone body levels, fasting and fed blood
glucose levels, glucose tolerance test). One-sample t-tests
were used for analysis of NOR and OPT performance (dis-
crimination index versus hypothetical value of 0). The
threshold for statistical significance was set at p < 0.05.

Results

Metabolic outcomes
Caloric intake. Caloric intake for each cage was approxi-
mated based on food weights and the energy density of

the respective diet; these values were then normalized
using the average body weight of the mice in each cage
to calculate food intake in kcal/g of body weight
(Figure 2(a)). An unpaired two-sample t-test showed no sig-
nificant difference in caloric intake between groups [t(3)=
0.092, p= 0.932]. To ensure that palatability was accept-
able to mice, consumption was assessed twice weekly
during the first four weeks of ketogenic diet and compared
to baseline caloric consumption (10 days of chow consump-
tion just prior to the switch to ketogenic diet). Caloric con-
sumption did not differ between baseline (chow) and any
timepoint during ketogenic diet consumption
(Supplemental Figure 2), suggesting that the diet was
indeed palatable and well tolerated by the mice.

Fluid intake. Fluid intake for each cage was approximated
based on water bottle weights; these values were then nor-
malized by the average body weight of the mice in that cage
to calculate fluid intake in mL/g of body weight
(Figure 2(b)). An unpaired two-sample t-test showed no sig-
nificant difference between treatment groups [t(3)= 1.978,
p= 0.142].

Body weight. Body weight change is presented as % change
from baseline (prior to diet initiation) and plotted biweekly
through the duration of the experiment (Figure 2(c)). A
two-way mixed ANOVA found significant main effects of
diet [F(1,104)= 80.79, p < 0.001; keto < chow] and time
[F(8,104)= 29.34, p < 0.001; increased weight gain over
time], as well as a diet×time interaction [F(8,104)=
37.88, p < 0.001]. Multiple pairwise comparisons
(Holm-Sidak) revealed that chow-fed mice displayed sig-
nificant weight gain from baseline in weeks 4 through 16
(p < 0.0001 for all), while keto-fed mice displayed signifi-
cant weight loss from baseline in weeks 2 through 16 (p <
0.001).

Adiposity. Adiposity was assessed by measuring the mass of
subcutaneous (Figure 2(d)) and visceral (Figure 2(e)) fat
pads. An unpaired two-sample t-test found no significant
difference in subcutaneous fat between groups [t(13)=
1.081, p= 0.150]. However, mice fed a ketogenic diet had
significantly less visceral fat compared to chow-fed mice
[t(13)= 1.810, p= 0.047].

Blood ketone body levels. Blood ketone body levels were
measured in both the fasting and fed state to assess nutri-
tional ketosis (Figure 2(f)). One outlier was identified in
the chow group for the measure of fed ketone body
levels. A two-way mixed ANOVA found significant main
effects of diet [F(1,13)= 47.88, p < 0.0001] and feeding
state [F(1,13)= 44.49, p < 0.0001], as well as a diet×feed-
ing state interaction [F(1,13)= 6.648, p= 0.023]. Multiple
pairwise comparisons (Holm-Sidak) found that ketone
body levels were higher in the fasted versus the fed
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Figure 2. Ketogenic diet induced nutritional ketosis and had metabolic benefits in male Tg-SwDI mice. Caloric intake (a) and fluid

intake (b) were measured biweekly, with data presented as an average value for each cage over the course of the diet intervention

period. (c) Changes in body weight from baseline were measured throughout the diet intervention period. (d) Subcutaneous and (e)

visceral fat were dissected and weighed at the time of euthanasia. (f) Ketone body and (g) glucose levels were measured in tail vein

blood samples in both fasted and fed states. (h) Glucose tolerance test (GTT) was performed, with blood glucose levels measured at

baseline in the fasted state (t= 0), and at 15, 30, 60, 90, and 120 min after a glucose challenge injection. One mouse was excluded from

each group, leaving sample sizes of n= 6 for chow and n= 7 for keto. (i) Area under the curve (AUC) was calculated for data collected

during the glucose tolerance test as a measure of cumulative glucose exposure. Data are presented as mean+ SEM in all graphs. All

statistical analyses were performed using an unpaired two-sample t-test except for the GTT data over time (h), which was analyzed using a

two-way repeated measures ANOVA followed by Holm-Sidak post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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condition for both chow (p= 0.015) and keto (p < 0.0001)
mice, and that ketone body levels were higher in mice fed
a ketogenic diet compared to mice fed a standard chow
diet in both the fasting and fed conditions (p < 0.0001 for
both).

Blood glucose levels. Blood glucose levels were measured in
both the fasting and fed state (Figure 2(g)). A two-way
mixed ANOVA found significant main effects of diet
[F(1,13)= 35.44, p < 0.0001; keto < chow], while the
main effect of feeding state [F(1,13)= 0.0012, p= 0.972]
and the diet×feeding state interaction [F(1,13)= 0.9059, p
= 0.359]. Multiple pairwise comparisons (Holm-Sidak)
found that blood glucose levels were lower in mice fed a
ketogenic diet compared to mice fed a standard chow diet
in both the fasting (p= 0.003) and fed (p < 0.0001)
conditions.

Glucose tolerance test. A glucose tolerance test was per-
formed to assess diabetic status. Following measurement
of fasting glucose levels, mice were injected with a bolus
of glucose, with blood glucose levels measured at t= 15,
30, 60, 90, and 120 min post-injection (Figure 2(h)). One
mouse was excluded from the chow group due to poor
injection, and one outlier was identified in the ketogenic
diet group. A two-way mixed ANOVA found significant
main effects of diet [F(1,12)= 5.467, p= 0.038; keto <
chow] and time [F(5,60)= 77.77, p < 0.0001; expected
rise and fall of glucose following challenge injection],
while the diet×time interaction was not significant
[F(5,60)= 0.6205, p= 0.685]. Multiple pairwise compari-
sons (Holm-Sidak) revealed trends of attenuated blood
glucose levels in mice fed a ketogenic diet compared to
mice fed a standard chow diet at t= 0 min (p= 0.054) and
t= 120 min (p= 0.053).

Additionally, area under the curve was calculated as a
measure of cumulative glucose exposure during the
glucose tolerance test (Figure 2(i)). An unpaired two-
sample t-test found that mice fed a ketogenic diet displayed
significantly lower AUC values compared to chow-fed mice
[t(12)= 2.007, p= 0.034].

Behavior testing
Supplemental Table 1 includes effect sizes and achieved
statistical power for all behavioral test outcomes.

Open field. The open field test was performed to assess
general locomotor/exploratory behavior, as well as anxiety-
like behavior (Figure 3(a)-(f)). Unpaired two-sample t-tests
performed separately for each outcome measure found that
mice fed a ketogenic diet displayed significantly greater dis-
tance traveled [t(13)= 2.819, p= 0.007, Figure 3(a)], time
spent moving [t(13)= 2.578 p= 0.012, Figure 3(b)], and

velocity while moving [t(13)= 2.352, p= 0.018,
Figure 3(c)], while there were no group differences in
time spent in the center of the arena [t(13)= 0.4082, p=
0.345, Figure 3(d)], time spent rearing [t(13)= 0.8735, p
= 0.199, Figure 3(e)], nor time spent grooming [t(13)=
0.8754, p= 0.199, Figure 3(f)]. Individual track plots and
heat maps for the open field are shown in Supplemental
Figure 3.

Elevated zero maze. The elevated zero maze test was per-
formed to assess anxiety-like behavior (Figure 3(g)-(i)).
Unpaired two-sample t-tests performed separately for each
outcome measure revealed a trend that mice fed a ketogenic
diet made more entries to the open areas compared to mice
fed a standard chow diet [t(13)= 1.395, p= 0.093,
Figure 3(g)]; however, there were no group differences in
time spent in the open areas [t(13)= 0.1383, p= 0.446,
Figure 3(h)]. Additionally, time spent in the border zones
of the closed areas closest to the open areas was assessed,
with an unpaired two-sample t-test revealing that mice fed
a ketogenic diet spent more time in these border zones com-
pared to mice on a standard chow diet [t(13)= 3.185, p=
0.004, Figure 3(i)]. A heat map of activity in the elevated
zero maze for the mean of each treatment group is shown
in Figure 3(j).

Novel object recognition test (NORT). The novel object recog-
nition test was performed to assess object recognition
memory. There was no effect of diet on total time spent
exploring both objects (data not shown). Performance was
quantified by the discrimination index (Figure 4(a)). One
outlier was identified in the ketogenic diet-fed group. One
sample t-tests found that both chow-fed mice [t(6)=
5.969, p= 0.001] and keto-fed mice [t(7)= 7.211, p <
0.001] exhibited a significant preference for the novel
object. An unpaired two-sample t-test found no difference
in discrimination index between treatment groups [t(13)=
0.5959, p= 0.525], suggesting that the ketogenic diet did
not further enhance object recognition memory.
Individual track plots and heat maps for the novel object
recognition test are shown in Supplemental Figure 4.

Object placement test (OPT). The object placement test was
performed to assess spatial memory. There was no effect of
diet on total time spent exploring both objects (data not
shown). Performance was quantified by the discrimination
index (Figure 4(b)). One sample t-tests found that neither
chow-fed mice [t(6)= 0.9500, p= 0.379] nor keto-fed
mice [t(7)= 1.049, p= 0.329] exhibited a significant prefer-
ence for the displaced object. An unpaired two-sample t-test
found no difference in discrimination index between treat-
ment groups [t(13)= 0.0907, p= 0.465], suggesting that
the ketogenic diet did not yield any measurable benefits
in spatial memory on this task. Individual track plots and
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Figure 3. Ketogenic diet increased locomotor/exploratory activity without significantly affecting anxiety-like behavior in male

Tg-SwDI mice. Ten-min open field tests were conducted to assess general activity levels and anxiety-related behavior, including

measures of (a) distance traveled, (b) time spent moving (%), (c) velocity, (d) center time (%), (e) rearing time (%), and (f) grooming time

(%). Five-min elevated zero maze tests were conducted to assess exploratory versus anxiety-like behavior, including measures of (g)

number of entries to open areas, (h) time spent in open areas (%), and (i) time spent in border zones (areas within the closed areas that

immediately border the open areas). (j) A heatmap of average activity for each group during the elevated zero maze test. Data are presented

as mean+ SEM in all graphs. All statistical analyses were performed using an unpaired two-sample t-test. *p<0.05, **p<0.01.
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heat maps for the object placement test are shown in
Supplemental Figure 5.

Y-maze. The Y-maze test was performed to assess spatial
working memory (Figure 4(c), (d)). Unpaired two-sample
t-tests performed separately for each outcome measure
revealed that mice fed a ketogenic diet made more arm

entries compared to chow-fed mice [t(13)= 2.086, p=
0.029, Figure 4(c)]. There was also a trend toward enhanced
spatial working memory in ketogenic diet-fed mice, as mea-
sured by % alternation [t(13)= 1.671, p= 0.059,
Figure 4(d)]. Additional outcome measures, as well as indi-
vidual track plots and group mean heat maps, for the Y-
maze test are shown in Supplemental Figure 6. Briefly, it

Figure 4. Ketogenic diet improved spatial learning and memory in male Tg-SwDI mice. (a) Novel object recognition test was

performed to assess object recognition memory, with training and testing trials separated by 1 h. Time spent with the familiar and novel

objects was measured during the 5-min testing trial, and discrimination indices were calculated as a measure of intact memory. (b)

Object placement test was performed to assess spatial memory, with training and testing trials separated by 1 h. Time spent with the

objects in the familiar and displaced locations was measured during the 5-min testing trial, and discrimination indices were calculated as

a measure of intact memory. The Y-maze test was performed to assess spatial working memory, with measures of (c) arm entries and

(d) % alternation. The Barnes maze was conducted to assess spatial learning and memory. (e) Latency to find the target hole was

measured over six training trials (two trials per day over three days) to assess spatial learning (maximum latency= 180 s). Primary

latency, the latency to the first target hole visit, was measured to assess shorter- and longer- term memory during probe trails (f) one

and (g) seven days after the last training trials (maximum latency= 120 s). Additionally, for the analysis of probe trials, the Barnes

platform was divided into a center zone (30 cm diameter), with the remaining area split into 4 quadrants Time spent in the target

quadrant was measured during the (h) 1-day and (i) 7-day probe trials. Data are presented as mean+ SEM in all graphs. All statistical

analyses were performed using an unpaired two-sample t-test except for Barnes maze training data, which was analyzed using a

two-way repeated measures ANOVA followed by Holm-Sidak post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. ^^^p < 0.001

significantly greater than chance performance (hypothetical value of 0).
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was observed that mice fed the ketogenic diet traveled a
greater distance in the Y-maze [t(13)= 2.635, p= 0.010],
in line with an increased number of arm entries in this
test, and increased distance traveled in the open field.
However, there were no group differences in velocity
[t(13)= 0.8538, p= 0.204], suggesting that these differ-
ences may be due to differences in exploratory drive
rather than motor impairment. Additionally, the trend of
improved spontaneous alternation behavior in ketogenic
diet fed mice appears to be more due to a reduction in alter-
nate arm returns [t(13)= 1.476, p= 0.082, trend], rather
than same arm returns [t(13)= 0.1718, p= 0.433].
Importantly, there was no significant preference for entering
any particular arm of the Y-maze, with neither group having
greater than ∼38% preference for any arm (chance= 33%).

Barnes maze. The Barnes maze was performed to assess
spatial learning and memory (Figure 4(e)-(i)). Training
trials took place over the course of 3 days with two trials
per day, and latency to find the escape hole was measured
(Figure 4(e)). Across the six training trials, four outliers
were identified amongst three different mice in the keto-
genic diet group. A two-way repeated measures ANOVA
revealed main effects of diet [F(1,65)= 17.39, p= 0.001;
keto < chow] and time [F(5,65)= 4.116, p= 0.003,
decreased latency over trials], with no significant diet×time
interaction [F(5,65)= 0.7321, p= 0.602]. Multiple pairwise
comparisons revealed that mice fed a ketogenic diet found
the escape hole more quickly than mice fed a standard
chow diet on days 25 (p < 0.05 for all except day 5, where
p= 0.057, trend). Individual track plots for Barnes maze
training trials are shown in Supplemental Figure 7, while
additional outcome measures for the Barnes maze training
trials are shown in Supplemental Figure 8. Briefly, separate
two-way mixed ANOVAs found a significant main effect of
diet for path efficiency [F(1,13)= 12.30, p= 0.004] and
success rate [F(1,13)= 9.934, p= 0.008], with mice fed a
ketogenic diet performing better than mice on standard
chow. Multiple pairwise comparisons revealed that mice
fed a ketogenic diet had higher path efficiency on trial 4
(p= 0.023), with a similar trend on day 5 (p= 0.087).
Additionally, the number of working memory errors
[F(1,13)= 8.566, p= 0.012], but not reference errors
[F(1,13)= 0.6721, p= 0.427] nor the total number of
errors [F(1,13)= 2.050, p= 0.176], was influenced by
diet; mice fed a ketogenic diet made fewer working
memory errors overall, with trends of improved perform-
ance specifically during trials 3 and 4 (p < 0.07 for both).

Barnes maze probe trials were conducted 1 and 7 days
after the last training trial to assess spatial memory.
Primary latency was defined as the time to the first visit
to the target hole location for each probe trial. One outlier
was identified in the ketogenic diet group for the 1-day
probe. Unpaired two-sample t-tests were performed separ-
ately for each probe trial. Mice fed a ketogenic diet were

faster to locate the target hole location on both the 1-day
probe [t(13)= 2.869, p= 0.007, Figure 4(f)] and 7-day
probe [t(13)= 2.043, p= 0.031, Figure 4(g)].

Additionally, for each probe trial, the % time spent in the
target quadrant, where the escape hole was previously
located, was calculated. Each 2-min probe was divided
into 30-s time bins to determine exploratory patterns
during the trial. For the 1-day probe (Figure 4(h)), a
two-way repeated measures ANOVA found that neither
the main effect of diet [F(1,13)= 0.8308, p= 0.379] nor
time [F(3,39)= 0.4136, p= 0.744] were significant;
however, there was a trend of a diet×time interaction
[F(3,39)= 2.362, p= 0.086]. Multiple pairwise compari-
sons found that during the first 30 s of the 1-day probe
trial, mice fed a ketogenic diet spent significantly more
time in the target quadrant compared to mice fed a standard
chow diet (p= 0.012). For the 7-day probe (Figure 4(i)), a
two-way repeated measures ANOVA found that while the
main effect of diet was not significant [F(1,13)= 0.1633,
p= 0.693], there was a significant main effect of time
[F(3,39)= 3.738, p= 0.019] and a diet×time interaction
[F(3,39)= 5.500, p= 0.003]. Multiple pairwise compari-
sons found that during the first 30 s of the 7-day probe
trial, mice fed a ketogenic diet spent significantly more
time in the target quadrant compared to mice fed a standard
chow diet (p= 0.036).

Additional outcome measures and group mean heat
maps for the Barnes maze probe trials are shown in
Supplemental Figure 8. Briefly, it was observed that mice
fed the ketogenic diet traversed the maze with increased vel-
ocity during periods of exploration on both 1-day and 7-day
probe trials (p < 0.05 for both). To determine whether the
improved performance during probe trials measured by
reduced primary latency could be explained solely due to
increased velocity of exploration, we also assessed path
efficiency and success rate as outcome measures that are
less sensitive to differences in velocity of travel around
the maze. It was observed that mice fed the ketogenic diet
exhibited trends of increased path efficiency in the 1-day
and 7-day probe trials, as well as increased success rate in
the 1-day probe trial (p < 0.09 for all).

Neuropathological outcomes
Vascular density. Immunohistochemistry was performed to
assess vascular density, quantified as the % area covered
by Collagen-IV immunolabeling (Figure 5). Measures
were taken in the cortex, thalamus, and subregions of the
hippocampus (subiculum, dentate gyrus, CA1, and CA3).
There was one outlier identified in the cortex and one in
the CA3 region in the ketogenic diet group. Unpaired two-
sample t-tests were conducted separately for each brain
region. While there was an increase in vascular density in
the dentate gyrus following chronic administration of
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Figure 5. Ketogenic diet increased vascular density in the dentate gyrus in male Tg-SwDI mice. Vascular density was assessed by

quantifying the % area covered by Collagen IV immunolabeling in the (a) cortex, (b) thalamus, (c) subiculum, (d) dentate gyrus, (e) CA1,

and (f) CA3. (g) Representative images of Collagen IV immunolabeling in each region of interest. Scale bar= 200 µm. Data are

presented as mean+ SEM in all graphs. All statistical analyses were performed using an unpaired two-sample t-test. *p < 0.05.
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ketogenic diet [t(13)= 2.582, p= 0.023, Figure 5(d)], there
was no effect of diet on vascular density in the cortex [t(13)
= 0.8198, p= 0.427, Figure 5(a)], thalamus [t(13)= 0.8565,
p= 0.407, Figure 5(b)], subiculum [t(13)= 0.0333, p=
0.974, Figure 5(c)], CA1 [t(13)= 1.287, p= 0.221,
Figure 5(e)], nor CA3 [t(13)= 1.447, p= 0.172,
Figure 5(f)].

Amyloid pathology. Staining with Thioflavin-S was per-
formed for the localization and quantification of amyloid
deposition in the cortex, thalamus, and subregions of the
hippocampus (subiculum, dentate gyrus, CA1, and CA3)
(Figure 6). Assessment of overall amyloid pathology was
measured by the total % area covered by Thioflavin-S stain-
ing in each region of interest. There was one outlier identi-
fied in the dentate gyrus of the chow-fed group. Unpaired
two-sample t-tests were performed separately for each
brain region. Ketogenic diet attenuated overall amyloid
pathology in the cortex [t(13)= 2.090, p= 0.028,
Figure 6(a)] and dentate gyrus [t(13)= 4.189, p < 0.001,
Figure 6(d)], while there was a trend of decreased
amyloid in the subiculum [t(13)= 1.494, p= 0.080,
Figure 6(c)]. There was no effect of diet on overall
amyloid pathology in the thalamus [t(13)= 1.120, p=
0.142, Figure 6(b)], CA1 [t(13)= 0.5774, p= 0.287,
Figure 6(e)], or CA3 [t(13)= 1.171, p= 0.131, Figure 6(f)].

While amyloid in the dentate gyrus and cortex was
clearly deposited as plaque, additional measures were
taken to determine the distribution of amyloid in the cere-
bral vasculature (CAA) and parenchyma in regions with
potentially mixed pathology (thalamus, subiculum, CA1,
CA3). Cerebral amyloid angiopathy was assessed by the
% area of blood vessels covered by amyloid in a given
brain region, as calculated by [(area of colocalized
Thioflavin-S and Collagen IV)/(area of Collagen IV)]
x100. Measures were taken in the thalamus and subregions
of the hippocampus (subiculum, CA1, and CA3). One CA1
and one CA3 outlier was identified in the chow-fed group.
Unpaired two-sample t-tests were performed separately for
each brain region. There was no significant effect of keto-
genic diet on CAA in the thalamus [t(13)= 0.7688, p=
0.228, Figure 6(g)], subiculum [t(13)= 0.7546, p= 0.232,
Figure 6(h)], CA1 [t(13)= 0.5232, p= 0.305, Figure 6(i)],
nor CA3 [t(13)= 0.0044, p= 0.498, Figure 6(j)].

Parenchymal (non-vascular) amyloid pathology was
assessed by measuring the % area covered by
Thio-flavin-S staining that was not colocalized with colla-
gen IV immunolabeling (blood vessel marker). Measures
were taken in the thalamus and subregions of the hippocam-
pus (subiculum, CA1, and CA3) only, as amyloid path-
ology in the cortex and dentate were deemed to be
plaque/parenchymal, with the overall amyloid measure suf-
ficing for this purpose. One subiculum outlier and one CA1
outlier were identified in the ketogenic diet group. Unpaired
two-sample t-tests were performed separately for each brain

region. Ketogenic diet attenuated parenchymal (non-
vascular) amyloid pathology in the thalamus [t(13)=
2.188, p= 0.024, Figure 6(k)] and subiculum [t(13)=
2.781, p= 0.008, Figure 6(l)]. There was no effect of diet
on parenchymal amyloid accumulation in the CA1 [t(13)
= 0.7452, p= 0.235, Figure 6(m)] nor CA3 [t(13)= 1.253,
p= 0.116, Figure 6(n)]. Additionally, plaque # was
counted in the cortex, with one outlier identified in the keto-
genic diet group. An unpaired two-sample t-test found that
mice fed a ketogenic diet exhibited an attenuation in plaque
# [t(13)= 2.156, p= 0.025, Figure 6(o)].

Microgliosis. Immunolabeling for ionized calcium-binding
adaptor molecule 1 (Iba1) was analyzed as a measure of
microgliosis in the cortex, thalamus, and hippocampal subre-
gions (dentate gyrus, subiculum, CA1, CA3; Figure 7). One
cortex outlier, one CA1 outlier, and one CA3 outlier were
identified in the chow-fed group. Unpaired two-sample
t-tests were performed separately for each brain region.
There was no effect of diet in the cortex [t(13)= 0.2818, p
= 0.783, Figure 7(a)], thalamus [t(13)= 1.434, p= 0.175,
Figure 7(b)], subiculum [t(13)= 0.5298, p=0.605,
Figure 7(c)], dentate gyrus [t(13)= 0.3094, p= 0.762,
Figure 7(d)], CA1 [t(13)= 1.083, p= 0.345, Figure 7(e)],
nor CA3 [t(13)=1.407, p= 0.183, Figure 7(f)].

Astrogliosis. Immunolabeling for glial fibrillary acidic protein
(GFAP) was analyzed as a measure of astrogliosis in the
cortex, thalamus, and hippocampal subregions (dentate
gyrus, subiculum, CA1, CA3). One mouse in the chow-fed
group was identified as having outlier values in both the thal-
amus and subiculum. Unpaired two-sample t-tests were per-
formed separately for each brain region. In response to a
ketogenic diet, there were trends of decreased GFAP immuno-
labeling in the cortex [t(13)= 1.789, p= 0.097, Figure 8(a)]
and increased GFAP immunolabeling in the thalamus [t(13)
= 2.039, p= 0.062, Figure 8(b)], with no effect of diet in the
subiculum [t(13)=1.562, p= 0.156, Figure 8(c)], dentate
gyrus [t(13)= 0.5668, p= 0.581, Figure 8(d)], CA1 [t(13)=
1.347, p= 0.201, Figure 8(e)], nor CA3 [t(13)= 0.4231, p=
0.679, Figure 8(f)].

Hippocampal neurogenesis. Immunolabeling for Ki67 was
used to identify and quantify proliferating cells in the
dentate gyrus region of the hippocampus as a measure of
cell division during the initial phase of neurogenesis. An
unpaired two-sample t-test revealed a trend toward a
greater number of Ki67+ cells in mice fed a ketogenic
diet compared to chow-fed mice [t(12)= 1.032, p= 0.063]
(Figure 9(a)).

Immunolabeling for doublecortin (DCX) was used to
identify and quantify immature neurons/neuroblasts in the
dentate gyrus region of the hippocampus as a measure of
neurogenesis. An unpaired two-sample t-test found that
mice fed a ketogenic diet had a greater number of DCX+
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Figure 6. Ketogenic diet attenuated parenchymal amyloid pathology in male Tg-SwDI mice. Thioflavin-S staining was performed to

localize and quantify amyloid in the cortex, thalamus, and subregions of the hippocampus. (a-f) Overall amyloid pathology was quantified

by measuring the % area covered by thioflavin-S staining in each region of interest. (g-j) Cerebrovascular amyloid, noted in the (g)

thalamus, (h) subiculum, (i) CA1, and (j) CA3, was quantified by measuring the percentage of blood vessel area covered by amyloid.

(k-n) Parenchymal amyloid deposition was quantified in brain regions exhibiting mixed plaque and CAA pathology. (o) Well-defined,

thioflavin-S positive plaques were counted in the cortex. (p) Representative images of Collagen IV immunolabeling (red) and

Thioflavin-S staining (green) in each region of interest. Scale bar= 200 µm. Data are presented as mean+ SEM in all graphs. All statistical

analyses were performed using an unpaired two-sample t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Ketogenic diet did not affect microgliosis in male Tg-SwDI mice. Microgliosis was assessed by quantifying the % area covered

by ionized calcium binding adaptor molecule 1 (Iba1) immunolabeling in the (a) cortex, (b) thalamus, (c) subiculum, (d) dentate gyrus,

(e) CA1, and (f) CA3. (g) Representative images of Iba1 immunolabeling in each region of interest. Scale bar= 200 µm. Data are

presented as mean+ SEM in all graphs. All statistical analyses were performed using an unpaired two-sample t-test.
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Figure 8. Ketogenic diet had negligible impact on astrogliosis in male Tg-SwDI mice. Astrogliosis was assessed by quantifying the %

area covered by glial fibrillary acidic protein (GFAP) immunolabeling in the (a) cortex, (b) thalamus, (c) subiculum, (d) dentate gyrus, (e)

CA1, and (f) CA3. (g) Representative images of GFAP immunolabeling in each region of interest. Scale bar= 200 µm. Data are

presented as mean+ SEM in all graphs. All statistical analyses were performed using an unpaired two-sample t-test.
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cells compared to chow-fed mice [t(13)= 3.073, p= 0.005],
indicating an enhancement of neurogenesis (Figure 9(c)).

White matter. Immunolabeling for myelin basic protein
(MBP) was used to characterize white matter integrity in
the corpus callosum, cortex, and hippocampal subregions
[dentate gyrus and stratum lacunosum-moleculare (SLM)
layer]. There were no effects of diet on MBP intensity in
any area measured, including the corpus callosum [t(13)=
0.4245, p= 0.678, Figure 10(a)], cortex [t(13)= 1.486, p
= 0.161, Figure 10(b)], dentate gyrus of the hippocampus
[t(13)= 1.263, p= 0.229, Figure 10(c)], nor stratum
lacunosum-moleculare (SLM) layer of the hippocampus
[t(13)= 0.5885, p= 0.566, Figure 10(d)].

Discussion
Ketogenic dietary interventions have gained considerable
attention in recent years for their potential to combat neuro-
degenerative diseases, including AD, as well as aid in the
recovery from cerebrovascular events, such as

stroke.17,20,22,23,31 However, its utility for the prevention
and/or treatment of dementia linked to CAA, a common
form of cerebral small vessel disease that increases both
the risk of dementia and stroke, has yet to be tested. Here,
we fed male Tg-SwDI mice (a transgenic model that exhi-
bits CAA pathology) either standard chow or a ketogenic
diet during early- to moderate- stage disease (∼3.5–7.5
months of age) and subsequently assessed metabolic,
cognitive-behavioral, and neuropathological outcomes.
We found that the ketogenic diet resulted in nutritional
ketosis, improved several aspects of metabolic and
cognitive-behavioral function, attenuated amyloid path-
ology, and enhanced adult hippocampal neurogenesis.
These findings suggest that adherence to a ketogenic diet
may provide a safe and effective means of combating
dementia in patients with CAA.

The ketogenic diet is characterized by very low carbohy-
drate intake, moderate protein consumption, and high fat
content, resulting in a metabolic state known as “nutritional
ketosis”. In the absence of sufficient carbohydrate intake,
ketone bodies replace glucose as the primary energy

Figure 9. Ketogenic diet enhanced adult hippocampal neurogenesis in male Tg-SwDI mice. (a) Cell proliferation was assessed by

counting the number of Ki67+ cells in the dentate gyrus of the hippocampus, as Ki67 immunolabeling is indicative of actively dividing

cells during the initial phase of neurogenesis. (b) Representative images of Ki67 immunolabeling in the dentate gyrus. (c) Neurogenesis

was assessed by counting the number of doublecortin (DCX)+ cells in the dentate gyrus of the hippocampus, as DCX-immunolabeling

is indicative of immature neurons/neuroblasts. (d) Representative images of DCX immunolabeling in the dentate gyrus. Scale bar=
100 µm. Data are presented as mean+ SEM in all graphs. All statistical analyses were performed using an unpaired two-sample t-test.

*p < 0.01.
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Figure 10. Ketogenic diet did not affect white matter integrity in male Tg-SwDI mice. White matter was assessed by measuring the

intensity of MBP immunolabeling in the (a) corpus callosum (CC), (b) cortex, (c) dentate gyrus (DG), and (d) stratum

lacunosum-moleculare (SLM). (e) Representative images of myelin basic protein (MBP) immunolabeling in each region of interest. Scale

bar= 200 µm. Data are presented as mean+ SEM in all graphs. All statistical analyses were performed using an unpaired two-sample

t-test.
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source. Nutritional ketosis is typically defined by blood
ketone levels >0.5 mmol/L. In the present study, our keto-
genic diet, with ∼3% carbohydrate content, successfully
induced nutritional ketosis, with blood ketone levels
exceeding this threshold and surpassing those observed in
mice fed standard chow.

Despite its high fat content, the ketogenic diet has
demonstrated numerous metabolic benefits, including
weight loss, management of Type 2 diabetes and dyslipide-
mia, and attenuation of steatohepatitis.14,15,32 Consistent
with these findings, we report that mice fed a ketogenic
diet lost weight compared to baseline, while mice fed a
standard chow diet gained weight. Adherence to the keto-
genic diet also attenuated fasting and fed blood glucose
levels while improving glucose tolerance. Furthermore, vis-
ceral fat was reduced, while subcutaneous fat was main-
tained by a ketogenic diet. Visceral fat, which
accumulates around internal organs, is generally considered
more harmful than subcutaneous fat, which is located
beneath the skin. This difference in fat distribution is asso-
ciated with varying inflammatory responses and metabolic
consequences, with visceral fat generally being more
harmful and linked to an increased risk of cardiometabolic
and neurodegenerative diseases.33,34 Studies have shown
that individuals with more visceral fat tend to have a
higher risk of cognitive decline, reduced white matter integ-
rity, and brain atrophy, particularly in regions critical for
memory and cognition, such as the hippocampus.35,36

Visceral fat is metabolically active, secreting
pro-inflammatory cytokines that increase systemic and
neuro-inflammation, impair the blood-brain barrier,
damage white matter, and contribute to insulin resistance,
all of which are linked to cognitive decline and demen-
tia.36–38 Visceral adiposity is also strongly associated with
cardiovascular issues like atherosclerosis, which can dimin-
ish cerebral blood flow and increase the risk of demen-
tia.39,40 In aging and dementia, weight loss and frailty are
significant clinical concerns because they exacerbate both
physical and cognitive decline.41,42 Although the ketogenic
diet led to mild early weight loss (<10%), body weight
began to rebound as the intervention continued.
Moreover, subcutaneous fat levels were maintained and
activity levels increased in ketogenic diet-fed mice, sug-
gesting that the ketogenic diet may help mitigate frailty
and preserve physical function.

Beyond its metabolic benefits, accumulating evidence
highlights the ketogenic diet’s neuroprotective properties in
mitigating neurodegenerative diseases and cerebrovascular
events.43–46 Consistent with preclinical studies demonstrating
the cognitive-preserving effects of ketogenic dietary interven-
tions in mouse models of AD and cerebrovascular condi-
tions,23,47–49 we found that mice fed a ketogenic diet
exhibited significant improvements across several cognitive-
behavioral domains. Specifically, mice fed a ketogenic diet
showed increased exploratory behavior (e.g., open field

activity and Y-maze arm entries), aligning with prior findings
on the benefits of ketogenic supplements in other AD mouse
models.50 Notably, we have previously shown that explora-
tory behavior is reduced in Tg-SwDI mice compared to wild-
type controls,28,29 suggesting that the increase observed here
likely reflects a restoration of healthy behavior rather than
pathological hyperactivity. Anxiety-like behavior, assessed
via the open field and elevated zeromaze tests, was minimally
affected by the ketogenic diet, with subtle increases in open-
area exploration likely attributable to enhanced activity levels.
In contrast, some previous studies have reported that keto-
genic dietary interventions are anxiolytic in other AD
mouse models.50,51 In the current study, the ketogenic diet
improved spatial working memory (Y-maze spontaneous
alternation), spatial learning, and short- and long-term
spatial memory (Barnes maze). Performance on object-based
tasks (novel object recognition and object placement tests) did
not improve, likely due to task limitations (e.g., ceiling effects
for novel object recognition and excessive task difficulty for
object placement). Previous studies have similarly reported
enhancements in memory and learning tasks with ketogenic
dietary interventions in rodent models of AD.45,47,48

These improvements in cognitive-behavioral function
may be explained, at least in part, by the observed effects
of the ketogenic diet on neuropathology and neuroplasti-
city. We found that the ketogenic diet reduced amyloid
pathology, particularly plaque/parenchymal amyloid path-
ology in the cortex, thalamus, and sub-regions of the hippo-
campus, including the subiculum and dentate gyrus. This
finding aligns with previous work in rodent models demon-
strating that ketogenic interventions reduce amyloid
burden, potentially contributing to cognitive-behavioral
improvements by alleviating synaptic dysfunction and
neuronal stress.48,51,52 There are several mechanisms by
which a ketogenic diet could attenuate amyloid path-
ology,53 with neuroimmune pathways being one possibil-
ity,54 although we did not observe significant changes in
microglial or astrocytic immunolabeling. This diet also
improves neuronal energy metabolism by providing
ketone bodies as an alternative fuel, boosting mitochondrial
function and reducing oxidative stress.45,53,55 The keto-
genic diet may shift amyloid-β protein precursor processing
toward a non-amyloidogenic pathway, which could contrib-
ute to an overall attenuation of Aβ production. Additionally,
improved insulin sensitivity and restored glucose metabol-
ism previously demonstrated to result from ketogenic inter-
ventions may further enhance Aβ clearance via proteases
like insulin-degrading enzyme.56 Of note, while non-
vascular cerebral amyloid was reduced by the ketogenic
diet, the level of vascular amyloid remained unchanged.

Although the ketogenic diet was initiated relatively early
in the course of disease, vascular amyloid deposition may
be less dynamic or reversible compared to parenchymal
amyloid. Previously, we found that while exercise interven-
tion from ∼4–12 months of age exerted cognitive-

Pulido-Correa et al. 19

Downloaded for personal academic use. All rights reserved. https://papernode.online/

https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


behavioral benefits and attenuated neuroinflammation,
CAA levels were not reduced in mixed-sex Tg-SwDI
mice.28 The persistence of vascular amyloid may be due
to the distinct pathways and mechanisms involved in its
deposition and clearance being less responsive to the keto-
genic diet compared to mechanisms affecting parenchymal
amyloid. Vascular amyloid, composed primarily of Aβ40,
may accumulate earlier than parenchymal amyloid (pre-
dominantly Aβ42) and may be less responsive to metabolic
shifts induced by the diet, though a previous study in an AD
mouse model found both Aβ40 and Aβ42 to be reduced.52

Once vascular amyloid forms, even at early stages, it may
act as a stable seed for further deposition, making it resistant
to interventions.57 Early vascular dysfunction induced by
CAA, including damage to smooth muscle and endothelial
cells critical for Aβ clearance, may reduce the diet’s impact
on vascular amyloid. Impaired perivascular drainage, a hall-
mark of CAA, limits the clearance of vascular amyloid,
while enhanced glymphatic system activity demonstrated
to result from ketogenic dietary interventions primarily
affect parenchymal deposits.5,58 Future studies should
explore the contribution of these potential mechanisms
and determine whether combining ketogenic interventions
with therapies that target vascular-specific mechanisms,
such as enhancing perivascular drainage or restoring endo-
thelial and smooth muscle cell function, may produce addi-
tive or synergistic benefits.

Mice fed the ketogenic diet showed increased adult hip-
pocampal neurogenesis, evidenced by an increased number
of immature neurons/neuroblasts in the dentate gyrus.
Enhanced neurogenesis likely contributes to the observed
improvements in spatial learning and memory, as it has
been established that hippocampal neurogenesis is critical
for cognitive function in this domain.59,60 Although
studies in healthy rodents have generally reported no
effect of ketogenic diet on neurogenesis,61,62 these studies
primarily assessed proliferating cells (e.g., Ki67 or BrdU),
whereas our findings reflect an increase in immature
neurons/neuroblasts (DCX). Analysis of Ki67+ cells
revealed only a trend toward increased proliferation in keto-
genic diet-fed mice, suggesting that the ketogenic diet may
be acting more significantly at later stages of neurogenesis,
as reflected by the increase in DCX+ cells. Specifically, the
ketogenic diet may preferentially promote differentiation into
neuronal lineages rather than astrocytic fates and/or enhance
the survival and integration of newly generated neurons into
hippocampal circuits. While Ki67 and DCX indicate a
diet-induced boost in the neurogenic niche, future studies util-
izing additional markers (e.g., Sox2/Ascl1/BrdU) will be
required to determine the specific progenitor stages affected
and the long-term survival of these cells.

Other studies have demonstrated that the ketogenic diet
enhances neurogenesis in rodent models of neurological
disease, suggesting that the diet may promote neurogenesis
specifically in the context of injury, stress, or dysfunction,

thereby underscoring its potential to restore neuroplasticity.
A ketogenic diet may increase neuroblasts and immature
neurons in the dentate gyrus by creating a neuroprotective
environment through multiple mechanisms. These include
enhanced energy metabolism via ketone bodies, improved
mitochondrial function, reduced oxidative stress and
inflammation, modulation of epigenetic pathway, such as
histone deacetylase inhibition, and upregulation of brain-
derived neurotrophic factor, which supports neurogenesis
and synaptic plasticity.63–65

Interestingly, the ketogenic diet did not appear to confer
measurable benefits for neuroinflammation, as indicated by
immunofluorescence of astrocytes and microglia, nor for
white matter integrity, as assessed by immunofluorescence
of myelin basic protein. This contrasts with some studies
that have reported reductions in neuroinflammation and
improvements in white matter integrity following ketogenic
interventions in other models of disease or
injury.23,31,46,47,66,67 This may be due to variations in experi-
mental models, disease stage, and/or dietary formulations.

This study has several limitations that should be
addressed in future research. First, we employed a trans-
genic mouse model of CAA that predominantly models her-
editary disease, whereas most human CAA cases are
sporadic. This mouse model does not fully replicate all
aspects of the human condition. Notably, mice used in
this study were young and lacked the age-related arterio-
sclerosis, hypertension, or endothelial senescence typical
of elderly human CAA patients. Introducing a very high
fat ketogenic diet to mice with young cerebral vessels
may be different from its introduction to aged, calcified,
fragile human vessels. Furthermore, there are species differ-
ences in lipid metabolism that make mice naturally resistant
to atherosclerosis; mice transport cholesterol primarily on
HDL, while humans transport cholesterol on LDL.
Consequently, a high-saturated-fat diet that is benign in a
mouse may be atherogenic in a human, particularly an
APOE4 carrier. Thus, the vascular safety profile of a keto-
genic diet in rodents cannot be extrapolated to humans
without significant caveats. Future studies should incorpor-
ate additional animal models and, ultimately, clinical trials
to validate the generalizability of our findings.

Second, our study included only male mice, leaving the
influence of biological sex unexplored. There are reported
sex differences in cognitive-behavioral performance and
neuropathology in Tg-SwDI mice, with females being
more adversely affected by the disease.68–70 We have previ-
ously shown striking sex-dependent responses to dietary
interventions in other dementia mouse models.71–73 Given
that age and sex significantly influence responses to keto-
genic diets in both healthy and diseased states,47,74–76

follow-up studies should investigate the diet’s effects in
both sexes to ensure broader applicability.

Third, the ketogenic diet was initiated during early-stage
disease. Whether similar benefits would occur at later stages

20 Journal of Alzheimer’s Disease 0(0)

Downloaded for personal academic use. All rights reserved. https://papernode.online/

https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


remains unknown, especially as a recent study reported that
ketogenic interventions were effective in earlier but not later-
stage disease in 5xFAD mice.47 Additionally, as the interven-
tion period used in this study was short (4 months), this may
be capturing the acute metabolic benefit of ketones without
capturing the chronic vascular toxicity of the lipid load asso-
ciated with a ketogenic diet. The cumulative effects of arterial
stiffness, lipid deposition, and glymphatic impairment that
could result from chronic consumption of a ketogenic diet
may take years to manifest clinically.

Finally, since adherence to a restrictive ketogenic diet is
often challenging for elderly patients or those with demen-
tia, future research should explore exogenous ketone sup-
plementation, such as β-hydroxybutyrate. Preliminary
evidence suggests that exogenous ketones can improve
metabolic and cognitive outcomes in aging and AD, as
well as reduce neuroinflammation, mitochondrial dysfunc-
tion, and reactive oxygen species, and support neuroplasti-
city.18–21 Exogenous ketone supplementation could provide
the therapeutic benefits of ketosis while avoiding the poten-
tial adverse effects of a diet very high in fat. Therefore,
while these results are promising, further research is neces-
sary to confirm these benefits in humans and establish
optimal dosing regimens.

Conclusion
In conclusion, our findings demonstrate that a ketogenic
diet can induce nutritional ketosis, improve metabolic and
cognitive-behavioral functions, reduce amyloid pathology,
and enhance neurogenesis in a transgenic mouse model of
CAA. These results suggest that ketogenic dietary interven-
tions hold promise as a non-pharmacological strategy for
mitigating dementia in those affected by CAA. However,
the limitations of this study underscore the need for add-
itional research to refine, validate, and ultimately translate
these findings into clinical practice. By addressing these
gaps, future studies can further elucidate the therapeutic
potential of ketogenic diets and related interventions for
neurodegenerative and cerebrovascular diseases.
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