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ABSTRACT

Anorexia nervosa (AN) has high mortality and relapse rates, yet no accepted pharmacotherapies. Reports based on six indi-
viduals suggest that ketogenic diet (KGD) combined with sub-anesthetic ketamine (KET) is an effective treatment. The animal
model, Activity-Based Anorexia (ABA), captures AN's maladaptive behaviors of voluntary food restriction, excessive exercise,
severe weight loss, heightened anxiety and relapse vulnerability. Using ABA, we tested whether (1) KGD, alone, can protect
against relapses after a severe anorexia-like experience; (2) KGD must be maintained to prevent relapses; (3) sub-anesthetic
KET combined with KGD is more ameliorative than KGD alone. We also (4) explored KGD's mechanism for protecting against
relapses by electron microscopic (EM) analysis of synapses in the hippocampus. To simulate AN relapses, we imposed ABA
induction twice (ABA1, ABA2), with 10 recovery days in between. Animals were fed a standard diet (SD, pellet plus wet food)
during ABA1 and KGD during ABA2 (SD->KGD). ABA vulnerability, measured by food restriction-evoked hyperactivity and
weight loss, was severe during ABA1 but significantly less during ABA2, compared to those fed SD throughout ABA1 and ABA2
(SD=>SD). KGD withdrawal after ABA1 (KGD—=>SD) caused vulnerability during ABA2 to become as severe as for the SD>SD,
indicating that KGD must be maintained to be protective. We tested whether KET plus KGD during ABA1 can protect against
ABAZ2 relapse in the absence of KGD or KET (KGD + KET=>SD). During ABA2, KGD + KET=>SD exhibited low maladaptive
behaviors, similarly to those maintained on KGD throughout ABA1 and ABA2 (KGD-2KGD), with greater weight during recov-
ery. Thus, KET sustains and boosts KGD's benefits for > 10 days, supporting clinical findings that short-term KGD + KET may be
an effective treatment for preventing AN relapses. EM revealed that KGD increases GABAergic synapse lengths and may reduce
ABA vulnerability by increasing excitatory synaptic drive of GABAergic interneurons and increasing E-to-E synapses’ role in
body weight regulation.

1 | Introduction body dysmorphia (APA 2013), and excessive exercise (Beadle

et al. 2015; Beumont et al. 1994; Carrera et al. 2012; Davis
Anorexia nervosa (AN) is a mental disorder characterized by et al. 1997; Hebebrand et al. 2003; Kron et al. 1978). AN has
compulsive self-imposed food restriction, severe weight loss, one of the highest mortality rates among mental disorders
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(Arcelus et al. 2011; Birmingham et al. 2005), due to severe
medical complications affecting multiple organ systems (Mehler
and Brown 2015) and high suicide rates (Smith et al. 2018).
Unlike other mental disorders, no established pharmacother-
apy exists for the initial onset of AN or relapses (Crow 2019).
AN is frequently associated with pre-existing anxiety (Dellava
et al. 2010; Kaye et al. 2009); yet, unlike obsessive-compulsive
disorders and major anxiety disorders, anxiolytic medications
have limited efficacy (Steinglass et al. 2014). While atypical an-
tipsychotics have continued to be developed for schizophrenia
and bipolar disorder, their benefits in treating AN are modest
(Fornaro et al. 2023; Hillebrand et al. 2005). Cognitive behav-
ioral therapies have shown the greatest efficacy (Dalle Grave
et al. 2014; Galsworthy-Francis and Allan 2014; Mulkens and
Waller 2021), but individuals who continue to experience AN
into adulthood face unacceptably higher risks of relapses com-
pared to those who recover during adolescence (>30%) (Berends
et al. 2018; McFarlane et al. 2008; Walsh 2013).

Our long-term goal has been to explore the etiology of AN and its
relapses, especially in adulthood, through the activity-based an-
orexia (ABA) animal model (Routtenberg and Kuznesof 1967).
Although ABA does not capture a core feature of AN—body
dysmorphia—ABA replicates five key remaining symptoms of
AN: excessive exercise, severe weight loss, voluntary food re-
striction, relapses, and heightened anxiety, each of which can
be quantified to assess individual differences in ABA vulner-
ability during the first onset and during relapses (Aoki 2020;
Aoki and Santiago 2022; Chowdhury et al. 2013; Wable, Min,
et al. 2015). ABA is readily induced by combining wheel accli-
mation with restricted food access (Aoki 2020). This combina-
tion evokes heightened exercise on a wheel, likely mimicking
innate foraging-like behavior that is triggered by hunger in an-
imals and humans (Gutierrez 2013). While foraging is adaptive
in the wild, continuous wheel running in captivity is maladap-
tive. When re-exposed to restricted food access (ABA?2), follow-
ing the first induction of anorexia-like behavior during ABA1,
some mice again exhibit rapid weight loss due to wheel running
and voluntary food restriction (FR), demonstrating relapse vul-
nerability, while others exhibit gain of resilience by suppressing
food restriction-evoked hyperactivity. This reduction of food
restriction-evoked hyperactivity contributes to relatively better
weight retention (Chowdhury et al. 2013).

A series of studies leading up to this report pointed to the cen-
tral role of GABA in the hippocampus as being associated with
the gain of resilience: those individuals that exhibit greater
GABAergic inhibition of pyramidal cells in the hippocampus,
measured as augmented GABAergic innervation (Chowdhury
etal. 2019,2013),larger inhibitory synaptic currents (Chowdhury
et al. 2019), and heightened GABA , receptor expression (Aoki
et al. 2018; Chen et al. 2018; Wable et al. 2014; Wable, Chen,
et al. 2015) were the same animals that gained ABA resilience.
Those animals that gained ABA resilience modestly following
ketamine treatment in adulthood also showed a trend towards
increased GABAergic innervation in the hippocampus (Dong
and Aoki 2025; Goodwin-Groen et al. 2023). The tight correla-
tion between ABA resilience and GABAergic synapse strengths
in the hippocampus may be due to this brain region’s central role
in anxiety regulation and cognition (Aoki and Santiago 2022;
Shen et al. 2007, 2005, 2010).

Genome-wide association studies suggest that AN has metabo-
psychiatric origins, linking it to BMI-lowering alleles and ge-
netic traits associated with obsessive-compulsive disorder,
anxiety, and schizophrenia, among others (Duncan et al. 2017;
Watson et al. 2019). The high-fat/low-carbohydrate ketogenic
diet (KGD) shows potential as a treatment for AN by address-
ing both its metabolic and neurological components—nor-
malizing metabolic pathways, as observed in diabetic patients
(Paoli et al. 2023), and stabilizing neuronal excitability, as seen
in epilepsy treatments (D'’Andrea Meira et al. 2019; Vining
et al. 1998; Wilder 1921). Case reports totaling nine adults di-
agnosed with AN indicate that KGD leads to remission lasting
multi-months (Calabrese et al. 2022) to multi-years (Norwitz
et al. 2023; Scolnick et al. 2020). However, six of the nine AN
cases in these reports combined KGD with sub-anesthetic ket-
amine, leaving unanswered whether KGD alone can amelio-
rate AN. Using the ABA animal model, KGD alone was shown
to decrease weight loss of 26 adult female mice during the first
onset and relapses of anorexia-like behavior, so long as ani-
mals were maintained on KGD (Dong et al. 2024). The current
study used the ABA model to address four lingering questions:
(1) Can KGD ameliorate relapses, if introduced during ABA2,
rather than prior to ABA1? (2) Does the sustained benefit of
KGD require sustained adherence to KGD? (3) Does ketamine
aid in sustaining KGD's ameliorative effects? and (4) Does en-
hanced GABAergic inhibition and/or changes in glutamatergic
synapses in the hippocampus contribute to KGD's ameliorative
properties?

2 | Method
2.1 | Animals

All procedures were ethically reviewed and approved and in ac-
cordance with the NITH Guide for the Care and Use of Laboratory
Animals and approved by the IACUC of New York University
(A3317-01). All procedures are compliant with the US National
Research Council's Guide for the Care and Use of Laboratory
Animals, the US Public Health Service's Policy on Humane Care
and Use of Laboratory Animals, and the Guide for the Care and
Use of Laboratory Animals.

All animals were born at the animal facility of New York
University. All were of C57BL6 background, with some from
non-phenotypic Cre-only or loxp-only knock-in stocks of Jackson
Laboratory. We verified no difference in FR-evoked hyperac-
tivity, weight, or food consumption across these stocks (Dong
and Aoki 2025; Dong et al. 2024; Goodwin-Groen et al. 2023).
Cohort effects were minimal, and no data were excluded. Both
males and females were included in the study, based on recent
evidence that eating disorder is on the rise among males (Gorrell
and Murray 2019).

2.2 | The ABA Procedure

Figure 1a shows the timeline of 2 cycles of ABA. In brief, all an-
imals were housed in a room with lights on from 7am to 7 pm,
with controlled ambient temperature and humidity (Figure 1b).
Each ABA cycle began with wheel acclimation for 5days. This
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was followed by three to 4days of food restriction (FR), during
which wheel access was ad libitum and food access became
limited to 2h per day, from 7 to 9pm (Figure 1b) but unlimited
in amount. This was followed by 4 to 5days of recovery, during
which food access returned to be ad libitum and the wheel was
removed. For animals undergoing relapses, the last day of recov-
ery was followed immediately by the wheel acclimation phase
of the next ABA cycle, that is, ABA2 or ABA3. Further details
are available in the Figure 1 legend and a previous publication
(Aoki 2020).

2.3 | Diet

Animals allocated to the KGD were fed commercially pre-
pared ketogenic paste (Bio-Serve Cat #F3666, 7.24 kcal/g, with
93.4% of the total kcal from fat, 1.8% from carbohydrate, 4.7%
from protein), provided in a cup on the floor for no less than
10days before FR started. This was to ensure that animals
had reached ketosis by the time FR began (Dong et al. 2024).
Animals fed a standard diet (SD) received rat chow pellets
(3.02kcal/g, 13.12% kcal from fat, 24.5% from protein, 62.4%
from carbohydrates) plus balanced wet food in a cup (Clear
H,O DietGel 76A, 1kcal/g, 18% of the calories from fat, 17%
of the calories from protein, 65% of the calories from carbo-
hydrates). The reason for adding wet food in cups was to pro-
vide choices for animals to eat and hydrate readily during the
shortened period of food availability of subsequent FR days.
For animals transitioning from SD to KGD, such as on the
first day of recovery from ABA1 under SD, all three types of
food—rat chow pellets, wet food, and KGD paste—were given
to ensure that the transition did not cause animals to experi-
ence another day of food deprivation due to food neophobia

(a)

(Modlinska et al. 2015). All animals were given a wooden
block to mitigate teeth overgrowth that can accompany the
KGD paste-only environment.

2.4 | The Schedule of Weight and Food
Measurements During ABA

On non-FR days, when food was available ad libitum, body
weight and food weights were measured once per day at around
1pm.

On FR days, food was only available from 7 pm to 9 pm. To ani-
mals fed SD, a cup containing wet food was placed on the floor
and a hopper filled with pellets was placed within the cage at
7pm. At 9pm, both pellets and wet food were removed and
replaced by an empty hopper and a Hydrogel water cup (Clear
H20 Hydrogel #70-01-5022, 0 Kcal/g). To animals fed KGD,
a cup containing KGD paste was placed on the floor together
with an empty food hopper. At 9 pm, the cup containing KGD
was replaced with a Hydrogel water cup and the hopper re-
mained empty. Body weights and food weights were measured
at 7pm and 9 pm. Additionally, on the first day of FR (FR1),
body weights and food weights were measured additionally at
1pm, just prior to the removal of food. To ensure complete
food restriction from 9 pm until 7pm of the next day, soiled
bedding material and food crumbs were removed at 1 pm on
FR1 and nightly at 9pm on FR days, without removing the
nesting material.

Food consumption on FR days was measured based on de-
creased weight of food at 9 pm, compared to the food weight at
7pm. On non-FR days, food consumption was measured based

ABA1 ABA2
A |
[ \ [ \
IAcclimation " FR || Recovery I |Acclimation " FR " Recovery ]
(b)
FAA
13:00

' 1:00
7:00

FIGURE1 | (a) Schema of ABA cycles. Acclimation lasts for 4-5days, during which period animals acclimate to a running wheel placed in its
cage. FR are the food-restricted days, beginning at 1 pm and lasting 3 to 4days. During FR, wheel access is ad libitum, while food access is restricted
to 2h per day. Recovery lasts for 4-5days, during which period animals eat ad libitum in the absence of a wheel. This ABA cycle was repeated 2 to 3
times. (b) Names of time zones on FR days. “FAA” is food-anticipatory activity hours, 13-19 (1 pm-7 pm), spanning the 6h leading up to the feeding
hours. “2Hr Food” indicates hours of food access, limited to 19-21 (7 pm—9 pm). Post-prandial dark hours are 21-1 (9 pm-1 am). The remaining hours
are divided into two: Dark 1-7 (1am-7am) and Light 7-13 (7am-1pm). (c) Dietary schedules spanning multiple cycles of ABA. Pink lines depict days
when the standard diet of rat chow pellet plus wet food is fed. Blue lines depict days when KGD is fed. Purple depicts days when animals are fed a com-
bination of SD and KGD, when the diet schedule transitions from KGD to SD or from SD to KGD. Syringes indicate days when ketamine was injected.
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on food weights at 1 pm, relative to food weight the day before.
Food weights were then converted to Kcal.

2.5 | Normalization of Food Consumption
and Body Weights

Since food consumption is dependent on body weight, which
varied greatly across individuals within and across the sex sub-
groups and increased from ABA1 to ABA2, food consumption
of each animal was normalized to its own baseline intake, av-
eraged over the 2days leading up to 1pm of FR1 of ABA1 and
ABAZ2. Body weights were normalized to the average of body
weights on the 2days that preceded FR, namely the values at
1pm on FR1 and 1 pm of the day before FR1 (= Accl).

2.6 | Schedules of ABA1, ABA2, and ABA3 Under
Varying Diet Conditions

Figure 1c shows the timeline of various ABA cycle schedules
that animals underwent. The color scheme highlights the differ-
ences in diet. The number of days of acclimation, FR, and recov-
ery of ABA cycles was kept constant across cohorts with varying
diet conditions.

The SD=>SD group (N=17, 10 females) was fed a standard diet
comprised of pellets and wet food (pink) across ABA1and ABA2.

The SD=>KGD group (N=16, 7 females) was fed a combination
of SD and KGD (purple) during the 5 days preciding ABA1 (Acc)
to avoid food neophobia, then fed just the SD (pink) during FR1,
FR2, and FR3 of ABA1, followed by the combination of SD and
KGD for one reovery day, then only KGD during the remain-
ing 4 days of recovery from ABA1 and during all of the wheel
re-acclimation days. They were fed KGD (blue) during FR1
through FR4 of ABA2 and recovery days following ABA2.

The KGD=>KGD group (N=19, 17 females) was fed KGD (blue)
across ABA1, ABA2, and ABA3.

The KGD=>»SD group (N=17, 9 females) was fed SD (pink)
during ABA1, ABA3, and KGD (blue) during ABA2.

The KGD+ KET=»SD group (N=26, 10 females) was fed KGD
(blue) during ABAI1, while receiving ketamine treatment,
but SD (pink) and no ketamine treatment during ABA2. The
KGD+KET=SD=>SD group (N=9, 9 females) was fed KGD
(blue) during ABA1, while receiving ketamine treatment, and
SD (pink) without ketamine treatment during ABA2 and ABA3.

2.7 | Ketamine Treatment
of the KGD + KET->SD Group

Thirty-five animals of the KGD+KET group, distributed
across three cohorts, received intraperitoneal (IP) injections
of ketamine during FR days 2, 3, 4 (FR2, FR3, FR4) of ABA1
(KGD + KET-FR subgroup, N=27) or during Recovery days 2,
3, 4 (Recov2, Recov3, Recov4) that followed ABA1 (KGD + KET
REC-subgroup, N=8, 5 females) (see Figure 1c). To acclimate

animals to IP injections, all animals were mock-injected once
per day at 4:30 pm for 3days prior to the first FR day of ABA1
(ABA1FR1). Mock injection involved picking up the animal
and gently touching the abdomen with a syringe lacking a nee-
dle. At exactly 4:30pm on FR1 of ABA1, all animals received
an IP injection of vehicle (1% mL/kg of sterile saline). On FR2
of ABAI, 27 animals assigned to the KGD + KET FR-subgroup
received a 30mg/kg IP ketamine injection in a volume of 1%
mL/kg at 4:30pm. This procedure was repeated for FR3 and
FR4 of ABAL1 for all animals of the KGD + KET FR-subgroup.
Eight animals that were assigned to the KGD+KET REC-
subgroup received 30 mg/kg ketamine IP in a volume of 1% mL/
kg at 4:30pm on Rec2, Rec3, and Rec4 following the FR days
of ABAL.

In a pilot study, a one-way ANOVA was conducted to assess
whether ketamine injection during FR days (KGD + KET=>SD,
FR-subgroup N=10) versus recovery days (KGD+FR=>SD,
Recov-subgroup, N=38) yielded different behavioral effects.
This analysis yielded no group difference for the total wheel
activity averaged across FR days 2, 3, and 4 (p=0.998 for
ABA1, p=0.993 for ABA2), FAA (food anticipatory activ-
ity) averaged across FR days 2, 3, and 4 (p=0.790 for ABAI;
p=0.710 for ABA2), the normalized food consumption aver-
aged across FR days 2, 3, and 4 (p =0.985 for FR days of ABAT;
p=0.937 for Recovery days of ABA1, p=0.937 for FR days of
ABA2; p>0.999 for Recovery days of ABA2), or for normal-
ized body weights on FR days, averaged across FR days 2, 3,
and 4 (p>0.996 for ABA1 at 7pm; p=0.960 for ABA1 at 9 pm;
p=0.801 for ABA2 at 7pm; p=0.945 for ABA2 at 9 pm). There
was an isolated group difference for the recovery body weight
following ABA1 (p=0.017, with 4% greater weight retention
for the FR-subgroup) and no group difference for the recov-
ery body weight following ABA2 (p=0.823). Based on these
comparisons, behavioral data from the two sub-groups of the
KGD +KET=>SD were combined when comparing to the be-
havior of the KGD=>»KGD and KGD =»SD groups.

Our earlier work had shown that IP injection of saline, admin-
istered identically as described for the KET injections during
FR days of animals fed only SD, yielded no difference in be-
havior compared to those without IP injections of saline and
also fed SD (Dong and Aoki 2025; Goodwin-Groen et al. 2023).
Specifically, two-way ANOVA with Tukey's multiple compar-
isons test revealed no significant difference for wheel activity
(p=0.795 during ABA1 with or without IP saline injection;
p=0.485 for the subsequent ABA2 with no injection for either
group), food consumption (p=0.321 for ABA1, p=0.437 for
ABA2), or lowest weight during the FR period (p =0.694 during
ABAI; p=0.105 for ABA2, with 2% greater weight for the non-
injected SD group). This indicated that the SD—>SD group with
and without vehicle injections could be combined for behavioral
analyses and that the KGD + KET=>»SD group's behavior could
be compared to those of KGD=>KGD and KGD=>SD that did
not experience IP injections.

2.8 | Elevated Plus Maze Test (EPM)

EPM was conducted upon all animals to quantify anxiety- and
exploration-like behaviors after recovery from the last ABA cycle,
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TABLE1 | Summary of the SLM parameters quantified.

IDs of KGD Area of synaptic neuropil Number of GABAergic Number of axo-spinous Number of GABAergic

group surveyed (um?) dendrites analyzed profiles encountered axons analyzed
W1 28,826 873 50 441 107

W2 28,808 1014 35 498 97

W4 28,811 1319 43 786 100

W7 28,813 594 34 315 116

W8 28,825 688 56 263 114

IDs of SD Area of synaptic Number of GABAergic Number of Axo-spinous Number of GABAergic
group neuropil surveyed (um?) dendrites analyzed profiles encountered axons analyzed
W8 29,733 1033 32 338 95

W10 29,732 1565 71 895 104

W11 28,806 656 26 261 103

W12 29,731 856 63 470 100

W14 29,729 823 44 430 100

1-2days before euthanasia and after their weights were fully re-
stored. EPM duration was 10min. The time spent in the open
arms and frequency of entering the open arms were recorded and
analyzed using the EthoVision XT13's tracking system (Noldus
Information Technology, Wageningen, the Netherlands).

2.9 | Euthanasia

Euthanasia at the end of the experiment was performed a few
days after EPM tests. Animals were deeply anesthetized using
urethane (34%, 0.2-0.3cc/20g), during which time animals
were transcardially perfused with 20mL of phosphate-buffered
saline, pH 7.4, containing 1 U/mL of heparin, followed immedi-
ately by perfusion with 250 mL of 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4), all at a rate of 25 mL/min.

2.10 | Tissue Processing for Electron Microscopy

Multiple vibratome sections (50 um thick) were prepared from
the dorsal hippocampus of each animal's brain in the coronal
plane. These sections were incubated for 1h at room tempera-
ture under constant agitation in a blocking buffer containing
0.01M phosphate buffer/0.9% sodium chloride (PBS, pH7.4),
supplemented with 1% bovine serum albumin (BSA, w/v; Sigma
Chem., St. Louis, MO), 0.05% sodium azide (w/v; Sigma Chem.).
Then, sections were incubated overnight in blocking buffer con-
taining the anti-GAD67 antibody (MAB5406, Millipore, origi-
nally Chemicon mouse monoclonal 1G10.2, RRID AB_2278725,
1:800 dilution). Following incubation in anti-GAD, sections
were rinsed in PBS for 15min and then incubated for 1 h at room
temperature in PBS/BSA/azide buffer containing biotinylated
goat anti-mouse IgG (1:200; Vector Inc., Burlingame, CA).
After an additional 30-min PBS rinse, sections were incubated
for 30min in PBS containing the avidin-biotinylated horserad-
ish peroxidase complex (ABC; Vector's ABC Elite Kit) under
constant agitation. The sections were then rinsed in PBS and

reacted with the peroxidase substrate, 3,3’-diaminobenzidine
hydrochloride (DAB; 10mg per 44mL PBS) with 4uL of 30%
hydrogen peroxide, terminating the reaction after 13 min with
repeated PBS rinses.

Following immunocytochemical processing, sections were post-
fixed while free-floating in multi-wells with 1% glutaraldehyde
(EMSciences) in PBS, then with 1% osmium tetroxide buffered
with 0.1 M phosphate buffer for 1h, dehydrated in graded ethanol
solutions up to 70%, and post-fixed for 1 h with 3% uranyl acetate
in 70% ethanol. Dehydration continued to 100% ethanol, followed
by acetone rinsing and infiltration with EPON 812. Tissue was
embedded between two Aclar plastic sheets with lead weights to
ensure flatness and cured at 60°C. The flat-embedded vibratome
sections were re-embedded in Beem capsules filled with EPON
812, then ultrathin-sectioned tangentially. Due to the natural cur-
vature of each section, at least 10 ultrathin sections were collected
to ensure sampling of the surface-most regions, where immuno-
reactivity was expected to be maximal, across the anatomical lay-
ers of the CA1 hippocampus. These sections were mounted on
400-mesh thin-bar nickel grids, then viewed using JEOL XL1200
without counterstaining with lead citrate, to maximize detection
of HRP reaction products. All EM reagents were purchased from
EMSciences (Hatfield, PA) unless specified otherwise.

2.11 | Quantitative Electron Microscopic Analyses

Quantitative analysis was conducted to evaluate the ex-
tent of inhibitory symmetric synapses formed by GAD-
immunopositive (GAD+) axon terminals on the plasma
membrane of pyramidal cells in the dorsal hippocampal CA1
field. Due to limitation in human resources, we prioritized our
EM study by analyzing only brains of females of the SD=>SD
(N=10) and SD=>KGD (N=7). Pyramidal neurons' cell bod-
ies within the pyramidal cell layer (PCL) were identified at
a magnification of 12,000%, based on morphological crite-
ria, including a round nuclear membrane, minimal nuclear
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membrane indentations, a relative lack of euchromatin, ab-
sence of asymmetric (excitatory) synapses on their plasma
membrane, and absence of GAD-immunoreactivity. Glial cells
in PCL were distinguished by the presence of dense chromatin
along the inner rim of the nuclear envelope, while cell bodies
of GABAergic interneurons were characterized by a highly
indented nuclear membrane, the presence of asymmetric
(excitatory) synapses on their plasma membrane, and GAD-
immunolabeling throughout the cytoplasm.

We also analyzed GABAergic dendritic shafts and GABAergic
axon terminals forming synapses onto dendrites of pyramidal neu-
rons and GABAergic neurons in stratum lacunosum-moleculare
(SLM) at a magnification of 25,000x. GABAergic dendrites were
characterized by the presence of asymmetric (excitatory) synapses
on flat (non-spinous) dendritic shaft plasma membranes, paucity
of dendritic spines, paucity of vesicles, presence of microtubules,
and GAD-immunolabeling, especially along the inner surface of
plasma membranes. We quantified the number and lengths of ex-
citatory (E) and inhibitory (I) synapses formed onto GABAergic
(D) and pyramidal cell (E) dendrites (E-to-I, I-to-E, I-to-I). We also
quantified the number of E-to-E synapses, that is, axo-spinous
synapses formed between immuno-negative axon terminals and
immune-negative dendritic spines of pyramidal neurons, with
thick postsynaptic densities (PSD) along the inner surface of the
plasma membrane of spines at the point of contact. These values
were normalized across brain samples in three ways, based on
(1) neuropil area surveyed, (2) frequency of encounter with all
GAD+ axons (synaptic or not) and all (3) frequency of encounter
with GAD+ dendrites (synaptic or not).

For off-line analyses, AMT's XR80 CCD camera system (Boston,
MA), attached to a JEOL 1200XL electron microscope with soft-
ware developed by AMT, was used. To quantify the extent of
GAD+ synapses on pyramidal cells and GAD+ dendrites and
the extent of glutamatergic synapses onto GAD+ dendrites,
the lengths of each GABAergic dendrite's plasma membrane
and synapse lengths of GAD+ and GAD- axon terminals were
measured using the segmented line tool of ImageJ (FIJI version
2.1.0/1.53c¢). For measurements involving pyramidal cell bodies,
this procedure was followed by measurement of the summed
lengths of GAD+ inhibitory synapses along its plasma mem-
brane, to calculate the percentage of plasma membrane con-
tacted by GAD+ axon terminals.

2.12 | Sampling of EM Images

To ensure optimal immunolabeling, only cell bodies, axons, and
dendrites located within ultrathin sections at the transition be-
tween the vibratome section surface and resin were included in
the analysis. Neuronal profiles residing at the tissue-resin inter-
face were examined in the strict order of encounter to minimize
sampling bias. The number of analyzed pyramidal cell bodies
per animal ranged from 8 to 10, with most animals contributing
data from 10 cells.

For five of the KGD and five of the SD-fed animals, we also
analyzed the frequency of encounter with inhibitory and ex-
citatory synapses in SLM. For this analysis, a minimum of 10
GABAergic dendritic shafts and approximately 100 GABAergic

axon terminals spanning SLM per animal were analyzed
(Table 1). The areal density of excitatory synapses surrounding
these GABAergic dendrites and axons was also assessed. The
area of synaptic neuropil surveyed, the number of GABAergic
axons and dendrites analyzed, and the number of axo-spinous
profiles encountered appear in Table 1. For the analysis of E-
to-I synapses (excitatory inputs to GABAergic dendrites), we as-
sessed the proportion of all GABAergic dendrites encountered
that received excitatory inputs. For each animal, this propor-
tion was assessed repeatedly for neuropil area encompassing 5
electron micrographs, equal to 210 um?2. Investigators responsi-
ble for capturing electron microscopic images and performing
ImagelJ (Fiji) analysis were blind to the animals' wheel-running
activity, weight, food intake, and anxiety-like behavior.

2.13 | Statistical Analyses

Data points are missing occasionally due to mechanical prob-
lems with wheel activity acquisition, days missed in recording
body and food weights, death or removal of animals from the
study when they lost >20% of baseline body weight. We per-
formed two-way ANOVA, with drug/food treatment and time as
two factors, allowing for mixed effects analysis for missing data
points, followed by Tukey's or Bonferroni correction for multiple
comparisons and adjusted p values. For each of the ABA vulner-
ability measurements, we performed one-way ANOVA across
three experimental groups (KGD=>KGD, KGD+KET=>SD,
KGD=>SD). For comparing behavior and EM data of SD=»SD
versus SD=>KGD groups, we performed unpaired t-tests.
Behavioral data of SD=>SD and SD=>KGD groups were cor-
related with biometric measurements using the Pearson correla-
tion tests. All tests were two-sided, and alpha levels were set at
p <0.05. For survival curves, curve comparisons used the Log-
rank (Mantel-Cox) test. Statistical tests and graphical represen-
tations were prepared using Prism (GraphPad version 10).

2.14 | Preparation of Figures

Graphs were prepared using Prism (GraphPad version 10).
Electron micrograph plates were prepared using Adobe
Photoshop 2025 version or ImageJ.

3 | Results

3.1 | Testing the Efficacy of Delayed KGD
Treatment for ABA Relapses

A previous study showed that KGD ameliorated ABA's mal-
adaptive behaviors, quantified as a reduction of food restriction-
evoked hyperactivity, severe weight loss, and grimacing (Dong
et al. 2024). KGD's efficacy was observed when animals were
maintained on KGD continuously, starting from 10 days prior to
the first onset of ABA (i.e., ABA1). Although such observation is
promising for future treatments of AN, long-term maintenance
on KGD is challenging and can be detrimental physiologically
(D'Andrea Meira et al. 2019; Wei et al. 2024). Moreover, it is
not likely that individuals would strive to be on KGD prior to
the first onset of AN. Thus, in this study, we asked a lingering
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TABLE 2 | Group comparison of wheel running of SD=»KGD versus SD->SD, results of Tukey's multiple comparisons test.

Total running

Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1
Acc4 59.59 —4113 to 4232 ns 0.9769
Acc3 1947 —2446 to 6340 ns 0.3725
Acc2 —3441 —9172 to 2290 ns 0.2302
Accl -1794 —9474 to 5886 ns 0.6372
FR1 8118 160.2 to 16,077 * 0.0459
FR2 —387.1 —7864 to 7090 ns 0.9165
FR3 —19,341 —27,719 to —10,962 ok <0.0001
ABA2
Acc4 —6954 —11,384 to —2525 ok 0.0031
Acc3 —4074 —9127 t0 978.8 ns 0.1101
Acc2 —-5089 —10,400 to 221.5 ns 0.0597
Accl —4468 —11,369 to 2434 ns 0.1963
FR1 6845 210.5 to 13,479 * 0.0436
FR2 10,317 1776 to 18,858 * 0.0196
FR3 7137 —2669 to 16,943 ns 0.1475
FR4 —8429 —16,724 to —134.0 * 0.0466
FAA running
Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1
Acc4 -104.8 —377.51t0 168.0 ns 0.4324
Acc3 85 —41.71 to 211.7 ns 0.1768
Acc2 65.41 —8.107 to 138.9 ns 0.0782
Accl 1133 427.0 to 1840 ok 0.0035
FR1 1123 399.9 to 1847 ok 0.0037
FR2 5568 493.3 to 10,642 * 0.0326
FR3 —5380 —11,122 to 361.9 ns 0.0652
ABA2
Acc4 —577.9 —1815 to 658.7 ns 0.3441
Acc3 43.29 —56.62 to 143.2 ns 0.3749
Acc2 —4.544 —33.76 to 24.68 ns 0.7532
Accl 19.68 —24.46 to 63.82 ns 0.3653
FR1 18.88 —13.07 to 50.82 ns 0.2328
FR2 4515 798.5 to 8232 * 0.0203
FR3 10,203 3291 to 17,115 ok 0.0058
FR4 5689 —114.0 to 11,492 ns 0.0544
(Continues)
8 of 30 Hippocampus, 2025

- Doy 94D Ag 68002 0d1L/200T 0T/10P/W00™ A8 1M ARe.q U1 UO//SANY WO} PEPEOjUMOQ ‘9 ‘GZ0Z ‘E90T860T

a5UBD1 7 SUOWILIOD BAIEaID 3|qedt|dde ay Aq pausonoh ae sajo1e YO ‘8SN Jo sajnl Joy Afeiq 1T auljuQ AS|IM UO (SUO L} PUOD-PLR-SWLLBYWOD A3 | 1M AReiq Ul |UO//SANY) SUOIPUOD pue SWd | aU) 89S “[SZ02/0T/80] Lo ARiqiTauluQ AB|IM * AISIAIUN Y10 A MON



TABLE 2 | (Continued)

2Hr food running

Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1l
Acc4 736 —226.9 to 1699 ns 0.1292
Acc3 587.4 —516.1 to 1691 ns 0.2832
Acc2 537.2 —891.3 to 1966 ns 0.4462
Accl —136.6 —2045 to 1772 ns 0.8835
FR1 330.6 —-934.9 to 1596 ns 0.5977
FR2 -1212 —1964 to —459.3 ok 0.0029
FR3 —870.8 —1493 to —248.8 ok 0.0081
ABA2
Acc4 —2880 —4208 to —1553 ek 0.0001
Acc3 —2554 —3967 to —1141 ok 0.0009
Acc2 —3334 —4990 to —1678 ok 0.0003
Accl -3513 —5272 to —1754 R 0.0003
FR1 —1395 —3087 to 296.6 ns 0.1024
FR2 —-3703 —4828 to —2579 okt <0.0001
FR3 —3525 —5011 to —2038 ok 0.0001
FR4 -3936 —5676 to —2195 ok 0.0002
Dark 21-1 running
Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1
Acc4 577.1 —1377 to 2531 ns 0.5504
Acc3 1093 —1606 to 3792 ns 0.415
Acc2 -132.6 —3194 to 2928 ns 0.9301
Accl —675.8 —3771 to 2419 ns 0.6593
FR1 —-1375 —3908 to 1159 ns 0.2772
FR2 —-3637 —7422 to 148.5 ns 0.0591
FR3 —8444 —12,414 to —4474 ok 0.0001
ABA2
Acc4 —2618 —4230 to —1007 ok 0.0024
Acc3 —1253 —3614 to 1107 ns 0.287
Acc2 —2447 —5161 to 267.1 ns 0.0753
Accl -1620 —4699 to 1460 ns 0.2916
FR1 616 —2553 to 3785 ns 0.6944
FR2 3545 —698.7 to 7790 ns 0.0983
FR3 -1131 —5223 to 2961 ns 0.5769
FR4 —9445 —13,148 to —5742 okt <0.0001
(Continues)
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TABLE 2 | (Continued)

Dark 1-7 running

Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1
Acc4 -1114 —3117 to 888.7 ns 0.2653
Acc3 113.1 —1764 to 1990 ns 0.9026
Acc2 —3955 —6465 to —1445 ok 0.0034
Accl —2091 —5614 to 1432 ns 0.2351
FR1 5967 2584 t0 9349 ok 0.0011
FR2 —1138 —4590 to 2314 ns 0.5034
FR3 —2093 —5716 to 1529 ns 0.2478
ABA2
Acc4 —822.5 —2167 to 522.1 ns 0.2215
Acc3 -314.1 —2479 to 1851 ns 0.7689
Acc2 675.4 —1316 to 2667 ns 0.4933
Accl 636.3 —3114 to 4387 ns 0.7317
FR1 7170 4113 to 10,228 ek <0.0001
FR2 5368 1954 to 8781 ok 0.0034
FR3 1366 —2280 to 5011 ns 0.4506
FR4 —847.9 —3252 to 1556 ns 0.4770
*p<0.05.
**p <0.01.
%D <0.001.
#EEp £0.0001.

question: Can KGD be introduced after ABA1 to ameliorate AN
relapses? To answer this question, we investigated the efficacy
of treating ABA relapse by shifting animals’ diet from standard
diet (SD, pellet plus wet food) during ABA1's food-restricted
days (FR) to KGD while in recovery from ABA1 and through FR
days of ABA2 (Figure 1c). Hence, this experimental group was
named the SD=>KGD group. The SD-»KGD group's daily signa-
tures of vulnerability were compared to the SD=>SD group's that
were fed SD during ABA1 and ABA2 (Figure 1c, top two rows).
Of note, the SD->»KGD group was introduced to KGD, alongside
SD during the 5days of wheel acclimation that preceded the FR
days of ABA1. This was to avoid food deprivation due to food
neophobia when switching later from SD to KGD, only.

3.1.1 | Wheel Running

ABA vulnerability, quantified based on wheel running, revealed
a significant reduction among the SD=>KGD group during
ABAZ2, compared to SD=>SD, when the two groups' diets dif-
fered (Table 2). The total wheel count (Total WCT, summed over
24h of each day, Figure 2al) during ABA2 of the SD=>SD group
increased starting FR1, rose to a higher level by FR2, then de-
clined by the last day of FR, as weight loss became progressively
more severe (see Figure 2¢). A similar pattern was evident for the
SD=>SD group during FAA (the food-anticipatory activity hours
that precede the feeding hours, Figures 1b and 2a2) and the dark

hours of ABA2 (Table 2). By contrast, WCT of SD>KGD during
ABA2, when they were fed KGD, remained much as they did
during the 4 days of acclimation to the wheel without FR (Acc4,
3, 2, and 1), exhibiting a minimal increase of food restriction-
evoked increase in wheel running (Figure 2al,a2).

During ABA1, when both groups were fed SD, wheel running
did not differ significantly across the groups (Table 2). SD=>»SD's
wheel running was as seen during ABA2, rising progressively
from FR1 to FR2, then declining on FR3. SD-»KGD's FR-
evoked increase in wheel running during ABA1 was delayed by
2days, possibly reflecting a transient protective effect of KGD
during acclimation.

3.1.2 | Food Consumption

ABA vulnerability was quantified, based on severe limitation
of food consumption or inability to increase food consumption
when returned to ad libitum food. The SD=>KGD group ex-
hibited modestly greater food consumption than the SD=>»SD
group during FR4 of ABA2 (p=0.031, 12% more) and a sig-
nificantly greater increase during the recovery phase of ABA2
(p=0.0045, 42% more) (Figure 2b and Table 3). This contrasts
with the recovery phase of ABA1, when SD=>KGD were fed
KGD, only. This switch in diet caused significant reduction
in food consumption, compared to SD=>SD that were fed SD
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during this phase (p<0.0001, 31%-49% less, Figure 2b and
Table 3). These observations indicate that the dramatic reduc-
tion in wheel activity of the SD=>KGD group during FR1-3
of ABA2 is not due to increased caloric intake during those
FR days.

3.1.3 | Body Weight

BMI is the strongest predictor of relapse after discharge (Frostad
et al. 2022). For young women of average height, weight res-
toration differing by 5% of baseline can be highly significant,
bordering the diagnosis as clinically acceptable (BMI> 18) ver-
sus unacceptable (BMI<17). For mice undergoing ABA, the
day-to-day body weight is influenced by food consumption and
energy expenditure associated with wheel running. Within any
day of FR, body weight would be at its lowest at 7 pm, just prior
to feeding, and coinciding with the end of FAA. During ABA2,
when the two groups differed in diet, the group difference in
weight retention at 7pm was significant (p <0.0001), with the

SD=>KGD group retaining 4 to 5.5% more body weight than the
SD=>SD group (Table 4, Figure 2c). During ABA1, SD=>KGD
exhibited similarly greater weight retention at 7pm of FR2 (4%,
p=0.0005) and 9pm of FR2 (4.5%, p=0.0027) than SD->SD
(Figure 2c, Table 4), possibly reflecting residual but transient
effects of having been fed KGD together with SD during the pre-
ceding acclimation phase.

3.1.4 | EPM

Why does the SD=>KGD group run less than the SD=>SD
group? A previous study had shown that wheel running
correlates positively with increases in anxiety-like behav-
ior caused by food restriction (Wable, Min, et al. 2015).
EPM data support this relationship, since SD=>KGD spent a
greater amount of time in the open arms than the SD=>SD
group (Figure 2d2), even though the total distance traveled
(Figure 2d3) or the frequency of entering the open arms
(Figure 2d1) did not differ.
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FIGURE 2 | KGD treatment that is delayed to ABA2 is still protective against anorexia-like maladaptive behaviors. ABA vulnerability of the
SD=>KGD (N =17, pink, square symbols) versus SD=>SD (N =17, black circles) groups, with different diet during ABA2, was compared by quantifica-
tion of food restriction-evoked hyperactivity on a wheel (panels al, a2), reduction of food consumption (panel b), and weight loss (panel c¢) during food
restricted days (FR) of ABA1 and ABA2 and anxiety-like behavior on the elevated plus maze (EPM) following recovery from ABA2 (panels d1-d3).
The line graphs of panels a through c show group means + SEM (y-axis) of each time point (x-axis). Asterisks indicate significant differences between
the two groups at that time point, from Tukey's multiple comparisons tests following repeated measures 2-way ANOVA, allowing for Mixed-effects
Model, with diet group and time as the two factors. * indicates p <0.05; ** indicates p <0.01; *** indicates p <0.001; **** indicates p <0.0001. The ex-
act adjusted p values for panels a-c are in Tables 2, 3, and 4. Panel (al) Wheel counts (WCT) summed over all hours of each experimental day (Total
WCT) indicate no group difference prior to FR but a significant increase by FR2 of ABA1, then a decline for the SD=>»SD by FR3. By comparison, the
SD=>KGD group exhibits a two-day delay in the FR-evoked hyperactivity of ABA1. This delay may reflect the influence of the SD=>KGD group being
fed KGD, in addition to SD during the acclimation period. Unlike the pattern observed during ABA1, during ABA2, after the SD=>KGD group was
fed KGD consistently for 10days, starting from the recovery phase of ABA1, these animals exhibited no FR-evoked increase in hyperactivity, while
SD=>SD exhibited FR-evoked hyperactivity, as seen during ABA1. SD->»SD's TOT wheel running was significantly greater than SD=»KGD's on FR1
and FR2. Panel (a2) WCT during FAA (Food anticipatory activity, 1-7 pm) of ABA2 indicates that the KGD of the SD=>KGD group during ABA2 is
effective in reducing FR-evoked hyperactivity, relative to SD of the SD=»SD group on FR2, FR3, and FR4. Panel b food consumption, normalized to
the average of 2days preceding FR, did not differ significantly across the groups during the FR days, except for the last FR day of ABA2, when the
SD=>KGD group ate significantly more than the SD=>SD group. The two groups differed significantly during Rec2 and Rec3 following ABA1, when
the SD=>KGD were fed KGD. By Rec2 of ABA2, after the SD-»KGD group had been fed KGD diet for 14days, they consumed significantly more
than the SD=>SD group. Panel c body weight (BW) of each animal was normalized to its averaged weights on the 2days preceding FR days of ABA1
and ABA2. On FR days, animals of both groups inevitably lost weight, reflected by their measurements at 7 pm (before food was given for the night)
and increased by 9 pm (when food was taken away), and this daily loss accumulated across FR days. The SD=>KGD group lost less weight due to FR
on FR2 of ABA1 and all FR days of ABA2, compared to SD=>SD. Panel d the bar graphs show comparisons of group means + SEM (y-axis) from
the Elevated Plus Maze (EPM) test measuring anxiety-like behavior. Each point represents the value of one animal. The SD=>KGD group exhibits
significantly greater duration in the open field (p=0.0370, t=2.183, df =30, difference between the means 7.813 +3.579), while no difference across
the groups was detected for the frequency to enter the open field (p=0.7286, t=0.3502, df =30, difference between the means 0.9990 +2.852) or the
total distance traveled on the maze (p=0.0771, t=1.829, df =31, difference between the means 779.5+426.3cm).

TABLE 3 | Group comparison of food consumption of SD=>»KDG versus SD=>SD results of Tukey's multiple comparisons test.

Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1
FR1 —0.06742 —0.09658 to —0.03827 okt <0.0001
FR2 —0.02336 —0.07737 to 0.03064 ns 0.3829
FR3 —0.06393 —0.1299 to 0.002002 ns 0.0568
Recl —0.2446 —0.5199 to 0.03066 ns 0.0793
Rec2 —0.4927 —0.6531 to —0.3323 ok <0.0001
Rec3 —0.3094 —0.4438 to —0.1749 ekt <0.0001
ABA2
FR1 0.109 0.01649 to 0.2016 * 0.0233
FR2 0.05012 —0.03345t0 0.1337 ns 0.2260
FR3 0.04822 —0.03789 to 0.1343 ns 0.2610
FR4 0.1206 0.01224 to 0.2290 * 0.0305
Recl 0.04412 —0.2561 to 0.3443 ns 0.7663
Rec2 0.4277 0.1447 to 0.7106 ok 0.0045
Rec3 0.1711 —0.05358 t0 0.3959 ns 0.1294
*p<0.05.
**p <0.01.
4% < 0.001.
#xKp £0,0001.
3.1.5 | Differences Across the Sexes wheel running during ABA1, when they were fed SD (p=0.806)
or during ABA2, when they were fed KGD (p =0.731) (N=16 for
Two-way ANOVA, with ABA cycle and sex as the two factors, females; N=17 for males). Nor was there any difference across

indicated no difference between males and females in Total the sexes in wheel running during FAA (p=0.850 for ABAT;
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TABLE 4 | Group comparison of body weights of SD=>»KGD versus SD-?»SD results of Tukey's multiple comparisons test.

Experimental day Mean diff 95.00% CI of difference Adjusted p
ABA1
FR1,1pm 0.0006763 —0.007029 to 0.008382 ns 0.8589
FR1, 7pm 0.01044 —0.0008633 to 0.02174 ns 0.0691
FR1,9pm 0.005027 —0.01676 to 0.02681 ns 0.6408
FR2, 7pm 0.0373 0.01756 to 0.05703 ok 0.0005
FR2,9pm 0.04521 0.01726 to 0.07316 ok 0.0027
FR3, 7pm 0.01387 —0.004092 to 0.03183 ns 0.1253
FR3,9pm 0.02044 —0.009490 to 0.05037 ns 0.1735
Recl 0.003069 —0.1109 to 0.1170 ns 0.9553
Rec2 0.008711 —0.1270 to 0.1444 ns 0.8938
Rec3 —0.04138 —0.1788 t0 0.09603 ns 0.5338
ABA2
FR1,1pm —0.003689 —0.01082 to 0.003441 ns 0.2972
FR1, 7pm —0.001407 —0.01541 to 0.01259 ns 0.839
FR1,9pm —0.01246 —0.02440 to —0.0005245 * 0.0413
FR2, 7pm 0.04761 0.03130 to 0.06391 otk <0.0001
FR2,9pm —0.01171 —0.02758 to 0.004164 ns 0.1417
FR3, 7pm 0.05599 0.03958 to0 0.07240 otk <0.0001
FR3,9pm —0.01186 —0.03577 to 0.01205 ns 0.3172
FR4, 7pm 0.04335 0.02471 to 0.06200 kol <0.0001
FR4,9pm 0.04335 0.02471 to 0.06200 otk <0.0001
Recl —0.00736 —0.03468 to 0.01996 ns 0.5844
Rec2 —0.1008 —0.1337 to —0.06776 otk <0.0001
Rec3 —0.1406 —0.1777 to —0.1036 ok <0.0001
*p<0.05.
*p<0.01.
##%p <0.001.
5D <0.0001.

p=0.342 for ABA2). Food consumption was not different across
the sexes during ABA1 (p=0.326), but approached significance
during ABA2, when they were fed KGD (p=0.060, 10% less
Kcal consumed by females). Despite this trend towards a differ-
ence in food consumption, their normalized weights during FR
and recovery did not differ across the sexes for ABA1 (p=0.695
at 7pm; p=0.289 at 9pm; p=0.117 during recovery) or ABA2
(p=0.306 at 7pm; p=0.365 at 9 pm; p=0.281 during recovery).
These absences of differences across the sexes indicate that KGD
supports reduction of ABA relapse vulnerability of both sexes.

3.2 | KGD'S Ameliorative Effects on ABA
Vulnerability Are Not Sustained When Animals Are
Returned to Standard Diet but Can Be Sustained
When KGD Is Combined With Ketamine Treatment

Staying on KGD long-term would be challenging and possibly
also harmful, as KGD continued for more than three weeks can

induce senescence (Wei et al. 2024), among other complications
(D'Andrea Meira et al. 2019). We have also observed weight
loss during non-FR days of some female mice fed KGD (Dong
et al. 2024). Thus, we examined whether KGD's benefits are sus-
tained after animals are returned to SD, then re-challenged with
ABA. To this end, we followed ABA vulnerability of animals on
a diet schedule of SD=>KGD=>SD across the three ABA cycles
(Figure 1c), and compared their last two ABA cycles (KGD—=>SD,
green square data points in Figures 3-6) to the last two ABA
cycles of animals maintained on KGD for all three ABA cycles
(KGD=>KGD=KGD, Figure 1c, magenta triangle data points in
Figures 3-6). Moreover, case reports on treatments of AN with
KGD included sub-anesthetic ketamine (KET) as a component of
the treatment and showed remission that lasted for a minimum
of 6months (Calabrese et al. 2022) to multiple years (Scolnick
et al. 2020). Inspired by these reports, we asked whether the
combination of KGD with KET provides added benefit over KGD
alone, by sustaining KGD's benefits. To answer this question, we
assessed ABA vulnerability of animals on the schedule of KGD
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FIGURE 3 | Wheel running and anxiety-like behavior of KGD=>SD, KGD-=>KGD, and KGD +KET=->SD groups. (a—-d) Lines represent day-by-
day changes in groups' mean + SEM daily wheel running, quantified as wheel counts (WCT) across ABA1 and ABA2. Magenta lines with triangle
symbols show KGD-2>KGD's (N=19), green lines with square symbols show KGD->SD's (N=17), and blue lines with circles show KGD + KET=SD's
(N=35). For all bar graphs, each animal's WCT, averaged across FR2, FR3, and FR4 or across REC1, REC2, and REC3 of each ABA cycle was calcu-
lated and are shown as single data points. The graphs show group mean + SEM WCT comparisons across the three groups—KGD=>KGD, KGD=>SD
and KGD +KET=>SD. (b, ¢) There is no significant group difference in total (summed for each 24h period) running during ABA1, but there is a sig-
nificant group difference during ABA2 (p=0.001, F (2,51)=7.544, One-way ANOVA). Tukey's multiple comparison tests indicate significant differ-
ences between KGD->KGD and KGD=>SD (p=0.002) and between KGD=>SD and KGD + KET=>SD (p=0.006). (e, f) There is no significant group
difference in FAA during ABA1, but there is a significant group difference during ABA2 (p <0.001, F (2,51)=14.31, One-way ANOVA). Tukey's mul-
tiple comparison tests indicate significant differences between KGD=»KGD and KGD->SD (p <0.001) and between KGD->»SD and KGD + KET=>SD
(p<0.001). (g, h) Elevated plus maze test of anxiety-like behavior. There is a significant group difference in percent frequency to enter an open arm
(p=0.001, F (2, 64)=7.231, One-way ANOVA). Tukey's multiple comparison test shows that the KGD +KET=>SD group increased the frequency
of entering open arms significantly more than the KGD=>KGD group (p=0.001). There is also a significant group difference in percent duration in
entering the open arms (p=0.025, F (2,64) =3.905, One-way ANOVA). Tukey's multiple comparison test shows that the KGD + KET->SD group in-

creased duration in the open arm more than the KGD=>KGD group (p=0.021).

group differences in total wheel running, summed across
24h per day of FR (TOT, Figure 3a,b) or FAA (Figure 3d,e).
This indicates that KET treatment did not alter wheel run-
ning significantly. However, during the FR days of the subse-
quent ABA (referred to as “ABA2” for simplicity), when their
diets and history of drug treatments differed, wheel running
also differed across the three groups for TOT (Figure 3c) and
FAA (Figure 3f). The KGD=>SD group exhibited significantly
greater wheel running compared to KGD->KGD, indicating
that KGD that was fed during ABA1 ceased to suppress the
maladaptive FR-evoked hyperactivity for ABA2, after KGD
was withdrawn at the end of ABA1. In fact, KGD=>SD's TOT
wheel running was similar to that of SD=>SD that were never
fed KGD (p=0.99, unpaired t-test, t=0.01100, df=30, N=17
for KGD=>SD, N=15 for SD=>SD, not shown). KGD=>SD's
FAA also did not differ from that of SD=2SD (p=0.91,
t=0.1108, df =35, N=17 for KGD=>SD, N=20 for SD=>SD,
not shown).

KG+KET=SD group exhibited significantly lower TOT
and FAA than KGD=>SD during ABA2 (Figure 3c,f), even
though KGD had been withdrawn at the end of ABA1, just
as was done for the KGD=>SD. In fact, the suppression of
KGD+KET=SD's TOT and FAA running was as strong
as seen for KGD=>KGD's (Figure 3c,f). This pattern during
ABA2 for KG+KET=>SD confirmed that KET supplemen-
tation of KGD during ABA1 could sustain for 7 to 11 days
the suppression of the maladaptive excessive wheel run-
ning during ABA2 as effectively as for those kept on KGD
through ABA2.

3.2.2 | Anxiety-Like Behavior

Anxiety-like behavior was evaluated using the Elevated
Plus Maze (EPM), with the percentage of open-arm entries
(Figure 3g) and percentage of the duration spent on the open-
arm (Figure 3h) used as indicators of anxiety-like behavior. The
KGD +KET=>SD group demonstrated the greatest entries and
durations in open arms. These results suggest that KET sup-
plementation not only preserves the anxiolytic and resilience-
enhancing effects of KGD in the absence of KGD but may also
amplify the anxiolytic effects.

3.2.3 | Food Consumption (FC)

To determine whether dietary composition influenced food con-
sumption, we compared food consumption in KCal (FC) after
normalizing to baseline FC (Figure 4). The normalization was
performed to remove sex differences in FC that arise from sex
differences in body weight. The KGD-»KGD group maintained
relatively stable and consistent FC throughout both ABA1 and
ABA?2 (Figure 4a). Comparisons of the three groups revealed no
difference during the FR days of ABA1. This was as expected,
since all three groups were fed the same diet of KGD (Figure 4b).
KGD=>KGD versus KGD=>»SD comparison during the FR peri-
ods of ABA2 (Figure 4d) also revealed no significant differences
in FC, indicating that KGD did not alter overall food intake. This
observation is consistent with earlier observations of comparing
FC of SD=>KGD versus SD-?»SD (Figure 2b). By contrast, KET
that accompanied KGD during ABA1 enhanced the animals’' FC
during the FR days of ABA2, compared to the FC of those fed
KGD without ketamine during ABA1 (KGD+KET=>SD versus
KGD=>KGD). This indicates that the addition of KET to the KGD
treatment during ABA1 contributed to increases of FC during FR
days of ABA2, beyond what could be achieved by KGD alone,
sustained for 7-11days after the last ketamine injection.

During the recovery phase of ABA1 (Figure 4c) and ABA2
(Figure 4e), KGD=2KGD consumed less than both the
KGD=SD and KGD +KET=>SD groups, indicating that KGD
has one undesirable effect of delaying weight restoration. This,
too, is consistent with what we observed when comparing FC
during recovery from ABA2 of KGD=>KGD versus SD=2»SD
(Dong et al. 2024).

3.2.4 | Body Weight (BW)

Both wheel activity and FC collectively influence BW. Therefore,
normalized body weight was tracked across experimental days
at time points of 7pm (beginning of the feeding hours) and 9 pm
(end of the feeding hours) on FR days and at 1 pm on non-FR days
to evaluate the effects of dietary composition and ketamine treat-
ment on BW regulation (Figure 5). During ABA1, when all three
groups consumed KGD, BW did not differ significantly among
the three groups at 7pm or 9pm of the FR days (Figure 5a-c).
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FIGURE 4 | Normalized food consumption of KGD=>SD, KGD-»KD, and KGD +KET=>SD groups. (a) Lines represents day-by-day chang-
es in group mean+ SEM food consumption (FC) in Kcal of the KGD->KGD (magenta triangles, N=19), KGD=>SD (green squares, N=17) and
KGD=>KET=>SD (blue circles, N=35) groups, normalized to baseline FC. For all bar graphs in this figure, each animal's normalized FC, averaged
across three FR days or three recovery (REC) days of ABA was calculated and are shown as single data points. The bar graphs show comparisons
across the three groups—KGD=>KGD, KGD=>SD and KGD + KET=>SD—of normalized FC (y-axis) against groups (x-axis). Bar =mean + SEM.
(b) There is no significant difference in averaged FC during ABA1 FR period. (¢) During the recovery period of ABA1, there is a significant differ-
ence in group mean FC (p<0.001, F (2, 68)=16.35, One-way ANOVA). Tukey's multiple comparison tests indicate significant differences between
KGD-KGD and KGD-SD (p<0.001), KGD2KGD and KGD +KET=>SD (p<0.001) and between KGD=>SD and KGD + KET=>SD (p=0.031). (d)
There is a significant difference in the group mean FC during ABA2 FR period (p=0.036, F (2, 52) =3.558, One-way ANOVA). Tukey's multiple com-
parison tests indicate significant differences between KGD=>KGD and KGD + KET=>SD (p =0.027). (e) During the recovery period of ABA2, there is
a significant difference in the group mean FC (p<0.001, F (2, 47)=18.74, One-way ANOVA). Tukey's multiple comparison tests indicate significant
differences between KGD->KGD and KGD->SD (p <0.001), and between KGD->KGD and KGD + KET=SD (p <0.001).

This indicates that the addition of ketamine to the treatment
had no acute effect on BW retention. The three KGD-fed groups'
BW differed significantly from the one group that was fed SD:
the proportion of animals with BW above 80% during the FR
days (“Survival,” Figure 6) did not differ among the three KGD-
fed groups, while they all differed significantly from those fed
SD on FR days of ABA1 (X?=33.2, p<0.001 by the Log-rank
(Mantel-Cox) survival curve comparison). There was a signifi-
cant group effect during the recovery period that followed FR of
ABAL1 (Figure 5d). Tukey's multiple comparisons test revealed

that BW was higher in KGD=>SD and KGD+KET=>SD that
were fed SD during recovery, compared to KGD-=>KGD that
were fed KGD during recovery (Figure 5d), with no difference
between KGD=>»SD and KGD +KET=>»SD. This indicates that,
in the absence of a wheel and with ad libitum food availability,
weight restoration is easier with SD than with KGD. This unde-
sirable property of KGD was observed for the recovery phase of
SD=>KGD, compared to SD->»SD (Figure 2b), and in an earlier
publication that compared the two diets across 3 cycles of ABA,
namely KGD=>KGD=>KGD to SD-»SD->SD (Dong et al. 2024).
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FIGURE 5 | Normalized body weight (BW) of KGD=>SD, KGD=>KGD, and KGD +KET=>SD groups. (a) Lines represent day-by-day chang-
es in group mean values of normalized BW of animals of the KGD->KGD (magenta triangles, N=19), KGD->SD (green squares, N=17) and
KGD +KET=>SD (blue circles, N=35) groups. The line graph shows KGD=>KGD, KGD->»SD and KGD + KET=>SD's group mean + SEM of normal-
ized BW (y-axis) against each experimental day and time of day (x-axis). For all bar graphs in this figure, each animal's normalized BW, averaged
across FR2, FR3, and FR4 or across REC1, REC2, and REC3 of ABA was calculated and shown as single data points. The graphs show comparisons
across the three groups—KGD=>KGD, KGD->SD and KGD +KET=>SD—of normalized BW (y-axis) against groups (x-axis). Bar=mean + SEM.
(b-d) During ABA1 (panels b, ¢, and d), there is no significant differences in the group mean values at 7pm and 9 pm, but a significant group mean
difference during the recovery period following ABA1, as food transition is occurring (p =0.006, F (2, 68)=5.479, One-way ANOVA). Tukey's mul-
tiple comparison test shows significant differences between KGD=>»KGD and KGD=>SD (p=0.01), and between KGD->KGD and KGD+KET=>SD
(p=0.017). BW recovery is favored by SD. (e-g) During ABA2 (panels e, f and g), there are significant group mean differences at 7pm (p <0.001,
F (2, 52)=19.23) and 9pm (p=0.04, F (2, 52)=3.415), but no difference during the recovery period following ABA2. Tukey's multiple compari-
sons show that, at 7pm (e), there are significant differences in BW between KGD->KGD and KGD->SD (p <0.001) and between KGD->KGD and
KGD+KET=>SD (p<0.001), indicating that KGD is helpful for BW retention. At 9 pm (f), there is a significant difference between KGD=>SD and
KGD +KET=>SD (p=0.038), indicating that KET treatment during ABA1 has a sustained benefit.

During ABA2, when the diet and drug treatment history dif-
fered, BW differences became pronounced (Figure 5e,f). Of
the three groups that had the history of being fed KGD during
ABA1, the KGD=>KGD group maintained the most stable BW
at 7pm (Figure 5e). The weight loss for KGD = SD was as severe
as it was for animals that were maintained on SD continuously
(81% of baseline weight for both groups, p=0.49, t=0.7005,
df=32, N=17 for both groups, not shown graphically). The sur-
vival curve comparison, with 80% of baseline BW set as the cri-
terion for survival (Figure 6), yielded similar findings, namely
that the SD=»SD and KGD->SD experienced similar weight
loss at 7pm on FR days of ABA2 (Log-rank (Mantel-Cox) test;

X?=0.72, p=0.40). Unlike ABA1, the KGD->»SD group expe-
rienced the greatest weight loss at both 7pm (Figure 5e) and
9pm (Figure 5f) of ABA2, indicating that the protective effects
of the KGD diminished after animals returned to SD.

The KGD +KET=>SD group also lost weight significantly at 7 pm
of ABA2's FR days, more so than the KGD->KGD (Figure 5e).
However, by 9pm of the FR phase, the KGD +KET=>SD group
demonstrated greater BW compared to the KGD=>»SD, reflecting
more effective weight gained during the 2-h food access window
than the other two groups. Consequently, the “survival” rate did
not differ significantly between the KGD+KET=->SD and the
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FIGURE 6 | Survival curves of body weights (BW). “Survival,” defined as BW at 7pm on FR days at or above 80% of baseline BW, is plotted for
four groups: KGD=>SD (N=17), KGD + KET=->SD (N=35), KGD=2>KGD (N=31), and SD->SD (N=31). Asterisks indicate results of curve compari-
sons, using the Log-rank (Mantel-Cox) test for comparing the four groups simultaneously. For ABA1, Chi square=33.2, df=3, p<0.001. For ABA2,
Chi square=29.00, df=3, p<0.0001. For ABA1, pairwise comparisons indicate that the SD=>SD group differs from the other three that were fed
KGD during ABA1, but the three groups fed KGD do not differ from one another. For ABA2, pairwise comparisons of survival curves indicate that
SD=>SD does not differ from KGD=>SD (p=0.72). KGD=>KGD does not differ from KGD +KET=>SD (p=0.46), either. Results of these survival
curve comparisons indicate that (1) the addition of ketamine treatment to short-term KGD is nearly as effective in preventing relapse as is the contin-
uous KGD and (2) returning the diet from KGD to SD causes the return of ABA vulnerability to the level comparable to those that were never treated

with KGD.

KGD=>KDG groups during ABA2 (Figure 6, Log-rank (Mantel-
Cox) test, X?2=0.55, p=0.46), while the KGD+KET=SD's
survival curve was significantly different from KGD=»SD'S
(X?>=6.34, p=0.01) and SD=>SD's (X?>=12.31, p=0.0005), even
though they all ate SD during ABA2. These results indicate that
ketamine treatment during ABA1 enabled animals to maintain
their weights during ABA2 similarly to the animals fed KGD con-
tinuously. Moreover, those treated with ketamine regulated their
BW significantly better than those fed KGD without ketamine
during ABA1. This difference reflect ketamine's sustained action.

In summary, these results suggest that the benefits of the KGD
are transient, disappearing upon returning to SD. However, the
addition of KET protects from severe weight loss, even without
KGD, most likely by promoting increased food consumption
during the 2h of food availability (Figure 4a,d) and also sup-
pressing FR-evoked hyperactivity as effectively as those main-
tained on KGD (Figure 3c,f). Remarkably, KET's protection was
sustained to ABA2, 7-11days post-injection.

3.2.5 | Comparison of KGD + KET-SD's
Behavior Across the Sexes

Comparison of KGD+KET=>SD's behavior across the sexes
(19 females, 16 males) revealed no difference in wheel running
during any segment of the day or in food consumption during
ABA1 or ABA2 (Table 5). Comparisons across the sexes of nor-
malized body weight revealed no differences during the FR days
of ABA1 or ABA2 but revealed significantly greater weight for
females during recovery from ABA1 (4.4%, p=0.002, Table 5)
and no sex differences during recovery from ABA2. Overall,
these results indicate that both sexes benefited from receiving
KET during KGD treatment for boosting and sustaining resil-
ience against ABA relapses.

3.3 | GABAergic Synapse Plasticity in the PCL
of the Dorsal Hippocampal CA1 Correlates With
KGD'S Suppression of ABA Vulnerability

We sought to determine whether GABAergic synapse plas-
ticity is enhanced more by KGD than SD following the experi-
ence of ABA. To test this hypothesis, we used the approach of
electron microscopic immunocytochemistry (EM) to quantify
the extent of GABAergic synapses formed onto cell bodies of
pyramidal neurons in the pyramidal cell layer (PCL) of the
CA1 field of the dorsal hippocampus. Samples were taken
from brains of SD=2>KGD and SD->SD females for which
behavioral data are shown, after combining with males’, in
Figure 2 and Results section 3.1. The SD>KGD (N=7) were
fed KGD for 19days that spanned from the recovery days fol-
lowing ABAL1 to the end of the recovery days following ABA2,
corresponding to the time point of euthanasia. Data from this
group will be referred to as “KGD” in Figures 7 and 8. The
SD=>»SD group (N =10) was fed SD for 28 days spanning ABA1
and ABAZ2, to the point of euthanasia and will be referred to as
“SD” in Figures 7 and 8.

Figure 7 shows representative synapses formed by GAD+
(i.e., GABAergic) axon terminals on cell bodies of pyrami-
dal neurons in the pyramidal cell layer (PCL). EM analysis
(Figure 7a) revealed that the KGD group displayed signifi-
cantly longer GAD+ synapse lengths compared to the SD
group (Figure 7b). Pyramidal cells of the KGD group also
showed a higher proportion of their plasma membrane con-
tacted by GAD+ synapses (Figure 7c), without changes in
GABA synapse density (Figure 7d) along the plasma mem-
brane of pyramidal neurons. These results suggest that KGD
increased the extent of inhibitory synaptic contact on pyra-
midal neurons through enlargement of individual synapses,
without adding new synapses.
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TABLE 5 | Group comparison of the behavior of KGD +KET=>SD across the sexes.

ABA1l, during KGD + KET treatment

Source of variation % of total variation P Summary F (DFn, DFd)

Averaged wheel running

Time X sex 0.6745 0.475 ns F(5,165)=0.9109
Time 50.59 <0.001 ok F(1.44,47.50)=68.32
Sex 0.746 0.3 ns F(1,33)=1.110

Tukey's multiple comparisons Mean diff. F versus M 95.00% CI of diff. Summary Adjusted p

test

Total 4610 —4217 to 13,437 ns 0.296

FAA 395.5 —2157 to 2948 ns 0.754

2h FD 364.6 —965.0 to 1694 ns 0.581

Dark 21-1 2499 —1831 to 6829 ns 0.249

Dark 1-7 1197 —2121 to 4515 ns 0.467

Light 7-13 584.8 —644.3 to 1814 ns 0.340

Averaged normalized food consumption

Source of variation % of total variation p Summary F (DFn, DFAd)

Time X sex 0.1083 0.623 ns F(1,33)=0.2464

Time 62.55 <0.001 o F(1,33)=142.3

Sex 0.05255 0.78 ns F (1, 33)=0.07927
Bonferroni's multiple Predicted (LS) mean diff. 95.00% CI of diff. Summary Adjusted p
comparison test

avg norm FR2,3,4 -0.024 —0.6144 to 0.5655 ns >0.999
Recovery avg 0.137 —0.4532 t0 0.7267 ns >0.999

AVG normalized weights

Source of variation % of total variation p Summary F (DFn, DFd)
Time X sex 3.825 <0.001 ok F(2,66)=15.31
Time 58.4 <0.001 ekk F(1.054,34.77)=233.7
Sex 0.7049 0.35 ns F(1,33)=0.8998

Tukey's multiple comparisons Mean diff. 95.00% CI of diff. Summary Adjusted p

test

7pm avg. FR2,3,4 —0.006 —0.03171 to 0.02063 ns 0.667

9pm avg. FR2,3,4 —0.008 —0.03347 to 0.01782 ns 0.536

Recovery avg 0.044 0.01818 to 0.07060 ok 0.002

ABA2, fed SD subsequent to KGD + KET treatment

Source of variation % of total variation 4] Summary F (DFn, DFd)

Averaged wheel running

Time X sex 1.146 0.656 ns F (5,85)=0.6585
Time 45.85 <0.001 ok F(1.248,21.22)=26.33
Sex 0.6748 0.487 ns F(1,17)=0.5040
(Continues)
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TABLE 5 | (Continued)

ABA2, fed SD subsequent to KGD + KET treatment

Source of variation % of total variation D Summary F (DFn, DFd)
Bonferroni's multiple comparison Mean difference 95.00% CI of diff. Summary Adjusted p
test
Total —4191 —23,476 to 15,093 ns >0.999
FAA 1142 —1327 to 3611 ns >0.999
2h FD —-527.9 —1597 to 541.1 ns 0.695
Dark 21-1 -1709 —13,084 to 9665 ns >0.999
Dark 1-7 —3088 —11,974 to 5798 ns >0.999
Light 7-13 —8.385 —65.75 t0 48.98 ns >0.999
Averaged normalized food consumption
Time X sex 0.3084 0.465 ns F(1,17)=0.5590
Time 73.59 <0.001 K F(1,17)=1334
Sex 0.5723 0.405 ns F(1,17)=0.7292
Bonferroni's multiple comparison Mean diff. 95.00% CI of diff. Summary Adjusted p
test
avg norm FR2,3,4 —0.046 —0.6659 to 0.5739 ns >0.999
Recovery avg -0.300 —0.9198 to 0.3199 ns 0.529
Averaged normalized weights
Time X sex 0.2908 0.138 ns F(2,34)=2.102
Time 80.39 <0.001 ok F(1.749, 29.73) =581.1
Sex 0.1579 0.585 ns F(1,17)=0.3097
Bonferroni's multiple comparison Mean diff. 95.00% CI of diff. Summary Adjusted p
test
7pm avg. FR2,3,4 —0.012 —0.03511 to 0.01080 ns 0.531
9pm avg. FR2,3,4 —-0.009 —0.03852 to0 0.02132 ns >0.999
Recovery avg 0.005 —0.02874 t0 0.03817 ns >0.999
*p<0.05.
**p <0.01.
#*p <0.001.
kD £0.0001.

The relationship between GAD+ synapses onto pyrami-
dal cell bodies and biometric measurements was examined
(Figure 7e-h). For the KGD group, the density of GAD+ syn-
apses correlated significantly (p=0.03) and positively with
total wheel activity (sum of running during 24h), averaged
across FR2, FR3 and FR4 of ABA2's FR days. Such a cor-
relation was not observed for the SD group (Figure 7e). This
finding suggests that greater inhibitory input to pyramidal
neurons may be linked to the increased physical activity that
animals exerted during ABA2. Since locomotion is tightly cor-
related with hippocampal pyramidal neurons’ firing (Bland
and Oddie 2001; Buzsaki 2002; Li et al. 2012), the positive cor-
relation may reflect correspondingly greater protection against
excito-toxicity of pyramidal neurons by enhanced GABAergic
inhibition.

Highly significant correlations (p < 0.01) were observed between
the proportion of pyramidal cell bodies’ plasma membrane
contacted by GAD+ axon terminals in the PCL of KGD and
ABA2 body weight (BW) before FR began (baseline, p=0.001,
R=0.980, Figure 7f), 7pm of FR days (p=0.002), 9pm of FR
days (p=0.002), and during recovery (p=0.007, R=0.7969).
No significant associations were observed for the SD group.
These correlations with BW suggest that those individuals with
the greatest enhancement of GABAergic input to hippocampal
pyramidal neurons were the ones that exhibited the best BW
retention during ABA2 while on KGD. The strong correlation
between BW and GABAergic inhibition that exists prior to
ABA2's FR days suggests that the diet may have supported ex-
pansion of GABAergic axons during the 9days of recovery fol-
lowing ABA1, while fed KGD.
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A previous study showed that chemogenetic sup- inhibition of these pyramidal neurons by GABAergic axons
pression of a subset of hippocampal pyramidal neu- may also increase feeding. This mechanism may have con-
rons expressing dopamine D2 receptors increases food tributed towards the improved BW retention observed for the

consumption (Azevedo et al. 2019). Accordingly, enhanced KGD group.
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FIGURE 7 | Electron microscopic analysis of GAD+ axo-somatic synapses onto pyramidal neurons in the PCL of dorsal CA1 in the KGD versus
SD groups. (a) To assess whether the increased ABA resilience accompanying the KGD group could be related to the extent of GABAergic inhibition
of hippocampal pyramidal neurons, the ultrastructural pattern of GAD+ GABAergic synapses onto pyramidal neurons was compared across two
groups—KGD versus SD. Pyramidal neurons within the pyramidal cell layer (PCL) were identified based on their characteristic round nuclear enve-
lope and the absence of excitatory synapses along their plasma membrane (traced with blue line). For each of the pyramidal cell bodies examined, the
lengths of individual GAD+ GABAergic synapses (marked by magenta) and the total plasma membrane (perimeter) of the cell body (indicated by the
blue line) were measured. These measurements were used to calculate the proportion of the cell body perimeter contacted by GAD+ axon terminals
and the density of GAD+ synapses per cell body perimeter (expressed as the number of GABAergic synapses per 10 mm of perimeter). The average
length of GAD+ synapses of each cell body of each animal was also calculated. Asterisks indicate astrocytic processes that form contacts along the
sides of GAD+ GABAergic synapses. (b) A comparison of GAD+ GABAergic synapse lengths on each pyramidal neuron between the KGD (N=66
cell bodies) and SD (IN=95 cell bodies) groups. The KGD group showed significantly longer lengths compared to the SD group (p =0.0006, t=3.502,
df=159). (c) A comparison of the proportion of plasma membrane perimeter contacted by GAD+ GABAergic synapses per pyramidal neuron be-
tween the KGD (N=66) and SD (N=95) groups. KGD showed significantly larger proportions of GABAergic contact, compared to the SD (p=0.0245,
t=2.271, df=159). (d) There was no significant difference in GAD+ GABAergic synapse density between the KGD (N=66) and SD (N =95) groups.
(e) The average value of the density of GAD+ GABAergic synapse along the plasma membrane perimeter was calculated for each animal. Each data
point represents the averaged value for one animal. There was a positive correlation between this value and the averaged total running during the FR
days of ABA2 for the KGD group (magenta, p=0.033, R=0.795), but not for SD group (black data points). (f-g) Positive correlations existed between
each animal's averaged proportion of the plasma membrane perimeter contacted by GAD+ GABAergic synapses and each animal'’s baseline BW
during the 2days preceding FR of ABA2 (p=0.0001, R=0.980) and at 9pm of FR days of ABA2 (p=0.002, R=0.940) for the KGD group (magenta

circles), but not for the SD group (black squares).

3.4 | GABAergic and Glutamatergic Synapse
Plasticity in SLM of the Dorsal Hippocampal
CA1 Correlates With KGD'S Suppression of ABA
Vulnerability

Unlike the PCL, which is dominated by inhibitory synapses onto
pyramidal cells (I-to-E), SLM (stratum lacunosum moleculare) is
highly enriched in synapses that are of multiple types: I-to-I syn-
apses formed by inhibitory interneurons onto other inhibitory
interneurons that underlie disinhibition; E-to-E at axo-spinous
synapses formed between pyramidal neurons, using glutamate
as the neurotransmitter; E-to-I formed by excitatory axon termi-
nals of pyramidal cells onto dendritic shafts of GAD+ dendrites,
driving inhibition; and I-to-E, formed by GAD+ axons onto
dendrites of pyramidal neurons, contributing to the suppression
of excitability of the neuropil. Examples of these four synapse
types in SLM are shown in Figure 8a,b. We quantified the prev-
alence of these four synapses within SLM. Group comparison
across the KGD and SD revealed no difference in prevalence for
any of the four types of synapses (Figure S1), except for the E-
to-1. For this E-to-I type of synapse, there was a significantly
greater proportion of GABAergic dendrites forming E-to-I for
the KGD (p <0.005, t=2.948, df =38, N=19 for SD, 21 for KGD)
(Figure 8g).

We estimated the strength of the synapses, based on synapse
lengths. The analysis revealed no group difference in the areal
density, lengths, or proportion of GABAergic axons forming I-
to-E or I-to-I synapses (Figure S1). No difference in GABAergic
synapse lengths was detected, although it trended towards sig-
nificance, with a 10% reduction in the KGD group (p=0.053,
N=489 for KGD, N=493 for SD).

To assess the functional significance of the four synapse types to
behavior elicited by ABA, we ran Pearson correlation analyses.
This analysis revealed that the strengths of correlation between
the prevalence (density or proportion) of specific synapse types
and behavior differed across the two diet groups.

I-to-I synapses correlated with FAA of both the SD and KGD
groups, but oppositely. The SD group trended towards a pos-
itive correlation between FAA on FR days of ABA2 with the
proportion of GABAergic axons engaged in I-to-I synapses
(Figure 8c). I-to-I disinhibition potentially heightens the excit-
ability of pyramidal cells that are postsynaptic to GABAergic
neurons engaged in disinhibition. This relationship between
neuropil excitability and heightened FAA agrees with our
previous findings of animals fed SD (Chowdhury et al. 2013).
By contrast, animals fed KGD exhibited a highly significant
correlation that was negative, in relation to the prevalence of
I-to-I synapses. FAA was greatly reduced overall for the KGD
group (Figure 2a2, also note the y-axis values of Figure 8c)
and those that exhibited nearly zero FAA were the ones with
the greatest proportion of GABAergic axons engaged in I-to-I
synapses (Figure 8c). One possible explanation for this highly
contrasting correlation across diet groups is that switching
of the diet caused switching in the circuits involving I-to-I
synapses. For both the SD and KGD groups, the presynaptic
GABAergic neurons engaged in I-to-I synapses are likely to
be VIP+ GABAergic interneurons (Kepecs and Fishell 2014).
However, GABAergic interneurons that receive GABAergic
inhibition can be the Parvalbumin+ (PV+) or somatostatin+
(SSt+) types, the latter of which occur as numerous subtypes
(Kepecs and Fishell 2014). Perhaps GABAergic axons of the
SD group target a different sub-population of GABAergic in-
terneurons than those on the KGD diet. Prior studies have
shown that excessive wheel running of ABA animals stem
from heightened anxiety (Wable, Min, et al. 2015) and that
the hippocampus is an important brain region for anxiety reg-
ulation as well as learning (Shen et al. 2010). Based on the
positive correlation observed for the SD group, their postsyn-
aptic GABA neurons may be directly involved in disinhibiting
pyramidal neurons that drive anxiety-evoked hyperactivity.
By contrast, the postsynaptic GABA neurons of the I-to-I
synapses of the KGD group may target pyramidal cells that
are more actively engaged in the other important hippocam-
pal function—cognition. Food and wheel running are both
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FIGURE 8 | EM analysis of axo-dendritic synapses in stratum lacunosum-moleculare (SLM). (a) GAD-immunopositivity of the dendrite is indi-
cated by the accumulation of diffuse, electron-dense HRP/DAB labels along the intracellular surface of the dendrite's plasma membrane and intra-
cellularly. The GAD+ plasma membrane is highlighted by small light pink arrowheads. The larger blue arrows point to excitatory synapses formed
onto this GAD+ dendrite, indicated by the thick post-synaptic density (PSD) along the intracellular surface. These E-to-I contacts reflect excitation of
the inhibitory neuron, contributing to strengthening inhibition. The dark pink arrows (two pairs) point to inhibitory synapses formed by GAD+ axon
terminals. GAD positivity of the axon terminal is indicated by the accumulation of HRP/DAB labels that fill the cytoplasm of the axonal cytoplasm
but are excluded from vesicles' lumen (I-to-I). These I-to-I reflect inhibition of an inhibitory neuron, or disinhibition. (b) Synapses onto a dendrite
lacking GAD-immunoreactivity, indicating that it belongings a pyramidal neuron. Plasma membrane is highlighted by small light blue arrowheads.
The pyramidal neuron's dendrite exhibits excitatory synapses at the tip of two spines, highlighted with dark blue arrows. This reflects excitation of
an excitatory neuron (E-to-E). Blue asterisks in panels (a) and (b) highlight additional E-to-E excitatory synapses in the surrounding neuropil formed
onto dendritic spines of pyramidal neurons. The pyramidal neuron's dendrite exhibits two GAD+ synaptic inputs onto the dendritic shaft, depicted
with dark pink arrows and reflecting inhibition of an excitatory neuron (I-to-E). Both panels show contacts of vesicle-filled axon terminals onto
dendritic shafts. There are axon terminals filled with vesicles, lacking GAD-immunoreactivity or association with thick PSDs. These, highlighted
as “nm?,” may be GABAergic axon terminals with low abundance of GAD or terminals releasing neuromodulators. Both figures were acquired
from a brain of a KGD group. (c-h) Quantitative analyses of synapse types in the SLM and their relations to biometrics. In all panels except for (g),
each data point represents the averaged value of one animal. For panel (g), each point represents the average value from 5 electron micrographs,
representing 210 um? of SLM neuropil, with multiple points derived from one animal. (c) I-to-I synapses: The proportion of all GAD+ axons in KGD
brains forming synapses onto GAD+ dendrites correlated negatively with FAA during the FR days of ABA2. KGD animals with higher proportion
of their GABAergic axons forming I-to-I synapses exhibited the lowest FAA. SD group showed a trend towards positive correlation. FAA is wheel
running during the hours of 1 pm to 7pm, when animals are the most deprived of food. FAA values of the 2nd, 3rd and 4th days of FR of ABA2 were
averaged (AVE). (d) I-to-E synapses: The areal density of inhibitory synapses on unlabeled (presumably pyramidal neurons’) dendrites in the SLM
neuropil of KGD brains correlated negatively with food consumption (FC) averaged across the 2nd, 3rd and 4th FR days of ABA2. Such a correlation
was absent for the SD. (e and f) E-to-E synapses: The areal density of axo-spinous synapses formed by glutamatergic axon terminals onto pyramidal
neurons correlated with BW of the KGD animals at 7 pm, when their weights were the lowest, and at 9 pm, just after feeding, when their weights were
the greatest within the 24 h of FR. The weights were not normalized to baseline but were averaged across FR2, 3 and 4. Such correlations were absent
from the SD group. (g) E-to-I synapses: The proportion of all GABAergic dendrites receiving excitatory input was significantly greater for the KGD
than SD (p <0.005, t=2.948, df =38, N=19 for SD, 21 for KGD). (h—j) E-to-I synapses: The proportion of all GABAergic dendrites receiving excitatory
input correlated significantly and positively with KGD group's averaged BW at 7pm and 9 pm of ABA2 as well as the recover days from ABA2. Such
correlations were absent for the SD group.

naturally appetitive, but for ABA animals, those that exhibit
ABA resilience choose to eat and suppress wheel running. If
KGD supports switching of circuits, the switching could be
at the level of GABAergic interneurons or the population of
pyramidal neurons subserving the diverse functions of the
hippocampus.

E-to-I synapses contributed significantly to BW regulation of
the KGD group but not the SD group. The density of these syn-
apses correlated positively with the extent of body weight (BW)
gained during ABA2 and the recovery phase following ABA2
(Figure 8h-j). E-to-I synapses were identified by the presence
of thick postsynaptic density along the intracellular surface of
plasma membranes (PSD) of dendrites immune-positive for
GAD (Figure 8a, blue arrows). Through an increase in number
(Figure 8g) and synapse strength, KGD may have supported
greater excitatory synaptic drive onto GABAergic dendrites
in SLM, thereby boosting GABA tone that contributes to anx-
iolysis. Like the boosting of GABA tone in the PCL through
augmented GABAergic innervation of pyramidal neurons'
cell bodies, anxiolysis generated through augmented E-to-I
synapses onto pyramidal neurons' dendrites in the SLM could
have helped animals retain and restore BW better by promot-
ing them to run less and choose to eat, together yielding better
weight restoration.

The prevalence of E-to-E synapses, formed among pyramidal
neurons in the SLM, correlated tightly with BW regulation of
KGD but not of SD group. The correlation for the KGD group

was strong during ABA2, both at 7pm, when animals are
challenged to retain their weight in the absence of food by sup-
pressing wheel running, and at 9 pm, when animals' weights
reflected their ability to choose to eat, rather than run, during
the limited hours of food availability (Figure 8e,f). This re-
lationship between E-to-E synapses and BW regulation was
somewhat contrary to expectation, in face of the observation
that enhanced inhibition of cell bodies of pyramidal neurons
in the PCL (Figure 7f,g) and enhanced excitatory drive of in-
hibitory neurons through E-to-I (described in the paragraph
above) also improves BW regulation.

Hippocampus serves a dual role: anxiety regulation and cog-
nition (Shen et al. 2010). It is possible that the two neurotrans-
mitter systems (GABA and glutamate) collaborate in BW
regulation by reducing anxiety (through GABA tone boosts)
and enhancing cognition (through glutamatergic excitatory
synaptic plasticity) Remarkably, both correlations emerged for
the KGD-fed animals but not for those kept on SD, even though
the areal density of the axo-spinous synapses did not differ
across the two groups. The strengthened participation in BW
regulation without changes in the density of E-to-E axo-spinous
synapses suggests that KGD may strengthen the participation
of E-to-E synapses for cognitive function through increased
expression of glutamatergic receptors at the E-to-E synapses.
KGD promotes BDNF synthesis (Sleiman et al. 2016) and BDNF
is a key molecule promoting glutamatergic synapse strength-
ening (Korte et al. 1998) as well as GABA synaptogenesis (Jiao
et al. 2011; Marty et al. 1996).
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As for the I-to-E synapses in the SLM, their prevalence in brains
of the KGD group correlated negatively with food consumption
(FC) (Figure 8d), while the SD group exhibited no such correla-
tion. This was contrary to expectation, based on a prior study
indicating that chemogenetic inhibition of dopamine D2R-
expressing pyramidal neurons in the hippocampus promotes
feeding (Azevedo et al. 2019). For the ABA animals fed KGD,
GABAergic axon terminals may target the complementary non-
D2R pyramidal neurons. Alternatively or in addition, for the
KGD group, inhibitory axons targeting pyramidal neurons could
also diverge and also be part of the I-to-I disinhibitory circuit
that enhances the excitability of the D2R+ pyramidal neurons,
thereby exciting the D2R+ pyramidal neurons that lead to sup-
pression of FC (Azevedo et al. 2019).

4 | Discussion

We investigated the therapeutic potential of KGD in mitigat-
ing the vulnerability of adult mice to ABA relapses, a well-
validated preclinical model of AN (Aoki 2020; Klenotich and
Dulawa 2012). The rationale for focusing on ABA relapses in
adulthood stems from the fact that individuals who continue
to experience AN into adulthood face higher risks of relapses
compared to those who recover during adolescence (Berends
et al. 2018; McFarlane et al. 2008; Walsh 2013). Our earlier
ABA studies align with the age-dependent relapse rates noted
for patients diagnosed with AN. Half of the mice that undergo
ABA induction in mid-adolescence exhibit a gain of resilience
during recovery, even in the absence of pharmacotherapeutic
aids, making them more resilient when challenged with a sec-
ond ABA induction. Those that have gained resilience to a re-
challenge of ABA in late adolescence exhibit enhanced GABA
synaptic innervation of pyramidal cell bodies and dendrites in
the hippocampus, indicating a link between GABA synapse
plasticity, reduced excitability of hippocampal pyramidal neu-
rons, and ABA resilience. By contrast, animals that undergo
ABA induction in late adolescence rarely gain resilience when
re-challenged with ABA induction in adulthood (Aoki and
Santiago 2022). Noting this age-dependent difference in the
gain of resilience, this study aimed to find treatments that could
promote the gain of resilience, especially in adult ABA mice.
Results of this study show that 10days of KGD could reduce
ABA susceptibility of adults during ABA2, even after having
undergone severe ABA1 while fed SD. Moreover, we learned
that KGD enhances synaptic plasticity in the hippocampus,
potentially reducing anxiety through GABAergic boosts and
stronger excitatory drives of GABAergic neurons. KGD also
strengthened the glutamatergic pathway's contribution to body
weight retention, indicating that both GABAergic and gluta-
matergic synaptic plasticity are at play under KGD's influence
during ABA. However, the gain of ABA resilience under KGD
was not sustained when animals were returned to SD. This
finding suggests that KGD may be advisable for patients who
have experienced the first onset of AN: KGD may ameliorate or
even prevent relapses. However, KGD alone may not be able to
instill plasticity once the diet is discontinued. The combination
of KGD and KET reduced ABA vulnerability even after KGD
was withdrawn. These findings suggest that the resilience as-
sociated with ongoing KGD can be replaced with a shorter KGD
intervention when paired with KET.

4.1 | The Transience of KGD'S Benefit and Its
Relation to the Transience of Ketone Bodies' Effects

KGD's transience may be expected, based on KGD's direct
effect, which is to increase fat deposits in the body (Kinzig
et al. 2010). Such a change in body composition could re-
duce animals’ experience of hunger when food restriction is
imposed, thereby reducing anxiety and the anxiety-evoked
propensity to run excessively on the wheel, consequently min-
imizing weight loss (Wable, Min, et al. 2015). An even more
direct consequence of KGD is the elevation of ketone bodies,
namely beta-hydroxybutyrate (BHB), which pass the blood-
brain barrier and reduces excitability of neurons (Hartman
et al. 2007) through direct and immediate alteration of mito-
chondrial permeability transition (Kim et al. 2015). Lowered
blood glucose, which accompanies KGD, also reduces neuro-
nal excitability. In support of the importance of the lowered
glucose effect in reducing neuronal excitability, the anti-
convulsant effect of KGD is reversed within 2h of glucose
infusion, which also reduces BHB in the same time frame
(Huttenlocher 1976). The rapid decline of ketone bodies fol-
lowing the rise of blood glucose level, coupled with the short
half-life of ketone bodies (5h, due to urinary clearance and
metabolism by oxidative phosphorylation), explains why
KGD's effects on ABA vulnerability could dissipate rapidly
after discontinuation of KGD.

However, BHB is also a signaling molecule, operating as
an endogenous histone deacetylase inhibitor that favors
the expression of multiple genes, including the BDNF gene
(Sleiman et al. 2016). BDNF fosters glutamatergic (Danzer and
McNamara 2004; Korte et al. 1998; Panja and Bramham 2014)
and GABAergic (Jiao et al. 2011; Marty et al. 1996) synaptic
plasticity. Indeed, our current EM analysis demonstrated for
the first time that KGD (from the SD->KGD group) promotes
GABAergic synaptic inhibition of hippocampal pyramidal neu-
rons’ cell bodies through lengthening of individual GABAergic
axon terminals. This KGD influence, together with the in-
creased prevalence of E-to-I synapses in SLM, is likely to have
contributed to improved body weight regulation of animals un-
dergoing ABA. Earlier studies did not detect the augmentation
of GABA levels in mouse forebrain, mouse cerebellum, mouse
or rat whole brain, or mouse neocortex (reviewed in Hartman
et al. (2007)). The discrepancy between our findings and others'
may be due to a selective augmentation of GABAergic synapses
in the region that we analyzed or due to changes in synaptic
structure (which we analyzed), not GABA levels that other labs
analyzed.

Our current EM analysis did not detect changes in lengths or
density of glutamatergic synapses by KGD. However, the preva-
lence of glutamatergic synapses in SLM correlated significantly
with improvements in body weight retention for the KGD group.
Even without structural changes, enhanced BDNF activity re-
sulting from KGD may have contributed towards strengthening
of glutamatergic synapses through up-regulation of AMPA-type
glutamatergic receptor expression, thereby enhancing glutama-
tergic synapses' contribution to behavior. Such a BDNF effect of
AMPA receptor up-regulation has been documented in studies
examining BDNF's mechanism of action as an anti-depressant
(Fukumoto et al. 2020; Krystal et al. 2024).
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4.2 | KGD'S Protection Against Inflammation

Patients diagnosed with AN are reported to suffer from aug-
mented stress sensitivity (Schmalbach et al. 2020) and to also
suffer from low-grade systemic inflammation, characterized by
microglial activation and elevation of pro-inflammatory cyto-
kines (e.g., IL-13, TNF-a) (Pisetsky et al. 2014).

These changes disturb the bi-directional gut-brain system
(Belmonte et al. 2016), causing neuroinflammation and neu-
rodegeneration in brains of anorexia-model rats (Reyes-Ortega
et al. 2020). KGD may have augmented ABA resilience by re-
ducing pro-inflammatory cytokines via TLR4/NF-xB pathway
inhibition (Dilimulati et al. 2023; Polito et al. 2023). The posi-
tive correlation between the density of E-to-E synapses in the
SLM and body weight retention during the FR days of KGD's
ABA2 suggests that KGD may have reduced synapse weak-
ening accompanying neuroinflammation, thereby improving
hippocampus-based cognitive abilities (Attaallah et al. 2024;
Sosa and Giocomo 2021), such as the decision to navigate to-
wards food rather than to run on a wheel due to anxiety, leading
to better body weight retention.

KGD boosts mitochondria biogenesis (Bough et al. 2006),
which leads to an increase in ATP production. Enhancement
of ATP production as well as of ketone bodies under the con-
dition of KGD augments K,., channel activity of excitable
cells, including hippocampal neurons (Tanner et al. 2011),
serving to reduce epileptic seizures of seizure-prone brains.
Such augmentation of K,;, channel activity may have
worked in concert with GABAergic synaptic inhibition to sup-
press the excitability of the hippocampus of ABA brains. We
surmised that such structural changes to mitochondria and
synapses might have been sustained even after KGD with-
drawal. Unfortunately, these structural changes, if applica-
ble to ABA, did not sustain behavioral amelioration without
ketamine.

4.3 | Sub-Anesthetic Ketamine as an Adjunctive
Therapy for Short-Term KGD

While KGD has efficacy in reducing ABA's maladaptive be-
haviors, long-term adherence to KGD may pose several risks.
Chronic use of KGD has been associated with adverse metabolic
effects, including dyslipidemia, characterized by elevated levels
of low-density lipoprotein (LDL) and total cholesterol, which
may increase cardiovascular risk over time (Liu et al. 2018).
Nutritional deficiencies are another concern, as the restrictive
nature of the diet can lead to inadequate intake of essential vita-
mins and minerals, such as vitamin D, calcium, and selenium,
necessitating ongoing supplementation (Kossoff et al. 2018).
Gastrointestinal issues, such as constipation, diarrhea, and
abdominal pain, are common and may persist with prolonged
use. Long-term KGD use may also impact bone health, with
studies suggesting reduced bone mineral density (Bergqvist
et al. 2005). Cellular senescence is yet another potential com-
plication accompanying long-term KGD (Wei et al. 2024).
These risks underscore the importance of regular monitoring
and individualized management to mitigate potential harms
while maintaining therapeutic benefits. Within the context of

AN treatment, we noted previously (Dong et al. 2024) and in
this study (Figure 2b,c) that long-term maintenance on KGD
has the drawback of delaying weight restoration of ABA ani-
mals in recovery. A welcomed finding of this study is that co-
administration of KET with KGD prolongs KGD's protective
effects for 28 days (two subsequent cycles of ABA), minimizing
ABA vulnerability during relapses, even after cessation of KGD.
During ABA2, the KGD + KET=>SD group, which went off of
KGD, consumed food significantly more than those that contin-
ued on KGD (KGD=>KGD). During recovery from ABA2, the
KGD+KET=>SD also consumed food significantly more than
those recovering on KGD->KGD. These findings provide hope
that KGD can be curtailed to become short-term when accompa-
nied by sub-anesthetic KET. This shift of KGD's transient effect
to becoming prolonged may arise from KET's ability to enhance
neuroplasticity (described below), complementing KGD's meta-
bolic, structural, and synaptic plasticity-promoting actions de-
scribed above.

Ketamine, alone, has been shown to reduce maladaptive behav-
iors in ABA by enhancing glutamatergic synaptic plasticity in
the prefrontal cortex (Li et al. 2024; Temizer et al. 2023) and
GABAergic synaptic plasticity in the PCL of the hippocampus
(Dong et al. 2025). The prefrontal cortex and hippocampus
are two regions critically involved in anxiety regulation, cog-
nitive flexibility, and decision making—to eat or to run (Aoki
and Santiago 2022). Insights into the molecular mechanisms
underlying sub-anesthetic ketamine's action in the brain have
progressed mostly from animal models of stress-induced depres-
sion. Ketamine is a dissociative anesthetic and non-competitive
open-channel blocker of NMDA receptors. At a sub-anesthetic
dose, ketamine is hypothesized to selectively target overly ac-
tive synaptic pathways underlying maladaptive behavior and
thoughts (Kim et al. 2023; Li et al. 2024; Temizer et al. 2023).
As for sub-anesthetic ketamine's sustained action as an anti-
depressant, it evokes de novo synthesis of multiple synaptic
proteins, in addition to BDNF, through de-suppression of local
(synapse-specific) protein synthesis. BDNF signaling leads to
the phosphorylation of MeCP2 which, in turn, regulates tran-
scription of multiple genes (Kim et al. 2023). This multi-step
change in gene transcription, signaling pathways, plus recruit-
ment of the CaMKII-dependent calcium signaling (known to be
auto-sustained) is theorized to converge, producing ketamine's
prolonged antidepressant effects.

Ketamine's sustained effects as an antidepressant are well-
recognized, but most of the in vivo and in vitro assays using
animal models were conducted within a day or a week after
ketamine administration. By contrast, the KGD+KET=>»SD
ABA animals of this study were shown to exhibit the sustained
benefit of ketamine for much longer—14-28 days. The combined
KGD +KET treatment may evoke plasticity in ways that are sim-
ilar to the above-described steps for antidepression but ampli-
fied, through initiation of signaling pathways arising separately
from ketamine and KGD and converging to up-regulate BDNF
synthesis. Conversely, the reason KGD, alone, could not sus-
tain ABA resilience in the absence of ketamine may be because
GABAergic synapses withdrew in the absence of ketamine or
KGD. This theory can be tested in the future by comparing
GABAergic synapses in the hippocampus of KGD=>SD versus
KGD +KET=SD animals.
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4.4 | Future Directions

Other than using ketamine to prolong KGD's benefit, intermit-
tent KGD cycles or exogenous ketone supplementation may help
maintain KGD's effects. Biomarkers, such as baseline TLR4
activity and assessment of GABA levels within discrete brain
regions, including the hippocampus, may help to personalize
treatments of AN relapses. Our study focused primarily on
hippocampal mechanisms, leaving unexplored other pathways
critically involved in habit formation and anxiety regulation,
such as the cortico-striatal circuits and amygdala-based fear
networks. Studies are underway to examine how KGD, with and
without ketamine, modulates these systems for gaining a more
comprehensive understanding of their therapeutic action.

4.5 | Translational Implications

Two earlier case studies that inspired this preclinical study re-
ported that ketamine, combined with KGD, is a recommend-
able treatment for AN relapse (Calabrese et al. 2022; Scolnick
et al. 2020). The case studies reported on six patients, all outpa-
tient females but with severe and enduring AN. This preclinical
study analyzed 71 adult mice, building on two prior studies that
analyzed the efficacy of KGD alone (N=25) (Dong et al. 2024)
and ketamine alone (N=14) (Dong et al. 2025). Results of the
current study are robust, revealing significant differences in
ABA vulnerability among the groups on KGD versus SD versus
KGD +KET. Given the challenges of dietary adherence in indi-
viduals with AN, the combinatorial approach of KGD + KET may
offer a more feasible strategy for reducing relapse risks. While
further studies are needed to determine underlying mechanisms
and clinical applicability, these results indicate that brief meta-
bolic and pharmacological interventions synergize to enhance
long-term behavioral stability.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: EM analysis reveals un-
changing composition of synapse types in SLM of KGD, compared to
SD. Unpaired two-way t-test results show lack of differences across the
KGD versus SD groups, comparing the areal density of I-to-I (a), I-to-E
(c), E-to-I (e) and E-to-E (f) synapses in the SLM. The proportion of all
GABAergic axons engaged in I-to-I (b) and I-to-E (d) synapses are also
shown to not differ across the groups (panels b, d and f).
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