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Research Article

Abstract

D-Allulose influences feeding and metabolism, but hypothalamic responses to oral exposure

remain incompletely understood. We compared water, 10% sucrose and 13% D-allulose using
1
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drinking assays, hypothalamic immunofluorescence and peripheral histology in mice. Sucrose
showed the highest consumption and lowest accompanying chow intake, without significant
differences in body-weight change. After fluid familiarization and oral challenge, allulose yielded
the highest mean c-FOS co-labeling in neuropeptide Y (NPY)-positive cells, with an exploratory
overall difference but nonsignificant pairwise comparisons. Spatial analysis suggested greater
clustering of c-FOS-positive NPY cells under allulose (unadjusted p = 0.0286, Holm-adjusted p =
0.0571). Exploratory comparisons also showed higher arcuate c-FOS labeling with allulose than
sucrose and higher proopiomelanocortin (POMC)-associated co-labeling than water, although
regional omnibus tests were nonsignificant. POMC spatial organization and regional glial staining
showed no significant differences. First exposure after a 16-hour fast produced no significant
difference in ACTH/CLIP-associated c-FOS co-labeling. Computational histology showed greater
relative representation of liver nuclei classified as epithelial-like under allulose. These findings
characterize consumption patterns and suggest a spatially grouped NPY -associated response to oral

allulose that warrants investigation with matched imaging and functional measurements.

Keywords: D-allulose, hypothalamus, c-FOS, feeding behavior, microglia, neuropeptide Y

Introduction

D-Allulose is a low-energy C-3 epimer of fructose used as a sugar substitute. Controlled

human studies have reported reductions in postprandial glycemic responses when allulose was
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consumed with sucrose or meals, although effects vary with dose, study population and outcome
[1, 2, 3]. In mice, oral allulose promotes the release of glucagon-like peptide-1 (GLP-1) from
intestinal enteroendocrine L cells and reduces short-term food intake through mechanisms
involving vagal afferents [4, 5]. Intragastric allulose also increases GLP-1, cholecystokinin and
peptide YY in humans [6]. These gastrointestinal responses provide a rationale for examining

hypothalamic circuits that integrate metabolic signals to regulate feeding.

The arcuate nucleus of the hypothalamus (ARC) integrates circulating metabolic signals and
neural inputs involved in feeding and peripheral metabolism [7]. Its heterogeneous agouti-related
peptide/neuropeptide Y (AgRP/NPY) and proopiomelanocortin (POMC) populations participate in
overlapping metabolic circuits [8, 9, 10]. AgRP/NPY neurons generally promote feeding whereas
POMC-derived melanocortin signaling can suppress it. The activity of both populations also
depends on sensory cues, nutritional state and time since ingestion. Food presentation rapidly
changes AgRP and POMC calcium signals, while gastrointestinal nutrients sustain suppression of
AgRP activity [11, 12, 13]. Experimental manipulation of these populations has further clarified
their coordinated contributions to feeding and glucose regulation [14]. Accordingly, c-FOS co-
labeling can help identify stimulus-responsive populations but does not directly establish hunger,

satiety or reciprocal activity between AgRP/NPY and POMC neurons.

Direct neuronal exposure and oral administration address different routes of allulose action.
Yada and colleagues demonstrated that allulose reduced calcium oscillations in a subset of isolated
mouse ARC NPY neurons and increased intracellular calcium in a subset of POMC neurons [15,
16]. They also showed that intracerebroventricular allulose reduced food intake [15, 16]. Following
oral administration, intestinal GLP-1 release and vagal afferent signaling provide a route through
which gut exposure can influence feeding without requiring direct neuronal contact with allulose
[4, 17, 18]. Moreover, radiotracer experiments using '“C-labeled D-psicose (D-allulose) found
lower brain-associated radioactivity than in blood, liver or kidneys after oral administration in rats

[19]. No brain signal was detected after intravenous administration in mice followed by vascular
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perfusion. Thus, peripheral signaling provides a plausible link between oral allulose and

hypothalamic responses, while the contribution of direct neuronal exposure remains unresolved.

Glial cells also contribute to hypothalamic metabolic regulation. Radial-like cells tanycytes
lining the third ventricle and median eminence (ME) participate in nutrient sensing and exchange
at the brain—periphery interface [20, 21]. Also, astrocytes and microglia interact with neuronal
populations involved in feeding [22, 23]. Importantly, experimental astrocyte stimulation can
inhibit AgRP neurons, while meal-related hyperglycemia can alter glial coverage of POMC neurons
[24, 25]. These interactions provide a rationale for examining glial staining and morphology

alongside neuronal responses to oral sugar exposure.

Here, we combined drinking assays with hypothalamic and peripheral histology to compare
responses to water, 10% sucrose and 13% D-allulose in mice. Single- and two-bottle assays
characterized fluid consumption, solution selection, chow intake and body-weight change.
Following fluid familiarization and an oral challenge, we quantified regional c-FOS labeling and
its association with NPY-positive and POMC-positive cells. We examined both the frequency and
spatial organization of co-labeling to determine whether differences in the proportion of labeled

cells were accompanied by local clustering within these populations.

Also, we assessed accompanying glial features using Ibal and GFAP immunofluorescence
and computational analysis of microglial morphology. A separate cohort received its first sugar
challenge after a 16-hour fast to examine c-FOS co-labeling in POMC-related cells identified by
ACTH/CLIP immunoreactivity. Peripheral histology evaluated liver, kidney and spleen. Our
analyses suggest greater spatial clustering of c-FOS-positive NPY cells under allulose and identify
differences in consumption patterns and predicted hepatic nuclear composition across exposure
conditions. The NPY-associated spatial pattern provides a basis for investigating whether oral
allulose recruits spatially grouped hypothalamic neurons and how such responses might contribute

to feeding regulation.
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Results

Sucrose consumption was highest across the drinking assays and accompanied lower
chow intake

We first compared fluid consumption and body-weight change during single-bottle
exposure to water, 10% (w/v) sucrose or 13% (w/v) allulose. Measurements on days 1, 3 and 6
characterized the trajectories, with day 6 used for the primary comparisons. Cages were the

independent units, and animal-level weight changes were averaged within each cage.

Cumulative fluid consumption over time is shown in Figure 1A. At day 6, sucrose had the
highest mean consumption (107.0 mL/cage), compared with water (26.7 mL/cage) and allulose
(38.8 mL/cage) (Figure 1B). Consumption differed overall by one-way ANOVA (p =0.0102) and
exact cage-label permutation testing (p = 0.00916). Pairwise comparisons suggested higher sucrose
consumption than either alternative, with Holm-adjusted p = 0.0714 for both contrasts. Complete

cage measurements and statistical results are provided in Supplementary Table S2.

Body-weight trajectories are shown in Figure 1C. At day 6, mean body-weight change was
—8.20% under allulose, —0.61% under water and +0.52% under sucrose, with substantial variation
among allulose cages (Figure 1D). The overall difference was not significant (ANOVA p =0.118,

exact permutation p = 0.0742).

Sex-stratified trajectories showed the greatest mean weight decrease in allulose-exposed
males, as depicted in Supplementary Figure S1C. Sucrose-exposed females had the highest fluid
consumption (Supplementary Figure S2A). These patterns are descriptive because the female
water group contained one cage and no treatment-by-sex interaction was tested. Animal and cage

assignments are provided in Supplementary Table S1.

To examine solution selection when water remained available, we performed a seven-day
two-bottle assay. Each cage housed two mice and received one water bottle plus a second bottle

containing water, 10% sucrose or 13% allulose. Control cages therefore received two water bottles.
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Bottle positions were alternated daily, and we measured consumption from each bottle, chow intake

and body-weight change.

Mean consumption from the test bottle was 36.97 g/cage/day for sucrose, 10.01 for water
and 11.70 for allulose (Supplementary Figure S4A). Consumption from the accompanying water
bottle is shown separately in Supplementary Figure S4B. Sucrose and allulose solutions accounted
for 88.2% and 49.3% of total fluid intake, respectively. In control cages, consumption was nearly
evenly divided between the two water bottles, with 51.6% consumed from the designated test bottle

(Supplementary Figure S4C).

Mean chow intake was approximately halved under sucrose (3.51 versus 7.10 and 7.14
g/cage/day under water and allulose, respectively) (Supplementary Figure S4D). Overall
differences were detected for solution consumption, solution fraction and chow intake (all ANOVA
p <0.001), although exact pairwise comparisons were nonsignificant. Body-weight change did not
differ significantly (p = 0.661) (Supplementary Figure S4E). These observations are consistent
with partial substitution of liquid for solid dietary energy. Cage-level measurements and complete

statistical results are provided in Supplementary Table S2.

Arcuate c-FOS labeling after oral challenge

We next examined whether oral allulose or sucrose exposure was associated with
differences in hypothalamic c-FOS labeling. Mice received their assigned fluid—water, 10%
sucrose or 13% allulose—for seven days, followed by two days with water. After a four-hour fast,
each mouse received a 200-uL oral challenge with the same fluid used during familiarization

(Figure 2A).

We used nuclear c-FOS staining as a marker of stimulus-associated gene expression [26].
Automated segmentation followed by human review identified DAPI-labeled nuclei and c-FOS-

positive nuclei within the ARC, ME, ventromedial nucleus (VMN) and adjacent tissue. The nuclear
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maps show the reviewed anatomical boundaries used to assign nuclei to each region (Figure 2B).
Representative microscopy illustrates DAPI and c-FOS staining across the three exposure
conditions (Figure 2C). For each animal and region, we calculated the percentage of DAPI-labeled
nuclei that were also ¢-FOS positive. The manual correction and model-retraining workflow is

described separately in the Methods and illustrated in Supplementary Figure S7A.

In the ARC, this percentage averaged 8.05% under allulose and 3.83% under sucrose, a
difference of 4.22 percentage points (unadjusted exact Mann—Whitney U p = 0.0411) (Figure 2D).
The overall comparison across water, sucrose and allulose was nonsignificant in the ARC (ANOVA
p = 0.133) and the other regions examined. Thus, the pairwise comparison suggests a possible
difference in arcuate c-FOS labeling between allulose and sucrose, although its unadjusted
statistical support remains exploratory. Regional measurements, sample sizes and complete

statistical results are provided in Supplementary Table S3.

NPY-associated labeling and spatial clustering after oral exposure

We next examined c-FOS co-labeling and spatial organization in NPY-GFP mice because
AgRP/NPY neurons respond to both sensory and gastrointestinal food signals [11, 12, 13].
Representative microscopy shows NPY-GFP and c-FOS labeling (Figure 3A). Reviewed nuclear-
assignment maps illustrate the water condition (Figure 3B), sucrose condition (Figure 3C) and
allulose condition (Figure 3D), respectively. Each animal contributed one accepted field, with

endpoint-specific inclusion recorded in Supplementary Tables S1 and S3.

The mean c-FOS-positive fraction of NPY-positive cells was highest under allulose
(25.4%), compared with water (12.5%) and sucrose (3.6%) (Figure 3F). An exploratory overall
difference was detected by an enumerated Welch permutation test (p = 0.0167), while pairwise
comparisons were nonsignificant. The corresponding total c-FOS/DAPI fractions were 6.8%, 3.6%

and 1.8% under allulose, water and sucrose, respectively (overall p = 0.0747) (Figure 3E).
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We next asked whether oral exposure was associated with differences in how c-FOS-
positive cells were arranged within the sampled tissue, beyond differences in overall labeling
frequency. For each animal, we counted pairs of c-FOS-positive cells located within a specified
distance of one another, repeating this calculation over 20—150 pm. We compared these counts with
those expected under random labeling, keeping the observed cell positions and total number of
positive cells fixed. This approach assesses whether labeled cells occur close together more often
than expected from their abundance and the underlying distribution of cells. An example within the
NPY population illustrates the pair-counting procedure (Figure 3G). The resulting clustering
profiles were compared across exposure conditions using a global envelope test that evaluated the
full distance range. For total c-FOS labeling, these profiles did not differ significantly among water,

sucrose and allulose conditions (global envelope p = 0.2201) (Figure 3H).

Within the NPY population, allulose showed a pattern of greater c-FOS-positive cell
clustering, with exploratory statistical support (global envelope p = 0.0286, Holm-adjusted p =
0.0571) (Figure 3I). The between-condition statistic exceeded the nominal envelope over 30—-150
um. This pattern suggests spatially grouped labeling within the NPY population and motivates
functional investigation. Spatial comparisons included three animals per condition because two
water fields contained fewer than two double-positive cells and could not yield clustering curves.
Acquisition differences and uncertain cage independence are considered in the Discussion. Curves,

pair counts, conditional moments and complete tests are provided in Supplementary Table S3.

POMC-associated c-FOS labeling and spatial organization

We next examined c-FOS co-labeling in POMC-immunoreactive cells after the same fluid-
familiarization and oral-challenge protocol. We analyzed the ARC, where POMC neurons
participate in feeding and metabolic regulation [9, 10, 14], and the adjacent ME, which contributes
to communication between the brain and peripheral metabolic signals [20, 21]. Sections were

obtained from wild-type and NPY-GFP mice. In both genotypes, POMC-immunoreactive cells



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

were identified using an anti-POMC antibody, and we quantified the proportion that also showed

nuclear ¢-FOS staining.

A representative section from an allulose-exposed mouse illustrates how POMC-associated
c-FOS labeling was identified. DAPI staining marks the nuclei (Figure 4A). The c-FOS channel
shows nuclear immunoreactivity (Figure 4B), while the POMC channel identifies POMC-
immunoreactive cells (Figure 4C). The segmentation map shows the objects retained for
quantification and the anatomical boundaries used to assign them to the ARC or ME (Figure 4D).
The merged image includes an enlarged example of a POMC-immunoreactive cell with nuclear c-
FOS staining (Figure 4E). In this NPY-GFP mouse, the additional GFP channel identifies NPY -
associated fluorescence used to apply the overlap-exclusion criterion described in the Methods

(Figure 4F).

We first quantified total c-FOS labeling as the percentage of DAPI-labeled nuclei that were
c-FOS positive. This measure showed no significant overall difference among exposure conditions
in either the ARC or ME (Figure 4G). We then calculated the percentage of POMC-
immunoreactive cells that also showed nuclear c-FOS staining. In the ARC, this percentage
averaged 25.6% under allulose, 18.4% under water and 22.0% under sucrose (Figure 4H). The
allulose—water difference was 7.2 percentage points, with an unadjusted exact Mann—Whitney U p
= 0.0476. However, the overall comparison across the three conditions was nonsignificant (p =
0.1765), as was the allulose—water comparison using cage means (p = 0.200). The higher mean co-

labeling under allulose therefore represents an exploratory observation.

We next examined whether exposure conditions differed in the spatial clustering of c-FOS-
positive cells in the ARC, using the same distance-based approach over 20—150 um. Total c-FOS
clustering showed no significant difference among conditions (Holm-adjusted global envelope p =
0.5855) (Figure 41I). When the analysis was restricted to the POMC-immunoreactive population,
clustering of c-FOS-positive cells also did not differ significantly (Holm-adjusted global envelope

p = 0.7354) (Figure 4J). Sparse c-FOS/POMC co-labeling in the ME prevented the corresponding

9
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spatial comparison. Supplementary Table S3 provides the animal-level measurements, cell counts
used as denominators, spatial results and sensitivity analyses examining cage-level aggregation and

cell-size filtering.

First-exposure ACTH/CLIP-associated labeling showed no significant group differences

To complement the familiarized-challenge experiments, we examined responses to an initial
oral challenge after a longer fast. An independent cohort received water, sucrose or allulose after
16 hours of fasting, without prior sugar familiarization. This fasting duration has been used to
investigate allulose-associated feeding suppression [4], and POMC responses can vary with feeding
state and the timing of measurement [11, 27]. In this cohort, we identified POMC-related cells using
an ACTH/CLIP antibody that recognizes a sequence present in both the POMC precursor and its
ACTH/CLIP products. The staining therefore detects POMC-related immunoreactivity without
distinguishing the intact precursor from these processed peptides. Representative microscopy
illustrates the ACTH/CLIP signal (Supplementary Figure S5C). The nuclear-classification map
shows the labeling assignments and anatomical boundaries used for regional quantification

(Supplementary Figure SSD).
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We first calculated the percentage of DAPI-labeled nuclei that were c-FOS positive. This
measure showed no significant overall difference among exposure conditions in either the ARC (p
=0.641) or ME (p = 0.676) (Supplementary Figure S5G). We then assessed c-FOS co-labeling
within the ARC ACTH/CLIP-immunoreactive population. The percentage of these cells that also
showed nuclear c-FOS staining did not differ significantly among conditions (p = 0.550)

(Supplementary Figure SSH).

To examine how labeling was distributed across the tissue field, we divided each field into
six radial shells containing approximately equal numbers of DAPI-labeled nuclei, after excluding
the third ventricle. Within each shell, we calculated the percentage of DAPI-labeled nuclei that were
c-FOS positive. These spatial profiles showed no significant group difference (BH-adjusted q =
0.464) (Supplementary Figure S5I). We also calculated the percentage of DAPI-labeled nuclei
that were positive for both c-FOS and ACTH/CLIP within each shell. These double-positive profiles
likewise showed no significant group difference (BH-adjusted q = 0.464) (Supplementary Figure
S5J). Restricting the analyses to wild-type animals did not change the interpretation.
Supplementary Table S3 provides the regional counts, co-labeling fractions, radial-shell

measurements and sensitivity analyses.

Regional glial intensity and predicted microglial morphology

We next examined Ibal and GFAP staining and microglial morphology alongside the
neuronal measurements because glial interactions can influence feeding-related ARC neurons [24,
25, 28]. Representative Ibal staining shows microglial labeling within the reviewed anatomical

regions (Figure SA). GFAP staining is illustrated separately (Figure SB).

The GFAP example illustrates background estimation and thresholding before regional
intensity measurements (Figure SE). Separate channel maps show how the glial signals were
assigned to anatomical regions (Figure S5F). Background-corrected Ibal intensity showed no

significant overall differences in the ARC, ME or VMN (Figure 5G). GFAP intensity also showed
11
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no significant regional differences (Figure 5I). All regional ANOVA p values for these two markers

were > (0.316.

We used TinyMorphCNN, a convolutional neural network trained for this study, to classify
individual Ibal-positive cells into four predicted morphology categories: ramified, rod-like,
“activated” and amoeboid. The workflow shows how individual cell images were extracted and
classified (Figure SC). A representative section illustrates the proportion of cells assigned to each
category (Figure 5D). For treatment comparisons, we combined the percentages assigned to the
“activated” and amoeboid categories. These labels describe predicted cell shapes and do not

establish inflammatory or functional activation.

The combined percentage was numerically lowest under sucrose in both regions. In the
ARC, it averaged 48.9% under sucrose, compared with 51.9% under water and 51.0% under
allulose. In the ME, it averaged 43.3% under sucrose, compared with 50.7% under water and 49.9%

under allulose (Figure SH).

Several pairwise comparisons between exposure conditions had unadjusted p values below
0.05 when animals were treated as the independent units. However, the overall comparisons across
the three conditions were nonsignificant in each region, as were the analyses using cages as the
independent units. Therefore, these morphology differences remain exploratory. Supplementary
Table S4 provides regional staining intensities, cell counts, morphology-class fractions and the

complete animal- and cage-level statistical comparisons.

Morphometric classification showed greater agreement with human microglial labels

To assess how closely automated morphology classifications agreed with human
assessment, we compared two approaches on the same set of human-reviewed microglial cells. The
first assigned categories using quantitative cell-shape measurements and fixed classification rules.

The second used image features extracted by the pretrained DINOv2 model as inputs to a classifier

12
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[29]. This benchmark was separate from the TinyMorphCNN analysis used to compare morphology

across exposure conditions.

The benchmark included 203 cells from 15 animals. We measured performance using
balanced accuracy, which gives equal weight to the proportion of correctly classified cells in each
morphology category. Balanced accuracy was 73.9% for the morphometric approach (95% animal-
bootstrap interval 67.4-81.1%) and 57.0% for the DINOv2-based classifier (49.3—-65.2%). The
paired difference favored morphometry by 16.9 percentage points (95% interval 7.8-25.1), with

uncertainty estimated by resampling animals (Supplementary Figure S6A).

We then examined recall within each category, defined as the percentage of human-labeled
cells that the automated method assigned to the same category. Morphometry had higher recall for
ramified, rod-like and “activated” cells. The DINOv2-based classifier had higher recall for
amoeboid cells, correctly identifying 74.6%, compared with 66.2% for morphometry
(Supplementary Figure S6B). These categories describe cell shape rather than functional

activation.

The morphometric confusion matrix shows which human-assigned categories were
correctly identified and which were confused with other categories (Supplementary Figure S6C).
The DINOV2 confusion matrix presents the corresponding pattern of correct assignments and

classification errors (Supplementary Figure S6D).

The DINOv2-based classifier was evaluated using nested leave-one-animal-out validation,
with each animal’s cells held out from classifier fitting when generating their predictions. The
morphometric rules were not fitted to the human labels, although their unsupervised preprocessing
used the complete cell collection. This difference in evaluation should be considered when
interpreting the performance comparison. Supplementary Table S4 provides the paired cell-level

predictions, category-specific performance measures and bootstrap draws.
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Allulose was associated with a shift in predicted hepatic nuclear composition

We next examined liver, kidney and spleen tissue from mice in the single-bottle experiment
to assess whether fluid exposure was associated with differences in peripheral histology.
Measurements were summarized for each animal, and treatment comparisons accounted for cohort.
The sampling workflow illustrates how tissue regions and microscopic fields were selected for
analysis (Supplementary Figure S3A). We assessed conventional hematoxylin and eosin (H&E)
staining and morphology measures, together with the relative proportions of nuclear categories
predicted by computational image analysis. To summarize differences in predicted nuclear
composition, we calculated each animal’s distance from the water-control reference for the
corresponding organ. Larger distances indicate a composition that differs more from the water
reference across the categories considered together (Supplementary Figure S3B). Representative
H&E images show the tissue morphology and examples of liver nuclei assigned to the epithelial-
like category (Supplementary Figure S3C). Principal-component plots provide a complementary
visualization, with nearby points representing animals with more similar predicted nuclear

compositions (Supplementary Figure S3D).

Conventional H&E measurements showed no significant treatment contrasts across the
three organs after correction for multiple comparisons. For example, mean hepatic nuclear density
was numerically lower under allulose than water, at 6,733 and 8,924 nuclei/mm?, but this difference
was nonsignificant after correction (q = 0.23520). Effect estimates and confidence intervals for the

conventional histological measurements are shown (Supplementary Figure S3E).
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The composition analysis identified greater relative representation of nuclei classified as
epithelial-like in the liver under allulose than water (cohort-adjusted ratio 4.06, 95% CI 2.22-7.42,
global BH q = 0.02418) (Supplementary Figure S3F). This ratio compares the epithelial-like
category with the geometric mean of the nuclear categories included in the analysis. It therefore
describes a difference in relative predicted composition and does not establish an increase in
absolute hepatocyte number. No other predicted-composition contrast remained significant after
global multiple-testing correction. Supplementary Table SS provides the animal-level histological
measurements, predicted nuclear-category counts, composition values and cohort-adjusted

statistical comparisons.

Discussion

This study characterizes behavioral, hypothalamic and peripheral responses to oral allulose
and sucrose exposure. The central observation is a spatial pattern suggestive of greater clustering
of c-FOS-positive NPY cells under allulose, accompanied by the highest mean c-FOS co-labeling
within this population. Together, these observations raise the possibility that oral allulose is
associated with spatially grouped responses within the NPY population. Distinct drinking patterns
and a difference in predicted hepatic nuclear composition provide complementary findings,

although their functional relationships with the hypothalamic observations remain to be established.

Sucrose showed the highest cumulative consumption in the single-bottle assay (Figure 1B).
Its preferential consumption was also apparent when water remained available in the two-bottle
assay (Supplementary Figure S4A). This was accompanied by approximately half the chow intake
observed under water or allulose (Supplementary Figure S4D), consistent with partial substitution
of liquid for solid dietary energy. Similar reductions in chow intake have been reported during
longer liquid-sucrose exposure, with the effects on total energy intake and adiposity depending on

how sucrose is delivered [30]. The behavioral findings therefore emphasize the importance of
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considering fluid and chow consumption together when interpreting responses to sweetened

solutions.

Sustained solution selection also integrates more than immediate sweet-taste acceptance.
Allulose activates the human T1R2/T1R3 receptor in a cellular assay [33], yet mice can show briet-
access licking followed by conditioned avoidance after training with 8% allulose [34]. Adding
allulose to sucrose likewise affects intake and preference differently across experimental settings
[35]. Studies of sucralose further illustrate this dependence on exposure conditions. Although
chronic exposure implicated NPF/NPY pathways [36], subsequent work attributed increased
feeding in flies to reduced intake during the exposure period [37]. These findings highlight
sweetener identity, post-ingestive consequences and exposure history as relevant context for the

drinking patterns observed here.

Body-weight change did not differ significantly during the brief intervention. Longer studies
have reported altered fat accumulation after four weeks of dietary allulose in rats [31] and weight
reduction after ten days of allulose gavage in obese mice [32]. Differences in treatment duration,
delivery and baseline metabolic state limit direct comparison with the present study. Our pilot-based
simulations also indicated that detecting weight-change differences would require more
independent cages (Supplementary Figure S8B) than detecting consumption differences
(Supplementary Figure S8A). These estimates can inform future behavioral studies, but they do

not establish the adequacy of the neuronal sample sizes.

The NPY analysis adds a spatial dimension to the assessment of hypothalamic responses.
Allulose produced the highest mean proportion of NPY-positive cells co-labeled with c-FOS, with
an exploratory overall difference among exposure conditions (Figure 3F). The distance-based
analysis then asked whether positive cells were located near one another more often than expected
given each animal’s cell positions and number of labeled cells. It suggested greater NPY -associated
clustering under allulose (unadjusted p = 0.0286, Holm-adjusted p = 0.0571) (Figure 3I). By

accounting for labeling abundance and the underlying distribution of cells, this analysis addresses
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a feature that is not captured by co-labeling percentages alone. The resulting pattern provides a
basis for testing whether spatially grouped NPY populations participate in responses to oral allulose.
Demonstrating coordinated activity or anatomical connectivity would require additional

measurements.

The interpretation of this pattern depends on the biological readout and sampling time.
Higher ARC c-FOS labeling under allulose than sucrose provided an additional exploratory
indication of differing arcuate responses. However, the 30—40-minute collection window and the
measurement of c-FOS expression address a different aspect of neuronal responsiveness from
calcium recordings during rapid responses to food cues and intestinal nutrients [11, 12, 13]. c-FOS
reflects stimulus-associated gene expression and does not directly quantify firing rate or peptide
release [26]. Consequently, greater NPY-associated labeling cannot by itself be interpreted as

increased orexigenic output or a prediction of subsequent feeding.

Oral administration preserves exposure through the mouth and gastrointestinal tract and
permits peripheral signals to contribute to hypothalamic responses. This distinguishes our approach
from intracerebroventricular (ICV) administration, which delivers allulose directly into the central
nervous system and has been shown to reduce food intake [15, 16]. Dose also matters when
comparing oral challenges with direct neuronal experiments. Allulose reduced calcium oscillations
in a subset of isolated NPY neurons at 56 mM [15], while POMC calcium responses were reported
at 5.6-56 mM [16]. Our 26-mg oral challenge corresponds to 1.04 g/kg in a 25-g mouse, but this
administered dose does not specify the concentration reaching hypothalamic cells. Oral studies
implicate intestinal GLP-1 release and vagal signaling in feeding suppression [4, 5]. Intestinal
distension [18], cooperation between GLP-1 and insulin at vagal afferents [17], and
enteroendocrine—vagal transmission [38] offer candidate mechanisms through which peripheral

exposure could influence hypothalamic responses.

Direct hypothalamic exposure remains an open question. Radiotracer studies detected low

brain-associated radioactivity after oral dosing in rats and no detectable brain signal after
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intravenous dosing followed by vascular perfusion in mice [19]. These measurements support
investigating peripheral signaling, although whole-brain measurements cannot resolve exposure at
the specialized ARC-ME interface [20, 21]. Evidence that intestinal uptake can involve GLUTS
[39] establishes a potential absorption mechanism, but local measurements of allulose would be

needed to determine whether direct neuronal exposure contributes under the present conditions.

The four-hour fast was intended to standardize recent feeding while limiting the duration of
imposed food deprivation. Combined with prior fluid familiarization and ingestion by licking from
a pipette tip, this protocol captures features of episodic sweetener consumption relevant to human
dietary exposure. Its translational relevance lies in the route and pattern of exposure. A four-hour
fast in mice should not be assumed to reproduce the metabolic state of a human interval between

meals.

The consistency of the NPY spatial pattern will also depend on controlling anatomical and
technical variation. Spatial comparisons are sensitive to the tissue sampled and to differences among
animals [40, 41]. Here, water acquisitions included different microscopes and staining batches, and
cage membership was unavailable for the NPY analysis. Matching pixel size and using physically
calibrated distances improved comparability, but could not eliminate differences in optical
sectioning or labeling detection [42]. These considerations make matched acquisition, comparable

anatomical sampling and independently assigned cages priorities for replication.

The POMC findings broaden the neuronal context without establishing a reciprocal response
between the two populations. Mean POMC-associated co-labeling was higher under allulose than
water, supported by an exploratory unadjusted contrast, while omnibus, cage-level and spatial
comparisons were nonsignificant. Direct POMC calcium responses to allulose provide biological
context [16], but POMC heterogeneity [9, 10] and coordinated AgRP/NPY—-POMC contributions
to feeding and glucose regulation [14] argue against interpreting their c-FOS patterns as a simple
opposing switch. Measurements of activity and peptide output would help determine how the

observed labeling relates to the functions of these populations.
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No significant ACTH/CLIP-associated co-labeling difference was detected in the first-
exposure cohort after a 16-hour fast (Supplementary Figure SSH). Although this fasting duration
matched a previous study of allulose-associated feeding suppression [4], post-challenge intake was
not measured here. Exposure history, fixation and staining also differed from the familiarized
cohorts, preventing attribution of their differing patterns specifically to familiarization. POMC-
dependent feeding effects [27], allulose-associated FGF21/oxytocin responses [35] and human
imaging responses [43] have been examined over different timescales. A matched time-course

experiment would help determine whether the present sampling captured only part of the response.

The glial measurements provided no clear evidence of treatment-associated differences
under the conditions examined. Regional Ibal and GFAP intensities were nonsignificant, and
nominal microglial morphology differences were unsupported by cage-level analyses. Although
Ibal participates in membrane remodeling and phagocytosis [44], staining intensity and predicted
shape categories are insufficient to establish functional or inflammatory states [45, 46]. Astrocyte
activity, glial coverage and microglial signaling can influence ARC circuits [24, 25, 28], while
longer sucrose exposure can induce glial responses [47]. The current measurements therefore leave

open the possibility of functional or later glial changes that were not resolved by this analysis.

The separate morphology benchmark showed greater agreement with the human reviewer
for fixed morphometric classifications than for the tested DINOv2-based classifier. This suggests
that explicit shape measurements can be useful for describing these images, while the performance
comparison remains specific to the selected cells and evaluation procedures. Morphometric
preprocessing included the complete cell collection, whereas DINOV?2 classifier fitting excluded the
animal being evaluated. The benchmark therefore does not establish general superiority of one
approach, and it does not independently validate the TinyMorphCNN treatment analysis or any

classifier as a measure of inflammation.

In organs collected from the single-bottle experiment, allulose was associated with greater

relative representation of liver nuclei classified as epithelial-like (Supplementary Figure S3F).
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This finding concerns predicted nuclear composition and should be distinguished from an increase
in hepatocyte number. Hepatic epithelial lineages include hepatocytes and cholangiocytes [48], but
a classifier developed on human tumor tissue cannot establish these identities in normal mouse liver
[49]. Hepatocyte binucleation further separates nuclear counts from cell counts [50]. The
composition difference therefore identifies a feature for targeted validation with cell-specific

markers and direct histological measurements.

This hepatic observation is relevant to previous reports of reduced lipid accumulation and
altered PPARY/CD36-related expression during longer allulose interventions in mice [51], glycogen
and triglyceride changes in rats [52], and reversible changes in organ weight [53]. Hepatic immune
and mitochondrial pathways have also been implicated during prolonged treatment [54]. These
studies provide plausible directions for follow-up, although the present nuclear-composition
measurement cannot distinguish changes in lipid storage, glycogen content, cell abundance or tissue
injury. The absence of significant conventional H&E contrasts after correction further limits

assignment of a specific hepatic mechanism.

Taken together, the findings support a testable hypothesis that oral allulose is associated
with spatially organized responses within the hypothalamic NPY population. The study also
documents distinct consumption patterns and a peripheral difference in predicted hepatic nuclear
composition. Small samples, undocumented randomization and blinding, uncertain NPY cage
independence and acquisition differences limit causal attribution. Replication with matched
imaging and anatomical sampling, combined with neuronal activity measurements and post-
challenge feeding assays, would establish whether the NPY spatial pattern is reproducible and

relevant to feeding regulation.
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Methods

Animals, ethics and study organization

We used male and female NPY-GFP mice (B6.FVB-Tg(Npy-hrGFP)1Lowl/J, stock
006417), POMC-GFP mice (C57BL/6J-Tg(Pomc-EGFP)1Low/J, stock 009593) and C57BL/6J
wild-type mice. All mice were purchased from The Jackson Laboratory and transferred to the
Centro Regional de Estudios Avanzados para la Vida animal facility at Universidad de Concepcion,
Chile (CREA-V UdeC). Single-bottle animals were one year old, first-exposure ACTH/CLIP
animals were 14 weeks old, and other cohorts were 11-14 weeks old. We housed the animals at the
Centro Regional de Estudios Avanzados para la Vida, Universidad de Concepcion, at 25 °C on a
12-hour light/dark cycle, with standard chow and assigned fluids except during fasting. All
experimental protocols were approved by the Scientific Ethics Committee of Universidad Catolica
de la Santisima Concepcion, Chile, for the project “Role of allulose in hypothalamic neuronal
activation” (ORD. No. 18/2025). All methods were performed in accordance with the relevant

guidelines and regulations.

The study included behavioral experiments, hypothalamic measurements after a
familiarized oral challenge, an independent first-exposure cohort and peripheral histology. Mounted
neuronal sections came from the single-bottle protocol, while the two-bottle cohort supplied POMC
and glial tissue. Endpoint inclusion depended on available image channels, anatomy and valid
denominators. Supplementary Table S1 lists animal identifiers, genotype, sex, cage, treatment and
inclusion. The primary single-bottle weight analysis included 24 animals in 12 cages. Six additional
water animals were analyzed separately. The two-bottle assay included 16 animals in eight cages.
POMC immunofluorescence included wild-type and NPY-GFP mice. Randomization and treatment

blinding were not documented. Reporting follows the relevant ARRIVE 2.0 items [55].

We extracted genomic DNA from approximately 2 mm of tail tissue in 75 pL of 25 mM

NaOH/0.2 mM EDTA at 95 °C for one hour. We cooled samples to 15 °C, neutralized them with
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75 uL of 40 mM Tris-HCI (pH 5.5) and centrifuged them at 4,000 rpm for three minutes at room
temperature. We stored supernatants at —20 °C. The NPY assay used 3 pL DNA with primers
0oIMR6223 (5'-TATGTGGACGGGGCAGAAGATCCAGG-3), oIMR6224 (5'-
CCCAGCTCACATATTTATCTAGAG-3") and 0IMR6225 (5'-GGTGCGGTTGCCGTACTGGA-
3"). PCR began at 95 °C for two minutes, followed by 35 cycles of 95 °C for 15 seconds, 57 °C for

15 seconds and 72 °C for 30 seconds. The final extension was 72 °C for five minutes.

The POMC assay used forward 5'-CTGTCCTCAGAAAGCCTTGG-3' and reverse
5'-CTGAACTTGTGGCCGTTTAC-3"  primers, with  internal-control = primers  5'-
CAAATGTTGCTTGTCTGGTG-3" and 5'-GTCAGTCGAGTGCACAGTTT-3". We resolved
products in 2% agarose in 1x TAE using MaestroSafe stain (031201), 6x Purple loading dye
(B7025S) and a FlashGel 100-bp—4-kb marker (50473), at 100 V for 40 minutes in a Wide Mini-
Sub Cell GT system (1704401), and imaged them with an Omega Lum G system. Supplementary

Table S1 lists genotype assignments.

Solution exposure and behavioral measurements

We assigned mice to water, 10% (w/v) sucrose or 13% (w/v) D-allulose, prepared with 10
g sucrose or 13 g allulose per 100 mL final solution. IANSA, Chile, supplied both sugars. The
manufacturer’s certificate of analysis provided by IANSA reported an allulose purity of 98.53% on
a dry basis. The study did not establish that the solutions were matched in sweetness, energy or
osmolarity. During familiarization, mice received their assigned fluid and standard chow for seven
days, followed by two days with water. After a four-hour fast, we placed a cut pipette tip at each
animal's mouth and allowed it to lick the complete 200-pL contents, supplying 20 mg sucrose or 26

mg allulose. The independent first-exposure ACTH/CLIP cohort followed a separate protocol.

We estimated fluid consumption per cage from the change in bottle volume in the single-
bottle experiment and bottle mass in the two-bottle experiment, without independent correction for
unmeasured fluid losses. For the single-bottle experiment, cumulative consumption was baseline

volume minus remaining volume, without conversion from mass. Twelve cages contributed
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(water/sucrose/allulose, 3/5/4), with 5/9/10 animals providing complete series of positive weight
measurements. We calculated each animal's percentage weight change from baseline, averaging
these changes within its cage and weighted cage means equally. We treated nonpositive weight

entries as invalid.

One animal, FR5-4, was transferred from allulose cage E2 to water cage E10 for dehydration
immediately after the day-6 measurement. Its pre-transfer measurements remained assigned to
allulose, and later weights were excluded from the primary analysis. E10/FR6-2 was assigned to

water. Supplementary Tables S1 and S2 record the transfer and endpoint exclusions.

The two-bottle assay included eight cages with two mice per cage. Control cages received
two water bottles, and other cages received one water bottle and one assigned sugar-solution bottle.
Bottle positions were alternated daily. We weighed bottles and food, excluded initialization entries
and summarized seven daily observations per cage in g/cage/day. Weight change was calculated
from the pre-exposure baseline. Solution fraction was the mass change in the assigned bottle divided
by the total change across both bottles. In controls, it describes consumption from the designated
water bottle. Measurements, refill checks and cage summaries are provided in Supplementary Table

S2.

Tissue collection and immunofluorescence

Thirty minutes after the familiarized oral challenge, mice received intraperitoneal ketamine
(150 mg/kg) and xylazine (15 mg/kg), as used for pre-perfusion anesthesia by Recabal et al. [56].
We assessed anesthetic depth for up to ten minutes and confirmed deep anesthesia by the absence
of pedal-withdrawal and blink reflexes. Animals were then euthanized by terminal transcardial
perfusion under deep anesthesia. After priming the line, we cannulated the left ventricle of the heart
and opened the right atrium. A perfusion pump delivered 10 mL cold PBS (pH 7.2-7.4), followed

by 50 mL cold 4% paraformaldehyde in PBS. Liver blanching indicated the initial vascular wash.
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We used a tissue chopper to isolate an approximately 2-mm coronal hypothalamic block
between the optic chiasm and circle of Willis. We postfixed the blocks for 16 hours at 4 °C,
cryoprotected them in 30% sucrose/PBS for five days at 4 °C and embedded them in OCT. For
mounted preparations, we cut 20-um coronal sections on a Leica CM1100 and stored them at —20
°C. The sampled interval was approximately bregma —1.23 to —2.15 mm. We cut floating 30-um
sections on a Leica SM2010R and stored them at —20 °C in phosphate-buffered cryoprotectant

containing 30% sucrose and 30% ethylene glycol.

We washed mounted sections three times for five minutes in Tris—phosphate buffer (120
mM NacCl, 3.5 mM KHzPOs, 8.4 mM Na.HPOas and 10 mM Tris, pH 7.8), then blocked them for
one hour at room temperature in 0.3% Triton X-100 and 10% normal goat serum. We applied 60
pL primary-antibody solution per section and incubated for 16 hours at 4 °C in a humid, dark
chamber. Primary antibodies were rabbit anti-c-FOS (Cell Signaling Technology, 31254S, 1:100)
and mouse anti-NeuN (Sigma-Aldrich, MAB377, 1:200 or 1:250). Secondary antibodies were
donkey anti-rabbit Alexa Fluor 647 (Jackson ImmunoResearch, 711-605-152, 1:200) and either
anti-mouse Alexa Fluor 488 (Cell Signaling Technology, 4408, 1:200) or donkey anti-mouse Alexa
Fluor 594 (Jackson ImmunoResearch, 715-585-150, RRID AB 2340854, 1:200). The experiments
used both NeuN dilutions and secondary fluorophores. Secondary incubation lasted two hours at
room temperature in darkness. We counterstained sections with DAPI (1:1000) for five minutes,
washed them three times for five minutes and mounted them in Fluoromount-G (Electron

Microscopy Sciences, 17984-25).

We washed floating sections five times for five minutes in PBS with agitation, then blocked
them for one hour at room temperature in 2.5% normal donkey serum/0.5% Triton X-100. We
incubated sections overnight at 4 °C with goat anti-c-FOS (Synaptic Systems, 226308, 1:1000),
guinea-pig anti-POMC (Phoenix Pharmaceuticals, G-029-30, 1:4000), rabbit anti-Ibal (FUJIFILM
Wako, 019-19741, 1:2000) or GFAP-Cy3 (Sigma-Aldrich, C9205, 1:2000). Secondary antibodies

were anti-goat Alexa Fluor 555 (Invitrogen, A-21432, 1:500), donkey anti-guinea-pig Alexa Fluor
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647 (Jackson ImmunoResearch, 706-605-148, 1:500) and donkey anti-rabbit Alexa Fluor 647
(Invitrogen, A-31573, 1:500). Secondary incubation lasted one hour at room temperature with
agitation in darkness. We mounted sections in DAPI Fluoromount-G. We used POMC
immunostaining because we could not detect the intended reporter signal, including after anti-GFP

amplification. Supplementary Table S6 provides the antibody inventory.

Microscopy, segmentation and anatomical review

Sucrose and allulose NPY fields were acquired on a Zeiss LSM 780 with an LD LCI Plan-
Apochromat 25x%/0.8 objective. Water fields were acquired on Leica SP8 microscopes at 20x/0.75
or 40x%, or on the same Zeiss system and 25%/0.8 objective as the sugar fields. The two Zeiss water
acquisitions used maximume-intensity projections of nine planes spaced 2.955 um apart. Their
0.332106-pum pixels were reduced by 2x2 block averaging to match the 0.664213-um sugar-image
pitch before segmentation. Where necessary, one terminal row and column were removed to obtain
even dimensions. The 40x% water acquisition used a maximume-intensity projection of 21 planes.
POMC and glial images were acquired on a Keyence BZ-X800. Per-animal acquisition and
segmentation settings are provided in Supplementary Table S6. We segmented nuclei and marker-
associated objects using custom Cellpose models and human-reviewed masks [57, 58, 59]. DAPI
defined nuclei and supported manual delineation of ARC, ME, VMN and ventricular boundaries.

Quantification used original-intensity channels independently of display normalization.

We registered POMC hemifields using DAPI and applied the same integer placement and
seams to every channel and mask. The pipeline excluded c-FOS objects smaller than eight pixels
and POMC instances overlapping NPY-GFP masks by at least 20%. The overlap rule defines image
assignments and can remove genuine co-labeling, so it does not establish mutually exclusive cell
identities. A second filter excluded POMC instances smaller than the mean DAPI nuclear area in
the same section and anatomical region. We assigned objects to regions by their centroids and used
their complete areas without clipping. The pipeline applied the size rule across conditions
independently of c-FOS status and treatment statistics. Across 76 sections, it removed 780 of 3,403
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processed POMC objects: 552 in ARC, 57 in ME and 171 outside delineated regions. Filtering left
DAPI nuclei, original fluorescence and anatomical masks unchanged. POMC assignments and the
outcomes that depended on them used the filtered labels. Supplementary Table S3 details object

exclusions and sensitivity analyses across size thresholds.

Custom Cellpose models and review of segmentation masks

We refined Cellpose models through repeated segmentation, manual correction and fine-
tuning. During review, masks were overlaid on the original fluorescence images to remove false
objects, complete missing masks and merge fragments belonging to the same structure. Training
used 42 nonduplicate TIFF image—mask pairs, excluding confocal acquisitions, and ran for 500—
2,000 epochs depending on the model. Representative training images and reviewed masks are
shown (Supplementary Figure S7B). Training-loss curves illustrate model fitting across epochs

(Supplementary Figure S7C).

Models were selected according to the image channel and acquisition. NPY-GFP images
were segmented using either a DAPI-trained or c-FOS-trained model, with a flow threshold of 0.4
and a cell-probability threshold of zero. Model identifiers, training images, epoch counts and
acquisition-specific assignments are provided in Supplementary Table S6. Initialization, complete
optimization settings and an independent evaluation set were not documented. Human review

provided segmentation quality control.

In the NPY analysis, c-FOS regions smaller than five pixels were excluded, and assignment
required at least 40% overlap with the best-matching DAPI nucleus. NPY assignment required at
least one overlapping pixel and overlap equivalent to 5% of DAPI nuclear area. POMC size filtering
was applied after segmentation without retraining. The analysis code uses Cellpose 4.2.1.1, while

Keyence inference used Cellpose 4.0.7.dev18+g0a3de7b64.
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Glial intensity and microglial morphology

We corrected Ibal and GFAP signals for background in the native-intensity exports, divided
the corrected signals by the area of each anatomical region and then aggregated measurements by
animal. To construct GFAP masks, the pipeline subtracted background with a 35-um gray opening
and set the threshold to the larger of 0.8xOtsu or the median plus three normalized median absolute
deviations. It removed objects smaller than 8 um? All 61 included sections had reviewed
anatomical masks, and unavailable regions remained missing. Supplementary Table S4 supplies

regional intensities, predicted class fractions and sensitivity results.

TinyMorphCNN is a study-specific PyTorch convolutional network [60] with 79,780
trainable parameters. Its 96x96-pixel inputs contain Ibal intensity, a cell mask and
skeleton/distance features. Four 3x3 convolutional layers have 16, 32, 64 and 96 channels, with
batch normalization and ReLU. The first three layers include 2%2 max pooling. Global average
pooling, dropout of 0.25 and a linear layer produce probabilities for ramified, rod-like, “activated”
and amoeboid morphology. Training used 17,112 morphometric pseudo-labeled cells from 15
animals with an 80/20 whole-animal split, class-weighted cross-entropy and AdamW [61].
Augmentation included flips, right-angle rotations and Ibal intensity scaling of 0.85—1.15. The
recorded run stopped at epoch 11 of a 25-epoch maximum, with minimum validation loss at epoch
5. Supplementary Table S6 gives the architecture and available training settings, distinguishing
recorded values from implementation defaults. Treatment comparisons combined the predicted
“activated” and amoeboid fractions. These categories describe cell shape, and the water cohort

differed in sex and genotype composition.

Peripheral histology and the independent first-exposure cohort

We deparaffinized paraffin sections containing liver, kidney and spleen in successive Histo-
Clear baths and rehydrated them through descending ethanol concentrations to water. After
hematoxylin staining, we washed, differentiated and blued the sections, then stained them with

eosin. We dehydrated sections through ascending ethanol concentrations, cleared them in Histo-
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Clear and permanently mounted them. Twenty-four animal slides contained all three organs
(water/sucrose/allulose, 7/9/8). We scanned whole slides with a 40x objective at 0.26178 pm/pixel
using EasyScan 1.0.0 (build 1.0.0.58). We delineated each organ within its slide and sampled 24
spatially balanced, quality-controlled fields per organ at 0.5 um/pixel. We summarized classical
histological descriptors and HistoPLUS-predicted phenotypes by animal [49]. HistoPLUS
development used human tumor tissue, so its class names describe predicted phenotypes in these

mouse samples.

For each organ, we included phenotype classes that occurred in at least 18 of 24 animals
and contained at least 24 objects in total. We calculated centered log-ratio composition using a 0.5
pseudocount only for these eligible classes. This expresses each predicted category relative to the
geometric mean of the eligible categories, rather than as an absolute cell count. Ordinary least-
squares (OLS) models included treatment and source cohort. We calculated HC3 confidence
intervals and tested treatment contrasts with 99,999 Freedman—Lane residual permutations [62].
The reduced model retained source cohort and the other treatment contrast, and both observed and
permuted statistics used HC3 standard errors. Permutation p values were (1 + number of equally or

more extreme permutations)/(99,999 + 1), using seed 1707 and fixed endpoint-specific offsets.

We applied BH correction separately to three global families: 78 predicted-composition
contrasts, including ineligible components assigned p=1, 36 classical H&E contrasts, and six water-
reference deviation contrasts. The permutation procedure depends on the nuisance model and
residual exchangeability. Supplementary Table S5 provides all measurements, principal-component

and water-reference summaries, and statistical contrasts.

The independent first-exposure cohort included nine 14-week-old mice, three per condition,
that fasted for 16 hours before receiving water, sucrose or allulose without prior sugar
familiarization. Eight mice were wild type. The ninth, NPY-M, was a male NPY-GFP animal
assigned to water. Mice received intraperitoneal ketamine (150 mg/kg) and xylazine (15 mg/kg).

Deep anesthesia was confirmed by the absence of a pedal-withdrawal reflex in response to a foot
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pinch before euthanasia by decapitation using long scissors. We fixed brains by immersion without
vascular perfusion. Mouse monoclonal ACTH/CLIP F-3 (Santa Cruz Biotechnology, sc-373878,
1:100) recognizes an internal POMC epitope present in the precursor and its ACTH/CLIP products
(https://datasheets.scbt.com/sc-373878.pdf). We used this antibody to identify POMC-related
immunoreactivity in the first-exposure cohort. For NPY-M, the 488, 546 and 633 channels
represented NPY-GFP, ACTH/CLIP and c-FOS, respectively. The analysis did not use NPY-GFP

to classify either other marker.

Each animal contributed one acquisition. The size filter excluded ACTH/CLIP objects
below the acquisition-specific fifth percentile of DAPI nuclear area (179/733 objects). Before
spatial analysis, reviewed third-ventricle masks excluded 434 DAPI, zero c-FOS-positive and zero
double-positive centroids. A sensitivity analysis included only the eight wild-type animals.
ACTH/CLIP labeling served as an immunohistochemical endpoint, not a measurement of a-MSH

release.

Internal comparison with human-reviewed microglial morphology

We compared morphometric and DINOv2 classifications with the same human-assigned
morphology labels. A single observer completed reviews of 203 cells from 15 animals. These cells
belonged to an initial selection of 300 cells, sampled with equal quotas for four proposed classes
from a soma-refined collection of 14,415 Ibal-positive objects. The morphometric method
standardized cell and branch measurements, grouped cells using four-cluster K-means and assigned
morphology classes through a predefined cluster-to-class mapping. Human labels were not used to
fit this method. However, its unsupervised preprocessing and clustering used the full collection,
including animals represented in the reviewed sample. This benchmark was separate from the

TinyMorphCNN treatment analysis.

For the image-based classifier, the pretrained DINOv2 ViT-S/14 encoder extracted features
without updating its weights [29]. Each cell was represented by a target-cell crop and a wider-

context crop, resized to 224 x 224 pixels and normalized using the encoder’s channel means and
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standard deviations. Class-token features and patch-token features weighted by the target-cell mask
were averaged across four right-angle rotations and concatenated into 1,536 features per cell.
Feature extraction used PyTorch 2.8.0+cul28 and an NVIDIA RTX A5000 GPU. Supplementary

Table S6 provides model and feature-extraction settings.

We evaluated the DINOV2 classifier using 15 leave-one-animal-out folds. In each fold, all
reviewed cells from one animal were held out for evaluation. Only the remaining animals were used
to fit feature standardization, whitened principal-component analysis with 32 components and
class-balanced multinomial logistic regression. Three-fold stratified-group validation within the
training animals selected the regularization parameter C from 0.1, 1 and 10. Logistic regression

used L-BFGS, a maximum of 2,000 iterations, a tolerance of 107¢ and seed 20260907.

Performance was measured by balanced accuracy, the unweighted mean of the four class recalls.
Recall is the proportion of cells in a human-assigned class that the method classified correctly. We
estimated percentile 95% intervals for each method and their paired accuracy difference using 2,000
bootstrap samples of 15 animals drawn with replacement (seed 20260907). Every reviewed cell
from each sampled animal was retained, and the same animal samples were used for both methods.
Predictions remained fixed during resampling. The intervals therefore capture variation from
animal sampling and do not include uncertainty from retraining. Supplementary Table S4 provides

confusion matrices, class recalls, paired predictions and bootstrap draws.

Statistical analysis and reproducibility

Cages were the independent units for shared behavioral measurements. Histological
measurements were summarized by animal, with cells and sections treated as subsamples [63].
Where cage membership was known, additional cage-level analyses assessed whether the findings
depended on treating animals as independent observations. Cage membership was unavailable for
the NPY cohort, so possible dependence among animals sharing a cage remains a limitation. Sample

sizes varied according to the available channels, accepted anatomical regions and valid
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denominators. Each animal contributed one equally weighted curve to the NPY and POMC spatial

comparisons.

Unless otherwise specified, overall regional differences were assessed by one-way
ANOVA, and neuronal, glial and two-bottle pairwise comparisons used exact two-sided Mann—
Whitney U tests. Histological and two-bottle pairwise p values were unadjusted unless a correction
is stated and were interpreted as exploratory. The four regional c-FOS ANOVAs were corrected
together using Holm’s method. Single-bottle outcomes used exhaustive cage-label permutation
tests, with the ANOVA F statistic for overall differences and the difference in means for two-sided
pairwise comparisons. Holm correction covered the three pairwise comparisons within each single-
bottle endpoint. Descriptive 95% intervals used 20,000 whole-cage bootstrap resamples, preserving

each cage’s complete trajectory in longitudinal displays.

POMC cage-level sensitivity analyses compared cage means using exact two-sided Mann—
Whitney U tests. Glial sensitivity analyses used one-way ANOVA with equal weighting of cage
means. A separate glial analysis pooled morphology counts within cages and used exact cage-label
permutation tests of binomial deviance. Ratios with small positive denominators were retained, as
were finite values flagged by the Tukey 1.5-IQR rule. Ratios with zero denominators remained

undefined. We did not perform equivalence tests.

Sample-size scenarios used day-6 fluid consumption and cage-mean weight change from
the 12-cage single-bottle pilot: three water, five sucrose and four allulose cages. For each candidate
number of cages per group, we simulated 500,000 normally distributed datasets using the pilot
means, oo = 0.05 and a PCG64 generator (seed 20260908). With group-specific standard deviations
and Welch’s ANOVA, power first reached 80% at five cages per group for consumption (80.16%)
and fourteen for weight change (80.77%). Assuming a common pooled residual variance and
ordinary ANOVA reduced these minimum group sizes to four cages for consumption and nine for

weight change.
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An additional scenario assumed 1> = 0.21, equivalent to Cohen’s f=V[n(1 — 1?)] = 0.5156.
A noncentral F calculation gave 60.8% power with nine independent units per group and 82.8%
with fourteen. These scenarios guide planning for overall behavioral treatment differences under
the stated assumptions. They exclude allowances for attrition or multiple endpoints and neither
estimate achieved power nor establish sample sizes for neuronal or glial outcomes. Supplementary
Table S6 provides the inputs and complete simulation results. The consumption power curves
illustrate how power changes with the number of cages (Supplementary Figure S8A). The

corresponding curves address body-weight change (Supplementary Figure S8B).

For the first-exposure ACTH/CLIP cohort, we assessed how labeling varied from the center
toward the edge of each sampled field or section. Eligible DAPI nuclear centroids defined six
concentric elliptical shells containing approximately equal numbers of nuclei. Elliptical partitioning
has previously been used for equal-area compartments in studies of chromosome localization [64].
Here, shells were based on nuclear counts rather than equal areas. We centered the coordinates on
their mean and transformed them using the eigenvectors and inverse square roots of the eigenvalues
of their two-dimensional covariance matrix. This accounted for the orientation and elongation of
the nuclear distribution. Quantiles of the transformed radial distances at 0, 1/6, 2/6, 3/6, 4/6, 5/6 and
1 defined the shell boundaries. Shells 1-2 contained approximately the inner third of eligible nuclei.

Shell areas and thicknesses could vary, and marker positivity did not affect the boundaries.

Within each shell, we expressed c-FOS-positive or ACTH/CLIP/c-FOS double-positive
nuclei as a percentage of its DAPI nuclei. Counts were first summed across corresponding shells
within each animal, giving one six-value profile per animal for each endpoint. We compared
conditions using Euclidean PERMANOVA [40] on arcsin-square-root-transformed proportions,
enumerating 1,680 animal-label allocations. Benjamini-Hochberg (BH) correction covered the two
spatial endpoints. Regional analyses for this cohort formed a separate BH family of 55 finite tests:

11 ANOVAs, 11 Kruskal-Wallis tests and 33 Mann—Whitney comparisons.
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The familiarized NPY and ARC POMC cohorts used a distance-based analysis to ask
whether positive cells occurred near one another more often than expected from the recorded cell
positions and number of positive cells. Within each acquisition and tissue side, we counted positive—
positive cell pairs separated by no more than r, using distances from 20 to 150 um in 10-pum steps.
For total c-FOS labeling, the reference positions were all DAPI-associated centroids. For marker-
associated c-FOS labeling, they were the NPY -positive or POMC-positive centroids. The random-
labeling model held these positions and the number of positive cells fixed while allowing positive

labels to be reassigned among eligible positions.

We calculated the exact expected pair count and its variance under this model. Let T be the
observed positive—positive pair count, P the number of all eligible pairs within r, Q the number of
combinations of two eligible pairs sharing one cell, and R = C(P, 2) — Q the number of combinations
sharing no cells. Here, C(P, 2) denotes the number of ways to choose two eligible pairs, and px is
the probability that k specified cells are positive when m positive labels are assigned among N fixed
positions. Then E[T] = Ppz and E[T?] = Pp2 + 2(Qps + Rpa4), with Var[T] = E[T?] — E[T]> Observed
counts, expected counts and variances were summed across independent acquisition-and-side
labeling strata before calculating each animal’s standardized curve, z(r) = (T — E[T])/N'Var[T].
Positive z values indicate more nearby positive pairs than expected under random labeling. This
calculation accounts for the recorded positions and positive-cell counts but cannot remove
differences in detection, section depth or anatomical sampling. Only animals with finite values at
every radius were included. Animals with fewer than two positive cells had no estimable curve and

were not imputed.

We compared these spatial curves among conditions using a studentized maximum-
deviation global envelope test [65]. At each radius, the one-way F statistic was standardized using
its permutation mean and standard deviation. The largest standardized statistic across radii was then
compared with its distribution across every animal-label allocation, including the observed

allocation. The two NPY endpoints used 9,240 and 1,680 allocations, and the two POMC endpoints
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used 168,168 and 60,060. Taking the maximum accounts for testing across radii. We then applied
Holm correction across the two endpoints separately within each cohort. Invariant curves returned

p = 1, while undefined statistics were treated as non-estimable.

Secondary NPY spatial measures used their stated four-test Holm families. Whole-
field NPY fractions were compared using enumerated permutation tests with a Welch F
statistic for overall differences and Welch t statistics for pairwise differences.
Supplementary Table S3 provides conventional tests, variance diagnostics, Hodges—
Lehmann differences and Cliff’s delta. Permutation inference assumes that observations are
exchangeable under the null hypothesis. Studentization offers asymptotic robustness when

distributions differ, but does not guarantee that protection in small samples [66].
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Figure 1 | Fluid consumption and body-weight change during single-bottle exposure.

Each cage received water, 10% (w/v) sucrose or 13% (w/v) allulose as its only drinking fluid. A)
Cumulative fluid consumption from day 1, measured at days 1, 3 and 6. Thin lines trace individual
cages, and thick lines show treatment means calculated with equal weighting of cages. B)
Cumulative consumption at the primary day-6 endpoint, expressed as mL/cage. C) Percentage
body-weight change from day-1 baseline. Faint points show individual animals, thin lines show
cage means and thick lines show treatment means with equal weighting of cages. D) Day-6 cage-
mean percentage weight change. Water, sucrose and allulose groups contributed 3, 5 and 4 cages,
with weight measurements from 5, 9 and 10 animals. Points in B and D represent cages, and
diamonds indicate group means. Shaded bands and whiskers show descriptive 95% intervals from
20,000 whole-cage bootstrap resamples. Overall comparisons used one-way ANOVA and
exhaustive cage-label permutation of the F statistic. Pairwise comparisons used exact two-sided
cage-label permutations of mean differences, with Holm correction across the three comparisons
within each endpoint. Displayed overall p values are from ANOVA, and displayed pairwise p values
are Holm-adjusted. W, S and A denote water, sucrose and allulose. Cage-level measurements,

intervals and complete tests are provided in Supplementary Table S2.
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Figure 2 | Oral-challenge protocol and regional hypothalamic c-FOS labeling.

A) Familiarization and oral-challenge schedule. Mice received water, 10% (w/v) sucrose or 13%
(w/v) allulose for seven days, followed by water for two days. After a four-hour fast, mice licked
200 pL of their familiarization fluid from a pipette tip. Anesthesia began 30 minutes later, followed
by an anesthetic-depth assessment lasting up to 10 minutes and immediate perfusion. B) Nuclear-
assignment maps showing c-FOS-positive nuclei and manually reviewed boundaries of the arcuate
nucleus (ARC), median eminence (ME) and ventromedial nucleus (VMN). HIL denotes the human-
in-the-loop review of anatomical boundaries. C) Representative fluorescence images for each
condition, with merged DAPI/c-FOS images and separate channels. 3V denotes the third ventricle.
D) Regional fraction of DAPI nuclei classified as c-FOS-positive. “OTHERS” denotes sampled
tissue outside the delineated regions. Points represent animals, and bars show mean + SD. Water,
sucrose and allulose contributed 4, 6 and 6 animals in ARC, VMN and other tissue, and 4, 4 and 6
animals in ME. Crosses identify values flagged by the Tukey 1.5-IQR rule, which were retained.

Displayed overall p values are from one-way ANOVA. Displayed W-S, W—A and S-A
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1084 comparisons use unadjusted exact two-sided Mann—Whitney U tests and are exploratory.
1085 Supplementary Table S3 provides animal-level counts, denominators and complete comparisons,

1086 including Holm correction across the four regional ANOVAs. Scale bars: 200 pm.
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Figure 3 | NPY-associated c-FOS labeling and distance-dependent spatial clustering.

NPY-GFP mice were examined after fluid familiarization and oral challenge. A) Representative
NPY-GFP and c-FOS fluorescence for each condition, with merged images and enlarged views.
Black outlines in the enlarged views identify NPY-labeled regions assigned to c-FOS-positive
nuclei. B) Nuclear assignments in a water field. C) Nuclear assignments in a sucrose field. D)
Nuclear assignments in an allulose field. The maps distinguish c-FOS-positive nuclei, nuclei
assigned to NPY-positive cells and double-labeled cells within reviewed tissue and ventricular
boundaries. E) c-FOS-positive nuclei as a percentage of DAPI nuclei. F) Percentage of nuclei
assigned to NPY-positive cells that were also c-FOS-positive. Points represent animals, and bars
show mean + SD. Both endpoints include 5 water, 3 sucrose and 3 allulose animals. Overall p values
use exhaustive animal-label permutation tests of the Welch F statistic. The displayed pairwise p
values use unadjusted exact two-sided Mann—Whitney U tests and are exploratory. G) Illustration
of the pair-counting analysis in an allulose field. Orange points mark c-FOS-positive/NPY -positive
centroids, and gray points mark NPY-positive centroids without c-FOS labeling. Orange segments
connect positive pairs within 20 um. Dashed circles illustrate the tested distances. H) Spatial
clustering of c-FOS-positive nuclei among all DAPI-associated positions, including 5 water, 3
sucrose and 3 allulose animals. I) Spatial clustering of c-FOS-positive nuclei among NPY-positive
positions, including 3 animals per condition. Two water animals had fewer than two double-positive
nuclei and could not contribute to this endpoint. In H and I, thin curves show animals and thick
curves show condition means. The vertical scale expresses excess positive-cell pairs in standard-
deviation units relative to random labeling with each animal’s observed positions and positive-cell
counts held fixed. Values above zero indicate more nearby positive pairs than expected. Right-hand
plots compare the observed between-condition F curve with its nominal global 95% envelope over
20-150 pm. Envelope tests account for the tested distances, followed by Holm correction across
the two endpoints. Total c-FOS organization had Holm-adjusted p = 0.2201. The NPY-associated

pattern suggested greater clustering under allulose (unadjusted p = 0.0286, Holm-adjusted p =
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0.0571). Spatial proximity does not establish connectivity. Supplementary Table S3 provides

animal values, pair counts, spatial curves and complete tests. Scale bars: 100 um for main fields

and maps, 50 um for enlarged views in A.
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Figure 4 | POMC-associated c-FOS labeling and ARC spatial organization.

POMC-associated labeling was assessed in the ARC and adjacent ME after fluid familiarization

and oral challenge. Representative images show an allulose-exposed NPY-GFP animal. A) DAPI
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nuclear staining. B) c-FOS staining. C) POMC immunoreactivity. D) Accepted segmentation masks
within reviewed ARC and ME boundaries. E) Merged channels, with an enlarged example of c-
FOS/POMC co-labeling. F) Merged image including NPY-GFP, with an inset showing the marker
regions used to assess NPY—POMC overlap. POMC display limits are matched between the main
image and inset. Quantification used the NPY-overlap and DAPI-referenced POMC size filters
described in Methods. G) Fraction of DAPI nuclei classified as c-FOS-positive, with 3 water, 5
sucrose and 6 allulose animals in each region. H) Fraction of POMC-positive cells co-labeled with
c-FOS, with 3 water, 4 sucrose and 6 allulose animals in ARC, and 2 water, 4 sucrose and 5 allulose
animals in ME. Points represent animals, bars show mean + SD and crosses identify retained Tukey
outliers. Overall p values use one-way ANOVA. Pairwise p values use unadjusted exact two-sided
Mann—Whitney U tests and are exploratory. I) ARC clustering of c-FOS-positive nuclei among
DAPI-associated positions, with 3 water, 5 sucrose and 6 allulose animals. J) ARC clustering of c-
FOS-positive cells among POMC-positive positions, with 3 water, 4 sucrose and 6 allulose animals.
Thin curves show animals, and thick curves show condition means. Curves express excess positive-
cell pairs in standard-deviation units relative to random labeling with observed positions and
positive-cell counts fixed. Values above zero indicate more nearby positive pairs than expected.
Right-hand plots show the observed between-condition F curve and nominal global 95% envelope
over 20—-150 um. Animal-label global envelope tests, followed by Holm correction across the two
endpoints, gave adjusted p = 0.5855 in I and p = 0.7354 in J. Sparse marker-associated labeling
precluded the corresponding ME spatial analysis. Supplementary Table S3 provides animal-level
measurements, denominators, spatial tests and cage- and size-filter sensitivity analyses. Scale bars:

100 pm for main fields, maps and the F inset, and 20 um for the E inset.
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Figure 5 | Regional glial staining and predicted microglial morphology.

Ibal and GFAP staining were assessed after fluid familiarization and oral challenge. A)
Representative Ibal/DAPI fluorescence, an enlarged cell and reviewed anatomical boundaries. B)
Corresponding GFAP/DAPI fluorescence, an enlarged view of labeled processes and reviewed
boundaries. C) TinyMorphCNN workflow for classifying cropped Ibal-positive cells as ramified,
rod-like, “activated” or amoeboid, with examples of predicted classes. GAP denotes global average
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pooling. D) Predicted class percentages within each region of the representative section. E) GFAP
background correction and identification of positive pixels. F) Separate DAPI, Ibal and GFAP
analysis masks. G) Background-corrected Ibal signal divided by regional area. H) Fraction of all
classified Ibal-positive cells assigned to either the “activated” or amoeboid shape class. The plotted
“activated” fraction combines these two classes. I) Background-corrected GFAP signal divided by
regional area. Morphology labels describe predicted shapes and do not establish inflammatory

states. GFAP signal and positive area do not measure astrocyte number.

The analysis included 61 sections, summarized by animal. ARC and VMN included 3 water, 6
sucrose and 6 allulose animals. ME included 3 water, 5 sucrose and 5 allulose animals. Points
represent animals, bars show mean + SD and crosses identify retained Tukey outliers. Displayed
tests are one-way ANOVA and exploratory, unadjusted exact two-sided Mann—Whitney U
comparisons. Supplementary Table S4 provides intensities, morphology counts and fractions, and
animal- and cage-level tests. TinyMorphCNN development used 17,112 cells with morphometric
pseudo-labels and an 80/20 training—validation split by animal. Its displayed pseudo-label
agreement is distinct from agreement with human review, which was assessed for other classifiers
(Supplementary Figure S6). Scale bars: 200 pm in A and B, 100 um in F and 25 pm in enlarged

views and cell crops.

Supplementary Figures

Supplementary Figure S1 | Single-bottle consumption and body-weight change in males.

Male cages received water, 10% sucrose or 13% allulose as their only drinking fluid. A) Cumulative
fluid consumption from day 1. B) Day-6 consumption in mL/cage. C) Percentage body-weight
change from day-1 baseline. D) Day-6 cage-mean percentage weight change. The water group
included 2 cages, sucrose 3 cages and allulose 2 cages. Weight measurements came from 2, 5 and
4 males in these groups. Thin lines show each cage’s cumulative consumption in A and mean body-

weight change in C. Thick lines show treatment means with equal weighting of cages. Faint points
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in C show individual animals. Endpoint points represent cages, and diamonds indicate group means.
Bands and whiskers show descriptive 95% intervals from 20,000 whole-cage bootstrap resamples.
Displayed overall p values are from one-way ANOVA. Pairwise tests use exact two-sided cage-
label permutations of mean differences with Holm correction across three comparisons per
endpoint. Supplementary Table S2 provides the observations, intervals and complete tests,
including the exact omnibus permutation tests. These within-sex analyses are descriptive and do

not test a treatment-by-sex interaction.

Supplementary Figure S2 | Single-bottle consumption and body-weight change in females.

Female cages received water, 10% sucrose or 13% allulose as their only drinking fluid. A)
Cumulative fluid consumption from day 1. B) Day-6 consumption in mL/cage. C) Percentage body-
weight change from day-1 baseline. D) Day-6 cage-mean percentage weight change. The water
group included 1 cage, sucrose 2 cages and allulose 2 cages. Weight measurements came from 3, 4
and 6 females in these groups. Thin lines show each cage’s cumulative consumption in A and mean
body-weight change in C. Thick lines show treatment means with equal weighting of cages. Faint
points in C show individual animals. Endpoint points represent cages, and diamonds indicate group
means. Where estimable, bands and whiskers show descriptive 95% intervals from 20,000 whole-
cage bootstrap resamples. The single water cage does not allow estimation of between-cage
variability. Displayed overall p values are from one-way ANOVA. Pairwise tests use exact two-
sided cage-label permutations of mean differences with Holm correction across three comparisons
per endpoint. Supplementary Table S2 provides the observations, intervals and complete tests,
including the exact omnibus permutation tests. These within-sex patterns are descriptive and do not

establish a treatment-by-sex interaction.

Supplementary Figure S3 | Liver, kidney and spleen histology after single-bottle exposure.

Liver, kidney and spleen were examined from animals in the single-bottle experiment: 7 water, 9
sucrose and 8 allulose animals. Each animal contributed all three organs, with 24 spatially balanced

fields sampled per organ at 0.5 pm/pixel. A) Whole-slide workflow for locating organs, selecting

52



1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

fields and obtaining animal-level measurements. B) Cross-validated Mahalanobis distance from the
water-reference nuclear composition. Larger distances indicate greater multivariate deviation from
that reference. Boxplots summarize the distributions, with individual animals overlaid as points.
Displayed p values are from unadjusted one-way ANOVA. C) Representative H&E fields from the
three organs and water/allulose liver examples highlighting nuclei classified as epithelial-like.
Percentages in these example images describe the displayed fields. D) Principal-component plots
of centered-log-ratio (CLR) nuclear composition, with one point per animal. E) Cohort-adjusted
differences from water in conventional H&E measurements, expressed in units of each outcome’s
SD. F) Cohort-adjusted differences from water in CLR composition. Points or bars indicate effect
estimates, and whiskers show heteroscedasticity-robust (HC3) 95% confidence intervals. Zero
indicates no difference from water. Exponentiating a CLR effect gives the change in a category’s
representation relative to the geometric mean of eligible categories. The hepatic epithelial-like
estimate for allulose corresponds to a ratio of 4.06 (95% CI 2.22-7.42, global Benjamini—Hochberg
(BH) q = 0.02418), rather than a fourfold increase in cell number. Comparisons in E and F used
99,999 Freedman—Lane residual permutations, retaining cohort and the other treatment contrast in
the reduced model. Stars in E denote unadjusted p values. Stars in F denote BH-adjusted q values
across the 78 composition contrasts. One to four stars denote thresholds of 0.05, 0.01, 0.001 and
0.0001. No conventional H&E contrast retained significance after correction across its separate 36-
test family. HistoPLUS categories are predicted nuclear phenotypes and do not establish cell
identity. Supplementary Table S5 provides measurements, phenotype counts, composition values
and complete comparisons. Scale bars: 2 mm in A, 100 pm in the three-organ examples and 50 um

in the liver phenotype examples.

Supplementary Figure S4 | Fluid choice, chow intake and body-weight change in the two-

bottle assay.

Each cage had simultaneous access to two bottles for seven days. One contained the assigned test

fluid, water, 10% sucrose or 13% allulose, and the other contained water. Both bottles therefore
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contained water in control cages. The water group included 2 cages, sucrose 3 cages and allulose 3
cages, with two animals per cage. A) Consumption from the designated test bottle. B) Consumption
from the accompanying water bottle. C) Test-bottle consumption divided by total consumption
from both bottles. A value of 0.5 indicates equal consumption from the two bottles. D) Chow
consumption. E) Body-weight change from baseline, averaged within each cage. Fluid and chow
intake are expressed as g/cage/day, while body-weight change is expressed in grams. Lines trace
cages across study days. Summaries in A—D use one time-averaged value per cage over the seven-
day observation period. The summary in E uses day-7 weight change averaged across the two
animals in each cage. Day 0 provides baseline weight and is excluded from intake summaries.
Summary points represent cages, with mean +£ SD. W, A and S denote water, allulose and sucrose.
Overall p values use one-way ANOVA, and pairwise p values use unadjusted exact two-sided
Mann—Whitney U tests. Daily observations were not treated as independent replicates.

Supplementary Table S2 provides the daily records, cage summaries and statistical comparisons.

Supplementary Figure S5 | ACTH/CLIP-associated c-FOS labeling after first exposure and a

16-hour fast.

An independent cohort received water, sucrose or allulose after a 16-hour fast without prior sugar
familiarization. Each group contained three 14-week-old animals. Eight animals were wild type,
and one water-group animal was NPY-GFP. Each animal contributed one acquisition. ACTH/CLIP
immunoreactivity identified POMC-related cells through an epitope present in the precursor and its
ACTH/CLIP products. Representative images show an allulose-exposed animal. A) DAPI nuclear
staining. B) c-FOS staining. C) ACTH/CLIP staining. D) Nuclear assignments and reviewed
anatomical boundaries. E) Merged channels with enlarged co-labeling. F) ACTH/CLIP signal
restricted to accepted cellular regions. G) Fraction of DAPI nuclei classified as c-FOS-positive in
ME and ARC. H) Fraction of ACTH/CLIP-positive cells co-labeled with c-FOS in ARC. Points
represent animals, and bars show mean £ SD. ANOVA and Kruskal-Wallis (KW) p values are

unadjusted. The displayed sucrose—allulose Mann—Whitney U (MWU) q values use BH correction
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across the 55 finite regional tests. Cliff’s & describes the corresponding pairwise effect size. I)
Spatial distribution of c-FOS-positive nuclei. J) Spatial distribution of c-FOS/ACTH/CLIP double-
positive nuclei. Upper maps provide descriptive views in normalized tissue coordinates, with the
third ventricle excluded. Lower plots show labeling across six elliptical shells ordered from inner
to outer and containing approximately equal numbers of eligible DAPI nuclei. Both spatial
endpoints use the DAPI count in the same shell as denominator and are expressed as percentages.
Thus, J describes double-positive nuclei relative to all eligible DAPI nuclei, whereas H describes
co-labeling within ACTH/CLIP-positive cells. Thin lines show individual animals, thick lines show
group means and heatmaps summarize the mean shell percentages. Shell boundaries were defined
independently of marker positivity. ACTH/CLIP objects smaller than the acquisition-specific fifth
percentile of DAPI nuclear area were excluded before analysis. Exact animal-label PERMANOVA
of transformed six-shell profiles used 1,680 allocations, with BH correction across the two spatial
endpoints (q = 0.4643 for each). Supplementary Table S3 provides counts, profiles, complete tests
and the wild-type-only sensitivity analysis. Scale bars: 100 um in main images and 20 um in

enlarged views.

Supplementary Figure S6 | Agreement of microglial morphology classifiers with human

review.

Fixed morphometric predictions and a logistic-regression classifier using frozen DINOv2 features
were evaluated against the same labels from one human observer. The reviewed sample comprised
203 cells from 15 animals: 50 ramified, 32 rod-like, 50 “activated” and 71 amoeboid. These were
the completed reviews from an initial selection of 300 cells with equal proposed-class quotas from
14,415 cells with refined soma boundaries. A) Balanced accuracy, calculated as the unweighted
mean of the four class recalls, and the paired difference between methods. Whiskers show percentile
95% intervals from 2,000 paired whole-animal bootstrap samples. Predictions were held fixed, so
these intervals reflect animal-sampling variation without retraining uncertainty. B) Recall within

each human-assigned class, defined as the proportion classified correctly. C) Morphometric
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confusion matrix. D) DINOv2 confusion matrix. Rows show human-assigned classes, and columns
show predicted classes. Entries give cell counts and percentages within each row. Diagonal entries
indicate agreement, and off-diagonal entries identify misclassifications. DINOv2 used nested leave-
one-animal-out validation, with the evaluated animal excluded from all fitting and model selection.
Morphometric labels were not fitted to human labels, although their unsupervised preprocessing
used the full cell collection. This selected sample measures agreement with one reviewer’s shape
categories and does not estimate class prevalence or inflammatory state. The benchmark is separate
from the TinyMorphCNN treatment analysis (Figure 5). Supplementary Table S4 provides paired

predictions, class-specific results, confusion matrices and bootstrap draws.

Supplementary Figure S7 | Custom Cellpose training and manual review of segmentation

masks.

A) Iterative workflow from initial segmentation to manual mask correction and model fine-tuning.
Review removed false objects, added missing masks and merged fragments belonging to the same
structure. B) Representative 512 x 512-pixel DAPI, c-FOS and POMC crops. The upper row shows
fluorescence images, and the lower row overlays reviewed mask boundaries in green. Each image
and its overlay use identical display limits at the Ist and 99.7th intensity percentiles. The POMC
overlay also includes the subsequent size filter that removed objects smaller than the local mean
DAPI nuclear area. This filtering did not retrain the models. C) Training-loss curves for five custom
models, shown on a logarithmic vertical axis. One stored loss value corresponds to one epoch. The
dapi_channel and cfos_channel3 runs contain 500 epochs, dapi_Keyence4 contains 1,000 epochs,
and POMC 2 and cfos_Keyencel contain 2,000 epochs. The curves describe model fitting and do
not provide an independent estimate of segmentation accuracy. Training used 42 nonduplicate
TIFF-mask pairs, excluding confocal acquisitions. Supplementary Table S6é provides training-

image inventories, model identifiers and available settings.

56



1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

Supplementary Figure S8 | Pilot-based sample-size scenarios for behavioral outcomes.

Pilot measurements were used to estimate power for future balanced comparisons of water, sucrose
and allulose. A) Day-6 cumulative fluid consumption. B) Day-6 cage-mean percentage body-weight
change. The pilot contained 12 independent cages: 3 water, 5 sucrose and 4 allulose. Each candidate
group size used 500,000 normally distributed simulations with the observed group means and o =
0.05. Solid curves retain group-specific pilot standard deviations and use Welch’s ANOVA. Dashed
curves use a pooled common variance and ordinary ANOVA. The horizontal line marks 80%
power, and points identify the smallest equal number of cages per group reaching that threshold.
For consumption, the thresholds were 5 cages with group-specific variances and 4 with common
variance. For weight change, they were 14 and 9 cages. These are planning scenarios under the
pilot-based assumptions, without allowances for attrition or multiple endpoints. They do not
estimate achieved power or establish sample sizes for neuronal or glial outcomes. Supplementary

Table S6 provides pilot values, simulation settings and complete results.

Supplementary Tables

Supplementary Table S1 | Animal and acquisition records across the study.
Animal and acquisition identifiers, treatment, genotype, sex, cage, cohort age and endpoint
inclusion. Exclusion records and the documented cage transfer identify observations used in each

analysis. Unknown metadata remain unassigned.

Supplementary Table S2 | Behavioral data, bottle-volume calculation and statistical results.

Original and processed fluid, food and body-weight measurements, cage-level summaries,
exclusions, bootstrap intervals and statistical comparisons. The single-bottle data support Figure 1.
Male-only analyses support Supplementary Figure S1, and female-only analyses support
Supplementary Figure S2. The two-bottle measurements and analyses support Supplementary

Figure S4. Units and analysis units are specified in each data table.
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Supplementary Table S3 | Neuronal labeling and spatial-profile outcomes.

Regional cell counts and ¢-FOS labeling fractions support Figure 2. NPY-associated co-labeling
and spatial analyses support Figure 3. POMC-associated co-labeling, spatial analyses and cage-
and size-filter sensitivity analyses support Figure 4. Spatial datasets include animal-level curves,
conditional pair moments, envelope tests and adjusted p values. First-exposure regional, shell-based

and wild-type-only analyses support Supplementary Figure SS.

Supplementary Table S4 | Glial endpoints and microglial morphology classification.
Regional Ibal and GFAP measurements, predicted morphology counts and fractions, animal- and
cage-level tests and section inclusion for Figure 5. Paired human labels, classifier predictions,

accuracy measures, confusion matrices and bootstrap draws support Supplementary Figure S6.

Supplementary Table S5 | Liver, kidney and spleen histology and predicted nuclear
composition.

Animal and organ identifiers, conventional H&E measurements, predicted nuclear phenotype
counts, centered log-ratio composition, principal-component scores and cohort-adjusted
comparisons for Supplementary Figure S3. Water-reference distances and phenotype definitions

are included.

Supplementary Table S6 | Experimental methods, antibody reagents and segmentation
models.

Exposure and tissue-preparation protocols, antibody reagents, genotyping conditions, microscopy
settings, segmentation models and training parameters. Pilot cage measurements, simulation

settings and power curves support Supplementary Figure S8.
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