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Abstract

Obesity, a growing pandemic in Western societies, significantly impacts metabolic health and
contributes to visual disorders. While the systemic consequences of obesity, such as chronic
inflammation and insulin resistance, are well-studied in adults, its early-life effects on retinal
health remain underexplored. Using a maternal Western Diet (WD) exposure model, we
investigated the developmental impact of early-life metabolic disturbances on retinal and cognitive
function. Our findings reveal that WD exposure from gestation to early adulthood accelerates the
onset of features resembling diabetic retinopathy, including increased retinal vascularization,
inflammation, and compromised blood-retina barrier integrity, observed within just four months.
Females exhibited heightened vulnerability, showing pronounced ocular defects such as
anophthalmia, microphthalmia, and congenital cataracts. These results underscore a critical
developmental window during which metabolic disruptions predispose to sex-specific retinal and
neurovascular pathologies. This work bridges the link between pediatric and adult obesity,
highlighting the urgent need for early interventions to mitigate long-term visual impairments that

could further impair recognition memory.
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78  Introduction
79  The etiology of obesity, the pandemic of modern societies, is multifactorial, involving genetic,
80  environmental, and lifestyle contributors (Bluher, 2019). The systemic consequences of obesity,
81  including chronic inflammation, insulin resistance, and cardiovascular complications, are well-
82  documented (Saltiel & Olefsky, 2017). These features are the underlying factors of diabetic
83  retinopathy, a metabolic complication that remains understudied in the context of pediatric obesity
84  (Antonetti et al.,, 2021). Maternal obesity, diabetes, and hyperglycemia have been shown to
85  predispose offspring to metabolic disorders, including retinal abnormalities, irrespective of genetic
86  predisposition or maternal BMI (Catalano & Shankar, 2017).
87  Childhood obesity has become a critical global health issue, with recent data from the World
88  Health Organization indicating that over 340 million children and adolescents aged 5—19 years and
89 39 million children under five were affected by overweight or obesity in 2022 (WHO, 2023). In
90 the United States, the prevalence of childhood obesity has continued to rise, with the CDC
91  reporting a 21.1% obesity rate and a 7.0% severe obesity rate among individuals aged 2—19 years
92  in2023 (CDC, 2023). This trend has been exacerbated by factors such as the COVID-19 pandemic,
93  particularly among younger children, emphasizing the urgent need for effective interventions
94  (Rundle et al., 2020).
95  Emerging research reveals links between childhood obesity and microvascular alterations in
96 several ocular layers, including the retina (Dezor-Garus J., 2023). Dyslipidemia, insulin
97  resistance, and non-alcoholic fatty liver disease (NAFLD) are known to disrupt retinal
98  microvasculature. For instance, studies indicate a positive correlation between hepatic fibrosis in
99  pediatric NAFLD and retinopathy signs, as well as elevated triglycerides, basal insulin, and
100 HOMA-IR levels in children with retinopathy compared to those without (Pacifico et al., 2020).
101  Additionally, high insulin-like growth factor 1 (IGF-1) levels have been implicated in retinal
102  microvascular damage, particularly in overweight and obese children (Travers et al. 1998). These
103 findings underscore the role of hyperinsulinemia, inflammation, and hormonal dysregulation in
104  microvascular pathogenesis.
105  Microvascular changes in obese children, such as retinal venular dilatation and arterial narrowing,
106 may reflect systemic endothelial dysfunction and inflammatory processes (Dezor-Garus J.,
107  2023). Factors like leptin, which impairs endothelium-dependent vasodilation, and increased blood

108  volume in obesity further contribute to these vascular alterations (Stanek A, 2021). However, the
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109  precise mechanisms connecting obesity to retinal vessel morphology remain unclear and warrant
110  further exploration.

111  In animal models, prolonged WD exposure has been shown to induce retinal defects after nine to
112 twelve months (Keeling E et al. 2022). However, differences in retinal vascular development
113 between humans and mice necessitate alternative approaches to studying early-life influences
114 when the vascular endothelium of central circuits is more vulnerable. The retinal vasculature in
115  mice develops postnatally, making maternal WD exposure an intriguing model for understanding
116  the impact of early-life metabolic disturbances on retinal health (Selvam et al. 2018).

117 Our research demonstrates that maternal WD exposure induces key features of diabetic
118  retinopathy—such as inflammation, increased vascularization, and blood-retina barrier (BRB)
119  leakage—within just four months of dietary exposure, only in female mice. Moreover, in females,
120 we also observed macroscopic ocular defects (anophthalmia, microphthalmia, and cataracts),
121  establishing a novel sexual dimorphic model to investigate the link between obesity and retinal
122 abnormalities. This work offers a new lens to visualize the molecular underpinnings of diabetic
123 retinopathy and highlights the potential of targeting early-life metabolic disturbances to mitigate
124  obesity-associated retinal pathologies.
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140  Results

141 Western Diet exposure during early life results into a sexual dimorphic energy homeostasis

142 phenotype.

143 To better represent a human environment of childhood obesity and evaluate the impact of

144  Western Diet exposure from early development into adolescence in mice, we provided female
145  C57Bl/6 virgin mice with a WD (high-fat/high-sucrose) starting from gestation through four
146  months of age (Figure 1A). Of note, at the day of birth (DOB), litter size was adapted to 7-8 pups
147  per mother, ensuring a similar nutritional environment for each litter and avoiding metabolic
148  disorders associated with a small litter size. The offspring was divided in different cohorts to
149  provide the same age between animals, and we monitored the weight during the exposure to the
150  WD. Interestingly, while females fed with a WD showed resistance, maintaining comparable
151  weights to those on a standard chow diet, consistent with prior observations (Vogt et al., 2014),
152 males exhibited a distinct overweight phenotype (Figure 1B). While both genders exhibited higher
153  food intake and reduced core body temperature (Figure 1C-D) sex-specific difference extended
154  to other metabolic parameters, with males showing increased adiposity than females (Figure 1E).
155 Despite these differences in weight and adiposity, both males and females demonstrated
156  hyperglycemia, consistent with the prediabetic phenotype typically associated with early WD-fed
157  animals (Samuelsson et al., 2008). Moreover, gestationally exposed WD mice exhibited glucose
158 intolerance and high glucose levels compared to littermate standard chow diet fed controls (Figure
159  1F-G).

160  These findings underscore the complex, sex-specific metabolic effects of prolonged Western Diet
161  exposure, emphasizing the importance of studying both sexes to capture the full spectrum of
162  obesity-related pathophysiology.

163

164 The environment associated with Western Diet exposure underlies an enhanced

165 predisposition to macroscopic ocular defects.

166  Anophthalmia, microphthalmia, and congenital cataracts reflect disruptions in early eye
167  development, often linked to defects in optic vesicle formation, lens induction, or retinal
168  differentiation. These anomalies, from absent or underdeveloped eyes to lens opacities at birth,
169  highlight critical molecular pathways in ocular embryogenesis and are frequently associated with

170  genetic syndromes or environmental exposures during gestation. Black six mice occasionally
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171 exhibit such deficiencies (https://www.jax.org/news-and-insights/1995/october/microphthalmia-

172  and-ocular-infections-in-inbred-c57-black-mice)

173 To explore these effects, we investigated the offspring of maternal Western Diet-fed mice in 3
174  independent cohorts to rule out any genetic predisposition present in the breeders (Figure 2A).
175  Strikingly, 40% of female offspring exhibited macroscopic ocular abnormalities, including
176  anophthalmia (6%), microphthalmia (13%), and congenital cataracts (20%). These abnormalities
177  exhibited a pronounced sex-specific pattern, with an incidence of 40 % in females versus 3 % in
178  males (Figure 2B).

179  These findings suggest that early exposure to a WD provides a valuable model for studying the
180  molecular pathways contributing to the higher prevalence of visual disorders observed in women
181  than men (AAO 2024). This model may help to identify sex-specific therapeutic targets and
182  interventions for congenital and metabolic-related visual disorders.

183

184  Western Diet exposure during early life results into retinovascular defects.

185 The nervous system's microvasculature undergoes critical development postnatally,
186  rendering it highly sensitive to environmental influences during early life (Rice et al. 2000).
187  Exposure to a WD during this vulnerable period increases inflammatory cues, which can disrupt
188  neurovascular endothelium, a key regulator of blood-retinal barrier integrity (Rudraraju et al.
189  2020). Since retinal vascular integrity is crucial for maintaining normal retinal function (Eltanani
190  2022), we examined structural and functional alterations in neurovascular physiology in WD-
191  exposed mice compared to littermate controls during development.

192 To evaluate the impact of nutritional changes during development on retinal vasculature in
193  mice without macroscopic alterations in the visual compartment, we dissected the retinas from
194  these animals and performed immunofluorescence staining using Isolectin B4 (IB4), a marker of
195  endothelial cells (Boyé 2022). This approach allowed us to quantify the total retinal vasculature
196 by measuring the area and mean of IB4-positive cells. Interestingly, we observed a noticeable trend
197  toward increased vascular density in females exposed to a WD during childhood (Figure 3A),
198  though this effect did not reach statistical significance (p = 0.06). These seem to be in the same
199  direction as the human data, showing that neovascularization is one of the main pathophysiological
200  signs of DR. In contrast, no such trend was evident in males, highlighting a potential sex-specific

201  response to Western Diet exposure.
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202 Structural alterations in retinal vasculature are intimately related to modifications in BRB
203  integrity (Kim 2023, Yao 2024). To further investigate the impact of WD exposure during
204  childhood on the integrity of the BRB, we employed a dual-method approach. First, we assessed
205  the tight junction protein claudin-5 expression, a critical component of endothelial cell barrier
206  integrity (Boyé 2022). Second, we examined the leakage of two retro-orbitally injected dye tracers
207  of 1 kDa molecular size: sulfo-NHS-biotin and cadaverine (Li 2022). Strikingly, a significant
208  reduction in claudin-5 expression was observed in females exposed to the WD in early life (Figure
209  3A) but not in males, indicating compromised tight junction integrity in only one of the sexes. This
210  reduction was accompanied by notable regions of leakage of sulfo-NHS-biotin and cadaverine
211  tracers into the retinal parenchyma (Figure 3B), suggesting increased permeability of the BRB.
212 These findings highlight sex-specific vulnerabilities in BRB integrity in response to early-life
213 nutritional changes.

214 The observed compromise in BRB integrity, particularly in females exposed to a Western
215  Diet, could be caused by an inflammatory response, a potential underlying mechanism previously
216  shown in different studies. To confirm the existence of an inflammatory environment in these
217 animals, we next assessed retinal microglia, a hallmark of neuroinflammation, using
218  immunostaining for IBA-1, a specific marker for microglia (Noailles 2014). Microglia, as resident
219  immune cells of the retina, play a crucial role in maintaining tissue homeostasis apart from the
220  development of the retina during childhood (Noailles 2014). IBA-1 staining following early-life
221  Western Diet exposure revealed a significant increase in activated microglia in both female and
222 male mice (Figure 3C). Of note, microglial morphology in early WD-exposed mice suggested
223 heightened activation, as evidenced by a transition from ramified structures, indicative of a resting
224  state, to a more amoeboid shape, characteristic of an activated state. This morphological shift
225  reflects increased inflammatory activity, aligning with the observed retinal inflammation and
226  compromised neurovascular integrity in WD-exposed females. Microglia activation could further
227  contribute to retinal dysfunction, implicating neuroinflammatory pathways in the observed retinal
228  and vascular abnormalities.

229 Upon early-life WD exposure, microglia-astrocyte crosstalk may be particularly relevant.
230  The observed increase in activated microglia could lead to heightened astrocyte reactivity, further
231  compromising the BRB and contributing to the structural and functional abnormalities identified

232 in the retina. In the retina, microglia and astrocytes interact within the neurovascular unit,
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233 contributing to regulating blood-retinal barrier integrity and neuronal health. Microglia release
234 pro-inflammatory cytokines such as TNF-o and IL-1P upon activation, stimulating astrocytes to
235  adopt a reactive state. To assess the state of astrocytes and Muller glial cells in mouse retina, we
236  conducted an immunofluorescence test on the glial fibrillary acidic protein (GFAP) marker.
237  Quantification of GFAP in mouse retinas shows an increased astrocytic coverage after exposure
238 to WD early in life in female but not in male mice (Figure 3D). This interplay underscores the
239  significance of maintaining retinal homeostasis and the potential for dietary-induced disruptions
240  to trigger a cascade of pathological inflammation that compromises BRB integrity.

241 Taken together, these results highlight the profound impact of early-life Western Diet
242  exposure on retinal neurovascular health, mainly through sex-specific mechanisms. The findings
243  demonstrate that WD exposure during critical developmental windows induces significant
244  structural and functional changes in the retinal vasculature, with females showing increased
245  vascularization and compromised BRB integrity. Reduced claudin-5 expression and selective
246  permeability to small molecular tracers underscore the vulnerability of endothelial tight junctions
247  to dietary influences. The observed microglial activation in both sexes further implicates
248  inflammatory pathways in the disruption of retinal homeostasis. These activated microglia may
249  contribute to astrocytic reactivity, as increased GFAP expression indicates, suggesting a dynamic
250 interplay between glial cells that exacerbates BRB dysfunction. This glial crosstalk underscores
251  the broader neuroinflammatory cascade triggered by early-life nutritional changes and its potential
252 to drive retinal pathologies.

253

254  Western Diet Exposure Does Not Impair Electroretinogram (ERG) Function After 4 Months
255  of Feeding

256 To evaluate the functional impact of early-life exposure to a WD on retinal physiology in

257 mice without macroscopic defects (Figure 2), we assessed retinal activity using
258  electroretinography (ERG). This technique measures the electrical responses of retinal cells to
259  light stimuli and, more specifically, the function of rods (Hanke-Gogokhia et al., 2024). In a
260  scotopic ERG, which measures retinal responses under low-light conditions, the recorded waves
261  reflect distinct layers of retinal activity. We quantified two components of the ERG: the scotopic
262 a-wave and the scotopic b-wave. The a-wave represents the initial hyperpolarization of rod

263  photoreceptors in response to light stimuli (Hanke-Gogokhia et al. 2024). This negative
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264  deflection is a direct measure of photoreceptor function and provides insights into the health and
265  responsiveness of these cells, which are critical for vision in dim lighting. The b-wave emerges as
266  a positive deflection, signifying the activity of the inner retinal layers (Hanke-Gogokhia et al.
267  2024). Specifically, it is generated by the depolarization of ON-bipolar cells and the involvement
268  of Miiller glial cells. The b-wave thus reflects the processing of visual signals transmitted from the
269  photoreceptors to the inner retina. Together, the a- and b-waves comprehensively assess rod-
270  mediated retinal function. Notably, scotopic ERGs in male and female mice exposed early to a
271  Western Diet and their littermates fed a control diet showed no differences (Figure 4A and 5A).
272 Neither quantification of the scotopic a-wave (Figure 4B and 5B) nor the scotopic b-wave (Figure
273  4C and 5C) showed significant differences.

274 Next, we performed a photopic ERG to assess the functional response of cone
275  photoreceptors and their associated pathways in the retina under bright-light conditions. The
276  photopic ERG isolates cone activity using intense background illumination to suppress rod
277  responses. This approach focuses on the visual processes essential for color vision and visual
278 acuity. In those conditions, both the a-wave, which represents the initial response of cone
279  photoreceptors to light and marking the beginning of the visual signal, and the b-wave, originating
280  from the ON-bipolar cells and Miiller cells and reflecting the transmission and early processing of
281  the visual signal within the retinal circuitry, showed comparable values between males and females
282  after early exposure to WD or Standard Diet (Figure 4 D-F and 5 D-F).

283 Taken together, despite the structural and vascular alterations observed in retinal
284  development, no significant impairment was detected in ERG recordings after 4 months of WD
285  feeding. Both a-wave and b-wave amplitudes, which correspond to photoreceptor and bipolar cell
286  responses, respectively, remained comparable between WD-fed mice and their littermate controls
287  across all tested light intensities.

288 These findings suggest that while WD exposure induces microvascular and
289  neuroinflammatory changes in the retina, the functional responses of the primary retinal circuitry
290  to light stimulation are preserved at this stage.

291

292  Impact of Early High-Fat Diet Exposure on Visually Related Cognitive Performance

293 Retinal dysfunction in offspring of mice exposed to a Western Diet during development,

294  marked by compromised blood-retinal barrier integrity, heightened microglial activation, and
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295  increased astrocyte reactivity, does not significantly alter scotopic or photopic ERG parameters
296  (Figure 3-4). However, these subtle changes may still impair overall visual perception. Impaired
297  sensory input from retinal dysfunction, combined with broader neuroinflammatory processes and
298  synaptic disturbances associated with WD exposure, could contribute to deficits in recognition
299  memory and task performance.

300 Visual dysfunctions may extend to cognitive performance, particularly in tasks like the
301  novel object recognition (NOR) test, which relies heavily on intact visual processing and memory
302 to distinguish between familiar and novel objects (Antunes et al. 2012). Both genders showed a
303  decrease in the total exploration time during the test. Interestingly, female mice exposed to a WD
304  during early development displayed a diminished ability to recognize new objects, as they showed
305  decrease frequency and cumulative duration with the novel object than standard-diet-fed controls.
306  Although not statistically significant, we observed a trend in the discrimination index. (Figure
307  6A).

308 To explore whether this impairment stemmed from deficits in memory circuits or visual
309  processing regions, we assessed the expression of early activity markers, such as cFOS, in the
310  medial prefrontal cortex and visual cortex. Surprisingly, no significant changes in cFOS expression
311  were detected in these areas (Figures 6B and 6C), suggesting that alterations in these specific
312 regions might not account for the observed NOR deficits. Future investigations combining
313  advanced techniques, such as calcium imaging to track neuronal activity in real-time and
314  transcriptomic analyses to evaluate gene expression changes, could elucidate whether the observed
315  NOR deficits are primarily linked to disruptions in visual processing pathways or impairments in
316  memory-related brain regions.

317 To further explore the potential impact on memory, we performed additional behavioral
318 assays. The Barnes maze test, known for assessing spatial learning and memory, provides an
319  opportunity to investigate spatial memory deficits in these animals directly (Rodriguez Peris
320  2024). While female mice exposed early to the WD still recognized the target hole, they tended to
321  explore less the rest of the maze, something we interpreted as a lack of motivation (Figure 7A).
322 Additionally, we conducted the open field test (OFT) and elevated plus maze (EPM) to assess
323  anxiety and exploratory behaviors-cognitive and emotional processes that are frequently impaired
324  in obesity (Keleher et al. 2018, Tsan et al. 2021). These tests provided further insights into the

325  extent to which these behaviors are disrupted in female mice exposed early to a WD. Notably,

10
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326  female mice exposed to the WD during development exhibited reduced velocity and distance
327  traveled and less time spent in the center of the OFT (Figure 7B). Similarly, in the EPM, they
328  spent less time in both the open and closed arms (Figure 7C). These findings suggest that early
329 WD exposure may impair exploratory and anxiety-related behaviors in females, indicating broader
330  disruptions in cognitive and emotional functions, which could be linked to the neuroinflammatory
331  and metabolic changes induced by the diet. Such impairments align with previous studies showing
332 that WDs can disrupt neurodevelopmental processes and cognitive function, including anxiety
333 regulation (Hayes et al. 2024, Lopez-Taboada et al. 2020).

334 Our data demonstrate that early exposure to a WD induces a pro-inflammatory
335  environment in the retina earlier than what it is typically seen in adults exposed to WDs after long-
336  term exposure (12 months) (Clarkson-Townsend 2021). This response presents with a notable
337  sexual dimorphism, with females showing a more pronounced impact, mirroring trends observed
338 in the human population, where women are more frequently affected by diet-related visual
339  disorders such as diabetic retinopathy and age-related macular degeneration (AAO 2024). The
340  findings highlight the importance of early-life dietary influences in the development of retinal
341  dysfunction and offer a promising model for investigating the pathophysiology of these diseases.
342 Further mechanistic studies are necessary to explore the underlying molecular pathways driving
343  these early-life diet-induced changes. This could lead to novel therapeutic strategies for visual
344  impairments linked to metabolic dysfunction.

345

346  Discussion

347 Childhood obesity poses a significant threat to the development of central neural circuits,
348  with long-lasting consequences that extend into adulthood (Logan et al. 2022). However, the full
349  extent of these effects, particularly on processes like synaptic pruning, neurovascular development,
350  and circuit plasticity, still needs to be understood. This gap in knowledge underscores the need for
351  further investigation into how early metabolic challenges shape the brain's structure and function
352 over a lifetime. During critical periods of brain maturation, excessive adiposity and metabolic
353  dysregulation can alter the delicate balance of neuroinflammatory processes, disrupt synaptic
354  plasticity, and impair blood-brain barrier (BBB) integrity (Feng et al. 2024). These changes can
355  compromise the development of brain regions such as the hippocampus, prefrontal cortex, and

356  hypothalamus, vital for cognition, emotional regulation, and metabolic homeostasis. For instance,

11
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357 several studies have shown that early-life obesity is associated with the existence of a
358  neuroinflammatory environment highlighted by microglial activation and astrocyte dysfunction,
359 leading to impaired learning, memory, and executive functioning (Cope et al. 2018;
360  Balasubramanian et al. 2020). Furthermore, systemic inflammation and insulin resistance
361 resulting from obesity can exacerbate neural deficits, creating a vicious cycle that perpetuates
362  cognitive and behavioral impairments throughout life (Gémez-Apo et al. 2021). This
363  inflammatory and metabolic burden also extends to other structures of the CNS such as the retina
364 and optic pathways, disrupting neurovascular integrity and predisposing individuals to visual
365  disorders such as diabetic retinopathy and age-related macular degeneration (Kévacs-Valasek
366  2023). These interconnected neural and ocular impairments highlight the urgent need for
367 interventions targeting childhood obesity to preserve both brain and visual health across the
368 lifespan. The present study investigates the impact of early-life WD exposure on retinal health,
369  neurovascular integrity, and cognition, emphasizing the sexually dimorphic nature of these effects.
370  Our findings build upon and extend existing literature regarding how early nutritional
371  environments influence systemic and ocular health outcomes.

372

373  Our results demonstrate that female mice are more susceptible to WD-induced retinal and
374  cognitive dysfunctions than males. This finding aligns with clinical studies documenting a higher
375  prevalence of diet-related visual impairments in women, including diabetic retinopathy and age-
376  related macular degeneration (AAO 2024). This sex-specific vulnerability may stem from
377  hormonal interactions with inflammatory and neurovascular pathways. For example, estrogen and
378  other sex hormones have been implicated in modulating inflammation, with evidence suggesting
379  that hormonal fluctuations can exacerbate inflammatory responses in females (Monteiro et al.
380  2014; Collignon et al. 2024). In contrast, while male mice fed a WD showed more significant
381  weight gain and adiposity, consistent with previous reports indicating a male-biased susceptibility
382  to obesity-related metabolic changes, they did not show any diet-related visual impairments
383  (Samuelsson et al., 2008; Maric et al. 2022). Our findings revealed a divergence in neurovascular
384  and metabolic phenotypes: males and females displayed increased retinal barrier breakdown and
385  neuroinflammatory markers. However, males predominantly exhibited systemic metabolic
386  disturbances, including increased visceral fat and elevated fasting glucose levels which females

387  did not display. This dichotomy highlights the necessity of incorporating sex-based analyses into
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388  preclinical models to understand better the distinct pathways through which diet impacts health.
389  These findings underscore the need to tailor therapeutic strategies to address sex-specific
390 differences, focusing on neurovascular health in females and metabolic regulation in males.

391

392  Early-life WD exposure compromised BRB integrity and induced neuroinflammation, as
393  evidenced by heightened microglial and astrocyte proliferation. This aligns with previous studies
394  documenting similar inflammatory responses and vascular disruptions in adult mice exposed to
395  prolonged WD (Clarkson-Townsend et al., 2021; Boyé et al., 2022). In adult mice, 12 months
396  of continued high-fat diet exposure is needed to observe similar effects in vascular density and
397 BRB leakage (Asare-Bediako et al. 2020; REF Rithwick Rajagopal 2015). Hence, our findings
398  uniquely demonstrate that these changes manifest earlier (within just four months of WD exposure)
399  when females are fed with this diet since first stages of development, emphasizing the heightened
400  vulnerability of the developing retina to dietary insults during critical windows. Retinal
401  microvasculature and BRB disruptions were apparent at this stage in female mice, even though
402  functional tests such as the ERG revealed preserved functional responses. Other studies have
403  shown small ERG changes specific to ondulatory potentials after 6 months of HFD feeding that
404  correlated with glucose intolerance (REF Rithwick Rajagopal 2015). This suggests a latent phase
405  where structural and inflammatory damage accumulates before functional impairments become
406  detectable, likely requiring extended WD exposure to progress further. This disconnect highlights
407  an urgent need for early interventions to mitigate damage before it evolves into irreversible
408  functional decline. By mapping this trajectory from subclinical changes to overt dysfunction,
409  future longitudinal studies could help identify critical time points for intervention, potentially
410  preventing long-term complications like vision loss, associated with retinal dysfunction.

411

412 Moreover, our study revealed cognitive deficits and anxiety-like behaviors in WD-exposed female
413 mice. Mice showed an impaired performance in the NOR test, a well-established method to assess
414  recognition memory dependent on the hippocampus and perirhinal cortex (Antunes et al. 2012).
415  These findings align with previous studies linking maternal or early-life WD to cognitive
416  dysfunctions in offspring, including deficits in memory, learning, and emotional regulation
417  (Cordner et al. 2019; Rodolaki et al. 2023). Our study adds evidence that visual processing

418  deficits may contribute to cognitive impairments, offering a novel perspective on the interaction
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419  between sensory and cognitive systems. Emerging evidence suggests that retinal health can
420  influence cognition due to shared neurovascular and inflammatory pathways (Isceri et al. 2006;
421  Trebbastoni et al. 2016; Casciano et al. 2024). For example, retinal dysfunction and reduced
422  visual acuity in animal models correspond to deficits in spatial memory and anxiety regulation
423 (Brown et al. 2007; Storchi et al. 2019), further supporting a link between visual input and higher-
424  order cognitive functions. In our study, WD-exposed female mice exhibited significant
425  neuroinflammatory markers, paralleling findings that inflammation-induced disruptions in sensory
426  systems can cascade into broader neurocognitive impairments. This interplay highlights a critical
427  window during development when disruptions in sensory pathways, such as vision, can shape
428  cognitive trajectories. By addressing these early sensory deficits through dietary interventions or
429  targeted therapies, it may be possible to prevent the broader cognitive and emotional consequences
430  observed in conditions like childhood obesity and metabolic syndrome.

431

432 Notably, obesity and metabolic disturbances during pregnancy have been implicated in
433 developmental eye disorders (Franzago et al., 2024). Maternal hyperglycemia, a hallmark of
434  gestational diabetes and obesity, is known to impair early embryonic development, including
435  ocular organogenesis, by inducing oxidative stress, inflammation, and epigenetic modifications in
436  neural crest-derived tissues (Lu et al.,, 2020; Wu et al., 2020). Furthermore, hyperglycemia
437  disrupts key signaling pathways such as Sonic Hedgehog (SHH) and Pax6, which are essential for
438  optic vesicle development and lens differentiation (Zhang et al., 2016; Cavodeassi et al., 2018).
439  Our findings show a higher predisposition of females from maternal offspring to develop
440  macroscopic abnormalities. These findings extend findings linking maternal hyperglycemia to
441  disrupted optic vesicle and lens development (Zhang et al. 2016, Lu et al. 2020). The observed
442  female predisposition to these defects aligns with epidemiological trends in diet-related visual
443  disorders, highlighting the need for sex-specific preventive strategies. A transcriptomic analysis at
444  postnatal day 1 could reveal critical molecular signatures underlying these defects and further our
445  understanding of their developmental origins.

446

447  Overall, this study underscores the critical importance of addressing sex-specific vulnerabilities in
448  early-life dietary interventions. Advocating for proactive measures to mitigate dietary insults

449  during critical developmental windows, preserving BRB integrity, and curbing -early
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450  neuroinflammation may prevent retinal and cognitive health cascading effects. Moreover, our
451  study provides a better model to understand the impact of dietary interventions on retinal health,
452  reducing the exposure needed to these diets to observe mechanistic alterations associated with
453  diabetic retinopathy.

454

455  Moving forward, several key areas warrant further investigation to fully understand the long-term
456  impact of early-life WD exposure on retinal and cognitive health. First, longitudinal studies are
457  essential to establish whether the observed structural and inflammatory changes progress into

458  measurable functional deficits over time. Second, mechanistic insights into the molecular

459  pathways underlying sex-specific effects of WD are crucial. Employing single-cell transcriptomics
460  and epigenetic profiling (Ying et al. 2021; Zibetti et al. 2022) will help identify the key genes
461  and signaling pathways involved in these differential responses. Finally, exploring therapeutic
462  interventions is vital, particularly those aimed at restoring BRB integrity and attenuating
463  neuroinflammation. Developing such therapies tailored to vulnerable populations, particularly
464  females who appear more susceptible to WD-induced damage, could offer effective strategies for
465  preventing or mitigating long-term cognitive and visual impairments.

466  Our findings emphasize the urgency of integrating dietary and lifestyle interventions into public
467  health strategies, particularly during formative developmental periods when the neurovascular and
468  cognitive systems are most vulnerable to environmental insults. The integration of such
469 interventions could be vital to mitigating the growing burden of obesity-related visual and mental
470  disorders in future generations.

471

472

473

474

475

476

477

478

479

480
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481  Figure legends:

482  Figure 1: Early exposure to WD differentially affects physiological parameters of the
483  offspring. A) Breeding scheme and diet intervention to impact all central nervous system by a
484  dietary shift towards WD. B) Body weight (n= 4-6/group) in males and females after 16 weeks
485  exposure to WD from embryonic to adult stages of life. C) Lean mass and fat mass in grams of
486  standard diet and WD fed animals after 16 weeks exposure to from embryonic to adult stages of
487  life (n=4-6). D) Daily food intake and E) anal core body temperature recorded at 7a.m. in standard
488  diet and WD fed animals after 16 weeks exposure to from embryonic to adult stages of life (n =4-
489  6). F) Fasted blood glucose after a 16-hour fasting and G) glucose tolerance test after 4 hours
490  fasting (glucose = 2g/kg) in standard diet and WD-WD fed animals after 16 weeks exposure to
491  from embryonic to adult stages of life (n =4-6). Data are expressed as mean £ SEM. *P<0.05;
492  **P<0.01; ***P<0.001.; ****p<0.0001; ns: not statistically significant.

493

494  Figure 2: Early exposure to WD induces gender specific macroscopic changes in the visual
495  system. A) Breeding scheme and associated eye disorders from being exposed to WD during
496  developmental stages. B) Quantification of the percentage of male and female mice showcasing
497  macroscopic vision problems due to exposure to WD during development. Strikingly females
498  exhibit a more profound effect. Animals obtained from three different independent crosses of 6
499  female mice.

500

501  Figure 3: Early exposure to WD induces neurovascular and neuroinflammatory response in
502  the mouse retina in a sexually dimorphic manner. A) Expression of claudin-5 normalized by
503  wvascular density (IB4) of individual petals of retinas from control and WD fed animals. B)
504  Immunofluorescence staining and confocal imaging on individual petals, 30 minutes after retro-
505  orbitally injection of 5Smg of Cadaverine per gram of body weight and 1mg of sulfo-NHS-biotin/
506  mice in the case of the controls and 1.5 mg/ mice in the case of the obese animals. Qualitative
507  results showing areas of leak. C) Immunofluorescence staining of IBA-1+ cells and confocal
508 imaging of individual petals of retinas from control and WD fed animals D) Immunofluorescence
509  staining of GFAP+ cells and confocal imaging of individual petals of retinas from control and WD

510  fed animals. Quantification of superficial GFAP+ cells normalized by vascular density (I1B4). All
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511  data are shown as mean+/- SEM. Two group-one factor comparisons were performed using a two-
512 tailed unpaired Student’s t test. Symbols used are: *p < 0.005; **p < 0.001

513

514  Figure 4: Scotopic and Photopic ERG responses are not altered in male mice fed to western
515 diet. A) Average scotopic ERG responses (n = 5 animals per genotype) from control (black) and
516  western diet (magenta) mice were recorded after 16 weeks of western diet. B) The a-wave C) and
517  b-wave amplitudes are plotted as a function of increasing flash intensity (mean = SD). Scotopic
518  ERG responses from western diet animals were comparable to their littermate controls (black).
519 D) Average photopic ERG responses. E) Amplitudes of photopic a-wave F) and b-wave were
520  plotted over increasing intensity of single-flash stimuli. Cone-driven ERG b-waves recorded from
521  both groups are normal. Comparisons reflect average response over two flash intensities within
522 the gray bars; *p <0.005; **p < 0.001; not statistically significant.

523

524  Figure 5: Scotopic and Photopic ERG responses are not altered in female mice fed to western
525 diet. A) Average scotopic ERG responses (n = 5 animals per genotype) from control (black) and
526  western diet (magenta) mice were recorded after 16 weeks of western diet. B) The a-wave C) and
527  b-wave amplitudes are plotted as a function of increasing flash intensity (mean = SD). Scotopic
528  ERG responses from western diet animals were comparable to their littermate controls (black).
529 D) Average photopic ERG responses. E) Amplitudes of photopic a-wave F) and b-wave were
530 plotted over increasing intensity of single-flash stimuli. Cone-driven ERG b-waves recorded from
531  both groups are normal. Comparisons reflect average response over two flash intensities within
532 the gray bars; *p <0.005; **p < 0.001; ns: not statistically significant.

533

534  Figure 6: Exposition to western diet in early stages of development causes cognitive
535 impairments but no changes in cFOS activation in somatosensory brain regions. A)
536  Schematic illustration of the novel object recognition test (NORT). Recorded parameters to assess
537  NORT performance in mice fed with either chow or WD during the test phase: exploration time,
538  discrimination index (time exploring novel object + time exploring familiar object)/(time
539  exploring novel object + time exploring familiar object), frequency in familiar object, frequency
540  innovel object, cumulative duration in familiar object and cumulative duration in novel object. B)

541  cFOS immunostaining in cingulate cortex (A24a) C) cFOS immunostaining in visual cortex (V1).
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542  cFOS staining was quantified as number of cFOS positive cells. Symbols used are: *p < 0.005;
543  **p <0.001; ns: statistically not significant.

544

545  Figure 7: BMT, OFT and EP test show poor cognitive performance and increased levels of
546  anxiety in animals fed with WD. A) Schematic illustration of BMT and experimental timeline.
547  The green filled circle represents the scape hole and scape chamber location. The triangle, square
548  and circle surrounded the maze represent the external clues. The position of the scape chamber
549  remained constant on each trial. On the test day, the scape hole was closed and the chamber
550 removed. Recorded parameters to assess BMT performance in mice fed with either chow or
551  western diet for 4 months during the test phase: frequency in entry zone, cumulative duration in
552 entry zone and total distance traveled. B) Schematic representation of OFT. Blue area represents
553  the periphery while yellow area represents the center of the arena. Recorded parameters: velocity,
554  distance moved, frequency in center and frequency in the periphery. C) Schematic representation
555  of EPM. Analyzed parameters: Frequency in open arms, frequency in closed arms, cumulative
556  duration in open arms and cumulative duration in closed arms. Symbols used are: *p < 0.005; **p
557  <0.001; ns: not statistically significant.

558

559  Materials and Methods

560  Experimental Model:

561  All experimental approaches were approved by the Yale University Animal Care and Use
562  Committee protocol number 21043 and were by the National Institutes of Health guidelines. Adult
563  mice (>8 weeks old) were used for all studies. Mice were housed in a 12-hour light—dark cycle
564  (7:00-19:00) with ad libitum access to food and water unless otherwise indicated (fasting and WD
565  studies). All experiments are in a wild-type (C57BL/6J) background (Jackson Laboratory 000664),
566  Male and female mice were used for physiology studies. Western Diet used was from Research
567  Diets (D12331) at 58% Fat and sucrose concentrations.

568

569  Body weight and body composition

570  Body weights were monitored using a precision scale for 16 weeks. For feeding studies, mice were
571  singly housed and acclimatized prior to the study. Daily food intake was manually measured using

572  aprecision scale. Blood samples were collected via the tail vein using a capillary collection system
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573  with EDTA (Sarstedt). Blood glucose concentration was measured using a glucometer (Aimstrip
574  plus). Glucose tolerance tests (2 g/Kg) were performed on 4-hour fasted mice and blood glucose
575  were measured at the indicated time-points. Whole-body composition was measured using NMR
576  imaging (EchoMRI). Mice were restrained in a methacrylate restrainer and moved to the
577  EchoMRI-500 body composition analysis device (EchoMRI). Three replicate measurements of fat
578  mass and lean mass were taken. The average of the three replicates approximates the grams of fat
579  and lean present in the animal. Measurements of core temperature were made using, an anal probe
580  (Braintree Scientific).

581

582  Open field test (OFT)

583  Open field test is a commonly used study for measuring locomotor activity and anxiety-like
584  behavior. Our protocol was based on previous studies (Fan et al., 2019). Mice were place in the
585  center of a dark methacrylate arena (40 x 40 cm) and allowed to freely explore it for 10 minutes.
586  Trials were video recorded using Noldus camera equipment. Total distance, time spent in the center
587  of the arena and time spent in the periphery was measured using the automated tracking software
588  Ethovision XT version 17.5 .

589  Novel object recognition test (NORT)

590  The novel object recognition test is a highly employed cognitive tests for recognition memory. Our
591  protocol was adapted from Leger et al., 2013 and Ramirez et al., 2022. The test was conducted in
592  amethacrylate arena (40 x 40 cm) under an intensity light of 250 lux (measured with Light meter
593  MT-912). The NORT consisted in three consecutive training days followed by a test phase. During
594  the training, mice were exposed to two identical objects (Lego building blocks) once a day for a
595  total time of 10 minutes for each session. These training sessions were performed for 3 consecutive
596  days. After each session, mice were returned to the home cage. Arena and objects were cleaned
597  with 70% ethanol to minimize olfactory cues between sessions.

598  Atday 3, after the training session, mice were returned to the home cage for 1h before the text.
599 In the test phase, mice were exposed to a new object (block of bigger size, different texture and
600  color). Frequency and Cumulative time spent in the boundary zone of each object were measured
601  using the tracking system Ethovision XT version 17.5. Additionally, discrimination indices were
602  calculated as: (Time exploring novel object — Time exploring familiar object) / (Time exploring

603  novel object + Time exploring familiar object).
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604  Elevated Plus Maze test (EPMT)

605  Mice were acclimatized to the room 1 week prior to the test and then placed individually on the
606  central platform with their back to one of the open arms. Mice were tested for 5 minutes, during
607  which they could freely explore the apparatus. Tracking software (Ethovision XT version 17.5)
608  recognized mouse head, central body point, and the base of the tail. Anxiety was quantified by the
609  frequency and accumulation time spent in the open arms. Higher anxiety is indicated by a lower
610  frequency of movement into open arms and less time spend there.

611

612  Barnes Maze test (BMT)

613  The Barnes maze test is a widely used cognitive test used to measure hippocampal-dependent
614  spatial memory. Our protocol was based on previous studies (Ramirez et al., 2022). The maze
615  consisted of a dark blue elevated circular platform (85cm stan height and 92 cm in diameter) with
616 20 equidistant holes located around the circumference. A black escape chamber used as a shelter
617  for the mice, was placed underneath the designed target hole. The position of this target hole
618  remained constant for each mouse during the acquisition phase. The reference cues were built with
619  carton using different shapes and colors and were presented as walls surrounding the maze.
620  Animals were tested under high-intensity light (superior to 20 Lux) to create an aversive
621  environment on the surface of the apparatus, forcing them to explore the maze and find a refuge.
622  The protocol consisted of 5 days of training, a two-day resting period, and the test day. On the first
623  training day, a mouse was placed in the center of the maze and given 3 minutes to find the target
624  hole and enter the attached escape chamber. In the case they did not enter on their own during the
625  given time, the researcher gently placed the mouse to help them enter in the camber. Mice were
626  allowed to stay there for 1 minute before returning them to the cage. This will enable the mouse to
627  realize of the existence of the escape chamber and will give them practice to step down to the
628  platform. The training was performed twice daily, with a 1-hour inter-trial interval, for 5
629  consecutive days. After the acquisition period, rodents typically remember the hole in which the
630  escape chamber was placed and quickly proceed directly towards the hole. Improved performance
631  over session reflects adequate learning. Mice were allowed to rest on days 6 and 7. The trial was
632  performed on day 8. In this case, the escape chamber was removed and the animals were allowed
633  to explore the maze for 2 minutes. During the test, the following parameters were scored: latency

634  to target hole (defined as the time spent from the center of the circular platform to the precise hole
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635  where the escape chamber was located), time in quadrant (time spent in the quadrant of the
636  platform where the escape hole was located) and the total distance (total distance traveled by the
637  mouse during the 2-minute test). All trials were videos recorded. Analysis of the latency to find
638 the target hole, time spent in the target quadrant and total distance were automatically measured
639 by the video-tracking software.

640

641  Brain staining

642  Animal brains were extracted intact and immersed in PFA overnight. Next, brains were sliced in
643  the vibratome (Leica VT 1000S) to obtain 60 micras slices. Brains were stored in PBS at 4°C until
644  use. A total of six brain slices were selected for each mouse including the areas of interest: Visual
645  cortex (primary visual cortex V1) and Cingulate Cortex (cingulate cortex area A24a) from anterior
646  to more posterior. Immunohistochemistry of cFOS in brain sections was performed as following:
647  Brain slices were washed 4 times in PBS (10 mins per wash under soft agitation). The slices were
648  blocked using a mix of 2% donkey serum in PBS and 0.4% Triton X-100 for 1 hour. After that,
649  brain slices were incubated in primary cFOS antibody (Cell Signaling Ref 06/2017) for 1 hour at
650  room temperature and 48h in 4°C. They were washed 4 times in PBS (10 mins per wash under soft
651  agitation). Following that, brain slices were incubated in secondary antibody (Alexa Fluor 568
652  Invitrogen A10042) at a concentration of 1:500. Brain slices were washed 4 times in PBS (10 mins
653  per wash under soft agitation). Slices were mounted adding DAPI Fluoromont (SouthernBiotech
654  Cat NO 010020) and covered with microscope cover glass for imaging.

655

656  Retina dissection and immunostaining

657  Western diet and wildtype mice were deeply anesthetized with isoflurane and euthanized via
658  cervical dislocation. Eyes were fixed in 4% formaldehyde at room temperature for 10 minutes.
659  Retinas were isolated and stored in 100% methanol at -20°C overnight. The next day, the retinas
660  were washed three times for 10 minutes each with PBS before incubation with specific primary
661  antibodies. These antibodies were prepared in a blocking buffer containing 1% fetal bovine serum,
662 3% BSA, 0.5% Triton X-100, 0.01% sodium deoxycholate, and 0.02% sodium azide in PBS (pH
663  7.4). Incubation was performed overnight at 4°C with gentle shaking. On the following day, the
664  retinas were washed again with three 10-minute PBS washes and incubated with secondary

665  antibodies in buffer containing PBS pH 6.8, 1% Triton X-100, 0.1 mM CaCl,, 0.1 mM MgCl,,
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666 0.1 mM MnCl, at room temperature for 1 hour. Afterward, the retinas were washed three times
’667 with PBS, cut into four petals, and mounted using fluorescent mounting medium (DAKO, USA).
668 The following antibodies were used: Claudin-5-GFP (Invitrogen, 352588), Plvap (BD
669  Biosciences, 550563), Gfap (Abcam, ab4674), and Ibal (Abcam, ab178846). IB4 and all
670  secondary antibodies (donkey anti-primary, conjugated with Alexa Fluor 488, 568, or 647) were
671  purchased from Invitrogen. Streptavidin-Texas Red (Vector Laboratories, SA-5006-1) was used
672  to detect sulfo-NHS-biotin.

673

674  Retro-orbitally tracer injection

675  Western diet and wildtype mice were anesthetized and then retro-orbitally injected with tracers
676  and left to circulate for 30 minutes. The dose was modified according to the group: 1mg of sulfo-
677  NHS-biotin/ mice in the case of the controls and 1.5 mg/ mice in the case of the obese animals
678  (Thermo Scientific, 21217) was injected per mouse and Smg of Cadaverine per gram of body
679  weight (Thermo fisher A30679) was injected per mouse.

680

681  Electroretinogram

682  Animals were dark adapted overnight in the same room where the test was taking place. Anesthesia
683  was delivered before the measurement with a dose of 100mg/kg ketamine and 10mg/kg xylazine
684  solution per hour. Anesthetized animals were placed on a stage with a heat pad to maintain
685  appropriate body temperature during the test. The pupils were dilated with one drop per eye of 1%
686  tropicamide solution. For scotopic (dim-light level) ERGs, single-flash responses were recorded
687  at intensities of -4.0 to =2.7 log cd.s/m?. For photopic (bright-light level) ERGs, the mice were
688  light- adapted under a background light of +1.48 log c¢d.s/m? for 5-10 min. Single-flash photopic
689  responses were recorded at intensities of -1.0 to +2.7 c¢d.s/m?, presented on the +1.48 log cd.s/m?
690  background. ERGs were recorded from both eyes simultaneously (Ganzfeld BigShot, LKC
691  Technologies). ERG traces were analyzed using programs written in MATLAB (version R2024b,
692  MathWorks). In brief, the ERG a-wave amplitude was calculated as the negative deflection
693  observed withing the first 60 ms after the flash. The b-wave was calculated as the maximal
694  amplitude of positive deflection following the a-wave after applying a 55 Hz Bessel filter to
695  remove oscillatory potentials. Scotopic ERG b-wave amplitudes were fit using Equation 1, where

696 Rmax,] and Rmax,2 are the maximal response amplitudes and 10.5,1 and 10.5,2 are the half-
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697  saturating flash intensities; the first term reflects pure rod responses, whereas the second term
698  reflects mixed rod/cone responses. We fit the data with a single term from Equation 1 for the
699  scotopic a-wave. Data were calculated individually, and results are shown as mean + SD:

700
I I

701 R=R ——+R —_—
max,1 I + 10.5,1 max,2 I 1+ 10.5'2

702

703  Confocal microscopy and image analysis

704  Confocal images were captured using laser-scanning fluorescence microscopes (Zeiss LSM 900
705  and Leica SP8) with a 20X objective lens. Selective laser excitation at wavelengths of 405, 488,
706 547, or 647 nm was applied during imaging.

707

708  Claudin-5 analysis involved calculating the pixel intensity of thresholded vasculature relative to
709  the corresponding pixel intensity in the thresholded IB4 channel. Sulfo-NHS-biotin and cadaverine
710  leakage were measured as the mean pixel intensity, normalized to one control per sex group.
711  Vascular density was quantified by measuring vascular area and mean on Ib4 staining for all
712 groups and the normalized to one control per sex. Number of microglia were quantified by
713 counting number of Ibal-positive cells per images, divided by vascular area. Astrocyte coverage
714 was quantified by calculating the area of GFAP normalized by the area of IB4.

715

716  Statistical Analysis

717  Data are expressed as mean + SEM. Statistical analysis were performed using GraphPad Prism
718  software. Two group-one factor comparisons were performed using a two-tailed unpaired
719  Student’s t test. Datasets with two factors-one dependent variable were analyzed using two-way
720  ANOVA followed by Sidak’s post-hoc test. One-sample t tests were performed to determine
721  whether the NORT discrimination indexes observed in control/vehicle groups were significantly
722 different from chance/0. In all cases p < 0.05. Symbols used are: *p < 0.05; **p < 0.01; **p <
723 0.001; ****p < 0.0001. Statistical parameters can be found in the Figures and Figure legends. For
724  analysis of ERG data, we focused on intensity ranges that approximate the maximal rod-only
725  response and mixed rod/cone response based on the apparent saturation of each response level

726  according to the fit with Equation 1. Scotopic a-waves and photopic b-waves were analyzed only
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727  at the higher intensity range (+2 to +2.7 log cd-s/m2), where the signal-to-noise ratio was
728  sufficient. In Figure 3, where three genotypes were compared to control, we reduced the a in
729  unpaired t tests by ten-fold to account for multiple comparisons (from 0.05 to 0.005). For analysis
730  of GFAP data, images were processed with Fiji (Version: 2.14.0-1.54f) to calculate the area and
731  the mean of GFAP positive signal. This was normalized by dividing the value of GFAP by the
732 value of IB4 for each sample. An unpaired t-test was performed to compared control group against
733 western diet group. A value lower than 0.05 was considered statistically significant. For analysis
734 of cFOS, positive cells were manually counted by trained staff. Each brain slice was quantified
735  twice, including each hemisphere, and they were all added together to have a representative value
736  of each brain loci.

737
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