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Abstract

Brain plasticity and function is impaired in conditions of metabolic dysregula-

tion, such as obesity. Less is known on whether brain function is also affected

by transient and physiological metabolic changes, such as the alternation

between fasting and fed state. Here we asked whether these changes affect the

transient shift of ocular dominance that follows short-term monocular depriva-

tion, a form of homeostatic plasticity. We further asked whether variations in

three of the main metabolic and hormonal pathways affected in obesity

(glucose metabolism, leptin signalling and fatty acid metabolism) correlate

with plasticity changes. We measured the effects of 2 h monocular deprivation

in three conditions: post-absorptive state (fasting), after ingestion of a standar-

dised meal and during infusion of glucagon-like peptide-1 (GLP-1), an incretin

physiologically released upon meal ingestion that plays a key role in glucose

metabolism.

We found that short-term plasticity was less manifest in fasting than in fed

state, whereas GLP-1 infusion did not elicit reliable changes compared to fast-

ing. Although we confirmed a positive association between plasticity and

supraphysiological GLP-1 levels, achieved by GLP-1 infusion, we found that

none of the parameters linked to glucose metabolism could predict the
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plasticity reduction in the fasting versus fed state. Instead, this was selectively

associated with the increase in plasma beta-hydroxybutyrate (B-OH) levels

during fasting, which suggests a link between neural function and energy sub-

strates alternative to glucose. These results reveal a previously unexplored link

between homeostatic brain plasticity and the physiological changes associated

with the daily fast-fed cycle.
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1 | INTRODUCTION

Metabolic abnormalities and obesity are associated with
impaired cognitive performance and learning ability
(Tanaka et al., 2020). We recently showed that, in obese
individuals, this impairment extends to an aspect of sen-
sory processing: short-term ocular dominance plasticity
(Daniele et al., 2021; Lunghi, Daniele, et al., 2019). This
is measured in adult humans, by transiently applying a
translucent patch over one eye, that is, monocular depri-
vation. After deprivation, ocular dominance is transiently
but robustly shifted in favour of the deprived eye; this
effect can be detected and quantified by comparing ocu-
lar dominance before and after deprivation with various
psychophysical techniques, including binocular rivalry
(Lunghi et al., 2011; Lunghi, Berchicci, et al., 2015;
Lunghi, Emir, et al., 2015; Lunghi & Sale, 2015; Lunghi,
Sframeli, et al., 2019; Wang et al., 2020) and binocular
summation (Min et al., 2018; Zhou et al., 2013, 2014,
2017), and it is interpreted as a form of homeostatic plas-
ticity (Baroncelli & Lunghi, 2021). We and others have
shown that the extent of ocular dominance shift varies
across individuals (Lunghi, Emir, et al., 2015; Nguyen
et al., 2021; Steinwurzel et al., 2020) and correlates with
visual properties, such as the strength of inhibitory pro-
cessing (Steinwurzel et al., 2020). Plasticity also correlates
with non-visual factors, including body mass index (BMI,
the ratio between body weight in kilogram and the
square of height in metres squared). In individuals with
higher BMI, we found reduced ocular dominance plastic-
ity in response to short-term monocular deprivation,
compared to individuals with lower BMI (Lunghi,
Daniele, et al., 2019). In morbidly obese individuals
(BMI > 30 Kg/m2), this form of ocular dominance plas-
ticity was nearly absent, but it was restored to normal
levels following weight loss through Roux-en-Y gastric
bypass (RYGB) surgery (Daniele et al., 2021).

Because of the complexity of the obesity phenotype, it
is difficult to pinpoint the factors underlying these varia-
tions of ocular dominance plasticity. Obesity is associated

with abnormal signalling in a variety of pathways,
inflammation (Guillemot-Legris & Muccioli, 2017) and
gut–brain interactions (Ley et al., 2005). Also, multiple
and complex neuronal, hormonal, metabolic adaptations
are induced by the marked weight reduction obtained
with bariatric surgery. Initial evidence suggested that
changes in short-term ocular dominance plasticity could
be associated with changes in a fundamental metabolic
factor: glucagon-like peptide-1 (GLP-1). GLP-1 is secreted
by the intestinal L-cells (Eissele et al., 1992); its levels
increase rapidly in response to ingestion of mixed meals,
promoting insulin secretion and thereby regulating glu-
cose metabolism. GLP-1 also acts on several brain areas
where its receptors are expressed (Alvarez et al., 2005;
Farr et al., 2016; Ten Kulve et al., 2016), and it has been
claimed to stimulate neurogenesis as well as to repair
and/or reduce neurodegeneration (Glotfelty et al., 2020;
Grieco et al., 2019; Holscher, 2022; Katsurada &
Yada, 2016). With neuroimaging studies in humans, we
found that exenatide, a GLP-1 receptor agonist, can alter
glucose metabolism across the cortex (Daniele
et al., 2015) as well as BOLD signals (Binda et al., 2019)
in the visual cortex, where it interferes with stimulus
preferences (food vs. landscapes), suggesting it might
alter visual function. In line with this possibility, we
found that the recovery of ocular dominance plasticity
following RYGB surgery in morbidly obese patients was
associated with the increase of GLP-1 blood concentra-
tions (Lunghi, Daniele, et al., 2019). This led us to
hypothesise that GLP-1 (dysregulated in morbidly obese
patients and strongly enhanced following RYGB surgery)
plays an important role in restoring short-term ocular
dominance plasticity in these patients.

It is important to consider that obesity and
bariatric surgery interact with a wide range of metabolic
pathways, besides those connected with glucose. For
instance, there is ample evidence that leptin—the
satiety hormone—is dysregulated in morbidly obese
patients and that it strongly impacts the brain plasticity
potential (Considine et al., 1996; Cui et al., 2017;
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Enriori et al., 2006; Izquierdo et al., 2019; Maffei &
Giordano, 2021; Mainardi et al., 2013; Zhang et al., 1994).
There is also evidence that fatty acids metabolism is
affected in these patients (Vice et al., 2005). After over-
night fasting, liver glycogen stores are depleted and
metabolism switches from glycogenolysis to lipolysis; the
released free fatty acids are transported into hepatocytes,
where they are metabolised with the formation of mainly
beta-hydroxybutyrate (B-OH) and acetoacetate (Anton
et al., 2018). Thus, B-OH plasma concentrations represent
a meaningful index of fatty acid metabolism. Moreover,
B-OH is the preferred source of energy in neuronal cells
during fasting (i.e. when glucose availability is reduced),
and there is initial evidence that this metabolic switch
may be accompanied by altered neuronal function
(Longo & Mattson, 2014; Mattson, 2012; Puchalska &
Crawford, 2017).

In the present work, we proposed to explore the rela-
tionship between neuroplasticity and these diverse meta-
bolic factors by moving away from the pathological
model of obesity and focussing on healthy individuals
who underwent acute metabolic manipulations. We con-
sidered one simple and physiological manipulation: over-
night fasting versus ingestion of a (standardised) meal.
We compared this with a direct manipulation of GLP-1
levels, intravenously infused in fasting individuals.
Across these three conditions, we measured the strength
of ocular dominance plasticity, induced by short-term
monocular deprivation, and the plasma concentration of
six parameters that indexed the main metabolic factors of
interest: glucose metabolism (indexed by active GLP-1,
insulin and C-peptide and glucose levels), leptin signal-
ling (measured by circulating leptin levels) and fatty acid
metabolism (indexed by B-OH plasma concentrations).

2 | MATERIALS AND METHODS

2.1 | Ethics statement

Experimental procedures were approved by the local
Ethics committee (Comitato Etico Regionale per la
Sperimentazione Clinica, sezione autonoma dell’Area
Vasta Nord-Ovest, Project approval n. 1031 of 15 April
2016) and in line with the Declaration of Helsinki. Par-
ticipants gave written informed consent before starting
the study.

2.2 | Participants

Volunteers were invited to access our research facilities
for acquiring written informed consent and for a

screening visit. A pilot study (described in a dedicated
section below) was conducted on a separate cohort to
determine the minimum sample size required to reliably
detect a reduction of short-term monocular deprivation
effects in the fasting vs. fed state. The results indicated
that a sample of N = 11 was sufficient to achieve the pre-
set statistical power of 80%. Based on this analysis, a total
of 13 participants were enrolled in the study; 11 partici-
pants (6 females) completed all conditions whereas two
were unable to complete the study and were discarded
from all analyses.

The participants were young and in good health, with
no chronic or acute illnesses; they had stable BMI within
the physiological range (18.5 kg/m2 < BMI < 30 kg/m2)
over the 6 months prior to entering the study. None of
the participants took any medications nor engaged in reg-
ular vigorous exercise (in the gym or outdoors, as
assessed by unstructured self-report). Table 1 shows a
summary of the main anthropometric and clinical fea-
tures of the study cohort. We relied on the participants’
self-reports for normal vision or adequate and recently
updated corrections (contact lenses that they wore during
the experiments). Following enrolment, the participants
received extensive training on the binocular rivalry task.
We verified that they all had typical binocular rivalry
dynamics, with low percentage (< = 30%) of mixed

TABL E 1 Anthropometric and clinical features of the study

cohort (N = 11)

Sample characteristics Median (range)

Age (years) 26 (23–38)

Gender (F,M) 6,5

BMI (kg/m2) 21.48 (18.69–28.41)

SBP (mm Hg) 122 (110–138)

DBP (mm Hg) 80 (55–88)

Hb glycated (mmol/mol) 33 (27–37)

Total cholesterol (mg/dl) 174 (131–211)

HDL cholesterol (mg/dl) 64 (38–79)

LDL cholesterol (mg/dl) 98.2 (53–131)

Triglycerides (mg/dl) 64 (43–202)

Creatinine (mg/dl) 0.75 (0.68–1.24)

AST (UI/l) 19 (13–30)

ALT (UI/l) 13 (7–50)

GGT (UI/l) 14 (8–29)

Hb% (g/dl) 13.6 (10.2–16.5)

Note: BMI = body mass index, SBP = systolic blood pressure,

DBP = diastolic blood pressure, Hb = haemoglobin, HDL = high density
lipoprotein, LDL = low density lipoprotein, AST = aspartate
aminotransferase, ALT = alanine aminotransferase, GGT = gamma-
glutamyl transferase.
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percepts (i.e. periods of fusion or superimposition of the
two rivalrous stimuli) and no strong ocular dominance
(< = 30% dominance difference between eyes).

2.3 | Experimental procedure

The participants reported to the research centre on
three days over the course of about 90 days (minimum
interval between visits: 7 days), always at 8 AM after
12 h overnight fasting. A peripheral vein was
cannulated for collection of blood samples. Following
collection of baseline samples, baseline binocular rivalry
measurements were performed (described below). These
were followed by the application of a monocular patch
over the dominant eye for 2 h, to achieve short-term
monocular deprivation. The monocular deprivation
procedure was repeated in three conditions
(randomised order):

• with the fasting regimen maintained throughout the
2-h monocular deprivation;

• following the administration of a standardised liquid
meal (Nutridrink Nutricia, 300 Kcal) immediately
followed by the application of the monocular patch;

• during a 2-h intravenous infusion of GLP-1
(.9 pmol/kg/min) intended to reach (in a fasting
regimen) the GLP-1 concentration usually achieved
upon ingestion of a mixed meal. Infusion rate was
based on Little et al. (2006). The infusion was initi-
ated at the time of monocular patch application, and
it was continued for the 2-h deprivation period. Dur-
ing the infusion, blood glucose concentration was
measured at 10-min intervals and a 20% D-glucose
(Braun, Melsungen AG, Germany) was intravenously
infused at variable rate to maintain fasting plasma
glucose levels.

Blood samples were drawn at scheduled intervals
0, 15, 30, 60, 90 and 120 min from the application of the
monocular eye patch. The same cannulation procedure
was used in all three conditions. It was performed at the
beginning of each session and removed after the last
post-deprivation binocular rivalry measurement, by a
dedicated expert nurse. Peripheral vein cannulation is
the most common method for obtaining vascular access;
it entails no needle left in the participants’ arm, as only a
catheter (a small flexible tube made of synthetic poly-
mers) remains in position during the procedures and it is
expected to produce no pain or discomfort as the arm
remains free to move. Based on this, we submit that the
risk of cannulation affecting the plasticity results is
negligible.

2.4 | Laboratory assessments

We analysed blood samples to quantify the
concentrations of the main hormones and substrates that
are expected to undergo physiological changes in the
fast-fed cycle.

To track glucose metabolism, we quantified the con-
centrations of GLP-1 (active fraction, measured by
Enzyme-Linked Immunosorbent Assay (ELISA), Merck,
Germany), its downstream targets insulin and C-peptide
(measured by RIA, Pantec, Turin, Italy), and the conse-
quent plasma glucose levels (glucose oxidase method,
Analox GM9 Analyser; Analox Instruments, London,
UK). Insulin and C-peptide are secreted in equimolar
concentrations; insulin regulates glucose metabolism,
whereas C-peptide merely reflects insulin secretion
because of its negligible hepatic extraction and constant
metabolic clearance rate (Polonsky & Rubenstein, 1984).

We tracked concentrations of leptin using a sandwich
ELISA (RayBiotech, Norcross, GA, USA).

Finally, we studied fatty acid metabolism, by tracking
concentrations of the main alternative substrate to glu-
cose: beta-hydroxybutyrate (B-OH). This was measured
with an in-house automated spectrophotometric enzy-
matic method on a Beckman UniCel DXC600 Synchron
Analyser (Fullerton, CA, USA).

Intra-assay and between-assay coefficients of varia-
tion were <1% and <5%, respectively, for all hormone
and substrate measurements. Data points at 15 and
30 min in the fasting condition were skipped as no
notable variations in any of the parameters was
expected; for the same reason, GLP-1 was not quantified
at the 15-min data point. For all parameters, we sum-
marised variations over the 2-h interval by computing
the area under the curve (AUC) using the
trapezoidal rule.

2.5 | Monocular deprivation procedure

Monocular deprivation was achieved by patching the
dominant eye for two hours to induce a shift in ocular
dominance as previously described (Lunghi et al., 2011).
Recent evidence suggests that shorter deprivation dura-
tions may be sufficient to induce a plasticity effect (Min
et al., 2018). However, we chose to maintain the 2-h dep-
rivation schedule because it has been used in previous
studies on obesity and bariatric surgery (Daniele
et al., 2021; Lunghi, Daniele, et al., 2019), allowing direct
comparison. As in those studies, the eye patch was made
of a translucent plastic material that allowed light to
reach the retina (attenuation 15%) but completely pre-
vented pattern vision (Figure 1a). During the 2-h
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deprivation, the participants were asked to remain
seated, and they could read or work on their laptops.

2.6 | Binocular rivalry assessment

Visual stimuli for binocular rivalry were two oblique
gratings (orientation: � 45�, size: 3�, spatial frequency:
2 cpd, contrast 50%), one red and one blue, surrounded
by a white smoothed circle and presented against a black
uniform background. The peak luminance of the red
grating was reduced to match the peak luminance of the
blue one using photometric measures. The participants
sat in front of the monitor at 57 cm distance (IPS LED
24EA53, with resolution 1920 � 1080, and refresh rate
60 Hz). Because the stimuli were seen through anaglyph
red–blue goggles (right lens blue, left lens red), each eye
only viewed one of the gratings (with colour matching
the lens colour).

Upon stimuli appearance, visual perception started
alternating between the two monocular images (clock-
wise or counter-clockwise tilted grating), sometimes
interleaved with ‘mixed percepts’ in which the two
images were either fused or combined in a patch-wise
fashion. The participants were asked to continuously
report which of these three states best described their
current perception by continuously pressing one of three
allocated keyboard keys (right, left, and down arrows)
with their right hand. Rivalry was measured over 3-min
long experimental blocks. We acquired two blocks before
deprivation, and four blocks immediately after eye-patch
removal. At each experimental block, the orientation of
the stimulus in each eye was randomly varied so that the
participants did not know which percept (clockwise or
counter-clockwise) was associated with which eye or col-
our. The recorded perceptual reports were analysed with
custom MATLAB scripts. We checked that in all cases

phase durations followed the typical gamma distribution.
We normalised phase duration for the deprived eye and
non-deprived eye to their mean in each participant; nor-
malised durations were then pooled across the partici-
pants and the resulting probability density functions
were similar curves for the two eyes, as shown in
Figure 1b. We did not include phase durations longer
that 30 s (stopped rivalry) or shorter than .3 s
(finger errors).

To characterise rivalry dynamics, we used mean
phase durations (the mean duration of exclusive domi-
nance phases of the dominant or the non-dominant eye)
and the switch rates, defined as the fraction of perceptual
phases (reporting exclusive dominance of dominant or
non-dominant eye, or mixed percepts) observed over a
period of 1 s.

The main purpose of our rivalry measurements was
to quantify ocular dominance and monitor its shift fol-
lowing monocular deprivation. We defined ocular domi-
nance as the ratio between mean phase durations for the
dominant (Dep) and non-dominant (Ndep) eye; because
we patched the dominant eye, these correspond to the
deprived and non-deprived eye. We then indexed the
plasticity effect as the ratio of the ocular dominance
index before (Pre) and after (Post) deprivation:

Plasticity index¼ DepPost
NdepPost

=
DepPre
NdepPre

ð1Þ

A plasticity index > 1 implies a shift of ocular dominance
in favour of the deprived eye (the expected effect). Note
that Equation (1) can be rewritten using log-transformed
mean phase durations, becoming a linear combination.

lgPlasticityIndex ¼ lgDepPost� lgNdepPost
� �

� lgDepPre� lgNdepPre
� �

ð2Þ

F I GURE 1 Experimental procedure and

baseline binocular rivalry measurements.

(a) Time course of the experiment, where

binocular rivalry dynamics were measured

before and after deprivation. Short-term

monocular deprivation was achieved by

applying a translucent patch over the dominant

eye for 2 h. (b) Probability density function of

the normalised phase durations for each eye

(dominant and non-dominant), measured

before deprivation and pooled across conditions

and participants. The function conforms to the

typical gamma distribution
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2.7 | Statistical analyses

Statistical analyses were performed using MATLAB
(MATLAB_R2019a). We checked the distributions of all
variables submitted to statistical tests and found that they
often significantly deviated from the normality assump-
tion (p < .05 at the Lilliefors test). We applied a logarith-
mic transform to the AUCs of parameters extracted from
blood samples, the binocular rivalry mean phase dura-
tions and derived ocular dominance indices, and a z-
transform to the proportions of binocular rivalry mixed
percepts (bounded within �3 and +3). With these trans-
formations, all distributions met the normality assump-
tion (again checked with the Lilliefors test).

We used repeated measures analyses of variance
(ANOVAs) to evaluate the effects of condition (three
levels: fasting, standardised meal and GLP-1 infusion)
and, where appropriate, the effects of factors time (two
levels: pre- and post-deprivation) and eye (deprived and
non-deprived). Whenever the sphericity assumption was
not met (p < .05 at the Mauchly’s test), p values are
reported both before and after Greenhouse–Geisser cor-
rection. We followed up ANOVAs with a series of post-
hoc paired t tests (single series or contrasts). In particular,
we assessed the effect of monocular deprivation on binoc-
ular rivalry mean phase durations by means of the con-
trast defined in Equation (2), which (given the log-
transformation of phase durations) is mathematically
equivalent to our plasticity index (Equation 1). The
p values resulting from post-hoc t tests were evaluated
against Bonferroni-corrected alpha levels, obtained by
dividing the a priori .05 alpha level by the number of
meaningful pairwise comparisons or contrasts (specified
for each test). We used the same procedure to evaluate
the significance of Pearson’s correlations.

For t tests and correlations, we complemented the
standard inferential approach with Bayes factors, which
quantify the evidence for or against the null hypothesis
as the ratio of their likelihoods given the observed data.
We expressed Bayes factors as the base-10 logarithm of
this ratio (log-Bayes Factors or lgBF), where negative
numbers indicate that the experimental hypothesis is
likely to be false. Conventionally, absolute lgBF greater
than .5 are considered ‘substantial’ evidence for or
against the experimental hypothesis; absolute lgBF
greater than 1 are considered ‘strong’ evidence (Kass &
Raftery, 1995).

2.8 | Pilot study

We determined the appropriate sample size by means of
a pilot experiment, with a different group of participants

(N = 10, all females, aged 25.21 [23.50–28] years). We
only compared the fasting condition and a rough
approximation to the ‘fed’ condition, where instead of
providing a standardised meal, we simply asked the par-
ticipants to have their normal breakfast before reporting
to the laboratory for the experiment. Testing always
started at the same time (9 AM), and the two conditions
were administered in random order, between 7 and
15 days apart. Procedures and analyses were the same
as in the main experiment, except that no blood sam-
ples were taken and except for the following details.
Binocular rivalry was measured with monochromatic
stimuli (Gaussian-vignetted sinusoidal gratings, oriented
45� clockwise or counter-clockwise, with size: σ = 2�,
spatial frequency: 2 cycles/degree of visual angle, and
contrast: 50%) seen through ferromagnetic shutter gog-
gles. Stimuli were generated by the ViSaGe (CRS,
Cambridge Research Systems), housed in a PC (Dell)
controlled by MATLAB scripts. They were displayed on
a linearised monitor (Barco CDCT 6551, Barco Federal
System, LLC, Duluth, GA) driven at a resolution of
800 � 600 pixels, 140 Hz. Like in the main experiment,
the participants were asked to remain seated during the
deprivation, reading or working at their laptops. The
results showed a significant difference in (log-trans-
formed) plasticity indices between conditions (Meal-
Fast: t9 = 2.58, p = .030, lgBF = .42); the effect size was
.815 (Cohen’s d). We used the software package
G*power (G*Power version 3.1.9.6) to calculate the min-
imum sample size required to measure an effect of this
size with 80% power and one-tailed .05 alpha, which
yielded N = 11.

3 | RESULTS

3.1 | Plasma substrate levels and
hormone levels

Figure 2 shows time courses for active GLP-1, C-peptide,
insulin, glucose, leptin and B-OH under the three experi-
mental conditions. We used the AUC (log-transformed)
to summarise each time course and entered these values
in an ANOVA for repeated measures comparing the three
metabolic states (one factor with three levels: fasting,
standardised meal and GLP-1 infusion), followed by post-
hoc tests evaluated against the Bonferroni-corrected
alpha level of .017 (.05 divided by the three possible pair-
wise comparisons).

All parameters connected with glucose metabolism
showed a significant effect of metabolic state as evaluated
with the one-way ANOVA (GLP-1: F2,10 = 24.66,
p < .001; C-peptide: F2,10 = 10.66, p = .001; insulin:
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F2,10 = 4.81, p = .020; glucose: F2,10 = 13.34, p < .001).
Figure 2a shows that ingestion of the standardised meal
was followed by an increase of active GLP-1 levels com-
pared with the fasting condition. At the 30 min time-
point, active GLP-1 plasma levels upon GLP-1 infusion
were similar to the levels attained in response to the
mixed meal ingestion, as expected (Little et al., 2006).
However, although the GLP-1 concentration continued
to increase slightly with infusion, it started dropping after
reaching the 30-min peak with the mixed meal. As a
result, active GLP-1 concentrations were significantly dif-
ferent during GLP-1 infusion than both in the standar-
dised meal condition (t10 = 4.19, p = .002, lgBF = 1.38)
and the fasting conditions (t10 = 7.03, p < .001,
lgBF = 2.84), whereas the smaller and more transient dif-
ference between the standardised meal and fasting condi-
tion did not reach significance (t10 = 2.09, p = .063,
lgBF = .16).

Figure 2b,c show C-peptide and insulin levels, which
were significantly higher in the standardised meal condi-
tion than in the fasting condition (C-peptide: t10 = 4.89,
p = .001, lgBF = 1.77; insulin: t10 = 3.66, p = .004,
lgBF = 1.07). C-peptide and insulin levels were more var-
iable in the GLP-1 infusion condition and non-
significantly different from the other two (alljt10j < 2.87,
all p > .017).

Figure 2d shows that plasma glucose remained at a
baseline level in both the fasting condition and during
the GLP-1 infusion, where it was kept constant through
titrated glucose infusion, resulting in indistinguishable
values in these two conditions (t10 = .08, p = .934,

lgBF = �.53). In contrast, the standardised meal was fol-
lowed by a transient increase in plasma glucose, resulting
in a reliable difference between the standardised meal
and the other two conditions (fasting: t10 = 3.59,
p = .005, lgBF = 1.03; GLP-1 infusion: t10 = 5.72,
p < .001, lgBF = 2.22).

Leptin plasma levels (Figure 2e) were stable and simi-
lar in all three experimental conditions, as reported by
the non-significant effect of condition at the one-way
ANOVA (F2,10 = .59, p = .565) and the non-significant
post-hoc tests (all jt10j < 1.23, all p > .250, all lgBF <
�.26).

B-OH levels (Figure 2f) were slightly increased in the
fasting condition and decreased after the standardised
meal and the GLP-1 infusion, reported by a significant
overall effect of condition at the one-way ANOVA
(F2,10 = 3.51, p = .049). However, individual pairwise dif-
ferences did not pass the Bonferroni-corrected signifi-
cance threshold (all jt10j < 2.29, all p > .045, all lgBF <
.26).

3.2 | Binocular rivalry

We checked the reliability of our binocular rivalry data
by comparing pre-deprivation values collected in the
three sessions (in all cases, the participants performed
the pre-deprivation measurements following a 12-h over-
night fasting). We found that all the standard parameters
used to describe the rivalry phenomenon were well corre-
lated across conditions (Table 2).

F I GURE 2 Time courses of

metabolic parameters. Plasma

concentrations of (a) GLP-1 (active

fraction), (b) C-peptide, (c) insulin,

(d) glucose, (e) leptin and (f) B-OH

over the 2 h of monocular

deprivation, separately for the three

metabolic states (standardised meal,

fasting, fasting plus GLP-1

infusion). Thick lines show the

average, and error bars are the SEM

(standard error of the mean across

subjects). Thin dotted lines show

time courses of metabolites for each

participant individually. In all plots,

time = 0 min corresponds with the

start of the deprivation and the

administration of the standardised

meal or GLP-1 infusion
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We also checked the quality of the rivalry phenome-
non in our set of participants, as indexed by the domi-
nance of mixed percepts. We found that mixed percepts
dominated for a moderate proportion of total viewing
time (<30%). By entering the proportions of mixed per-
cepts (after z-transform) in a two-way ANOVA, we found
no main effect of time (pre- and post-deprivation:
F1,10 = 3.10, p = .109) and no effect of condition (main
effect: F2,10 = .88, p = .432 and p = .406 after
Greenhouse–Geisser correction; time by condition inter-
action: F2,10 = .79, p = .469 and p = .444 after
Greenhouse–Geisser correction), indicating that they
were a stable characteristic of rivalry dynamics.

Finally, we focussed on the main expected effect of
monocular deprivation, the ocular dominance shift that
we calculated from the change of mean phase durations
for the deprived and non-deprived eye over time.
Figure 3a,b compares mean phase durations before and
after deprivation separately for each eye. Symbols show
data from individual participants, with different colours
referring to the three metabolic states. Log-transformed
values were entered a three-way ANOVA with factors
time (pre- and post-deprivation), eye (deprived and non-
deprived) and condition (standardised meal, fasting and
GLP-1 infusion).

The significant interaction between factors time and
eye supported the statistical reliability of the monocular
deprivation effect (time by eye interaction: F1,10 = 10.28,
p = .009; main effect of time: F1,10 = 21.88, p = .001;
main effect of eye: F1,10 = 6.66, p = .027). Comparison
of Figure 3a,b suggests that the deprivation primarily
affected mean phase durations for the deprived eye,
leaving the non-deprived eye largely unaffected.
Although previous studies generally reported opposite
effects of monocular deprivation on the two eyes, we

note that the reduction in phase durations for the non-
deprived eye is often (e.g. Binda et al., 2018; Lunghi
et al., 2011; Lunghi & Sale, 2015; Ramamurthy &
Blaser, 2018; Seeliger & Triesch, 2021; Song et al., 2022;
Steinwurzel et al., 2020; Wang et al., 2020; Zhou
et al., 2015) though not always (e.g. Lunghi et al., 2013;
Lunghi, Berchicci, et al., 2015; Virathone et al., 2021)
numerically smaller than the increase for the
deprived eye.

To test whether the effect of deprivation varied across
conditions (metabolic states), we followed up the non-
significant three-way interaction (F2,10 = 2.03, p = .158
and p = .178 after Greenhouse–Geisser correction; and
non-significant condition by time: F2,10 = .38, p = .690
and p = .688 after Greenhouse–Geisser correction; condi-
tion by eye interactions: F2,10 = .57, p = .572 and
p = .543 after Greenhouse–Geisser correction) with
planned contrasts comparing the effect of deprivation
across the three conditions (evaluated against a
Bonferroni-corrected alpha level of .017 or .05 divided by
the three possible pairwise comparisons). Contrasts were
defined to be mathematically equivalent to our plasticity
index (Equations 1 and 2 in Section 2), shown in
Figure 3c for each condition. A significant difference
emerged between the standardised meal and fasting con-
ditions (t10 = 2.90, p = .016, lgBF = .62) with no differ-
ences between the GLP-1 infusion and the other two
conditions (alljt10j < 1.48 and all p > .17). Coherently,
the effect of deprivation passed the Bonferroni-corrected
significance threshold (p < .017) only in the standardised
meal condition (t10 = 3.79, p = .004, lgBF = 1.15), not in
the fasting condition (t10 = 2.72, p = .022, lgBF = .52) or
in the GLP-1 infusion condition (t10 = 1.61, p = .138,
lgBF = �.09). Figure 3d directly compares the plasticity
index across conditions for the individual participants.

TAB L E 2 Reliability analyses on binocular rivalry measurements (pre-deprivation)

Parameter Conditions r11 p value lgBF

Mean phase durations Meal vs. fast .92 <.001 2.70

Meal vs. GLP-1 .91 <.001 2.48

Fast vs. GLP-1 .80 .003 1.25

Switch rate Meal vs. fast .91 <.001 2.52

Meal vs. GLP-1 .88 <.001 2.03

Fast vs. GLP-1 .72 .013 .69

Ocular dominance Meal vs. fast .79 .004 1.16

Meal vs. GLP-1 .86 .001 1.77

Fast vs. GLP-1 .70 .016 .60

Mean durations of exclusive dominance phases averaged across eyes (log-transformed), switch rates (fraction of perceptual phases per second) and ocular
dominance indices (ratio of mean phase durations for the dominant and non-dominant eye, log-transformed) were measured before deprivation and correlated

across the three conditions. The resulting Pearson’s r values are reported, together with associated p values and log Bayes factors. Significance is evaluated
against the Bonferroni corrected alpha-level of .017 (.05 divided by the 3 possible pairwise comparisons). All correlations are significant.
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The x-axis reports results from the standardised meal
condition; all points lay to the right of the x = 1 line,
implying the expected deprivation effect. This is not the
case for the y axis, which shows results from the other
two conditions and where several points lay below the
y = 1 line. Plasticity indices in the fasting and standar-
dised meal condition were well correlated across the par-
ticipants (r11 = .82, p = .002, lgBF = 1.41), supporting the
validity of this psychophysical measure. Values in the fast-
ing conditions were smaller than in the standardised meal
condition in most participants, resulting in most red/blue
points laying below the bisection line and only three points
abutting this line. Plasticity indices in the GLP-1 infusion
condition had larger variance; one participant showed a
large positive effect in the standardised meal and fasting
conditions, but an opposite effect in the GLP-1 infusion
condition. This produced non-significant correlations of
the GLP-1 infusion condition with the other two condi-
tions (GLP-1 vs. meal: r11 = .34, p = .314, lgBF = �.43;
GLP-1 vs. fast: r11 = .46, p = .150, lgBF = �.20).

In our search for potential factors accounting for the
acute plasticity change (fasting vs. standardised meal),
we looked for possible relationships with plasma levels
of hormones and substrates, quantified as their AUCs.
Significance of correlations was evaluated against the

Bonferroni-corrected alpha level of .008 (or .05 divided
by the six possible correlations between plasticity indices
and plasma levels). A significant inverse correlation
emerged between the ratio of plasticity indices in the
standardised meal vs. fasting conditions and the ratio of
AUCs for B-OH in the same conditions (r11 = �.84,
p = .001, lgBF = 1.58; Figure 4a), whereas there was no
association with the ratios of AUCs for any of the other
parameters (plasma glucose, insulin, C-peptide, active
GLP-1 or leptin, alljrj < .35 and p > .288). Reiterating
the finding in Figure 3d, Figure 4a shows that there
were only three participants with (slightly) weaker plas-
ticity in the standardised meal than in the fasting condi-
tion (the three points below the y = 1 line). The same
three participants also showed higher B-OH concentra-
tions in the standardised meal than in the fasting
condition.

We next sought to investigate the origin of the large
inter-individual variability in the GLP-1 condition.
Although GLP-1 was not associated with plasticity in the
fasting or fed state, the much higher, supraphysiological
levels of active GLP-1 achieved through GLP-1 infusion
were strongly and positively correlated with plasticity
indexes in this condition (r11 = .94, p < .0001,
lgBF = 3.12; Figure 4b), whereas correlations with the

F I GURE 3 Short-term ocular dominance

plasticity effect. (a, b) Post deprivation vs. pre

deprivation mean durations of exclusive

dominance phases of the deprived (a) and non-

deprived eye (b), for each participant and for the

three metabolic conditions. (c) Box plot of

plasticity indices (computed with Equation 1

and summarising ocular dominance shifts

following monocular deprivation) in the three

conditions. The asterisk above the horizontal

lines highlights the only significant paired t test

(* for p < .017, corresponding to Bonferroni-

corrected .05 alpha level). (d) Plasticity indices

from individual participants in the fasting and

GLP-1 conditions, plotted against plasticity

indices in the standardised meal condition. In

Figure 3a,b and d, symbols give individual

participants results
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other parameters were non-significant (alljrj < .50 and
p > .122 except for insulin: r11 = .71, p = .015,
lgBF = .63, which did not survive Bonferroni correction).
Note that in Figure 4b all data-points lay close to the
best-fitting regression line; the participant showing very
low plasticity in the GLP-1 infusion condition (the clear
outlier in Figure 3d) is not an outlier in this representa-
tion because of the low active GLP-1 concentrations
reached upon infusion.

Although we acknowledge the explorative nature of
our correlation analyses, given our relatively small
sample size, we highlight the strength of both GLP-1 and
B-OH correlations with our plasticity index, testified by
the small p values (implying statistical significance after
Bonferroni correction) and supported by our Bayesian
analysis, as associated lgBF are > 1, indicative of ‘strong’
evidence in support of the reported associations (Kass &
Raftery, 1995).

4 | DISCUSSION

By measuring the ocular dominance shift that follows 2-h
monocular deprivation, we found that short-term ocular
dominance plasticity was reduced after overnight fasting
compared to after a standardised meal. This modulation
of ocular dominance suggests that hormonal and/or met-
abolic factors can exert an acute modulation of homeo-
static plasticity, which is sufficiently rapid to manifest
itself over the 2 hours of our protocol—similar to the
acute effects of other non-visual factors, such as physical
exercise (Lunghi & Sale, 2015; Lunghi, Sframeli,
et al., 2019; but see Finn et al., 2019; Virathone
et al., 2021) and pharmacologic manipulations (Sheynin
et al., 2019), and in stark contrast with the chronic effects
of obesity and bariatric surgery (Daniele et al., 2021;
Lunghi, Daniele, et al., 2019).

There is ample evidence for the impact of dietary
regimes on brain function and health (Arnold
et al., 2014; Longo & Mattson, 2014). However, most
studies have focussed on pathological conditions and on
long-term manipulations (e.g. days or months of altered
dietary regimens). For instance, there is evidence that
obesity has deleterious effects on cognition and neuro-
plasticity, whereas caloric restriction or bariatric surgery
promote neuroplasticity (Mainardi et al., 2013; Murphy
et al., 2014), even in primary sensory cortex (Spolidoro
et al., 2011). In all these conditions, however, it is difficult
to ascertain whether the effects are produced by meta-
bolic shifts, chronic hormonal responses or long-term
consequences on other systems, like, for instance, the
immune system (de Heredia et al., 2012; Guillemot-
Legris & Muccioli, 2017) and/or the gut microbiome (Ley
et al., 2005).

Fewer studies have tested the acute effects of a meta-
bolic intervention, the majority of which focussed on
skipping breakfast. Benau et al. (2014) reviewed findings
from 10 studies, most of which reported a negative
impact of meal skipping on task performance, for exam-
ple, short-term verbal and non-verbal memory (Benton &
Parker, 1998; Sünram-Lea et al., 2001), long-term mem-
ory (Sünram-Lea et al., 2001), working memory
(Benton & Parker, 1998) and psychomotor speed (Green
et al., 1997). Later studies further supported the concept
that short-term fasting negatively affects cognitive perfor-
mance (Anderson et al., 2018; Komiyama et al., 2016;
Pena-Jorquera et al., 2021). There is also evidence that
meal skipping impacts visual perception, reducing the
susceptibility to size illusions (Zitron-Emanuel &
Ganel, 2018, 2020) and affecting the idiosyncratic prefer-
ence for local or global processing (Pender et al., 2014).
However, findings from different studies are partially
inconsistent, possibly because of the heterogeneity of
methods used for assessing performance. Another issue

F I GURE 4 Relationship between

metabolic parameters and ocular dominance

plasticity. (a) The ratio of plasticity index values

in the standardised meal and the fasting

condition (y axis) is negatively correlated with the

ratio in plasma concentrations of B-OH

(quantified as AUCs) in the two conditions.

(b) The plasticity index in the GLP-1 infusion

condition is positively correlated with the plasma

concentration of active GLP-1 (AUCs) in the

same condition. In all panels, symbols give

individual participants results and continuous

lines show the linear regression through the

points with associated 95% confidence intervals
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could be the difficulty of controlling for confounding fac-
tors, like motivation and arousal, that are likely to impact
cognitive function.

The approach we adopted here has the advantage of
relying on simple well-validated sensory measurements,
which are less likely to be affected by these confounders.
For example, although motivation could affect the preci-
sion of perceptual reports during binocular rivalry, it is
unlikely to bias ocular dominance estimate, as these are
indirectly derived from perceptual reports by combining
data across multiple binocular rivalry sessions. Impor-
tantly, we could directly quantify the reliability of per-
ceptual reports and of our ocular dominance estimates
using a test–retest reliability approach, which showed
excellent concordance of our measurements across
sessions.

Another advantage of our approach is that it offered
insights into the physiological mechanisms that might
follow the daily cycle of fasting and fed states. An obvious
candidate is glucose metabolism, as indexed by changes
in plasma levels or glucose, insulin, and incretin hor-
mones. Both insulin and GLP-1 have well-documented
effects in the central nervous system (Alvarez et al., 2005;
Schulingkamp et al., 2000). The increase in the circulat-
ing levels of GLP-1 has been suggested to contribute to
the increase of ocular dominance plasticity following bar-
iatric surgery (Daniele et al., 2021). Nonetheless, in the
non-obese individuals enrolled in the present study, we
found no correlation between plasticity effects and any of
these key players in glucose homeostasis. Coherently, we
found that raising fasting GLP-1 levels through direct
infusion did not modify the plasticity levels, which
remained undistinguishable from those recorded under
fasting—although variability in the supraphysiological
concentrations of active GLP-1 achieved upon GLP-1
infusion did associate with inter-individual variability in
short-term plasticity (Figure 4b), providing a possible
explanation for the lack of correlation between plasticity
effects in the GLP-1 infusion condition and the other two
conditions (Figure 3d). The GLP-1 levels reached upon
infusion in the present study were in the same order of
magnitude as in Daniele et al. (2021). However, in this
case, the GLP-1 increase was only produced acutely dur-
ing the short-term monocular deprivation. In contrast,
patients in Daniele et al. (2021) were chronically exposed
to such high GLP-1 levels, reached after every meal.
Taken together, these results suggest that chronically
maintained supraphysiological GLP-1 levels may be
required to significantly modulate brain plasticity,
whereas an acute raise of GLP-1 levels is insufficient to
generate a net plasticity change.

Of interest, we found preliminary evidence that
neuroplasticity may be modulated by energy substrates

alternative to glucose. Our primary outcome, the plastic-
ity reduction in the fasting condition, was correlated with
the increase of B-OH concentrations in the fasting condi-
tion (both values compared to the standardised meal con-
dition). This is consistent with recent work in animals
indicating a role of B-OH in multiple brain functions
(Achanta & Rae, 2017; Jensen et al., 2020), including
plasticity (Jensen et al., 2020; Mattson et al., 2018).
Besides affecting metabolic efficiency and ATP availabil-
ity in neurons, ketone bodies could also directly affect
neurotransmission by regulating the storage and release
of Gamma Ammino-Butyric Acid (GABA), the primary
inhibitory neurotransmitter in the adult brain
(Daikhin & Yudkoff, 1998; Yudkoff et al., 2001). GABA
has been directly implicated in neuroplasticity. Neuro-
plasticity comes in many forms. Hebbian plasticity is
usually associated with potentiation or depression of
synapses, such as those leading to long-term changes in
ocular dominance following monocular deprivation in
the developing brain (Hensch, 2005). Homeostatic plas-
ticity is associated with short-term changes in response
gain (Turrigiano & Nelson, 2004), such as those observed
following short-term monocular deprivation in the adult.
Albeit involving completely different cellular mecha-
nisms, both of these forms of plasticity have been linked
with GABAergic signalling (Hensch, 2005; Turrigiano &
Nelson, 2004). Using the same short-term ocular domi-
nance plasticity paradigm used here, some of us have pre-
viously shown that GABA concentration in occipital
cortex decreases after 2 h of monocular deprivation, and
that GABA changes correlate with the ocular dominance
plasticity effect (Lunghi, Emir, et al., 2015). Based on
these observations, we speculate that the moderate
increase in B-OH concentration, occurring during short-
term prolongation of the overnight fasting, may be at
least partially responsible for the reduced ocular domi-
nance plasticity, possibly through an enhancement of
GABAergic inhibition in the visual cortex.

In conclusion, we report an unprecedented attempt to
explore the impact of metabolic and hormonal changes
occurring during the daily cycle of fasting and fed states
on ocular dominance plasticity in healthy humans. Our
results indicate reduced plasticity in the post-absorptive
state that can rapidly switch to enhanced visual plasticity
in response to the ingestion of a meal. Further studies
will be required to shed light on the mechanisms
accounting for this effect; from observations in our lim-
ited sample, a role of ketone bodies and alternative
energy substrate emerge as an interesting clue.
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