Received: 7 May 2021

|

Revised: 23 June 2021

DOI: 10.1096/fj.202100762R

|

Accepted: 1 July 2021

RESEARCH ARTICLE

Disruption of lateral hypothalamic calorie detection by a free
choice high fat diet
Laura L. Koekkoek1,2,3 | Margo Slomp1,2,3 | Julien Castel4 | Michael Mutersbaugh5†
Ian Linville5 | Mireille J. Serlie2 | Serge H. Luquet4 | Susanne E. la Fleur1,2,3

|

1

Laboratory of Endocrinology, Department of Clinical Chemistry, Amsterdam Neuroscience, Amsterdam Gastroenterology, Endocrinology and Metabolism,
Amsterdam University Medical Center, location AMC, University of Amsterdam, Amsterdam, The Netherlands
2

Department of Endocrinology and Metabolism, Amsterdam Neuroscience, Amsterdam Gastroenterology, Endocrinology and Metabolism, Amsterdam
University Medical Center, location AMC, University of Amsterdam, Amsterdam, The Netherlands
3

Metabolism and Reward Group, Netherlands Institute for Neuroscience, an Institute of the Royal Netherlands Academy of Arts and Sciences, Amsterdam,
The Netherlands
4

BFA, UMR 8251, CNRS, Université de Paris, Paris, France

5

Department of Biomedical Engineering, University of Virginia, Charlottesville, VA, USA

Correspondence
Susanne E. la Fleur, Department
of Endocrinology and Metabolism,
Amsterdam UMC, University of
Amsterdam, Meibergdreef 9, K2-283, 1105
AZ Amsterdam-Zuidoost, The Netherlands.
Email: s.e.lafleur@amsterdamumc.nl
Funding information
Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO),
Grant/Award Number: 016.160.617

Abstract
During the last few decades, the consumption of low-calorie sweeteners, as a substitute for caloric sweeteners, has sharply increased. Although research shows that
caloric versus low-calorie sweeteners can have differential effects on the brain, it is
unknown which neuronal populations are responsible for detecting the difference
between the two types of sweeteners. Using in vivo two-photon calcium imaging,
we investigated how drinking sucrose or sucralose (a low-calorie sweetener) affects
the activity of glutamatergic neurons in the lateral hypothalamus. Furthermore, we
explored the consequences of consuming a free-choice high fat diet on the calorie detection abilities of these glutamatergic neurons. We found that glutamatergic neurons
indeed can discriminate sucrose from water and sucralose, and that consumption of
a free-choice high fat diet shifts the glutamatergic neuronal response from sucrose-
specific to sucralose-specific, thereby disrupting calorie detection. These results
highlight the disruptive effects of a diet high in saturated fat on calorie detection in
the lateral hypothalamus.
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IN TRO D U C T ION

Consumption of sugar-sweetened beverages is a strong contributing factor to the development of obesity.1 As an alternative, sugar is often replaced by low-calorie sweeteners, but
there has been an ongoing debate about the health benefits
of these sweeteners as a substitute. While caloric and low-
calorie sweeteners provide an equivalent sweet taste, there is
a body of contradictory evidence on how low-calorie sweeteners affect energy metabolism and weight gain.2,3 The brain
is a key mediator of these effects, and thus further understanding of how low-calorie sweeteners affect the brain is
needed. Caloric and low-calorie sweeteners differentially activate brain reward areas.4-6 However, it is unlikely that these
reward areas directly sense the difference between caloric
and low-calorie sweeteners, and it is yet to be determined
which brain area conveys this information.
One prime candidate is the lateral hypothalamus (LH),
which contains neurons sensitive to tasting sweet stimuli7 and
can modulate the preference for sweeteners.8 Furthermore,
it integrates energy-related signals from other hypothalamic
nuclei,9 and conveys this information to reward related brain
areas.10 The two main neuronal populations of the LH are
glutamatergic and GABAergic neurons,11 but only glutamatergic neurons play a role in taste preference.9 It is unknown however, what the role of glutamatergic LH neurons
is in detecting the difference between caloric and low-calorie
sweeteners.
In addition to a lack of knowledge on which neural populations detect the presence of calories in different type of
sweeteners, little is known about how other dietary factors,
such as saturated fat consumption, can affect the neural response to sweeteners. We hypothesize that fat intake will
affect calorie detecting abilities, as high fat diet feeding influences general LH neuronal activity.12,13 Furthermore, the
response of LH glutamatergic neurons to sucrose in mice
is also altered by the consumption of a high fat diet.13 It is
unknown however, whether high fat diet feeding also affects
calorie detection.
In this study, we assessed the effects of water, sucrose,
and sucralose drinking on the activity of glutamatergic LH
neurons using in vivo two-photon microscopy, thereby testing their calorie detecting abilities. Furthermore, we tested
whether 2-week consumption of a high fat diet affected the
neuronal response to a caloric or low-calorie sweetener.
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2.1
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METHODS
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Animals

All experimental protocols were conducted in accordance
with US National Institutes of Health Guidelines for the
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Care and Use of Laboratory Animals and with the approval
of the National Institute on Drug Abuse Animal Care and
Use Committee. Two to four-month-old male and female
heterozygous Vglut2IREScre (RRID:IMSR_JAX:016963;
C57BL/6J background, Stock 16963, The Jackson
Laboratory) mice were used in this study. Prior to stereotaxic
surgery, mice were group housed with littermates in temperature-and humidity-controlled rooms with ad libitum access
to water and rodent chow (PicoLab Rodent Diet 20, 5053
tablet, LabDiet/Land O’Lakes Inc) on a 12 hour light/dark
cycle. Sucrose/sucralose preference testing was performed at
the University Paris Diderot, and thus with approval of the
Animal Care Committee of the University Paris Diderot-
Paris 7 (CEB-25-2016).

2.2 | Stereotaxic viral injection and GRIN
lens implantation
For viral injection and Gradient Index (GRIN) lens implantation surgeries, mice were anesthetized with isoflurane and placed onto a stereotaxic apparatus (David Kopf
Instruments). After exposing the skull by a minor incision, a small hole (<1 mm diameter) was drilled for virus
injection and subsequent GRIN lens implantation. First, a
beveled 25-gauge needle was inserted into the hole to create a guide path for the lens (needle: bregma, −1.55 mm;
midline, +0.90 mm; dorsal surface, −5.15 mm). Next, an
adeno-associated virus (rAAV2.9/CAG.FLEX-GCaMP6s.
WPRE.SV40, titer: 1.34 × 1013 genomic copies/mL;
RRID:Addgene_100842; University of Pennsylvania Gene
Therapy Program Vector Core) was injected (100 nL;
rate: 30 nL/min) into the lateral hypothalamus (injection:
bregma, −1.55 mm; midline, +0.90 mm; dorsal surface,
−5.30 mm) by a pulled glass pipette (20-30 µm inner diameter) with a micromanipulator (Narishige International USA
Inc) controlling the injection speed. After injection, a GRIN
lens (ILW-050-P146-055-NC; Go!Foton Corporation) was
lowered into position above the injection site (lens: bregma,
−1.55 mm; midline, +0.90 mm; dorsal surface, −5.18 mm).
A head bar was attached to the skull surface with cyanoacrylate and dental cement (C&B Metabond Adhesive
Cement, Parkell Inc) was spread around the lens and inside
the head bar to hold everything in place. A final layer of
black dental cement (Contemporary Ortho-Jet, Lang Dental
Manufacturing Company Inc) was applied around the lens
on top of the previous layer of cement. A small piece of
Parafilm was used to cover and protect the GRIN lens,
and the inside of the head bar was filled with Kwik-Sil or
Kwik-Cast (World Precision Instruments). After surgery,
mice were individually housed for 8 weeks for post-surgical
recovery, inflammatory response reduction, and viral
transduction.
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Experimental paradigm

After the recovery period, mice were individually housed
under reversed light dark conditions (lights off at 8 AM, on
at 8 PM), and all imaging occurred in the dark period. After
1 week of acclimatization during which mice were handled
daily, mice were assigned to one of two diets: the chow diet
group (n = 6 in total [n = 3 female, n = 3 male]) received chow
pellets (PicoLab Rodent Diet 20, 5053 tablet, LabDiet/Land
O’Lakes Inc) whereas the free choice high fat diet (fcHFD)
group (n = 5 [n = 3 female, n = 2 male]) received chow pellets as well as a dish of pure beef tallow (Proper Foods For
Life). Once started with the diet, mice did not have access
to a water bottle in their home cages, to ensure motivation
for drinking in the imaging set-up. To prevent weight loss,
the chow group received moist chow daily to facilitate eating
and hydration (the beef tallow is hydrolyzed, and fcHFD-fed
animals therefore did not require moist chow). From the introduction of diet, mice were trained daily in the imaging set
up to the imaging protocol. During second week of diet, mice
underwent daily imaging sessions.

2.4 | Two-photon fluorescence
endomicroscopy system
We obtained images of LHVGLUT2 neurons across days
using two-photon fluorescence endomicroscopy in awake,
head-fixed mice. The GRIN lens has a working distance of
~130 µm on the object side. The numerical aperture (NA)
was 0.5, which provides sufficient three-dimensional resolution for functional imaging of neuronal cell bodies and processes. The GRIN lens was incorporated into a two-photon
fluorescence microscope equipped with a 10× air objective
of 0.3 NA (Zeiss), which generated the initial focus of the
excitation light to be relayed by the GRIN lens to the sample
side. The two-photon fluorescence signal was collected and
transported back to the microscope by the GRIN lens and detected with a photomultiplier tube (PMT; H7422; Hamamatsu
Corporation). A Ti:sapphire femtosecond oscillator (Mai Tai
HP; Spectra-Physics) tuned to 910 nm was used as the excitation light source for all experiments. ScanImage 2017b
(Vidrio Technologies LLC) was used to collect in vivo imaging recordings at 1.43 Hz for all mice. Laser power was set
to 5%-30%. For each mouse, the power setting was consistent
among all recordings to avoid brain tissue damage by heat.

2.5
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Imaging protocol

Mice were placed in the imaging rig in front of a custom-
made lickometer that enabled the delivery of solutions and
the measurement of licking using an infrared beam at the
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spout. After a 3-
minute baseline period, trials started. A
trial commenced with a tone, followed by a 10 seconds window during which the mice could trigger a single delivery
(0.0128 mL) by licking the spout, and ended with a 20 seconds window during which the mice could not trigger a delivery. Data are shown from the first six trials where a mouse
triggered a delivery, as the large majority of mice triggered
deliveries during the first six trials. As mice only had the opportunity to drink in the imaging set up, after the six trials
used for analysis, they were allowed to continue triggering
deliveries up to 60 deliveries to facilitate sufficient fluid intake. In total, mice underwent daily imaging sessions for nine
subsequent days, three sessions in which water was delivered,
three sessions in which a 10% sucrose solution was delivered,
and three sessions in which a 1% sucralose solution was delivered. Because the chow-diet used contains small amounts
of sucrose, we opted to always test the sucrose solution before the sucralose, as the mice were never sucrose-naïve. The
first day of sucralose testing was not included in the analysis,
as the lack of caloric content needs to be learned first.14,15 On
imaging days, food was removed for each individual mouse
2 hours before the onset of imaging.

2.6
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Functional imaging analysis

To analyze the two photon calcium imaging data, the
Calcium Imaging Analysis (CaImAn) package16 and Non-
Rigid Motion Correction (NoRMCorre)17 package were used
in MATLAB R2018A (The MathWorks Inc). First, imaging
recordings were motion corrected using the NoRMCorre
code. Next, using the CaImAn package's pipeline, regions
of interest (ROI) were determined in the recordings using a
constrained nonnegative matric factorization (CNMF) approach that finds the best spatial and temporal components
explaining the observed fluorescence. This algorithm deals
with heavily overlapping and neuropil contaminated movies, resulting in a background-corrected fluorescence signal
per ROI. Recordings were manually aligned to ensure that
the same ROI recorded throughout several days was noted to
avoid artificially increasing the number of ROIs.
To improve the signal to noise ratio, the extracted fluorescence signal was preprocessed by smoothing using a moving mean. To determine the moving mean period, a moving
mean of 1, 10, 20 and 50 frames was tested, and 20 frames
resulted in optimal signal to noise ratio and was therefore used
in preprocessing (Figure S1B). After preprocessing the data,
data were extracted from each delivery. A 5-frame window
before the delivery was used as a baseline to calculate ΔF/F,
and the response was measured in the 20 frames subsequent
to the delivery. Deliveries with a negative baseline value were
excluded from analysis. ROIs with any ΔF/F value >5 (for
LHVGLUT2 neurons) at any time point were consider outliers,
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and removed for subsequent analysis, eliminating ~1% of measurements. Data from multiple testing days were pooled. To
group responses in “positive” “negative” and “no responders,”
we chose a change in ΔF/F of more than 0.2 as a threshold,
based on earlier reports investigating lateral hypothalamic
neuronal activity.13 Therefore, neuronal responses showing an
average increase in ΔF/F of more than 0.2 compared to baseline were classified as “positive,” while an average decrease
in ΔF/F more than 0.2 compared to baseline was classified as
“negative.” The remainder was classified as “no response.” For
determining the consistency of the response of an individual
neuron, we assessed whether a positive or negative response
was observed in over half (ie minimally 4 out of 6) of the trials
per imaging session. Numbers of consistent neurons were then
averaged across the multiple imaging sessions.

2.7

|

Histology

To confirm GRIN lens positioning, mice were deeply anesthetized with isoflurane and transcardially perfused with
phosphate-buffered saline (1× PBS) followed by 4% paraformaldehyde (PFA) made with 1× PBS. Head bars and
GRIN lenses were carefully removed to avoid damage to the
brain tissue. Whole brains were removed and post-fixed in
4% PFA for 24 hours at 4℃ and subsequently transferred to
30% sucrose made with 1× PBS for 2-5 days. Tissue samples were flash frozen and stored in a −80℃ freezer until further processing. Brains were sliced into 50-µm thick coronal
sections using a cryostat (CM3050, Leica Biosystems Inc).
Sections were mounted with Fluoromount-G aqueous mounting medium (Electron Microscopy Sciences) onto Superfrost
Plus glass slides (VWR International) and coverslipped.
Images were taken with an Axiozoom.V16 stereo zoom
microscope (PlanNeoFluar Z 1x/NA0.25 objective with a
7x digital magnification; Carl Zeiss Microscpy LLC) using
ZEN 2012 digital imaging software (RRID:SCR_013672).
Locations of GRIN lenses were determined by the presence
of lesions in the tissue (Figure S1A). Mice with lenses positioned outside of the lateral hypothalamus were excluded
from the study (n = 2).

2.8

|

Preference test

To ensure that the sucralose concentration was iso-preferred to
the sucrose solution, we performed a preference test in a separate group of mice. Four to six-month-old male and female heterozygous Vglut2IREScre (RRID:IMSR_JAX:016963; C57BL/6J
background, Stock 16963, The Jackson Laboratory18) mice
were used in this study. Half the mice (n = 6) received a chow
diet (Safe A04 diet, Safe, Augy, France) the other half (n = 6)
received a fcHFD composed of the same chow pellets as well as
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a dish of pure beef tallow (Ossenwit/Blanc de boeuf, Belgium).
After 2 weeks of being on the diet, water bottles were removed
overnight and the preference test was performed in the morning. Food was removed 2 hours before the preference test.
During testing, mice had access to a bottle of 10% sucrose and
a bottle of 1% sucralose for 40 minutes. Bottles were weighed
after 5 minutes of access, as well as at the end of the test. Food
and water were returned after testing. Sucrose and sucralose
were equally preferred by both chow-fed and fcHFD-fed mice
(Figure 1E).

|

2.9

Statistical analysis

In order to analyze the interacting effects of the diet and the solution drunk during imaging, a mixed effects model was exploited
using RStudio (https://rstudio.com/), running on R version 3.5.3
(the R Foundation), using the lme4 and lmeTest packages. The
average fluorescence was taken as the dependent variable, and
stimuli (water, sucrose, sucralose) were set as an independent
fixed factor. Sex was included as a fixed factor to correct for
male/female differences. To prevent artificially increasing the
number of measurements, ROI number was set as a random
effect to account for repeated measurements of the same ROI
throughout multiple imaging sessions. This model was then ran
on data from either chow-fed animals, or fcHFD-fed animals.
To compare the positive or negative responses, the same mixed
effects model was used, but only on the subset of data that included the positive or negative responses. The number of consistent neurons, or positive or negative responses was compared
using a chi-square test in Prism 8.3.0 (GraphPad Software). To
compare the number of positive or negative responses between
stimuli, a chi-square including only 2 stimuli was performed.
For both the mixed effects model, and the chi-square testing,
a Bonferroni correction was applied to account for comparing
the three stimuli and only P values below .0167 were accepted.
For the daily caloric intake, a student's t test was performed in
Prism. For the body weight development, a repeated-measures
ANOVA was performed in Prism. For the preference test, a
two-way ANOVA was performed in Prism. All bar and line
graphs were created in Prism, while heatmaps were created in
MATLAB. All data are plotted as mean ± SEM.

3

|

RESULTS

3.1 | fcHFD-feeding does not alter daily
caloric intake or body weight
In order to specifically target glutamatergic LH neurons, mice
expressing the CRE enzyme selectively in vesicular glutamate
transporter 2 (VGLUT2) neurons were injected in the LH with
a CRE-
dependent virus (rAAV2.9/CAG.FLEX-
GCaMP6s.

   

KOEKKOEK et al.

(A)

(D)
)DW
&KRZ

&KRZ
%: JU



&KRZ

IF+)'








(E)

IF+)'










'D\V



,QWDNH P/



'DLO\LQWDNH NFDO

5 of 10

(B)

(C)



|





&KRZ6

IF+)'6

&KRZ6F

IF+)'6F

F I G U R E 1 Mice fed a fcHFD consumed a similar amount of calories per day as chow-fed mice. A, Schematic of experimental design. B,
Example field of view during imaging. C, Average daily caloric intake. D, Body weight progression during experiment. E, Sucrose versus sucralose
consumption during 40 minutes two-bottle preference test in chow-fed (n = 6) and in fcHFD-fed (n = 6) mice. No significant differences were
found using a student's t test (C), repeated measures ANOVA (D) or two-way ANOVA (E). Data are shown as mean ± SEM

WPRE.SV40.), causing specific expression of a calcium biosensor in LHVGLUT2 neurons. Next, a gradient index (GRIN) lens
was implanted right above the injection site, allowing for visualization of calcium fluctuations as a proxy for LHVGLUT2 neuronal activity (Figure 1A,B). Mice were divided into two groups,
a chow-fed group and a free-choice high fat diet (fcHFD)-fed
group. During 2 weeks of diet, mice fed a fcHFD consumed approximately two thirds of their daily intake from fat, but decreased
their chow intake resulting in a total intake similar to chow-fed
mice (Figure 1C). Furthermore, body weight did not differ between chow-fed and fcHFD-fed mice (Figure 1D). Changes in
LHVGLUT2 neuronal activity were recorded in response to the
consumption of water, sucrose, or sucralose (Figure 1A). Sucrose
and sucralose solutions were matched for equivalent sweetness,
which was confirmed in a two-bottle preference test (Figure 1E).

average increase in ΔF/F larger than 0.2 compared to baseline
was considered a positive response, while an average decrease
in ΔF/F larger than 0.2 compared to baseline was considered a
negative response. Neurons were considered consistent if the
positive or negative response was reproduced in more than
half of the trials during one imaging session. Interestingly,
we found only a very small subset of LHVGLUT2 neurons
that consistently responded within one session to sucrose
(3.26%-
5.98% of measured neurons) or sucralose drinking
(1.16%-5.85% of measured neurons), while the vast majority
of neurons showed varying responses to sucrose or sucralose
drinking (Figure 2A,B). No neurons were found that showed
a consistent response (to sucrose or sucralose) across sessions.
Furthermore, diet-exposure had no significant effect on the
number of consistently responding neurons.

3.2 | LHVGLUT2 neurons exhibit intrinsic
variability in response to sucrose or sucralose
consumption

3.3 | Consumption of a fcHFD shifts the
response of LHVGLUT2 neurons from sucrose to
sucralose drinking

We first assessed how many individual LHVGLUT2 neurons
specifically respond to sucrose or sucralose consumption. An

Next, we analyzed the LHVGLUT2 network response to water,
sucrose or sucralose drinking. For this purpose, we combined
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F I G U R E 2 Individual LHVGLUT2 neurons show intrinsic variability in their response to sucrose or sucralose consumption. A, Percentages of
neurons that were labelled as ‘inconsistent’ (ie neurons that did not show a similar response in more than half of the trials), ‘consistently positive’
(ie neurons that showed an average increase in ΔF/F greater than 0.2 in more than half of the trials) and ‘consistently negative’ (ie neurons that
showed an average decrease in ΔF/F greater than −0.2 in more than half of the trials), averaged across multiple imaging sessions testing sucrose
or sucralose. For percentage of positive or negative responses across all measured responses, see Figure 3. B, Heatmaps showing examples of a
‘consistently negative’, a ‘consistently positive’ and an ‘inconsistent’ neuron

all measurements (no distinction was made here for positive
or negative responses) of LHVGLUT2 neurons that we obtained
while mice were drinking water, sucrose or sucralose, but
corrected for repeated measurements from the same neuron
in our mixed effects model, to avoid artificially increasing the
total number of measurements. In chow-fed mice, LHVGLUT2
neurons decrease their activity in response to sucrose, compared to water drinking (Figure 3A,B). Furthermore, when
mice drank the equivalent sweet sucralose, the response was
similar as to water, confirming the calorie detecting abilities
of LHVGLUT2 neurons (Figure 3A,B). However, in fcHFD-
fed mice, LHVGLUT2 neurons respond similarly to sucrose
as compared to water, but markedly decreased their activity
upon drinking sucralose (Figure 3E,F,I). Thus, consumption
of a fcHFD disrupts the calorie detecting abilities of these
neurons.

3.4 | Changes in average network
ΔF/F are due to an altered number of
neurons responding
We next aimed to further unravel the network dynamics that
underlie the effects of sucrose or sucralose consumption on
LHVGLUT2 activity. We again grouped responses into positive, negative and no responses based on an average change in
ΔF/F larger than 0.2. Changes in average network ΔF/F can
be due to two factors: (a) the number of positive or negative
responses within the network and (b) the average magnitude
of the positive or negative responses. For both chow-fed and
fcHFD-fed mice, no significant changes in the average magnitude of the positive or negative responses were observed
(Table 1), indicating that changes seen in average network
ΔF/F are due to a different number of neurons responding.
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Indeed, for chow-fed mice we found a significantly larger number of negative responses after sucrose drinking compared to
water and sucralose drinking (Figure 3C), and a slightly smaller
number of positive responses (Figure 3D) (although this difference was only significantly different compared to sucralose
drinking). For fcHFD-fed mice, a small significant increase in
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the number of negative responses after delivery of sucrose was
observed (Figure 3G), but this difference was not sufficient to
alter the average network ΔF/F (Figure 3E,F,I). Sucralose delivery on the other hand, induced a significantly larger increase
in the number of negative responses in fcHFD-fed mice, as
well as a sharp decrease in the number of positive responses
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F I G U R E 3 The network of LHVGLUT2 neurons is capable of calorie detection, but this is disrupted by fcHFD feeding. A, ΔF/F of all measured
responses over time after solution delivery at t = 0 in chow-fed mice. B, Average ΔF/F of all measured responses after delivery of water (W),
sucrose (S) or sucralose (Sc) (chow W n = 345 neurons, chow S n = 315 neurons, chow Sc n = 213 neurons). C, Percentage of negative responses
after delivery of water, sucrose or sucralose in chow-fed mice. D, Percentage of positive responses after delivery of water, sucrose or sucralose in
chow-fed mice. E, ΔF/F over time after solution delivery at t = 0 in fcHFD-fed mice. F, Average ΔF/F after delivery of water, sucrose or sucralose
(fcHFD W n = 285 neurons, fcHFD S n = 246 neurons, fcHFD Sc n = 193 neurons). G, Percentage of negative responses after delivery of water,
sucrose or sucralose in fcHFD-fed mice. H, Percentage of positive responses after delivery of water, sucrose or sucralose in fcHFD-fed mice. I,
Heatmaps showing ΔF/F after delivery of water, sucrose or sucralose at t = 0 (dashed line), the dotted line represents the boundary for labeling a
response ‘positive’ or ‘negative’. Data shown as mean ± SEM. *P < .0167 as tested with a mixed effects model (B and F) or with a chi-square test
(C, D, G and H), for statistical outcomes see Table S1

Chow-fed
Water
Positive
Responses
Negative
Responses

0.523
±0.0174
−0.444
±0.019

fcHFD-fed
Sucrose

Sucralose

0.562
±0.022

0.510
±0.025

−0.442
±0.015

−0.430
±0.029

Water

Sucrose

Sucralose

0.603
±0.020

0.653
±0.026

0.551
±0.037

−0.434
±0.017

−0.392
±0.013

−0.422
±0.032

T A B L E 1 Average magnitude (ΔF/F)
of all positive or all negative responses after
water, sucrose or sucralose drinkinga

a
Data are shown as mean ± SEM. No significant differences were observed using a mixed effects model, for
statistics see Table S1.

(Figure 3G,H), causing an overall decrease in average network
ΔF/F (Figure 3E,F,I). Thus, in conclusion, changes in the number, and not magnitude, of positive and negative responses underlie the observed average network ΔF/F changes in response
to sucrose and sucralose drinking.

4

|

D IS C U SS ION

In this study, we show that LHVGLUT2 neurons in chow-fed
mice can discriminate sucrose from sucralose and water,
indicating that these neurons sense the caloric value of sucrose. Moreover, consumption of a fcHFD affects the ability
of LHVGLUT2 to discriminate sucrose from water and shifts
the LHVGLUT2 neuronal response from the calorie-containing
sucrose to the calorie-lacking sucralose.
We are the first to describe a neuronal population capable of
detecting the caloric value of sucrose. Whether LHVGLUT2 neurons detect calories through direct glucose sensing,19 or through
integration of signals from upstream neurons, will have to be
further investigated. On the other hand, the downstream effects
of various sweeteners have been previously described. For example, a body of evidence suggests that a critical difference
between the consumption of caloric versus low-calorie sweeteners is the release of dopamine that is only associated with the
consumption of caloric sweeteners.4,5,20 Interestingly, a known
downstream target of glutamatergic LH neurons are dopaminergic ventral tegmental area (VTA) neurons. As activation of
LHVGLUT2 neurons that project to the VTA decreases dopamine
release in the nucleus accumbens,10 a reduction in LHVGLUT2 activity seen only after sucrose intake might explain why sucrose
consumption and not sucralose results in dopamine release.

In addition, we find that a fcHFD disrupts calorie detection
by not only altering the response to sucrose, as was previously
described in literature,13 but also by affecting the response to
sucralose. While this may seem surprising, previous reports
showed that consuming fat and low-calorie sweeteners has peripheral and central effects that are not elicited by consuming
fat and a caloric sweetener.21,22 For example, gut hormone release in response to a HFD containing a sucralose was significantly greater than in response to a HFD containing sucrose.21
Moreover, when subjects underwent functional MRI scanning
while drinking a shake containing fat and sucralose, a different
brain response was elicited than drinking a shake containing
fat and glucose.22 These findings, as well as our results, reflect
a mismatch between sweet taste and caloric input, which is
further exacerbated by the consumption of a fcHFD.
For the first time, we show that upon tasting the two
sweeteners, LHVGLUT2 neurons discriminate sucrose from
sucralose. This indicates that once the association between
sweetener and lack of calories is established, oral taste signaling is sufficient to maintain this association, which is in line
with previous findings.23 Furthermore, despite equivalent
sweetness, the two sweeteners have unique effects on oral
taste signaling. These differences could be mediated through
the sweet taste receptor components T1R2 and T1R3 that
bind sucrose and sucralose with slightly different affinities24
or through glucose transporters and ATP-dependent potassium channels expressed on oral taste cells that will specifically sense the presence of caloric sweeteners.25-27
Another striking feature of our findings, is that the effects
of fcHFD-feeding on calorie detection are bodyweight independent, implicating that short-
term exposure to saturated
fat by itself is sufficient to alter and amplify the difference
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in neuronal response to caloric and low-
calorie sweeteners, thereby possibly dysregulating feeding behavior before
changes in bodyweight occur. Saturated fat can affect different
stages of the neural processing of tasting sucrose or sucralose.
For example, high fat diet feeding decreases the expression
of the T1R3 component of the sweet taste receptor, thereby
possibly affecting the oral taste signaling upon sucrose or sucralose drinking.28 Alternatively, saturated fat intake could
directly affect LH neuronal functioning, as LH neurons alter
their reactivity in response to the presence of fatty acids.29
Lastly fcHFD-feeding could alter the neural input to the LH.
For example, dopamine-receptor 2 neurons in the nucleus accumbens have been identified as an important neuronal population for triglyceride-sensing, and can affect LH neuronal
activity through projections that run via the ventral pallidum.30
A strong advantage of two-photon imaging is the ability to
determine both the response of individual neurons, as well as the
activity of the entire network, over subsequent trials. We show
here that only a very small number of individual neurons maintains a similar response to sucrose drinking throughout multiple
trials. Previous research has focused on quantifying the number
of individual neurons responding specifically to sucrose consumption.7,31,32 Comparable to our data, these previous papers
found a limited number of these taste-specific neurons ranging
from 3.5%,31 5.8%7 to 11%.32 As a consequence of this low number of sucrose-specific neurons, it was not possible to compare
the response to sucrose drinking of these individual neurons to
water and sucralose drinking. Because we find a clear network
response of LHVGLUT2 neurons to water, sucrose and sucralose
drinking, we were able to compare network responses to the three
solutions. Therefore, we propose to study both network dynamics
in the future as well as the response of individual neurons.
LHVGLUT2 is a highly heterogeneous populations of neurons,11 and future research will thus have to unravel how these
different subpopulations are involved in calorie detection. One
subgroup of LHVGLUT2 neurons, the MCH neurons, play a role
in calorie detection as ablation of these neurons alters the preference for sucrose versus sucralose,8 but this does not rule out
the involvement of other subpopulations. For example, another
subgroup of LHVGLUT2 neurons, the orexin neurons, responds
to sucrose and sucralose consumption and modulates taste
learning.33,34 Future studies will further investigate whether
these observed changes in glutamatergic network activity are
due to an altered response by a specific subpopulation.
Furthermore, we found that changes in network activity
are primarily due to an altered number of neurons responding. Specifically in chow-fed animals, we find that sucrose
drinking increased the number of negative responses, suggesting that GABAergic input onto LHVGLUT2 neurons is
possibly enhanced by sucrose drinking. An elegant study
mapping the neural inputs onto MCH and orexin neurons,
shows that both these subpopulations of LH glutamatergic
neurons receive input from several brain areas involved in
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taste processing, including the thalamus, amygdala and insular cortex.35 Interestingly, a strong GABAergic connection
between MCH neurons and the amygdala, an area implicated
with taste processing,36 was reported in this study.35 Whether
indeed GABAergic input from amygdala, or another taste-
related brain area, is involved in the observed LHVGLUT2 response to sucrose drinking, remains to be determined.
To conclude, we find that glutamatergic LH neurons are capable of discriminating sucrose from water and sucralose, and
that consumption of a fcHFD disrupts this calorie detection.
We show a role for glutamatergic LH neurons in the brain's response to sweeteners, but also provide new evidence that consumption of a high fat diet can alter the neuronal response to
sweeteners. Thus, these findings will aid in understanding how
saturated fat intake impairs the brain's ability to detect calories
and appropriately respond to different types of sweeteners.
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