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ABSTRACT

During the past few centuries humans have transformed from rear to
voracious consumers of sugar. The present chapter sheds light on the
questions of why we did increased our sugar consumption and what
effects sucrose intake can produce on our mood and mind. Once
consumed, sucrose sends signals to the brain via specialized taste
receptors and glucosensing mechanisms. Sucrose intake activates in the
brain the primary gustatory pathway and the brain reward system, which
recognizes sweet taste of sucrose as rewarding. The role of the sweet taste
system is to detect potentially high-energy sweet food that normally is
relatively rare in the nature. The glucosensing mechanisms stimulate or
inhibit food intake according to the energy needs. Because of the scarcity
of sweet food in the nature, seeking this type of food requires some effort.
Therefore, once such a food is found and consumed, this effort would be
awarded by the brain reward system. These sophisticated systems work
properly when their functions are not compromised by the unlimited
availability of sweet palatable food, which may counteract the precise
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mechanisms controlling food intake. The experimental results obtained in
animal models have shown that seeking and consumption of the regular
non-sweet foods activate the medial hypothalamus which is directly
related to the control of energy homeostasis and stress response. In
contrast, seeking and consumption of sucrose inhibit the activity of the
medial hypothalamus, but strongly activate the brain reward areas. This
sucrose-induced shift in neuronal activity results in consumption of more
and more palatable sweet foods at the expense of regular low-energy
foods. Repeated overeating of sucrose can alter the neurochemical state
of the brain reward regions, promoting sucrose craving and triggering
sucrose binge-eating episodes. On the other hand, a sucrose-induced
decrease in the activity of the medial hypothalamus directly affects the
response of neuroendocrine system to stress. The stress-induced neuronal
expression of stress neuropeptides as well as the release of plasma stress
hormones is blunted by sucrose consumption. This ‘anti-stress’ effect of
sucrose may explain overconsumption of sweets during stress even in the
absence of hunger or needs for calories. This chapter reviews the
neuronal effects of sucrose that from one side is beneficial by giving us
energy and helping to relieve stress, or, from the other side, it may be
detrimental by leading to uncontrolled craving for sucrose, eating
disorders and obesity.

ABBREVIATIONS
ACTH adrenocorticotropic hormone;
CRF corticotropin-releasing factor;
CRF1 CRF type 1 receptor;
CRF2 CREF type 2 receptor;
DMH dorsomedial hypothalamic nucleus;
DMHc compact part of the dorsomedial hypothalamic nucleus;
DMHv ventral part of the dorsomedial hypothalamic nucleus;
GE glucose-excited glucosensing neurons;
GI glucose-inhibited glucosensing neurons;
GK glucokinase;
HPA hypothalamic-pituitary-adrenal axis;
LH lateral hypothalamic area;
LS lateral septum;
NTS nucleus of the solitary tract;
PB parabrachial nucleus;

PVH paraventricular hypothalamic nucleus;
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PVHm magnocellular part of the paraventricular
hypothalamic nucleus;

PVHp parvocellular part of the paraventricular
hypothalamic nucleus;

PVT paraventricular thalamic nucleus;

SON supraoptic nucleus;

TIR sweet taste receptor;

VMH ventromedial hypothalamic nucleus;

VPM ventral posterior thalamic nucleus;

VTA ventral tegmental area.

1. INTRODUCTION. STATISTICS SHOW THAT WE HAVE
DRAMATICALLY INCREASED OUR SUGAR PRODUCTION
AND INTAKE OVER THE LAST SEVERAL CENTURIES

Sucrose is the organic compound commonly known as table sugar. The
sucrose molecule is a disaccharide composed of glucose and fructose.
Responsiveness to the sweetness of sugar has very ancient evolutionary
beginnings, being manifested as chemotaxis even in motile bacteria such as E.
coli [1]. Attractiveness to sweets is evolutionarily justified because sweetness
intensity generally indicates energy density in contrast to bitterness, which
tends to indicate toxicity [2].

The people of New Guinea were probably the first to domesticate
sugarcane, sometime around 8000 BC. Originally, people chewed sugarcane
raw to extract its sweetness. Crystallization of sugar began in India during the
Gupta dynasty, around AD 350 [3]. Early refining methods involved grinding
the cane to extract the juice, and then boiling down the juice or drying it in the
sun to yield sugary solids that looked like gravel. The English word “sugar”
(which is phonetically similar to the French “sucre”, the German “Zucker” and
the words assigned to sugar in many other languages) originates from the
Sanskrit word “sharkara” that means “gravel” or “sand”. Similarly, Chinese
use the term “gravel sugar” and Russians “sugar sand” for what is also known
as “table sugar”.

Sugar production in ancient times was so limited that sugar was highly
prized and its use subjected to strict rules. Among the ancient Greeks and
Romans, sugar was known as an imported medicine, not as a food. For
example, Dioscorides in Greece in the 1¥ century (AD) wrote: “There is a kind
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of coalescent honey called sugar found in reeds in India and Arabia, similar in
consistency to salt and brittle enough to be broken between the teeth like salt.
It is good dissolved in water, and taken as a drink to help a painful bladder or
the kidneys” [4]. At that time, the primary sweetener was honey, but because it
was relatively rare and not mass produced, the majority of people, especially
the poorer classes, had no sweeteners at all in their normal diet [5].

During the Middle Ages, the cultivation of sugarcane and production of
sugar spread from India to Europe via trading ports. However, sugar
production during the medieval period remained extremely low, and sugar was
considered mostly a “fine spice” with a high price [3]. The value of sugar and
its rarity at that time are reflected by the historical fact that King Emmanuel I
of Portugal, “the Fortunate” (1469 —1521), sent life-sized sugar statues of
cardinals and the Pope to the Vatican in 1513 as a gift [6].

The situation with sugar production radically changed after the New
World was discovered and sugarcane was planted in the Caribbean islands,
Brazil and the southern United States. Producing and trading sugar in the 17"
and 18" centuries in the Caribbean British colonies was so lucrative that it was
known as white gold [7]. After the British blocked sugar exports to Europe in
the 18" century, Germany, France, and Austria developed a thriving industry
by producing sugar from the beetroot. The combined manufacture of sugar
from sugarcane and beets led to a marked increase in global sugar production,
from 250,000 tons in 1800 to 8 million tons in 1900 [8]. At the end of the 20™
century, the global production of sugar increased to more than 110 million
tons per year [9].

Therefore, during only the past few centuries have humans transformed
themselves from rear to voracious consumers of sugar. The present chapter
sheds light on the questions of why we increased our consumption of sugar
and what effects sucrose intake may produce on our mood and mind.

2. THE NEURONAL NETWORK ACTIVATED BY SUCROSE

Sushruta Samhita, the classic book of Ayurvedic medicine, describes an
herbal extract from the plant Gymnema sylvestre. This extract was called ‘gur-
mar’ (‘sugar-destroying’) due to its ability to block specifically the sensation
of sweet taste [10]. This particular effect suggests that the sweet-taste
receptors on the surface of the taste bud cells are different from the receptors
for other taste stimuli. A proteolytic enzyme applied to the dorsal tongue
almost completely suppressed sweet taste [11], indicating that the sweet-taste
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receptors are the proteins. Recent progress in molecular biology and genetics
has finally revealed candidates for sweet perception, the members of T1R
family of receptors [12]. More precisely, these studies showed that perception
of sweetness in mammals depends on the expression of the receptor T1R3 that,
at the apical membrane of the taste receptor cells, forms a complex with a
related protein, TIR2. This TIR2-T1R3 heterodimer is a G-protein coupled
receptor that binds with sugar and artificial sweeteners [13-16].

Binding of sweet molecules to the TIR2-T1R3 receptor complex triggers
a conformational change in the molecules of the complex. This change
activates the G-protein, alpha-gustducin, which in turn activates adenylate
cyclase and phospholipase C. Activation of these signalling molecules results
in an increase in intracellular free calcium [17, 18]. The increase in calcium
activates the transient receptor potential channel M5 (TRPMS) [17], which
causes release of the neurotransmitter and activation of the primary afferent
neurons. Taste information ascends to the brain by the sensory fibers of the
facial nerve (cranial nerve VII), which innervates the anterior tongue, and the
glossopharyngeal nerve (cranial nerve IX) and the vagus nerve (cranial nerve
X), which innervate the posterior tongue. Because the sweet taste buds are
more concentrated at the anterior part of the tongue, the information about
sweet taste enters the brain mostly by the facial nerve. According to the
labelled line theory [19], sweet-related information is encoded and transmitted
by the specific subgroup of fibers, the sucrose-best fibers, that is more
responsive to sucrose than to the four other basic taste stimuli (salty, sour,
bitter, and umami). Alternatively, sweet-related information may be
transferred by an “across-fiber pattern” to the brain where this information is
encoded by specific neuronal populations [20].

The first relay for the ascending gustatory information in the brain is the
nucleus of the solitary tract (NTS) (Figure 1), whose neurons demonstrate
topographic responses to the taste stimuli according to the receptive field in
the oral cavity [21].

In addition to the afferent fibers originating in the oral cavity, the NTS
receives the vagal afferents coming from the gastrointestinal tract (Figure 1).
Recent investigations suggest that the gastrointestinal tract may transfer to the
brain information related to sweet molecules. The expression of all types of
TIRs was found in the gastrointestinal tract, including the stomach,
duodenum, jejunum, ileum, and colon [22]. These taste receptors signal via the
enteric nervous system to the brain. The enteric nervous system is now
considered the third, in addition to the sympathetic and the parasympathetic,
branch of the autonomic nervous system, which transfers gut sensory signals
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to the brain and can participate in forming long-term representations of gut
sensations [23]. These gut feelings, called ‘homeostatic emotions’ [24] or even
‘extended consciousness’[25], may affect our emotional state and underlie
intuitive decision making [23].
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Figure 1. The neuronal network activated by sucrose intake. VII — facial nerve; IX —
glossopharyngeal nerve; X — vagus nerve; Acb — nucleus accumbens; Amy —
amygdala; ENP — enteric nervous plexus; LS — lateral septum; NTS — nucleus of the
solitary tract; PB — parabrachial nucleus; PVT — paraventricular thalamic nucleus;
T1R2/3 — sweet taste receptor subunits; VPM — ventral posteromedial nucleus of the
thalamus; VTA — ventral tegmental area.

From the medullar NTS, the sensory information is directed to the
parabrachial nucleus (PB; Figure 1) located in the pons [26, 27]. In addition to
the main stream from the NTS to the PB, some NTS fibers run directly to the
central amygdala, paraventricular thalamic (PVT), and paraventricular
hypothalamic (PVH) nuclei [28]. The brainstem gustatory centers may
generate the mimetic response to the taste of sucrose in rats. The brainstem’s
ability to generate a behavioral response to the application of sucrose to the
tongue was first revealed by Norgen and Grill [29, 30]. In their experiments,
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the decerebrated rats, with the brainstem separated from the upper forebrain,
demonstrated similar mimetic responses to sucrose in taste reactivity tests
compared to the intact rats [29].

In the PB, the sweet signals generated by sucrose or saccharin are coded
by the central lateral subnucleus [31]. The lesion of the PB impairs the
increase in sucrose licking as a function of sucrose concentration seen in intact
rats [32]. Conversely, stimulation of the cannabinoid receptors CB1 in the PB
selectively stimulates feeding of palatable foods in rats [33]. From the PB, the
gustatory pathway branches to densely innervate the medial hypothalamus,
ventral tegmental area (VTA), and midline thalamic nuclei [34-36]. From the
parvocellular part of the ventral posterior thalamic nucleus (VPM), the
gustatory information is directed to the primary gustatory insular cortex
(Figure 1). In the gustatory insular cortex, the neurons responsive to taste are
located in the anterior, dysgranular region [37]. Another thalamic gustatory-
related pathway travels from the PB to the PVT, and, after synapsing in the
PVT, reaches the prefrontal cortex (Figure 1). The interconnecting loop
formed by the prefrontal cortex, nucleus accumbens, lateral hypothalamus, and
VTA is intimately related to the rewarding effects of sucrose. The taste of
sucrose activates the dopaminergic neurons of the VTA [38] and elevates
dopamine levels in the nucleus accumbens [39]. The dopamine levels increase
in the accumbens in proportion to the sucrose concentration [40], and the
neurons of the nucleus accumbens explicitly encode for the hedonic value of
sucrose [41, 42].

Although the orosensory system is important for the sucrose-triggered
dopamine release in the nucleus accumbens, as has been shown in real and
sham sucrose feeding [40], the lack of sweet taste perception does not prevent
the development of a preference for sweets! Indeed, mice genetically lacking
the TRPMS channel mediating the effects of sweet receptors and required for
sweet taste perception, can develop a robust preference for sucrose solutions
based solely on caloric content [43]. Sucrose, but not the non-caloric
sweetener sucralose, induces dopamine release in the accumbens of mice
lacking functional sweet taste transduction [43]. Therefore, the physiological
events starting in the gastro-intestinal tract and providing information on the
metabolic value of nutrients may along with the taste signals affect the brain
reward system. But how does the brain receive information about consumed
sweets? Accumulating evidence suggests that ingested sweets may signal to
the brain via peripheral and central glucosensing.

Once consumed, sucrose is digested in the small intestine by hydrolysis to
monosaccharides, glucose, and fructose [44, 45]. In the intestines, monosac-
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charides cross the mucosal cell membranes by simple diffusion or by
mechanisms involving a specific transport system [46-49]. The
monosaccharides pass via the portal circulation to the liver, where part of the
glucose and virtually all the fructose are metabolized to glycogen or enter the
tricarboxylic acid cycle [50]. The remainder of the glucose passing into the
peripheral circulation enters the peripheral tissues normally under the
influence of insulin. Into the brain glucose is transported across the blood-
brain barrier by specific insulin-independent transporter mechanisms [51]. The
brain almost exclusively depends on glucose as an energy supply, because
fatty acids or proteins cannot traverse the blood-brain barrier. Only in special
situations, such as hyponutrition or the ketogenic diet, does the organism
produces a significant amount of alternative substrates such as ketones or
lactate that can traverse the blood-brain barrier and assume a role in supplying
energy to the brain [52]. Astrocyte-derived lactate is not an important
metabolic substrate for neurons compared to glucose use [53-55]. Therefore,
the brain metabolism almost exclusively depends on glucose as an ATP-
substrate. The brain cannot store glucose in energetic reserves, but it requires
much more energy compared to other organs. Indeed, the mass of the human
brain constitutes only 2% of the entire body weight, but consumes 50% of the
carbohydrates ingested over a 24-h period [52]. Not surprisingly, during an
energy shortage the “selfish” brain may stimulate the intake of sweet
carbohydrates and allocate more glucose for energy needs through an increase
in glucose transport across the blood-brain barrier, a decrease in energy
metabolism, and an adjustment of the energy supply to the peripheral organs
[56].

According to the “glucostatic theory” proposed by Jean Mayer in 1953,
the brain can monitor plasma and cerebrospinal fluid glucose [57, 58]. To
maintain glucose within narrow limits, which are 3.0-5.6 mM in the plasma
and 0.5-2.5 mM in the cerebrospinal fluid, the brain may adjust the glucose
levels with a counter-regulatory response that includes autonomic (activation
of the sympathetic or parasympathetic nervous system), endocrine (secretion
of hormones), and behavioral (intake of nutrients) adjustments [59]. In the
periphery, the important glucosensing elements were found in the hepatic
portal mesenteric vein. The hepatic glucosensing mechanism was revealed in
experiments showing the ability of the local glucose infusion in the portal
hepatic vein to suppress hypoglycemia-induced hunger and sympathoadrenal
response [60-62]. Hepatic glucosensing elements monitor plasma glucose just
before it enters the liver from the gut. This information is conveyed to the
brainstem by the vagal and spinal afferents [63-66].
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Glucose concentration in the cerebrospinal fluid is monitored in the brain
by the glucosensing neurons detected in the brainstem, including the NTS,
area postrema, and dorsal motor nucleus of the vagus nerve [67-69], and in the
hypothalamus, including the lateral hypothalamic area and the ventromedial
hypothalamic nucleus [70, 71]. Similar to peripheral glucosensing elements
that trigger a counter-regulatory response, the neuronal glucosensing
mechanisms regulate plasma glucose concentration and feeding behavior.
Thus, the intracerebroventricular infusion of non-metabolic glucose analogue
5-thioglucose at microdoses (as low as 0.5 pM) potentially increases the
plasma glucose concentration by hormonal and autonomic counter-regulation
and eliciting feeding [72].

Glucosensing neurons are generally classified as “glucose-excited” (GE)
or “glucose-inhibited” (GI), according to whether their mean firing rate
increases or decreases, respectively, in response to local changes in
extracellular glucose [73-75]. Two alternative mechanisms of neuronal
glucose sensing have been proposed. The first glucosensing mechanism
involves intracellular glucose oxidation, and the second mechanism is based
on oxidation-independent membrane-bound glucosensing. When the oxidative
mechanism of glucosensing is involved, glucose is transported into the
cytoplasmic pool by specific glucose transporter proteins [73]. Cytoplasmic
metabolism of glucose is controlled by glucokinase (GK), the rate-limiting
factor in glycolysis [76, 77]. GK action on glucose results in a series of
intracellular events eventually leading to increases in the cytosolic ATP:ADP
ratio and subsequent closure of ATP-sensitive potassium (Katp) channels,
which in turn causes cell depolarization of the GE neurons [73, 74].
Alternative mechanisms of inhibiting GI neurons by glucose may involve
activation of the tandem-pore K,, ion channels [78]. The mechanism of
oxidation-independent membrane-bound glucosensing involves activation of
transmembrane G-protein coupled dimers of the taste receptors TIR1/T1R2
and T1R2/T1R3 expressed by neurons in different forebrain regions, such as
the hypothalamus, thalamus, hippocampus, and cortex [79]. The brain
expression of T1Rs is increased by the metabolic states promoting energy
intake. Thus, food deprivation increases levels of TIR1 and T1R2 in the mice
hypothalamus [79]. Likewise, hypothalamic expression of TIR1 and T1R2 is
increased in hyperphagic genetically obese ob/ob mice in a non-food-deprived
state [79]. Cultured mouse embryonic hypothalamic cells upregulate the
expression of TIR2 in a low-glucose medium. This effect was reversed by
increased glucose concentration [79].
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Therefore, sucrose signals to the brain via specialized taste receptors
located in the tongue and expressed along the gastrointestinal tract. Once
sucrose is digested to glucose and fructose in the small intestine, glucose is
detected by peripheral and central glucosensing mechanisms. In the brain,
sucrose intake activates the primary gustatory pathway that includes the
brainstem, thalamic relays, and the primary gustatory cortex. In addition,
sucrose-related signals are conveyed to the reward system that includes the
dopaminergic VTA neurons, nucleus accumbens, lateral hypothalamus, and
prefrontal cortex. Finally, the sweet taste signals and glucosensing affect the
activity of the medial hypothalamus regulating energy metabolism and stress
response (Figure 1).

A AL group: free, ad libitum (AL) access to chow
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SC rats: scheduled, 2-hour daily access to chow

SS rats: scheduled, 2-hour daily access to chow and sucrose
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Figure 2. The rats submitting to scheduled 2-h daily access to chow (SC group, as
shown in A) gradually increased daily intake of chow while the rats maintained on 2-h
daily access to chow and 10% sucrose solution (SS group, as shown in A) significantly
increased intake of sucrose but not chow (as shown in B). To detect neuronal
activation in the brain, at the end of the 3-week feeding schedules, the animals were
sacrificed (shown in A with the arrows) during food anticipation [3 (Fa3) and 1 (Fal) h
before and at the moment (Fa0) of expected food] as well as 1 h after feeding (Fil).
Modified from [100].
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3. WHY DO WE CONSUME MORE SUGAR THAN
WE SHOULD, ACCORDING TO OUR METABOLIC NEEDS?

The role of the sweet taste system is to detect the potentially high-energy
sweet foods that normally are relatively rare in the nature. The glucosensing
stimulates or inhibits food intake according to the energy needs estimated by
this mechanism as the levels of plasma and brain glucose. Because of the
scarcity of sweet foods in the nature, seeking these foods requires some effort.
Therefore, once these foods are found and consumed, this effort would be
awarded by the brain reward system. These sophisticated systems work
properly when their function is not compromised by the unlimited availability
of sweet palatable foods. This availability of palatable foods may counteract
the precise mechanisms controlling food intake and instigate the development
of eating disorders. The misbalance in eating underlines the development of
obesity, diabetes, metabolic syndrome, and related disorders. In the following
parts, we will take a close look on how sucrose may be responsible for these

misbalances.
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Figure 3. The rats anticipating sucrose demonstrated higher locomotor food-
anticipating activity. The rats were maintained on a 12:12-h light-dark cycle (shown by
the light and dark horizontal bars). The rats were fed regular chow ad libitum for the
first 7 days, and for the following days (8-28), access to food (chow for the SC rats and
chow and 10% sucrose solution for the SS rats) was scheduled as 2-h daily access
(between 6 and 8 Zeitgeber time). On the actograms (panel A), the horizontal lines
correspond to the days of the experiment, and the locomotor activity was plotted by the
vertical bars for each 15 min as a percentage of the absolute maximal activity recorded
over the entire experiment. Note the increase in locomotor activity within the few
hours preceding access to food. B, The waveform of the average of locomotor activity
during ad libitum chow feeding (1-7 days) or scheduled (11-28 days) chow (SC rats) or
chow and sucrose (SS rats) feeding. Modified from [100].

In experimental conditions, when rats have unlimited access to mundane
rat chow and highly palatable foods, such as pork spread and sweet cookies,
consumption of palatable foods may rise to 90% of the daily food ration [80].
Similarly, when a 10% sucrose solution was introduced to chow-fed rats, the
rats decreased their intake of chow and took a high amount of the sucrose
solution. For example, the control, chow-fed rats daily consumed 32.2 g of
chow, while their littermates maintained on ad libitum access to chow and
10% sucrose consumed 20.3 g chow and 175.4 ml of the sucrose solution
every day [81]. In the same experiment, another group of rats had an inter-
mittent (4 days per week) access to sucrose. The rats with intermittent access
to sucrose consumed 29.3 g of chow per day during the days on regular chow,
but when the rats regained access to sucrose, they decreased their daily intake
of chow to 21.8 g and, in addition to this chow, consumed 167.4 ml of the 10%
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sucrose solution [81]. The results obtained in Mary Dallman’s laboratory also
demonstrated that adding sucrose to diets significantly decreased regular chow
intake [82, 83]. Relative hypophagia of less-preferred food may depend on a
compensatory response attempting to re-balance the increased caloric intake
due to consumption of calorie-rich palatable food [84, 85]. A recent
investigation of feeding behavior suggested additional mechanisms that may
regulate food intake according to its palatability by a decrease in the
reinforcing efficacy of less preferred foods [86]. Access to the preferred diet
rich in chocolate-flavored sucrose significantly decreased motivation to work
to obtain chow, as revealed by the decreased breakpoint, the last completed
ratio of non-reinforced versus reinforced lever pressing for chow, as well as
the total lever pressing for chow on the progressive ratio schedules [86].
Analogously, rats withdrawn from access to the substances of abuse, such as
amphetamine, methamphetamine, morphine, or nicotine, show decreased
motivation to work for a natural reward such as sucrose [87-90].

The increase in sucrose intake at the expense of regular chow may suggest
that sucrose intake may strongly activate the reward brain areas. To investigate
this possibility and characterize the neuronal network activated during the
motivational state for sucrose intake, we performed a series of experiments
with rats trained to eat at a fixed time of the day (as shown in Figure 2, A).
These restricted feeding schedules trigger development of food anticipation
activity, a specific increase in locomotion and food seeking within a few hours
preceding scheduled access to food (Figure 3). When rats had scheduled 2-h
daily access to chow (SC groups), they gradually increased their chow intake
so that at the end of the 3-week scheduled feeding their 2-h chow intake was
comparable to the 24-h chow consumption of the ad libitum chow-fed rats (AL
groups) (Figure 2, B). This adaptation to consuming the daily ration of food
within a few hours of scheduled feeding is not surprising and has been shown
repeatedly [91, 92]. Surprisingly, the rats maintained on 2-h daily scheduled
access to chow and the 10% sucrose solution (SS group) dramatically
increased their intake of sucrose but not chow (Figure 2, B). The sucrose-
consuming rats also demonstrated higher locomotor activity within 2-3 h
preceding scheduled access to food (Figure 3). Similar development of
anticipation of palatable food was shown in Carolina Escobar’s work, in which
non-food-restricted, ad libitum chow-fed rats receiving 5 g of palatable
chocolate at a fixed time of the day developed chocolate anticipation revealed
by an increase in locomotor activity just before the expected access to
chocolate [93, 94]. Interestingly, sweet glucose, but not vegetable or mineral
oil, was able to shift the time of the food anticipating activity in the rats [95].
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The nutritive value of palatable food is an important factor for entraining
food anticipation. Several studies have demonstrated that restricted daily
access to palatable, nutrient-rich (such as sugar, chocolate, glucose), but not to
palatable non-nutritive (such as saccharin) food can engender food anticipation
[95, 96]. It seems that the amount of palatable nutritive food has to be high
enough to create the nutrient ‘pulses’ at the metabolic level. The minimum
threshold to shift circadian activity was achieved with 4 g of palatable mash
[96], 6 g of glucose [95], 6 g of standard chow [97], or 30% of the daily intake
[98]. Another study demonstrated that brief (~5 min) daily access to sucrose
increased anticipatory wheel-running activity, body temperature, and plasma
corticosterone in food-restricted (to 85% of the body weight of the control
rats) but not in ad-libitum-fed rats [99]. Tt has been suggested that the
combination of a deprivation regimen and scheduled access to sucrose may
give rise to a more global anticipatory mechanism because the temporal cycles
of energy balance may be strongly modulated by the incentive properties of
sucrose [99]. Anticipation of food in food-restricted rats strongly activated the
medial hypothalamic regions regulating energy balance and stress response.
Within 3 h before access to chow, neuronal activation, detected by the
induction of expression of mRNA of immediate early gene c-fos, was seen in
the dorsomedial (DMH) and paraventricular (PVH) hypothalamic nuclei
(Figures 4, 5) [92, 100]. Similar results have been shown with the increase in
the expression of the Fos protein in the DMH and PVH of chow-anticipating
rats [101]. Conversely, chocolate-anticipating rats did not demonstrate
neuronal activation in the medial hypothalamus, but showed a positive signal
for the Fos protein in the limbic forebrain, the nucleus accumbens, and the
prefrontal cortex [93]. In our experiments, adding sucrose to the feeding
schedules completely abolished induction of the expression of c-fos mRNA in
the DMH and PVH during food anticipation (Figures 4, 5). Conversely,
sucrose-anticipating rats demonstrated strong neuronal activation in the
prefrontal cortex, the nucleus accumbens, and the anterior perifornical part of
the lateral hypothalamus (Figures 5, 6) [100]. In contrast, the medial
hypothalamic regions demonstrated lower activation in the sucrose-eating rats
compared to their chow-eating littermates (Figures 4, 5). Thus, the sucrose-
eating rats demonstrated a striking absence of neuronal activation in the
magnocellular PVH and the supraoptic nucleus (SON) (Figure 5) [100]. These
hypothalamic regions express oxytocin [28], a nonapeptide strongly linked to
feeding termination mechanisms. Intracerebroventricular [102, 103] or
peripheral [102, 104] administration of oxytocin decreases food intake, while
administration of oxytocin receptor antagonists prevents this inhibition [102,
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104] [105, 106]. Mice lacking the oxytocin gene overconsume the palatable
sucrose solution [107]. The avidity for sucrose was evident in these mice from
the first exposure, when the oxytocin-lacking mice’s consumption of sucrose
was 20-fold greater compared to the wild-type controls [108]. Conversely,
chronic sugar intake decreased the activity of the neurons expressing oxytocin
[109]. This sugar-induced downregulation of oxytocin neurons may contribute
to a decrease in satiety signals and overeating of sucrose.

Food anticipation Food intake ‘
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Figure 4. Chow-anticipating (SC) but not sucrose-anticipating (SS) rats strongly
activated the inductionof expression of c-fos mRNA in the dorsomedial hypothalamic
nucleus (DMH). Chow feeding (SC-Fil) also strongly affected the compact (DMHc)
and ventral (DMHv) parts of the DMH. Sucrose feeding triggered activation in the
ventral but not compact DMH, but the levels of c-fos mRNA expression in the DMHv
of the sucrose-fed rats were significantly lower compared to those in the chow-fed rats.
The photomicrographs depict the positive hybridization signal of c-fos mRNA in the
DMH. The histograms demonstrate the analyses of optical density (OD) of the
hybridization signal of c-fos mRNA in the DMHc and DMHyv. The rats were fed chow
ad libitum [AL (o) rats], or maintained during 3 weeks on 2-h daily access to chow
[SC (A) rats] or chow and 10% sucrose solution [SS (#) rats] and were sacrificed
during food anticipation [3 (Fa3) and 1 (Fal) h before and at the moment (Fa0) of
expected food] as well as 1 h after feeding (Fil). “Significantly different from AL.
*Significant difference between SC and SS. Modified from [100].

In addition to the limbic structures, sucrose-consuming rats showed higher
activation of the NTS (Figure 7). This result is in agreement with the reported
increase in postprandial Fos immunoreactivity in the NTS of rats maintained
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on repeated scheduled access to palatable food compared to rats maintained on
chow-restricted schedules [110]. As was described above, the NTS is an
important relay for the gustatory signals informing the brain about the
availability and consumption of palatable sweet foods. The visceral afferents
synapse in the NTS in a precise topographic distribution with the taste tongue
afferents occupying the most rostral portion and gastrointestinal afferents
synapsing in the intermediate portion of the nucleus [21, 111]. However,
because the sweet food-related signals enter the NTS not only from the oral
cavity, but also from the sweet taste receptors expressed along the
gastrointestinal tract and from the hepatic glucosensing elements, all portions
of the NTS, the rostral, medial, and caudal, demonstrate higher neuronal
activation during sucrose feeding in sucrose-consuming rats compared to
chow-fed rats [100].

Food anticipation Food intake
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Figure 5. Chow anticipation (SC rats) activated the parvocellular part of the
paraventricular hypothalamic nucleus (PVHp) while sucrose anticipation (SS rats)
triggered anterior perifornical lateral hypothalamus (LH) activity. The
photomicrographs depict the positive hybridization signal of c-fos mRNA. The
histograms demonstrate the analyses of optical density (OD) of the hybridization signal
of c-fos mRNA in the PVHp and LH. The rats were fed chow ad libitum [AL (o) rats],
or maintained during 3 weeks on 2-h daily access to chow [SC (A) rats] or chow and
10% sucrose solution [SS (#) rats] and were sacrificed during food anticipation [3
(Fa3) and 1 (Fal) h before and at the moment (Fa0) of expected food] as well as 1 h
after feeding (Fil). f — fornix; PVHm — magnocellular part of the paraventricular
hypothalamic nucleus. SON — supraoptic nucleus. “Significantly different from AL.
#Signiﬁcant difference between SC and SS. Modified from [100].
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Therefore, experimental rats maintained on restricted feeding of chow
demonstrate high neuronal activation of the medial hypothalamic structures
during food-anticipating time. The activity of these medial hypothalamic
structures directly relates to the control of energy homeostasis and stress
response. Adding sucrose to feeding schedules displaces the neuronal activity
from the medial tuberal hypothalamus to the limbic prefrontal cortex and the
regions intimately interconnected with the prefrontal cortex, the nucleus
accumbens, and the lateral anterior hypothalamus (Figure 8). These limbic-
related structures are known as the brain regions responsible for generating the
reward. In these circumstances, the consumption of sucrose is not balanced
according to metabolic needs, but is instigated by activation of the reward
system. This shift in neuronal activity results in consumption of more and
more palatable sweet foods at the expense of regular low-energy foods.
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Figure 6. Sucrose but not chow anticipation and feeding activated the nucleus
accumbens shell (AcbSh; bottom histogram). Sucrose anticipation and feeding higher
and earlier activated the prefrontal cingulate cortex compared to chow anticipation and
feeding (PFCg; top histograms and photomicrographs). The rats were fed chow ad
libitum [AL (o) rats], or maintained during 3 weeks on 2-h daily access to chow [SC
(A) rats] or chow and 10% sucrose solution [SS (#) rats] and were sacrificed during
food anticipation [3 (Fa3) and 1 (Fal) h before and at the moment (Fa0) of expected
food] as well as 1 h after feeding (Fil). OD - optical density of the hybridization signal
of c-fos mRNA. "Significantly different from AL. *Significant difference between SC
and SS. Modified from [100].
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4. WHY SUGAR IS COMFORTING DURING STRESS?

The results obtained in our laboratory [92, 100] and reported by others
[93, 101] suggest that sucrose and sweet palatable food may decrease the
activity of the medial hypothalamic regions. The medial hypothalamus
contains the regions regulating the neuroendocrine and behavioral response to
stress. The principal neuroendocrine response to stress is the activation of the
hypothalamic-pituitary-adrenal (HPA) axis. The key hypothalamic player of
this axis is the parvocellular PVH. Stress activates the neurons of the
parvocellular PVH that produce 41-amino acid neuropeptide corticotropin-
releasing factor (CRF) [112, 113]. Axons of the parvocellular PVH neurons
descend to the medial eminence, where CRF is secreted and, by embarking to
the pituitary portal system, reaches the anterior pituitary. In the anterior
pituitary, CRF stimulates release into the bloodstream of adrenocorticotropic
hormone (ACTH), which regulates the secretion of glucocorticoids, cortisol in
humans, and corticosterone in rats, from the adrenal cortex. Lipophilic
glucocorticoids readily reach the central nervous system, where they inhibit
expression of CRF (for reviews, see Refs. [114-116]).

Stress exposure increases in minutes the levels of blood glucocorticoids by
hundred folds [81, 117]. The high, stress-like levels of glucocorticoids may
increase sucrose intake. This fact was reported by Mary Dallman. In her
experiments, low-to-high levels of plasma corticosterone were clamped by
adrenalectomia and corticosterone replacement. The results clearly
demonstrated an increase in sucrose and saccharine intake by the high levels of
plasma corticosterone [118, 119]. This increase in the consumption of sweet
foods by glucocorticoids may explain the increased intake of sweets in some
stressful conditions.

Although glucocorticoids increase saccharin and sucrose intake [118,
119], in the three-bottle choice tests of saccharin, sucrose, and water,
adrenalectomized rats showed a consistent preference for sucrose compared to
saccharin, suggesting that drinking sucrose made them feel better than
drinking saccharin [120, 121]. Indeed, sucrose but not saccharin normalized
the levels of CRF mRNA in the PVH of adrenalectomized rats [120].
Similarly, continuous intake of sucrose decreased CRF mRNA expression in
the PVH of stressed rats (Figure 9) [81]. In addition to decreasing the
hypothalamic expression of CRF, voluntary consumption of sucrose decreases
the ACTH level in adrenalectomized rats [118] as well as the levels of
corticosterone in stressed rats (Figure 9) [81]. The remarkable effects of
sucrose in adrenalectomized rats are not limited to “normalization” of the
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activity of the HPA axis. Caloric intake, body weight gain, insulin, fat depot
weights, and an uncoupling protein in the brown adipose tissue were restored
in the adrenalectomized rats drinking sucrose to the levels observed in the
sham-adrenalectomized rats not given sucrose to drink [118].
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Figure 7. The c-fos mRNA expression levels were significantly higher after 1 h of
feeding (Fil) in the nucleus of the solitary tract (NTS) of rats maintained on scheduled
2-h daily feeding of 10% sucrose solution and chow (SS rats) compared to those seen
in the rats maintained on 2-h daily access to chow (SC rats). The photomicrographs
depict the positive hybridization signal of c-fos mRNA in the NTS. The histogram
demonstrates the optical density (OD) of the positive hybridization signal of c-fos
mRNA in the NTS. "Significantly different from SC. Modified from [100].
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Figure 8. Chow anticipation activates the regions of the medial hypothalamus such as
the paraventricular (PVH) and the dorsomedial (DMH) hypothalamic nuclei. Adding
of sucrose to the feeding schedules displaced neuronal activity during food anticipation
to the prefrontal cortex, nucleus accumbens (Acb), and anterior lateral hypothalamus.
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Figure 9. Continuous 6-week ad libitum access to sucrose (SA rats) significantly
blunted the restraint stress-induced increase in plasma corticosterone (top histogram)
and corticotropin-releasing factor (CRF) mRNA levels in the parvocellular part of the
paraventricular hypothalamic nucleus (PVHp). The photomicrographs depict the
positive hybridization signal of CRF mRNA. The bottom histogram demonstrates the
optical density (OD) analyses of the hybridization signal of CRF mRNA. The rats were
fed for 6 weeks ad libitum chow (CA) or chow and 10% sucrose solution (SA) and
were sacrificed in the non-stressed condition (NS) or after 1 h of restraint stress (RS).
"Significantly different from NS in the same feeding condition. “Significantly different
from CA in the same stressful condition.

Activation of the HPA axis is a key neurohormonal response to stress.
Sucrose eating is able to blunt the activity of the HPA axis at the level of CRF
expression, and ACTH and glucocorticoid release. This ‘anti-stress’ effect of
sucrose may explain why people and animals are more predisposed to
consuming pleasurable palatable food when stressed [83, 122-128] even when
they are not hungry and have no homeostatic needs for calories [129, 130].
Therefore, sugar and sweets may be taken as ‘anti-stress’ self-medication
[131]. Stressor-associated non-homeostatic feeding may promote obesity
[132]. Conversely, removal of food induces strong stress-like activation of the
HPA axis in obese animals. Indeed, the genetically obese Zucker rats show
significant induction of expression of c-fos in the CRF PVH neurons at 3-6 h
and a strong increase in plasma corticosterone at 6-12 h after food removal,
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whereas their lean littermates do not show any signs of hunger and HPA axis
activity at this time [133, 134]. This result suggests that the obese phenotype
may promote feeding to ‘self-medicate’ the hyperactivity of the HPA axis.

NS
C

Figure 10. The rats maintained on intermittent access to sucrose (SI rats; 4-day-per-
week access to 10% sucrose) were resistant to the anorectic effect of chronic restraint
stress and did not show a stress-induced decrease in body weight gain compared to rats
with continuous ad libitum access to chow (CA rats) or chow and 10% sucrose solution
(SA rats). All rats were maintained on their respective feeding regimen during 6 weeks
and were non-stressed (NS rats) or stressed (RS rats) by 1-h restraint stress applied
once per week. Significantly different from NS rats in the same feeding condition.
Modified from [81].

When access to food is not under control, people show a wide variety of
feeding responses to stress. Approximately 20% of people do not change their
feeding behavior during stressful periods, 40% or more increase their caloric
intake, and 40% or less decrease their caloric intake when stressed [122, 132,
135-137]. In experimental conditions when animals have access only to
mundane chow, repeated or acute stress generally promotes anorectic response
[138-140]. The anorectic effects of CRF are at the core of the stress-induced
decrease in food intake. Depending on the stress paradigm and the dose used,
the nonspecific CRF antagonist alpha-helical CRF partially or completely
reverses emotional and physical stress-induced anorexia [140-142].
Continuous access to sucrose decreases stress-induced activation of the
expression of CRF and c-fos mRNAs in the parvocellular PVH (Figure 9) [81].
This sucrose-mediated decrease in stress-induced activation of the PVH
underlies the lower HPA axis activation in response to stress in sucrose-fed
rats [81, 82, 121, 129]. However, the anorectic response to stress was strongly
inhibited in rats with intermittent but not continuous access to sucrose (Figure
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10) [81]. In our experiment, the intermittent consumption of sucrose without
food restriction (4 days per week, given ad libitum) or in combination with
food restriction (4 days per week, limited to 2-h daily access) effectively
dampened the decrease in the body weight gain induced by weekly sessions of
1-h restraint stress in the control groups maintained on ad libitum chow or
chow and sucrose [81]. The results reported by Kinzig et al. showed that post-
stress intake of sucrose and lard was decreased in rats maintained on
continuous but not intermittent access to palatable food [143]. Therefore,
continuous access to palatable food dampens stress-induced activation of the
HPA axis, while intermittent feeding of palatable food more potently affects
the behavioral anorectic effects of stress. These particular diet effects on the
stress-related CRF system depend on the differential role of the CRF receptors
mediating the CRF signals. The CRF type 1 receptor (CRF1) is strongly
expressed in the parvocellular PVH in response to stress and mediates the
CRF-induced activation of the HPA axis during stress [144, 145]. Mice
lacking CRF1 failed to exhibit the characteristic activation of the HPA axis to
stress due to insufficient ACTH production [146]. The CRF type 2 receptor
(CRF2) is expressed in the brain in the ventromedial hypothalamic nucleus
(VMH) and in the lateral septum (LS). Central blockade of CRF2 with specific
antagonists or antisense oligonucleotides counteracts the CRF anorectic effects
[147, 148]. Likewise, mice deficient in CRF2 consume substantially more
food when maintained on a palatable high-fat diet [149, 150]. Intermittent
access to sucrose significantly decreased CRF2 mRNA levels and stress-
induced c-fos mRNA expression in the LS (Figure 11) [81]. The rats
maintained on intermittent access to sucrose and demonstrating lower LS
activity also showed “impulsive”-like licking of sucrose. Indeed, the rats
maintained on intermittent sucrose (SI rats) showed high and persistent
overnight sucrose- but not water-licking activity (Figure 12) [81].
Interestingly, the LS lesion led to a dramatic increase in sucrose-licking
activity but not water-licking activity [151]. This increase in sucrose-licking
activity in the LS-lesioned rats was independent of thirsting or fasting and was
not eliminated by sucrose preloading [151]. In contrast, direct stimulation of
CRF2 in the LS by specific CRF2 agonist inhibits feeding [152]. Therefore, a
decrease in LS activation and the expression of CRF2 in the LS may
contribute to increased sucrose intake in rats maintained on intermittent
sucrose access [81]. But why might intermittent access to sucrose trigger the
development of certain impulsivity of sucrose consumption? On the next
pages, we will discuss what is special in intermittent sucrose intake and why
this regimen may change feeding behavior in experimental animals.
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Figure 11. The rats maintained on intermittent access to sucrose (SI rats; 4-day-per-
week access to 10% sucrose) showed blunted stress-induced induction of expression of
c-fos mRNA in the lateral septum (LS) compared to the rats with continuous ad libitum
access to chow (CA rats) or chow and 10% sucrose solution (SA rats). All rats were
maintained on their respective feeding regimen for 6 weeks and were non-stressed (NS
rats) or stressed (RS rats) by 1-h restraint stress applied once per week. The rats were
sacrificed immediately after the last, sixth session of restraint stress. The histogram
demonstrates the optical density (OD) of the positive hybridization signal of c-fos
mRNA in the medioventral LS (LSmv). “Significantly different from NS rats in the
same feeding condition. “Significantly different from CA rats in the same stressful
condition. Modified from [81].

5. COULD SUCROSE BE ADDICTIVE?

The concept of “sugar addiction” has been discussed in scientific and
popular literature for many years, but consensus on this topic is far from
unanimous. Clinical accounts of “sugar addiction” have been reviewed by a
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number of books and were the focus of popular diet programs [153-156]. In
these accounts, people describe food cravings, particularly for sugar and
sweets that can trigger irresistible impulsive eating. Attempts to control intake
of sugar-rich foods or imposing self-restriction for sweets may trigger
withdrawal and dysphoria symptoms. In this negative state of the mood, any
stressful situation or even slight disturbance can trigger irresistible impulsive
episode of binge eating [127]. Although addiction to food has been discussed
with interest in the popular and scientific literature and proposed to be based
on brain neurochemistry [157, 158], this phenomenon only recently has been
seen as clinically relevant. The binge-eating disorder is defined in the DSM-5
(Diagnostic and Statistical Manual of Mental Disorders) Development as
follows: (1) eating in a discrete period of time an amount of food that is
definitely larger than most people would eat in a similar period of time under
similar circumstances; and (2) a sense of lack of control over eating during the
episode. To study the neuronal and molecular mechanisms of food addiction,
resorting to experimental animal models is inevitable. Given some subjective
definition for food addiction, such as a sense of a lack of the control or a
feeling of guilt, developing a convincing animal model of food addiction is not
easy. However, certain criteria that can be assessed with high precision have
been proposed. These criteria include (1) the escalation of food intake with a
high proportion of intake at one time, and (2) behavioral sensitization [159,
160]. Several animal models of binge eating were developed by intermittent
access to highly palatable food such as sucrose. Thus, rats maintained on
intermittent access to sugar binge-eat sugar in the first hour of daily access and
show progressive escalation of their daily intake of sugar [160, 161]. What is
special in intermittent excessive intake of sucrose? Consumption of palatable
food, such as sucrose, by naive rats produces release of dopamine in the
accumbens shell [162]. However, this response can wane during a long meal
and does not reappear during following tests [162, 163]. This decrease in
dopamine release upon habituation to familiar taste [164] is dissimilar from
repeated dopamine release to the nucleus accumbens each time the drugs of
abuse are consumed [165, 166]. However, when sucrose is given to rats
intermittently, in 12-h daily access following 12 h of food deprivation, the
animals gradually escalate their sucrose intake from 37 ml to 112 ml per day,
and the release of dopamine to the accumbens shell is produced repeatedly and
is significant even on the 21* day of the access to sucrose [162]. Control
groups, eating sucrose ad libitum or chow intermittently, failed to repeatedly
increase dopamine in the nucleus accumbens during sucrose-eating tests and
showed signs of habituation to the taste of sucrose [162]. In addition to
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increased dopamine, the sucrose-sensitized rats maintained on intermittent
sucrose demonstrated delayed release in accumbens acetylcholine [162].
Repeated increase in dopamine secretion to the nucleus accumbens may
reinforce the eating of sucrose [165, 167, 168] while delaying acetylcholine
may hinder satiation [169, 170]. Complete inhibition of acetylcholine satiety
response by sucrose sham feeding in sucrose-sensitized rats additionally
increased their intake of sucrose [171]. This result is relevant to the stronger
binge episodes accompanied by purging in the cases of bulimia nervosa.

Sucrose-sensitized rats not only change the dopamine/acetylcholine
secretion to the ventral striatum. The intermittent sucrose regimen results in
long-lasting alterations at the levels of expression of the neurotransmitters and
their receptors. Thus, sugar-dependent rats show alterations in the mRNA
levels of the dopamine receptors and opioids similar to that seen in morphine-
dependent rats, but compared to morphine, the effects of sugar on the mRNA
levels were of a greater magnitude in the nucleus accumbens than in the
caudate-putamen [172]. Specifically, after the chronic schedule of intermittent
bingeing on sucrose solution, the mRNA levels of the D2 dopamine receptor,
and the preproenkephalin and preprotachykinin genes were decreased, while
D3 dopamine receptor mRNA was increased in the dopamine-receptive
regions of the forebrain [172]. The sucrose-bingeing rats also demonstrated
long-term alterations at the level of receptor binding. The intermittent sucrose
regimen increased dopamine D1 receptor binding in the accumbens core and
shell. In contrast, D2 receptor binding was decreased in the striatum, while the
binding to the dopamine transporter increased in the midbrain [161]. In
addition, sucrose-dependent rats demonstrated increases in p-1 opioid receptor
binding in the cingulate cortex, hippocampus, locus coeruleus and accumbens
shell [161].

Long-term modifications in brain neurotransmission in the sucrose-
dependent rats were reflected in their behavior. As mentioned above, the
sucrose-sensitized rats maintained on intermittent access to sucrose
dramatically escalated their sucrose intake within the first hour of access to
sucrose. Moreover, these rats showed extremely higher, significantly more
than ever before, motivation to lever press for sugar on the fixed ratio
schedules after 2 weeks of sugar deprivation [173]. This result provides
evidence that the altered neurochemical state of sucrose-sensitized rats lasts at
least for 2 weeks of sugar abstinence and leads to enhanced sugar intake.

Sugar-dependent rats showed cross-sensitization to drugs of abuse. Cross-
sensitization is increased sensitivity, usually manifested as an increased
locomotor response, to a new drug or substance in an animal addicted to
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another drug [160]. Animals sensitized to one drug may increase consumption
of a different drug. Figuratively saying, one drug acts as a “gateway” to
another. For example, animals sensitized to amphetamine show accelerated
escalation of their cocaine intake [174], and animals sensitized to nicotine
consume more alcohol compared with non-sensitized animals [175].
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Figure 12. The rats maintained for 6 weeks on intermittent access to sucrose (SI rats; 4-
day-per-week access to 10% sucrose) demonstrated a higher total overnight number of
licks of sucrose (left histogram) as well as overnight persistence of high levels of
sucrose licking (right waveforms) compared to the rats maintained for 6 weeks on
continuous ad libitum access to chow (CA rats) or chow and 10% sucrose solution (SA
rats). "Significantly different from other groups. Modified from [81].

This behavior is thought to occur when different drugs activate the same
neural circuitry [176]. Interestingly, sugar-dependent rats show enhanced
intake of unsweetened ethanol [177]. The rats sensitized to amphetamine by
repeated injection of this drug show sugar-induced hyperactivity and sugar
hyperphagia [178].

Conversely, the rats maintained on intermittent access to sucrose
demonstrated a hyperactive response to amphetamine [179]. These results
suggest that the drug of abuse may invade the neuronal mechanisms designed
for the natural reward such as sucrose. But on the other hand, these data warn
that sugar may be addictive, similar to drugs of abuse [160]. There is evidence
that sensitization to sugar due to long-term intermittent consumption causes
endogenous opioid dependence.
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Administration of naloxone, an opioid antagonist with a high affinity for
p-opioid receptors, in sucrose-dependent rats causes spontaneous somatic
withdrawal signs, such as teeth chattering, forepaw tremor, and head shaking
[159].

In addition, naloxone increased the anxiety of these rats, revealed by
reduced time spent on the exposed arm of an elevated plus maze. In the
nucleus accumbens of sucrose-sensitized rats, naloxone decreased extracellular
dopamine, while dose-dependently increased acetylcholine.

The indices of anxiety and dopamine/acetylcholine imbalance in the
naloxone-treated sugar-sensitized rats were quantitatively similar to that seen
in withdrawal from morphine or nicotine, suggesting development of sugar
dependence [159].

Similar to naloxone, food deprivation of sucrose-sensitized rats increases
anxiety and causes somatic withdrawal signs, such as teeth chattering [159].
Food deprivation affects the dopaminergic neurotransmission in the nucleus
accumbens. Specifically, food deprivation decreases extracellular dopamine in
the ventral striatum while accumulating dopamine in the presynaptic terminals
that ensure higher dopamine release in response to refeeding or intra-
accumbens administration of amphetamine [180].

In addition to a decrease in dopamine, food deprivation strongly increases
acetylcholine in the nucleus accumbens of sucrose-dependent rats [181].
Although these effects of food deprivation may potentiate feeding of palatable
food, a binge-cating model can be developed without referring to food
deprivation.

Thus, a rat model bingeing on palatable hydrogenated vegetable
shortening was developed in Rebecca Corwin’s laboratory [182]. This model
was developed by intermittent access to palatable food, a treatment that
triggered progressive increase in intake of palatable food by shortening the
access to this food. Long-term neuronal plasticity is suspected for this model,
as its development takes about 4 weeks, but, once established, the bingeing
behavior is manifested persistently [183-185].

Binge-eating models demonstrate increased anxiety and are vulnerable to
stress [186]. Foot shock stress specifically increased the intake of palatable
food but not regular chow in rats with a history of repeated food restriction and
refeeding with highly palatable food ingredients, such as sweet cookies [187-
189].

In our experiments, the regimens of food restriction and intermittent
access to sucrose considerably escalated the intake of palatable sucrose but not
chow [100]. Intermittent access to sucrose decreased the anorectic effects of
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stress with the concomitant decrease of neuronal activation in the lateral
septum [81].
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Figure 13. The regimen triggering development of bingeing on sucrose produced
alterations in neuronal activity in the nucleus accumbens shell (AcbSh; A-D) and the
lateral septum (LS; E-H). Specifically, sucrose-bingeing rats developed a strong
sucrose-anticipatory response in the AcbSh (D versus C), while consumption of
sucrose inhibited neuronal activity in the LS (G versus H). The rats (n=6) were
submitted to weekly cycles of food restriction (4 days per week the access to food was
limited to 3 h daily), intermittent access to sucrose (3-h daily; 4 days per week), and
chronic foot shock (0.6 mA for 60 s; 1 time per week). The rats were implanted with
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chronic platinum-iridium electrodes aimed at the AcbSh and the LS. The extracellular
neuronal firing was recorded using the TDT multichannel acquisition system. Water-
and sucrose-liking events were recorded simultaneously with neuronal activity using a
Med Associates behavioral test chamber equipped with two photobeam lickometers.
The peri-event histograms, with a bin width of 1 ms, represent the firing frequency of
the majority of the neurons in the recorded structures 4 s before and 8 s after the onset
(time 0) of licking clusters defined as persistent licking activity with inter-licking
intervals of less than 1 s. Water-licking in the naive-to-sucrose rats produced an
increase in the firing frequency immediately (~500 ms) before and during licking in the
AcbSh (A) but not in the LS (E). At their first access to sucrose, these rats showed an
increase in firing frequency immediately (~500 ms) before sucrose licking in the
AcbSh (B) but not in the LS (F). Access to sucrose after food restriction in the first
week of cyclic treatments showed a delayed (by 500 ms) increase in the firing rate in
the Acb (C), while at these conditions the LS demonstrated a significant increase in the
basal activity but no response to sucrose licking (G). Escalation of sucrose intake at the
end of the fourth week was accompanied by the development of a strong sucrose-
anticipatory (from -4 s to -200 ms) firing in the AcbSh (D) and sucrose-induced
decrease (from +4 s) in neuronal firing in the LS (H) [Mitra and Timofeeva,
unpublished].

In addition, intermittent sucrose intake displaced neuronal activity during
food-anticipatory periods from the medial hypothalamus to the ventral
striatum [100]. To monitor the neuronal activity in the lateral septum and the
nucleus accumbens shell in the rats submitted to feeding conditions triggering
sucrose bingeing, we extracellularly recorded the neuronal firing in these
structures using chronically implanted bunches of platinum-iridium electrodes.
The preliminary test of sucrose-naive rats to water and sucrose intake showed
no response in the lateral septum (Figure 13, E, F). In contrast, the majority of
the neurons in the accumbens shell increased their firing rate 500 ms before
and 4 s during the clusters of water licking (Figure 13, A).

In the accumbens shell, the first access to sucrose showed an increase in
the firing rate 500 ms before the initiation of sucrose licking, following by a
decrease in neuronal firing during sucrose licking (Figure 13, B). Food
restriction increased significantly the firing rate of the neurons in the lateral
septum (Figure 13, G) but not in the accumbens shell (Figure 13, C). Access to
sucrose after the first food restriction increased the firing rate of the majority
of the neurons in the accumbens shell but not in the lateral septum (Figure 13,
C, G). Four weekly cycles of food restriction, intermittent access to sucrose,
and 1-h weekly foot shock stress led to the development of an anticipatory, 4 s
before the clusters of sucrose licking, increase in the firing rate in the
accumbens shell (Figure 13, D), and a significant decrease in the firing rate
upon sucrose licking in the lateral septum (Figure 13, H). These results show
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that the regimen triggering development of bingeing on sucrose 1is
accompanied by dynamic alterations in the neuronal activity of the brain
regions involved in sucrose reward and stress-related effects.

Therefore, sucrose intake affects the activity of the neuronal circuitries
that mediate the rewarding effects of sucrose. Through evolution, these
mechanisms were developed to ensure the seeking and consumption of energy-
rich foods. However, as the animal models suggest, excessive intermittent
intake of sucrose especially combined with chronic stress and food restriction
may trigger long-term plasticity in the brain reward- and stress-related
pathways that may promote craving for sucrose and trigger sucrose binge-
eating episodes.

CONCLUSION

The statistics shows that during the past few centuries humans increased
their intake of sucrose by hundreds of times. Are we aware of this dramatic
alteration in our diet? How might sucrose change our neuronal activity and our
mood and mind? Is sucrose our friend or enemy? This review attempted to
find answers to these questions. Generally, our brain recognizes sucrose as
rewarding. This effect of sucrose is hardwired in the brain to assure seeking
and consumption of high-energy food, assuring therefore survival of an
individual and a species. However, clinical records and experimental results
suggest that sucrose may be addictive and its consumption may in some
conditions become uncontrollable. Between the conditions triggering
uncontrollable binge-eating of palatable food, food restriction, chronic stress,
and repeated overeating of sweets seem to be the most dangerous. Some
mechanisms underlying the sucrose feeding behavior remain obscure. Not
every person who consumes alcohol becomes alcohol-dependent. The same is
true for consumption of palatable food: only some people develop
uncontrollable bingeing on sweet foods. The mechanisms of individual
resistance or vulnerability to sucrose remain to be investigated. The
physiological and morphological research of the several last decades
characterized in detail the neuronal pathways activated by sucrose. These
studies have revealed the ascending gustatory pathways as well as the neuronal
glucosensitivity informing the brain about sucrose consumption and glucose
availability. Recent studies have demonstrated that consuming sucrose may
decrease the activity of the stress-related brain structures while increasing the
anticipatory activation of the brain reward system. These mechanisms may
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increase the craving for sucrose but also may help in managing the stress
reaction. Allegorically, sucrose can be compared to Janus, a Roman gate-
keeping god who had two faces - one was friendly and was turned to his
friends, and the other was scary and turned to his enemies. We have to use
sucrose as our friend that gives us energy and helps us to ease stress, while
avoiding overeating sucrose, which may lead to uncontrolled craving for
sucrose, eating disorders and obesity.

[10]

[11]
[12]

[13]

[14]
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