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Mutants for nlp-1, npr-11 and ins-1 share
a common phenotype regarding AWC func-
tion at both the cellular and behavioral lev-
els. For instance, the pattern of AWC activity
in response to odor removal is altered; each
mutation reveals an apparently ‘noisier’ odor-
off response in AWC with more peaks and
oscillations (Fig. 1b). This AWC response is
maintained in mutants even after a prolonged
exposure to the odorant, an adaptation situa-
tion in which the wild-type response is com-
pletely blunted. In addition, all three mutants
have an increased occurrence of turns on food
removal, which is consistent with some degree
of AWC over-activation. Together, these results
suggest a model in which any mutation that
interrupts this two-neuropeptide feedback has
the same effect on the neural circuit.

Whenever the neuropeptide feedback loop
is interrupted, AWC exhibits repeated calcium
transients following odor removal (Fig. 1b).
Such calcium transients are reminiscent of
events reported in a prior study, which found
that the frequency of such events in the AWC
neurons depends on both cultivation tempera-
ture and acute changes in temperature®. Perhaps
such thermosensitivity may be conferred by
temperature-dependent modulation of the
AWC-AITA neuropeptide-based feedback loop.
In support of this idea, loss of srtx-1, an AWC-
expressed G protein—coupled receptor, increased
the frequency of such events and eliminated
their temperature dependence. Together with
the findings of Chalasani et al. 1 this observation
raises the possibility that, similar to nlp-1, npr-11
and ins-1, srtx-1 opens the neuropeptide feed-
back loop between AWC and AIA.

The mechanism by which Ca?* transients are
generated and regulated in AWC is unknown.
As few, if any, C. elegans neurons produce
action potentials9, the Ca2* transients that
are particularly visible in the absence of the
neuropeptide feedback loop could well reflect
the dynamic interplay of calcium sources and
sinks'?. A speculative model would be that
INS-1 feedback interferes with Ca®" recruit-
ment from intracellular stores.

It is notable that this feedback loop seems to
work on several timescales. On a timescale of
seconds, it tunes postsynaptic activity in ATA
and the presynaptic activity of AWC. On a time-
scale of several minutes, however, it contributes
to the blunting of AWC activity as a result of
adaptation (Fig. 1b). Mutants fail to adapt after
1 h of odor exposure, but retain the ability to
adapt following longer exposures (1.5 h). This
suggests that there are other mechanisms of
adaptation that would work on a longer time
frame or that there is simply a total exhaustion
on some limiting factors in AWC that cannot
be replenished if stimulated for a long period
of time. It remains to be determined whether
AWC is eventually silenced or if the behavioral
adaptation in mutants is a result of a shutdown
somewhere else in the circuit. Exactly how the
AWC neurons recover from adaptation and the
potential role of the neuropeptide feedback
loop in this process remain unknown.

The critical function of neuropeptides in
neuronal circuits that receive and integrate
sensory inputs has been shown in several
systems, including the stomatogastric system
in crustaceans'! or the circadian clock in mam-
mals'2. Other studies have found that olfactory
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receptor cells can be regulated by neuropeptides
in both invertebrates'® and vertebrates!®1°.
Neuropeptide-mediated feedback on olfactory
function is therefore likely to be a general mech-
anism that we are only beginning to understand.
Now joining the race, the C. elegans model will
offer many unique experimental possibilities to
further investigate the question at the molecu-
lar, cellular and circuit level.
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Cheesecake-eating rats and the question of food

addiction

David H Epstein & Yavin Shaham

Rats given extended access to high-fat high-sugar food show behavioral and physiological changes that are similar to
those caused by drugs of abuse. However, parallels between drug and food “addiction” should be drawn with caution.

After half a century of research on the neuro-
biology of food and drug reward, Princeton
professor Bartley Hoebel proposed that sugar
can be addictive!. But can eating, even in an
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unhealthy, seemingly compulsive way, be
legitimately labeled an addiction? A study in
this issue by Johnson and Kenny?, using rat
models, supports Hoebel’s controversial view
that it can. Before we consider the implications
of this, and suggest some caveats, let’s examine
what Johnson and Kenny found.

Johnson and Kenny? examined rats
using behavioral models borrowed from
drug-addiction research, but, instead of being
given access to cocaine or heroin, the rats were

given access to a cafeteria-style diet of energy-
dense (high fat and/or high carbohydrate)
food, including bacon, sausage, cheesecake,
pound cake, frosting and chocolate. The diet
had two behavioral effects that were similar to
those of exposure to addictive drugs.

The first effect was disruption of sensi-
tivity to brain-stimulation reward (BSR).
Before the rat ‘cafeteria’ opened for busi-
ness, the rats had spent 10-14 d learning
to turn a wheel for electrical stimulation of
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Figure 1 Prolonged access to cafeteria food causes persistent elevations in threshold for BSR:
comparison with drugs of abuse. (a) BSR threshold during daily intake of cafeteria food or drugs.

(b) BSR threshold after loss of access to cafeteria food or drugs. Data were redrawn from Johnson

and Kenny? and refs. 3-7. In these studies, rats performed an operant response to obtain rewarding
electrical brain stimulation into the median forebrain bundle at the level of the lateral hypothalamus.
BSR threshold is defined as the minimum intensity of electrical stimulation that maintains operant
responding. Increased BSR threshold is hypothesized to reflect decreased sensitivity of the brain reward
system. Extended access to cafeteria food causes progressive disruption of the brain reward system
that persists for long periods after loss of access to the food. In contrast, although extended access to
abused drugs also causes progressive disruption of the brain reward system, this disruption dissipates

in the first few days after withdrawal from the drugs.

the lateral hypothalamus. They were then
divided into three groups, with one receiv-
ing a diet of standard laboratory rat chow,
one receiving the standard diet along with
restricted access (1 h per d) to the cafeteria
food and the third receiving the standard
diet and extended access (18-23 h per d) to
the cafeteria food. All of the rats weighed
300-350 g when the exposure started. Over
the next 40 d, the first two groups gained
80-100 g, which is developmentally typical,
whereas the extended-access group gained
almost twice as much. The BSR threshold, the
minimal level of electrical current required
to keep the rats turning the wheel, remained
stable in the chow-fed and restricted-access
rats but increased in the extended-access
rats, reflecting a disruption in brain reward
function. Similar disruptions occur after self-
administration of addictive drugs (Fig. 1a)>*,
Notably, the reward disruption associated with
the cafeteria diet persisted at least 14 d after
access ended, which is substantially longer than
disruptions observed after withdrawal from
nicotine, cocaine or alcohol (Fig. 1b)>~7.

The second behavioral effect involved a
hallmark of addiction in humans: insen-
sitivity to adverse consequences of drug
self-administration. This has been success-
fully modeled in animal models of drug
addiction. Another three groups of rats were
given different types of food access for more
than 40 d as described above, then some of
the rats from each group were exposed to a

fear-conditioning procedure in which an elec-
tric shock was paired with a light cue. On a
subsequent test day, the rats were given access
to the cafeteria food in the presence of the
now fear-inducing light. The light suppressed
cafeteria-food intake in the rats that had only
received chow and the rats that had been given
limited access to cafeteria food, but not in the
rats that had extended access to the cafeteria
food. Thus, as with addictive drugs, extended
access to cafeteria food led to reward-seeking
that was seemingly compulsive in that it was
insensitive to a cue that warned of impending
punishment.

In addition to these behavioral parallels
between cafeteria-food intake and drug self-
administration, Johnson and Kenny2 found a
neurophysiological parallel between the two.
Drawing on prior findings that human drug
addiction and obesity are each associated with
decreased expression of D2 dopamine recep-
tors in the striatum?, the authors examined
D2 receptor expression in the dorsal striatum
of their rats after more than 40 d of expo-
sure to cafeteria food and found that it was
inversely related to weight gain. To determine
whether reduced D2 receptor expression was
actually causing addiction-like behaviors, the
authors used a viral vector to knock down
receptor expression in the dorsal striatum of
rats that were exposed to cafeteria food for
just 14 d, a period that is normally not long
enough to induce changes in BSR threshold
or fear-cue-induced suppression of feeding.

When D2 receptor expression was knocked
down, these addiction-like behavioral changes
were seen within 14 d. This is an interesting,
although anatomically imperfect, parallel
with prior findings; escalation of voluntary
cocaine intake in rats is associated with low
D2 receptor expression in ventral, not dorsal,
striatum?.

Johnson and Kenny’s work? extends pre-
vious results from rat studies that had sug-
gested addiction-like properties of prolonged
access to palatable food. For example, earlier
work has shown that intermittent sugar
intake leads to physiological and behavioral
symptoms on discontinuation that are simi-
lar to those seen during opiate withdrawal!
and a binge-like intake of sugar that to some
degree resembled the behavior of rats given
unlimited access to psychostimulants!. Rats
that are given a choice between a sweet sac-
charin solution and cocaine strongly prefer
saccharin!®. Moreover, increased anxiety and
other withdrawal-like symptoms after loss of
access to high-fat food are mediated by the
neuropeptide corticotropin-releasing fac-
tor, which also mediates symptoms of drug
withdrawal!l. Finally, studies using the rein-
statement procedure (an animal model of
drug relapse) have found overlaps between
the neuronal mechanisms through which
stressors or cues can cause rats to resume
seeking of drugs or palatable food after loss
of access'2.

Given all of this, how far shall we go in draw-
ing parallels between drug addiction and food
addiction? Unlike drugs, food is essential for
survival, but frequent consumption of bacon,
sausage and cheesecake (the rats’ cafeteria
diet) is not. The availability of such foods
in most developed societies has increased so
quickly that, similar to addictive drugs, they
may stimulate brain reward systems more
powerfully than we have evolved to handle,
signaling a false fitness benefit and thereby
reinforcing unhealthy patterns of consump-
tion. In that respect, a parallel is defensible.
But if we accept that parallel, there are at least
two major caveats.

The first caveat is that food addiction is not
identical to public health’s cause célébre, obe-
sity. If diagnostic criteria for food addiction
were written to parallel the current diagnostic
criteria for drug addiction, focusing on pat-
terns of consumption that are maladaptive or
problematic in any way, one could even argue
that food addiction is neither necessary nor
sufficient for obesity. The current draft of the
Diagnostic and Statistical Manual includes
criteria for a food addiction-like syndrome
known as binge-eating disorder (BED),
which is characterized by distress-inducing,
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subjectively hard-to-control episodes in which
one eats “an amount of food that is definitely
larger than most people would eat in a similar
period of time under similar circumstances.”
The cumulative lifetime risk of BED in the
US is only 3.9%; even when combined with
subthreshold BED and “any binge eating,”
this only rises to 11%, about one-third of
the current prevalence of adult obesity (body
mass index > 30), 34%. Among adults with
BED, the point prevalence of obesity is 42%,
which is only about 8% higher than that
seen in the general population!®. BED is also
distinct from obesity in terms of prognosis
(BED is associated with a lower quality of life
than obesity) and treatment response (BED
responds to antidepressants, but obesity gen-
erally does not).

Of course, food addiction could be defined
more broadly as frequent heavy consump-
tion of energy-dense foods without frank
bingeing. In that case, its overlap with obe-
sity is surely much greater (although there are
probably no reliable statistics to quantify the
extent of the overlap), but there are still rea-
sons to avoid drawing an easy equivalence. For
example, it has been argued that the effects
of behavior on weight could be subverted by
metabolic defense of a ‘set point’'4. A high set
point could result from overeating, but could
also be established pre/perinatally and could
be influenced by environmental factors that
do not even involve food!>. There is vigorous
debate about the interactions of genetic,

Regulating brain size

In this issue on page 551, Silver and colleagues report a surprising regulator of neural
stem cell mitosis and brain size in mice and investigate how its disruption might lead

to microcephaly.

In a previous mutagenesis screen, the authors had isolated a mutant mouse with a

environmental and behavioral causes of obe-
sity, but it is best to be leery of any account
that overwhelmingly attributes obesity to the
behavior of the obese.

The second caveat is that, in the realm of
behavioral causes of obesity, if we invoke the
concept of addiction, we need to remember
what we have learned from the study of other
addictions: addiction does not obliterate the
capacity for choice. Even addiction to intrave-
nous heroin and crack cocaine can be highly
responsive to consequences when the conse-
quences (for example, money) are sufficiently
large and predictable. Despite Johnson and
Kenny’s findings® of changes in BSR sensi-
tivity, human addicts are not always hypore-
sponsive to alternative rewards, even in studies
that have been interpreted as evidence that they
are. This caveat is important because it under-
lies behaviorally based treatments for addic-
tion. And if the kinds of alternative-reinforcer
treatments that are effective in drug addiction
can reduce regular overindulgence in energy-
dense food (with or without frank bingeing),
health benefits are likely to accrue regardless of
whether appreciable weight loss occurs.

To restate the two caveats, whatever entity
we call food addiction should not be seen as an
excuse for unhealthy eating and the unhealthy
eating associated with food addiction should
not be equated with obesity. Johnson and
Kenny’s rat data® suggest something inter-
esting but not something that reduces to an
enticing headline or sound bite. We would be

small body size, hypopigmentation and a reduced brain size. Here they identify Magoh
as a candidate gene responsible for the microcephalic phenotype. The Magoh gene,
which is completely conserved between mice and humans, encodes a component of the
RNA-binding exon junction complex (EJC). Mice homozygous for the Magoh loss-of-
function mutation died prenatally, whereas the brains of adult mice heterozygous for
the mutation showed disordered cortical layering and fewer neurons as compared with
wild-type mice. The figure shows wild-type embryonic day 16.5 (E16.5) cortex, with
Tbr2 (red) labeling intermediate progenitors, BrdU (green) indicating proliferating cells
and DAPI (blue) staining all nuclei. Dividing intermediate progenitors appear yellow. In
the Magoh mutant cortex, the number of dividing intermediate progenitors was reduced
from E12.5 onwards, whereas the numbers of cells expressing immature neuron markers
were increased. The prematurely born neurons, however, did not survive by E18.5.
How does an EJC component maintain the intermediate progenitor pool and
prevent precocious neurogenesis? Dividing cells in the Magoh mutants had altered
mitotic spindle orientations and aberrant chromosome numbers, a phenotype simi-
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mistrustful of any summary simpler than this:
given enough access to cheesecake and bacon,
rats display patterns of eating that resemble
those that account to some unknown degree
for human obesity and these patterns seem
behaviorally similar to, and share some neuro-
physiological substrates with, patterns of drug
self-administration and withdrawal symptoms
that resemble those seen in drug addiction.
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lar to that of Lis] mutant mice. Lis] encodes a microtubule-associated protein that is critical for mitotic spindle integrity; in humans, altered
LISI dosages have been associated with microcephaly syndromes. Lis1 protein levels were decreased in the Magoh mutant cortex. Critically,
Silver et al. rescued the Magoh microcephaly phenotype with Lis] expression. By finding that Magoh controls neural stem cell division by

regulating levels of Lis1 protein, Silver and colleagues have identified a new role for the EJC in determining brain size.
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