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machine learning systems. We don’t 
know if the brain uses backprop, 
but we do know that the brain uses 
a bunch of other types of plasticity 
rules, other kinds of developmental 
infl uences, genetic rules, and other 
ways to pre-specify neural circuits. 
What is the connection between 
this low-level biophysics and the 
high-level adaptive behavior? That’s 
another exciting space to be working 
in.

And what have you been working 
on as Director of the K. Lisa 
Yang Integrative Computational 
Neuroscience Center? The center 
is aiming for something ambitious: 
to build computational models that 
connect cellular- and molecular-level 
details with behavior, through the 
intermediate steps of predicting how 
molecules and cell types infl uence 
circuits, how circuits infl uence system-
level dynamics, and how this infl uences 
behavior. The premise here is that 
we cannot run every experiment and 
explore all possible pharmacological 
agents on all possible disease models; 
it’s simply not possible. If we have 
a bunch of genes and a bunch of 
behaviors at the same time, we 
can’t perturb every gene individually 
and look at its effect and every 
behavior experimentally. Theory and 
computational models are going to be 
essential for accelerating our process 
for discovering promising biological 
knobs to turn that could help alleviate 
brain disorders. It is ambitious. But 
there are so many talented people out 
there working on machine learning 
with incredible skills but living in a very 
different space than the biologists who 
understand dynamics at the cellular 
and molecular levels — the hope is 
to bring people together with these 
distinct sets of expertise and build the 
models to bridge these levels.

You mentioned that your work 
could help us to understand brain 
disorders. Do you feel a push 
toward more applied science? We 
do fundamental science and are not 
clinicians, but we do ultimately seek 
to have an impact on human health. 
We have some initial collaborations 
now with the Children’s Hospital 
in Philadelphia (CHOP). The larger 
part of our current effort is to 

understand these circuits in health. 
Understanding the fully functioning 
version of the circuits and building 
models of them will be essential for 
accurately modeling dysfunction. 
Right now, we are focused on that 
fundamental science to build out 
multi-level models so that we can 
learn about cellular and genetic knobs 
that affect behavior.

Is building these models your 
greatest research ambition? Yes, 
very much so. That would be a dream 
and what we are reaching for. It is 
extremely diffi cult because there is 
so much complexity, and I think that 
the really interesting thing about 
biology — that makes it a very special 
science — is that you do not know 
which really small, microscopic details 
are going to be critical and which 
ones can be safely ignored on some 
level in your model.

Say I care about a certain 
behavior — say I care about pain 
or sleep or memory — it is not at all 
obvious which are the most important 
and the least important molecular- 
and cellular-level elements in the 
behavioral outcomes. In physics, we 
fundamentally think that the biggest 
scale does not interact — does not 
infl uence — the smallest scale. If 
a substance like water turns into 
ice, the fact that there is ice does 
not infl uence the structure of water 
molecules in the future, it doesn’t have 
a selective infl uence on the shape of 
water molecules, but in biology the 
smallest scales interact, lead to bigger 
scales, and ultimately lead to behavior 
and survival. Survival is a selection 
pressure that goes back in to shape 
the microscopic protein and gene 
levels, meaning that the outcome of the 
biggest scale infl uences the smallest 
scales. In other words, the feedback 
loop is complete in biology, and that’s 
what makes it a truly unique, very rich, 
and also very diffi cult science. That is 
what draws me to biology.
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Liking
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What is ‘liking’? ‘Liking’ is a core 
affective reaction, positive in valence 
and measurable in behavioral or 
neural patterns, which is elicited 
directly by the hedonic impact of 
a pleasant sensory experience. 
‘Liking’ reactions occur in humans 
and many other animals. ‘Disliking’, 
conversely, refers to negatively 
valenced affective reactions, and can 
include subcategories of ‘disgust’, 
‘fear’ or ‘pain’, and so on. Affective 
neuroscience studies of core ‘liking’ 
brain mechanisms have often 
exploited characteristic orofacial 
expressions elicited by sweet 
versus bitter tastes. For example, 
positive lip licking is elicited by 
‘liked’ sweetness in human infants, 
other primates and rodents, whereas 
negative ‘disgust’ gapes are elicited 
by bitterness. 

What isn’t ‘liking’? The counterpart 
to ‘liking’ is ‘wanting’ — the incentive 
motivation to acquire a reward. 
‘Liking’ and ‘wanting’ evolved so 
they usually co-occur. But their brain 
systems are separable, which gives 
rise to dissociations of ‘liking’ from 
‘wanting’ in some situations. For 
example, in addiction, sensitization of 
mesolimbic dopamine-related systems 
can make ‘wanting’ far exceed 
‘liking’. Conversely, in schizophrenia 
or Parkinson’s disease, avolitional/
anticipatory forms of anhedonia, 
where rewards may become devalued 
even if still ‘liked’, may mimic true 
anhedonia, where ‘liking’ as well as 
‘wanting’ is impaired.

Is ‘liking’ necessarily always 
conscious? Human conscious 
pleasure is often assessed by verbal 
report of subjective liking, which 
presumably takes core ‘liking’ 
reactions mentioned above as a chief 
input. But conscious liking involves 
additional neural circuitry and cognitive 
processes beyond core ‘liking’ 
reactions, and verbal reports can 
sometimes blur ‘liking’ and ‘wanting’ 
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‘Wanting’

Figure 1. The brain’s ‘liking’ sites.
Hedonic hotspots (shown in red in this drawing of a rat brain) are subregions of limbic structures 
where opioid or other neurobiological stimulations can enhance ‘liking’ reactions to a sensory 
pleasure. By contrast, the ‘wanting’ system (shown in green), involves additional neurochemical 
systems, such as mesolimbic dopamine, and is neuroanatomically larger, involving additional sub-
regions and structures. Multiple different sensory modalities ultimately infl uence ‘liking’. Although 
the hedonic hotspots are not directly connected anatomically, they are functionally connected and 
able to interact. (Figure drawn by Ileana Morales.)
together. Other cognitive processes 
additionally can distort verbal reports 
of hedonic impact, as people attempt 
to explain their emotional reactions 
to themselves. Finally, unconscious 
‘liking’ reactions can sometimes occur 
even in normal people without any 
change in conscious liking feelings in 
certain situations. For these reasons, 
we distinguish core ‘liking’ from 
subjective liking, and use scare quotes 
to recognize the difference between 
core ‘liking’ reactions versus conscious 
liking experiences. We suggest that 
measures of core ‘liking’ reactions can 
sometimes provide more direct insight 
than verbal reports into underlying 
hedonic brain mechanisms. 

Why does ‘liking’ exist? Some 
psychologists have suggested that 
‘liking’ may give rise to a ‘hedonic 
interface’ with model-based decision-
making systems, which allow adaptive 
cognitive mechanisms and strategies 
to be employed to gain newly ‘liked’ 
goals — or to avoid outcomes which 
have previously been experienced as 
‘disliked’. This can be seen as creating 
a high-level form of model-based 
‘wanting’ out of ‘liking’. However, 
‘wanting’ may also operate without 
reference to current ‘liking’ values, 
either by other model-based rules 
or even by model-free systems that 
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simply repeat or avoid choices that 
proved benign or malign, respectively, 
in the past.

Why should brains separate 
‘liking’ and ‘wanting’? ‘Ideally, they 
shouldn’t! It is adaptive for ‘liking’ and 
‘wanting’ to cohere, so that individuals 
will motivationally ‘want’ to do actions 
that deliver goals they hedonically 
‘like’. However, ‘liking’ and ‘wanting’ 
are different functions, which allows 
a measure of independence. One 
particular distinction is timescale: 
 ‘wanting’ is presbyopic in being 
associated with the long-run 
consequences of choices, whereas 
‘liking’ reactions are often myopically 
tied to immediate sensory experience. 
This makes cases of hedonic shift 
learning — when long-run information 
is able to change ‘liking’ — rather 
special. In evolutionary terms, 
‘wanting’ systems may have been 
selected fi rst to motivate pursuit of 
food or mates, with ‘liking’ capabilities 
evolving later as an abettor.

What is the neural basis of ‘liking’? 
‘Liking’ reactions to sweetness 
are enhanced by neurochemical 
or optogenetic stimulations within 
a network of small sub-regions 
known as ‘hedonic hotspots’ within 
limbic structures (Figure 1). Hedonic 
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hotspots have been identifi ed in rats 
within anteromedial orbitofrontal 
cortex, posterior insular cortex, 
rostrodorsal medial shell of nucleus 
accumbens or ventral striatum, 
posterior ventral pallidum and beyond. 
Anatomically, each hotspot capable of 
enhancing ‘liking’ is small, relative to 
its containing structure: typically only 
1 mm3 to 10 mm3 in rats (presumably 
an order of magnitude larger in 
humans) and constituting only a tenth 
to a half of the structure that contains 
it.

What controls ‘liking’? ‘Liking’ 
can be changed by relevant 
physiological states. For example, 
taste ‘liking’ can be reduced by 
eating a particular food until sated, 
or increased in ‘liking’ by relevant 
appetite states. Neurally, ‘liking’ 
can also be increased by particular 
neurobiological stimulations in the 
‘hedonic hotspots’. True anhedonia 
syndromes — that is consummatory 
anhedonia, but not avolitional 
anhedonia — may chronically 
impair normal ‘liking’ reactions and 
conscious liking, possibly in some 
forms of major depressive disorder.

What neurobiological events within 
hedonic hotspots enhance ‘liking’? 
Neurochemically, only opioid, orexin, 
endocannabinoid and a few other 
forms of neurochemical stimulations 
in a hotspot are capable of enhancing 
‘liking’ reactions to sweet tastes. 
Recent studies indicate additionally 
that optogenetic stimulations in some 
hedonic hotspots can likewise enhance 
‘liking’. Functionally, stimulation of one 
hedonic hotspot appears to recruit 
neurobiological activation of other 
hotspots to enhance ‘liking’, activating 
the entire network as an integrated 
hedonic circuit. Such network 
recruitment is easily disrupted, leaving 
intense ‘liking’ functionally fragile. 
Unique among hotspots, the ventral 
pallidum’s hotspot is the only brain site 
where neuronal destruction produces 
reversal from ‘liking’ to ‘disliking’, 
causing sweetness to elicit excessive 
‘disgust’ reactions. 

By contrast, intense ‘wanting’ is 
associated with a much larger and 
more robust collection of areas 
involved with the neuromodulator 
dopamine.
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Fungal 
biomineralization
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Fungi are key organisms of the 
biosphere with major roles in organic-
matter decomposition, element cycling, 
plant pathogenicity, and symbioses 
in aquatic and terrestrial habitats. The 
vast majority exhibit a fi lamentous, 
branching growth form and are aerobic 
chemoorganotrophs that derive carbon 
and energy from organic substances, 
and are particularly associated with soil, 
the plant-root zone, and rock surfaces. 
It is now known that some fungi are 
lithotrophs, deriving energy from the 
oxidation of inorganic materials, whereas 
others are photoheterotrophs, deriving 
additional energy from light for organic 
matter utilization when oxygen is limited. 
This means that fungi are of much 
wider environmental signifi cance than 
previously thought and explains their 
ubiquity in locations previously thought 
to be inimical to fungal existence, such 
as the deep subsurface and other 
anaerobic locations. In addition to such 
free-living species, fungi associated 
with photosynthetic partners are also 
of profound biosphere importance. For 
example, lichens, which are composed 
of a symbiotic association between 
a fungus and a phototrophic alga 
and/or cyanobacterium, are pioneer 
colonizers and bioweathering agents 
of rocks and minerals. Mycorrhizas 
are symbiotic, plant-root-associated 
fungi found to colonize the majority 
of plant genera, where they improve 
plant nutrition through solubilization of 
essential metals and phosphate from 
soil minerals. Biomineralization in the 
soil can also immobilize toxic metals 
in the vicinity of plant roots, thereby 
benefi ting plant colonization and 
facilitating revegetation of contaminated 
habitats. Wherever fungi are found, 
transformation of metals and minerals 
is a key aspect of their activity, with 
biomineralization an important feature. 
Fungal biomineralization is an important 
facet of geomycology — namely the roles 
of fungi in geochemical and geophysical 
processes. This article seeks to highlight 
the concept of biomineralization 

Primer
How does ‘liking’ relate to 
addiction or other ‘irrational 
wants’? Addictive drugs cause 
downregulation of dopamine D2 
receptors, opioid receptors, and 
so on in the nucleus accumbens, 
striatum and other structures, which 
may contribute to negative withdrawal 
and distress feelings. Taking drugs 
as a form of hedonic self-medication 
to treat such dysphoric feelings is a 
common reason for relapse. But some 
presumably sensitized individuals 
remain persistently vulnerable to 
powerful urges to relapse even after 
withdrawal is gone, and even when not 
distressed. In such individuals, other 
neural changes underlying persistent 
drug-induced sensitization of 
mesolimbic dopamine-related circuitry 
may cause excessive ‘wanting’ 
to take drugs that lasts long after 
withdrawal, whether or not the ‘liking’ 
for drugs decreases, for instance with 
the development of tolerance. Such 
sensitized ‘wanting’ may distinguish 
users who might be legitimately 
viewed as compulsively addicted from 
other users who can more readily give 
up drugs. 

Do hedonic reactions to higher 
pleasures such as art or music 
share brain mechanisms of ‘liking’? 
In humans, the same hedonic terms 
may be used to describe sophisticated 
cognitive and cultural pleasures, such 
as abstract art, as for simple sensory 
ones, such as chocolate ice-cream. It 
would have been plausible for higher 
human pleasures to be mediated by 
entirely different brain mechanisms, for 
example, cortical cognitive pleasures 
versus subcortical sensory pleasures. 
However, human neuroimaging studies 
have recently indicated that music, 
art, and even subjective reports of 
the overall well-being activate much 
of same ‘hedonic circuitry’ as does 
sweetness, including mesolimbic 
structures such as the nucleus 
accumbens, ventral tegmentum, and 
so on, as well as cortical circuitry. In 
other words, human cognitive and 
cultural pleasures, for example when 
listening to music, seem to have 
co-opted much of the same hedonic 
circuitry that evolved originally for basic 
sensory pleasures. There is evidence 
that some non-human primates can 
exhibit ‘wanting’ for simian erotica (in a 
Cur
famous pay-per-view experiment from 
Michael Platt and colleagues); and, in 
a case litigated by the best (human) 
legal minds (in an action against David 
Slater), that others can be enthusiastic 
photographers; however, we do not 
know whether any other animals 
experience ‘liking’ for non-primary 
sensory input.

What are some key puzzles 
concerning ‘liking’? Apart from the 
link between ‘liking’ and ‘wanting’, 
we need to know more about the 
network connectivity among the 
hedonic hotspots, to confi rm the role 
of hedonic hotspots in enhancing 
‘liking’ for diverse pleasures, beyond 
sweetness, and to understand how 
‘liking’ is modulated by signals related 
to hunger, satiety, and other shorter 
and longer-term motivational states.

Don’t say: Dopamine is the ‘liking’ 
neurotransmitter.

Do say: ‘Liking’ is never simply 
inherent in a stimulus but rather must 
always be actively generated for it by 
hedonic brain systems.
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