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Thirst increases 
astrocytic release 
and synthesis  
of D-serine to 
promote water 
procurement

Millions of years ago, life began to shift from aquatic 
environments to dry land. This radical change of 
environment brought several new challenges to survival, 
the most obvious being a requirement to maintain 
hydration and avoid imminent desiccation.
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DISSEMINATION
SCCMMI

Maintaining proper fluid homeostasis and 
osmotic balance is critical for all animal 
life on land. Animals regulate their water 
levels and osmolytes through precise 
physiological mechanisms that alter 
cellular processes and tune organismal 
behaviour. To absorb/maintain and 
excrete osmolytes, most animals possess 
a renal system formed by a semi-
permeable membrane that houses an 
array of transporters and channels to 
direct the flow of ions, organic solutes 
and water. These systems allow the 
animal to precisely regulate blood or 
haemolymph osmolarity to maintain 
optimal function. The brain senses 
changes in the concentration of solutes 
in the blood, and imbalance is ultimately 
translated into behaviours such as those 
increasing water seeking and drinking—
behaviours we humans associate with 
our sense of thirst. In mammals, the 
subfornical organ (SFO) is a primary 
osmosensory region of the brain (Noda, 
2000; Lind et al., 1984), and changes in 
blood osmolarity induce physiological 

changes in SFO principal neurons 
(Anderson et al., 2000). In the fruit fly 
Drosophila melanogaster, four cells known 
as the interoceptive suboesophageal 
neurons (ISN) neurons similarly respond 
to changes in haemolymph osmolarity 
and control both feeding and drinking 
behaviours (Jourjine et al., 2016).

Studies have predominantly featured 
neurons as the ultimate controllers of 
animal behaviour. However, the brain is 
comprised of several different cell types, 
and only around half of these cells are 
neurons. The other cells mostly consist 
of different types of glia, many of which 
are intimately associated with neurons. 
A complex variety of glia-neuron 
configurations support the structures 
and functions of neurons (Von Bartheld 
et al., 2016). Importantly, glia are a 
critical component of a cell layer that 
forms a barrier between the blood or 
haemolymph and the nervous system in 
both invertebrates and vertebrates. This 
anatomical position allows glia to sense 

changes within the internal environment 
and to transduce them to alter neuronal 
physiology. The mammalian SFO contains 
a collection of glial cells that express 
the Na(x) sodium channel critical for 
osmosensing by SFO principal neurons 
(Watanabe et al., 2006; Sakuta et al., 
2019). However, our understanding of 
osmosensing in the brain is incomplete. 

In our SCCMI project, we are using single-
cell RNA sequencing to find cellular 
correlates of memory, motivational 
states and differences between individual 
animals. In recent work, we analysed 
transcriptional changes that accompany 
behavioural responses to thirst in brains 
extracted from water-sated and water-
deprived Drosophila (Park et al., 2021). We 
hoped to identify cell-specific changes in 
gene expression that might highlight brain 
responses involved in the control of thirst-
relevant behaviours. Surprisingly, we did 
not observe any obvious changes in the 
gene expression profiles of neurons. 

Figure 1: Drosophila melanogaster ready to drink from a droplet of water. Image courtesy of Suewei Lin.
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However, the expression of many genes 
were found to be regulated, either up 
or down, within the glia of dehydrated 
animals. Therefore, these initial findings 
supported a role for glia in sensing the 
fly’s circulatory environment. 

To assess the functional relevance of 
these genes, we performed a behavioural 
screen to determine whether direct 
and independent alteration of the 
expression of any of the glial-regulated 
genes influenced water consumption. 
Using glial-specific expression of 
transgenic RNA interference constructs, 
we identified a gene known as astray 
(aay), which, when knocked down, 
reduced water consumption. In contrast, 
making more aay in glia enhanced water 
consumption. Testing the different types 
of glia revealed that aay expression is most 
critical in astrocytes, a glial class known 
to infiltrate synaptic junctions between 
some neurons. The aay gene encodes 
a phosphoserine phosphatase enzyme, 
which can convert phosphorylated serine 
into D-serine or L-serine. Since D-serine 
is an established co-agonist of neuronal 
NMDA-type (named after its selective 
agonist N-methyl D-aspartate) glutamate 
receptors, we reasoned that D-serine 
might mediate changes in thirst-directed 
behaviours by modulating the activity of 
glutamatergic synaptic connections in 
the brain.

To test this hypothesis, we fed flies 
with dietary serine. Strikingly, feeding 
D-serine but not its enantiomer L-serine
increased the fly’s water consumption.
Moreover, feeding D-serine could restore
the drinking defect of aay-deficient flies,
tightly tying loss of D-serine to a deficit in
regulating thirst-relevant behaviours.

To investigate whether astrocyte glial 
D-serine could regulate glutamatergic
synaptic connections in the fly, we
reconstructed their fine morphology
within an electron microscope volume
of an adult fly brain (Zheng et al., 2018;
Dorkenwald et al., 2022). We found that
fly astrocytes extend fine processes into
some synaptic junctions in a morphology
that represents tripartite synapses in the
mammalian brain. As their name suggests,
these synaptic junctions contain pre- and

Figure 2: Electron microscope section through a tripartite glutamatergic synapse. A presynaptic terminal 
(green) containing synaptic vesicles connects via a synaptic cleft (red) to several dendrites from downstream 
neurons (grey) and a single astrocyte process (blue). Data from whole-brain volume of an adult fly brain in 
Zheng et al. (2018).

postsynaptic neuronal compartments 
in addition to a fine process from an 
astrocyte (Figure 1). We also frequently 
found astrocyte processes that wrap 
around neuronal presynaptic boutons. 
Surprisingly, although insect brains are 
largely comprised of excitatory synapses 
that use acetylcholine as a transmitter, 
we found that astrocytes preferentially 
associate with synapses whose transmitter 
is glutamate. 

Interestingly, D-serine acts as a 
neuromodulator when it binds to synaptic 
NMDA-type glutamate receptors. Full 
activation of these NMDA receptors 
requires binding of the neurotransmitter 
glutamate, D-serine and sufficient prior 
depolarisation of the postsynaptic neuron 
that they are expressed in. Therefore, 
synaptic connections that express 
NMDA receptors have a unique capacity 
for coincidence detection. Our SCCMI 
work suggests the internal state of thirst 
upregulates the availability of astrocytic 
D-serine, suggesting that certain
glutamatergic synaptic connections will
be most active and plastic when the
animal is in this condition.

To confirm that D-serine acts through 
NMDA-type receptors, we demonstrated 
that flies carrying NMDA receptors 

with a genetically-modified D-serine 
binding site are insensitive to the thirst-
promoting effects of D-serine feeding. 
Therefore, a clear model emerges from 
our work that haemolymph osmolarity 
changes are sensed by astrocytes that are 
strategically placed within the fly brain 
to selectively influence glutamatergic 
neurotransmission by supplying D-serine 
to NMDARs within neural circuits that 
promote water procuring behaviours. 

Taken together, our SCCMI studies 
revealed a physiological context in which 
D-serine functions in the nervous system.
We discovered that the astrocytic
synthesis of D-serine is upregulated in
water-deprived flies and that its release
enhances the excitatory strength of
glutamatergic synapses within key
neuronal circuits that promote water
procuring and consummatory behaviours.
Given the broad infiltration of the
mammalian brain by astrocytes and the
abundance of glutamatergic connections
expressing NMDA receptors, it seems
possible that the role of D-serine in
thirst will be conserved across phyla.
We note that a lower D-serine serum
concentration has been linked to human
patients who have Schizophrenia (Hons
et al., 2021) and that some of these
individuals excessively drink water.
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Figure 3: Reconstruction of synaptic astrocyte process from electron microscope volume. An astrocyte (blue) 
projects processes into a synaptic cleft. Presynaptic neuron (green) contains several active zones (red). The 
postsynaptic neurons were omitted for clarity. Image courtesy of Nils Otto.


