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Abstract

One month of calorically restricted diet (CR) induced morphological plasticity of astrocytes
in the stratum (str.) radiatum of hippocampal CA1 in three-months old mice: the volume
fraction of distal perisynaptic astrocytic processes increased whereas the number of gap-
junction coupled astrocytes decreased. The uncoupling was not associated with a decrease
in the expression of connexin 43. Uncoupling and morphological remodeling affected
spontaneous Ca?* activity in the astrocytic network: Ca?* events became longer, whereas
their spread was reduced. The change in the pattern of astrocytic Ca?* activity may increase
the spatial resolution of the information encoding in the astroglial network. Consistent with
expanded synaptic enwrapping by the astroglial processes, the spillover of synaptically
released K* and glutamate was diminished after CR. However, no significant changes in
the expression of astrocytic glutamate transporter (GLT-1/EAAT2) were observed,
although the level of glutamine synthetase was decreased. Glutamate uptake is known to
regulate the synaptic plasticity. Indeed, the magnitude of long-term potentiation (LTP) in
the glutamatergic CA3-CAL synapses was significantly enhanced after CR. Our findings
highlight an astroglial basis for improved learning and memory reported in various species
subjected to CR.
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Introduction

Changes in demographic profile and rapid growth of elderly population during last century
arguably represent the most dramatic metamorphosis of human society since the emergence
of Homo Sapiens; the prevalence of aged population in conjunction with destroyed family
canvass and technological progress are fundamental challenges that define the future of
humanity. The notion of smart aging (which assumes substantial prolongation of normal
human activities at the advanced age) starts to emerge worldwide (Song et al., 2018). Food
consumption and dieting, as well as lifestyle and physical exercises, are essential
determinants of lifespan as well as cognitive capabilities (Mattson, 2012). Prominent
positive effect of caloric restriction on the lifespan of rats was discovered in 1935 (McCay
et al., 1935), and have been confirmed since for several species; the restrictive dieting may
also have some beneficial effects on senescent-dependent pathology in primates and
humans (Fontana et al., 2010; Mattison et al., 2017; Mattson, 2012; Ngandu et al., 2015;
Redman et al., 2008). Although several underlying mechanisms have been considered (e.g.,
reduced oxidative damage, tamed inflammation or accumulation of ketones (Maalouf et al.,
2009; Masoro, 2009; Veech et al., 2017)) none become universally acknowledged.
Restrictive dieting affects the brain aging; low calories intake has been noted to exert
neuroprotection, retard age-dependent cognitive decline and decrease the incidence of
neurodegenerative diseases (Maalouf et al., 2009). Again, several underlying mechanisms
were proposed, and yet little systematic studies of cellular physiology of neural cells from
CR exposed animals have been executed. Neuroprotection in the CNS is assigned to glial

cells; with astrocytes being particularly important for supporting neuronal networks.

The aging of the brain with associated cognitive decline and neurodegenerative diseases
(including Alzheimer’s disease), is, to a large extent, defined by the lifestyle. Insufficient
cognitive engagement, lack of exercise and excessive food intake promote, whereas
cognitive stimulation, physical activity and dieting delay age-dependent cognitive
deterioration (Mattson, 2015; Ngandu et al., 2015). Energy intake and energy balance are
critically important for the brain, which requires high glucose consumption to maintain
ionic gradients and hence excitability and synaptic transmission (Magistretti, 2009). How
restricting caloric intake affects the physiology of the neural cells remains largely
unexplored. Low-calorie dieting, similarly to other modified food intake programmes,
impacts neuronal circuitry of the hypothalamus (Garcia-Caceres et al., 2019; Zeltser et al.,

2012), which regulates energy balance. There is also evidence indicating that the CR
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affects the physiology of neurons in other brain regions. Exposure to CR increases memory
and boosts brain plasticity (Kuhla et al., 2013; Murphy et al., 2014). At a cellular level CR
prevents an age-dependent decline in hippocampal synaptic plasticity (Okada et al., 2003),
enhances neurogenesis (Fontan-Lozano et al., 2008) and improves neuroplasticity in visual
cortex (Spolidoro et al., 2011), through increasing intracortical inhibition by up-regulation
of GABA synthesis and neuronal GABA content (Yang et al., 2016). There are also claims
that CR increases neuronal metabolism and preserves neuronal activity in the aged brain
(Lin et al., 2014). At the same time restricting calorie intake by 30% for four years in
lemurid primate Microcebus murinus led to a significant life prolongation (from 6.4 to 9.6
years) paralleled with accelerated loss of grey matter (Pifferi et al., 2018). Whether CR
causes such brain shrinkage, or it naturally occurs with aging beyond the normal lifespan
remains to be established.

The functional activity of neuronal networks, as well as adaptive and life-long
neuroprotection, is supported by neuroglia; in particular astrocytes, the homeostatic cells of
the central nervous system, safeguard brain homeostasis at all levels of organization from
molecular to organ (Verkhratsky and Nedergaard, 2018). Astrocyte distal processes enwrap
synapses creating an astroglial cradle that regulates synaptogenesis, synaptic maturation,
synaptic isolation, maintenance, and extinction (Verkhratsky and Nedergaard, 2014).
Astrocytes are also intimately involved in supporting neuronal metabolism and in
regulating neurotransmitter balance (Pellerin and Magistretti, 2012; Verkhratsky and
Nedergaard, 2018). How the restriction of calorie intake affects astrocytes is virtually
unknown; a sporadic report has demonstrated that chronic CR causes a decrease in the size
of astrocytes in mice of 19 to 24 months of age when compared to the ad libitum fed
controls (Castiglioni Jr et al., 1991). Here we tested the effect of CR on astrocytes and

brain plasticity in the younger age group.
Results

Two-month-old mice were subjected to CR for one month and then compared to the same
age animals receiving food ad libitum (control). CR mice showed a small weight loss,
while the control group showed a small weight increase. After a month, the control mice
gained weight to 114+ 3% (n=22), while the animals in CR group lost weight to
85+4 9% (n=14; p <0.001, two sample t-test; Fig. S1).
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CR increases astrocytic perisynaptic coverage

To reveal the morphology of individual protoplasmic astrocytes, the cells were filled with a
fluorescent tracer Alexa Fluor 594 through a patch-pipette and imaged with two-photon
laser scanning microscopy in CAL stratum (str.) radiatum of hippocampal slices. Sholl
analysis did not show any significant difference in the number of optically resolved
astrocytic branches at different distances from the soma between CR and control mice
(control: n=7; SE: n=7; F(16) = 0.267, p = 0.624 for the effect of CR, partial 72 = 0.043,
Sphericity assumed, two-way repeated measures ANOVA; Fig. 1a,b). The Sholl analysis
cannot reflect changes in fine perisynaptic astrocytic leaflets which are beyond the
resolution of diffraction-limited optical microscopy (Khakh and Sofroniew, 2015;
Semyanov, 2019). However, the volume fraction (VF) of perisynaptic leaflets can be
indirectly measured as fluorescence ratio of unresolved processes area to the astrocyte
soma (Medvedev et al., 2014; Plata et al., 2018). This type of analysis assumes that soma
fluorescence reflects 100% of astrocyte space occupancy, while the fluorescence of
unresolved area is proportional to the VF of astrocyte processes in this area (Fig. 1c). This
analysis revealed that VF of perisynaptic leaflets was significantly increased in astrocytes
of CR mice (control: 3.2+ 0.4%,n=7; CR: 45+0.4 %, n=7; p<0.001, two sample t-
test; Fig. 1d).

CR disrupts astroglial gap-junction coupling

Next, we analyzed the effect of CR on the astrocytic syncytial network. The density of
astrocytes labeled with astrocyte-specific marker sulforhodamine 101 was similar in the
control and CR mice (control: 1.8 + 0.4 astrocytes per 100> um? n= 6; CR: 1.8 +0.4
astrocytes per 100? um?, n = 13; p = 0.93, two sample t-test; Fig. S2). The cell coupling
within the astrocytic network was analyzed with the method based on the diffusion of the
intercellular dye through the gap-junctions (Henneberger et al., 2010; Plata et al., 2018).
The number of coupled astrocytes was significantly lower in CR than in the control mice
(control: 126 +1.9, n=5; CR: 4.2+ 1.3, n=5; p = 0.003, two sample t-test; Fig. 2a,b).
The dye diffusion technique also permits to estimate the strength of astrocytic coupling.
The fluorescence measured from the soma of coupled astrocytes decays exponentially with
the distance from the patched astrocyte (Fig. 2c, note semi-logarithmic scale). The length
constant did not show a significant difference between two groups of animals (control:
19.9+1.9pum, n=5; CR: 26.1 £4.3 um, n=5; p = 0.12, two sample t-test; Fig. 2d). This
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finding indicates that despite a decrease in the number of coupled astrocytes, the strength of
remaining gap-junction connections is unaffected. The astrocyte uncoupling may be linked
to morphological remodeling of coupled processes or to changes in expression of
connexins responsible for gap-junction formation. To address this possibility, we
performed Western blotting and did not detect a significant difference in the expression of
astrocyte-specific connexin 43 (protein level normalised to B-actin in control: 1.09 + 0.19,
n=5; in CR: 1.03 £ 0.35, n=5; p=0.89, two sample t-test; Fig. 2e,f). Thus, astrocytic
coupling changes independently of connexin 43 expression in CR mice.

CR modifies spatiotemporal properties of spontaneous Ca?* events in the astrocytic

network

Morphological remodeling and gap-junction uncoupling can affect Ca®" activity in the
astroglial network (Plata et al., 2018; Semyanov, 2019; Wu et al., 2019). We performed
confocal imaging of astrocytes stained with membrane-permeable Ca?* dye, Oregon Green
488 BAPTA-1 AM (OGB, Fig. 3a). The areas of Ca®* events were identified in each frame,
and individual events were reconstructed in three-dimensions (x-y-time, Fig. 3b) (Wu et
al., 2014). Only Ca?* events longer than 2 s were analyzed to avoid the contribution of fast
spontaneous Ca®* transients in neurons that can also be stained with OGB (Monai et al.,
2016; Plata et al., 2018). The frequency of detected Ca?" events was not significantly
different in CR mice (control: 0.33 £ 0.08 events/astrocyte/min, n=11; CR: 0.37 + 0.10
events/astrocyte/min, n = 10; p = 0.77, two sample t-test; Fig. 3c). However, more Ca*
events with longer duration appeared in the distribution (p =0.042, Mann-Whitney test
with control; Fig. 3b,d). The proportion of Ca?* events with the larger size, in contrary,
decreased in CR mice when compared to the control group (p = 0.006, Mann-Whitney test
with control, Fig. 3b,e). This redistribution of the Ca®" event properties in CR can be best
seen at the relationship between the duration and size of the events (Fig. 3f). Such changes
in Ca?* activity arguably reflect cell uncoupling in the astrocytic network and the inability
of Ca?* events to propagate through the gap-junctions to the neighboring cells (Fuijii et al.,
2017). The integral of astrocytic Ca®* activity was unchanged in CR (p = 0.27, Mann-
Whitney test with control, Fig. 3g).

CR enhances activity-dependent K* release but reduces K* spillover

Increased VF of perisynaptic astrocytic leaflets may modify major homeostatic functions

including K* clearance. During synaptic transmission, K" is mostly released through
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postsynaptic ionotropic glutamate receptors, predominantly of NMDA type (Ge and Duan,
2007; Shih et al., 2013; Sibille et al., 2014). Thus, astrocytic K current (Ik) in astrocyte
can provide a readout of both postsynaptic response (the Ik amplitude) and astrocytic K*
clearance (the Ik decay time [taecay k], Fig. 4a). We recorded Ik in response to stimulation
of Schaffer collaterals in the absence of synaptic receptor blockers in CAL str.radiatum
astrocytes. The early part of Ik overlapped with fast glutamate transporter current (lgwr);
therefore, the Ik amplitude was measured as a maximal current 200 ms after the last
stimulus. The tgecay Ik Was determined by the exponential fit of the Ik current. To estimate
activity-dependent changes in Ik, the response to the fifth stimulus (Ik(5)) in the train of
five stimuli (5 x50 Hz) was isolated and compared to the response to a single stimulus
(Ik(2), Fig. 4b). We observed a decrease in five-pulse ratio of Ik in the astrocytes of control
mice, whereas in CR mice it was increased (Ik(5)/Ik(1) in control: 0.81 + 0.07, n = 10; p =
0.03, one sample t-test; in CR: 1.21 + 0.03, n = 11; p <0.001, one sample t-test; p < 0.001,
two sample t-test between control and CR; Fig. 4c,d). Notably, the five-pulse ratio of Ik
was not significantly different between control and CR mice in the presence of NMDA,
AMPA and GABAA receptors blockers (Ik(5)/1k(1) in control: 0.89 £ 0.05, n=7; in CR:
1.02 £0.09, n=7; p=0.23, two sample t-test; Fig. S3a,b). Because GABAA receptors are
not K* permeable, this result suggests that CR promotes activity-dependent facilitation at

glutamate synapses.

The five-pulse ratio of tgecay Ik decreased both in CR and control mice, but the decrease
was more profound in CR animals (tdecay 1k(5)/tdecay k(1) in control: 0.76 + 0.08, n = 10,
p =0.01, one-sample t-test; in CR: 0.59+0.06, n=11, p<0.001 one-sample t-test;
p =0.042, two-sample t-test between control and CR; Fig. 4e). This finding indicates
enhanced K* clearance and is consistent with increased astrocytic coverage of synapses in
CR mice. Again, the five-pulse ratio of tdecay I did not significantly differ between CR and
control mice in the presence of synaptic receptor blockers (tdecay 1k(5)/Tdecay I(1) in control:
1.01£0.30,n=8;in CR: 0.89 £0.27, n = 8; p = 0.39, two sample t-test; Fig. S3a,c).

CR reduces glutamate spillover

Next, we recorded lgiuT in astrocytes. Because K* accumulation in the synaptic cleft affects
both presynaptic release probability and glutamate uptake efficiency (Ge and Duan, 2007;
Lebedeva et al., 2018; Shih et al., 2013), further recordings were performed in the presence
of NMDA, AMPA and GABAAa receptor blockers (Fig. 5a). The residual Ik was
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pharmacologically isolated with 100 uM DL-TBOA, a glutamate transporter blocker, and
subtracted from the combined synaptically induced current to reveal pure lgiut (Lebedeva et
al., 2018; Scimemi and Diamond, 2013). The response to the fifth stimulus (IcwuT(5)) in the
train (5 x 50 Hz) was compared to the response to a single stimulus (lewu(1), Fig. 5b). The
five-pulse ratio of lgut was consistent with activity dependent-facilitation of presynaptic
glutamate release and was not significantly different between astrocytes of CR and control
groups (lewt(5)/lewT(1) in control: 1.56 £ 0.25, n =8, p = 0.03, one sample t-test; in CR:
1.43 £ 0.15, n =8, p = 0.012 one-sample t-test; p = 0.69, two sample t-test between control
and CR; Fig. 5c¢,d). The five-pulse ratio of tgecay lcut in control mice was larger than 1:1,
reflecting glutamate spillover (tdecay liut(5)/Tdecay lot(1): 1.28 £ 0.06, n = 8, p = 0.002, one
sample t-test). In contrast, the five-pulse ratio Of tdecay lciut iN CR mice was not
significantly different from 1:1 (tdecay lciuT(5)/Tdecay lowt(1): 0.97 £0.12, n=8, p=0.8, one
sample t-test; p = 0.02, two-sample t-test for difference with control group; Fig. 5e). Thus,
increased VF of perisynaptic leaflets correlates with reduced glutamate spillover in the
hippocampus of CR animals. An alternative explanation for reduced glutamate spillover
would be upregulation of glutamate transporters; a previous report suggested an increase of
hippocampal glutamate uptake and glutamine synthetase activity in rats subjected to 12
weeks of CR (Ribeiro et al., 2009). However, we did not find a significant difference in the
astroglia specific glutamate transporter 1 (GLT1/EAAT2) expression quantified with
Western blotting (protein level normalised to B-actin in control: 1.02 £ 0.14, n = 5; in CR:
1.27 £ 0.25, n = 5; p = 0.43, two sample t-test; Fig. 6a,b). At the same time the level of
glutamine synthetase was significantly reduced in CR mice (protein level normalised to B-
actin in control: 0.98 £ 0.11, n = 5; in CR: 0.60 £ 0.08, n = 5; p = 0.03, two sample t-test;
Fig. 6b,c).

CR enhances LTP in the hippocampus

Glutamate uptake regulates the extent of perisynaptic and extrasynaptic receptor activation
during synaptic transmission and affects synaptic plasticity (Kullmann and Asztely, 1998;
Rusakov and Kullmann, 1998). The density of glutamate transporters in the vicinity of the
synapse determines the spatiotemporal properties of glutamate concentration and therefore
glutamate access to pre-, post- and extrasynaptic receptors (Romanos et al., 2019).
Glutamate transport consequently has been implicated in the polarity and magnitude of
synaptic plasticity (Valtcheva and Venance, 2019). Downregulation of glutamate

transporters leads to a reduction of the magnitude of long-term potentiation (LTP) (Katagiri
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et al., 2001; Scimemi et al., 2009; Wang et al., 2006) and promotes instead the long-term
depression (LTD) (Brasnjo and Otis, 2001; Massey et al., 2004; Wong et al., 2007). CR
increases the degree of perisynaptic coverage by astrocytic processes, hence increasing
available glutamate transporters with subsequent reduction of glutamate spillover.
Therefore, we hypothesized that LTP might be enhanced after CR.

We performed field potential recordings in CA1 str.radiatum in response to extracellular
stimulation of Schaffer collaterals. The relationships of presynaptic volley (PrV) versus
stimulus and field excitatory postsynaptic potential (FEPSP) versus stimulus (input-output
characteristics) were not affected by CR (Fig. 7ab). However, we observed an
enhancement of LTP induced by high-frequency stimulation (HFS) in CA3-CAL synapses
of CR mice (Fig. 7c). LTP magnitude was higher both at the early stage (first 10 min after
HFS: 168 + 9 % of baseline in control, n = 6; 204 + 10 % of baseline in CR, n = 6; p=0.01,
two sample t-test; Fig. 7d) and at the later stage (40 - 50 min after HFS: 144 + 7 % of
baseline in control, n = 6; 162 + 6 % of baseline in CR, n = 6; p = 0.04, two sample t-test;
Fig. 7e). Thus plasticity of astrocytes parallels enhanced LTP in CR mice, and both may

provide cellular mechanisms for enhanced learning and memory associated with this diet.
Discussion

The present study reports, for the first time, in-depth analysis of astroglial plasticity
induced by the CR diet. We found that CR results in remodeling of protoplasmic astrocytes
in the hippocampus; this astrocytic response was associated with enhanced LTP indicative
of increased synaptic plasticity, which often accompanies learning associated with

environmental adaptation.

Astrocytic morphological plasticity may occur at the level of individual astrocytes and at
the level of the astrocytic syncytium. At the single cell level remodeling may affect
astrocytic branches and astrocytic leaflets. These two types of processes are functionally
distinct (Khakh and Sofroniew, 2015; Semyanov, 2019). Astrocytic branches contain
organelles including Ca®* stores that allow them to amplify and propagate Ca?* events
(Patrushev et al., 2013). Thus, remodeling of astrocytic branches would strongly affect
Ca?" dynamics in individual astrocytes. Atrophy of astrocytic branches and reduced
spontaneous Ca?* activity in astrocytes has been reported in epilepsy (Plata et al., 2018).
Astrocytic branches can be resolved with two-photon microscopy in the hippocampus.

Even the thinnest terminal branches (also termed branchlets) are about 1 pm in diameter,
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which is still within the resolution of diffraction-limited systems (Gavrilov et al., 2018;
Patrushev et al., 2013). Hence, we performed Sholl analysis of astrocytic branches which

did not reveal any significant changes in their number after CR.

Astrocytic leaflets are flat perisynaptic processes devoid of organelles (Fernandez et al.,
1984; Gauvrilov et al., 2018; Patrushev et al., 2013). Perisynaptic astrocytic leaflets (PALS)
form the astroglial cradle that controls all aspects of synaptic function from synaptogenesis
and synaptic maturation to synaptic maintenance, synaptic isolation, and extinction
(Nedergaard and Verkhratsky, 2012; Verkhratsky and Nedergaard, 2014). Ca?* dependent
changes in PALs occur during synapse formation and synaptic plasticity (Perez-Alvarez et
al., 2014; Schiweck et al., 2018; Tanaka et al., 2013). The decrease in astrocytic coverage
of the synapses is reported in the hypothalamus of lactating rats (Oliet et al., 2001). Unlike
astrocytic branches, PALs are beyond the resolution of diffraction-limited microscopy.
Therefore, we used an indirect method to estimate their VF as a ratio of fluorescence of the
area filled with PALs and fluorescence of soma (Medvedev et al., 2014; Plata et al., 2018).
We found that the VF of PALs was significantly increased after CR. This finding suggests

that the diet increases astrocyte presence in the synaptic microenvironment.

At the level of the astrocytic network, morphological plasticity can affect astrocyte
coupling. Astrocytes make connections to their neighbors through homocellular gap-
junctions permeable to ions and small molecules (Anders et al., 2014; Dermietzel et al.,
1989). The role of gap-junctions in K* spatial buffering has been suggested (Kofuji and
Newman, 2004; Ma et al., 2016). Ca?* events propagate in the astrocytic network through
two major mechanisms - extracellular, involving neurotransmitter release, and
intracellular, through the gap-junctions (Fujii et al., 2017; Semyanov, 2019). Gap-junction
coupling has two possibilities for plasticity: (1) change in the number of connections and
(2) change in the connection strength. Both types of plasticity can be estimated with
monitoring fluorescent dye diffusion via gap-junctions (Anders et al., 2014; Plata et al.,
2018). We found that astrocytic coupling decreased, but the strength of this coupling did
not change significantly after CR. Notably, the level of connexin 43, which forms

astrocytic gap-junctions was not affected in CR mice.

Astrocytes being secretory cells of the CNS (Verkhratsky et al., 2016) may release
numerous factors affecting synaptogenesis (through thrombospondins) and synaptic
remodeling (through supplying neurons for example with cholesterol) or supplying neurons
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with neurotransmitter precursors (glutamine and L-serine). Often the astrocytic secretion
depends on Ca?* activity in these cells (Araque et al., 2014; Zorec et al., 2012). In addition,
Ca?" activity itself regulates synaptic coverage by PALs (Tanaka et al., 2013). We found no
significant difference in the frequency of Ca?* events in CR mice. However, due to
astrocyte uncoupling, the Ca®* events could not propagate through the gap-junctions and
became less spread. In contrast, the duration of Ca?* events significantly increased,
compensating for their smaller size. As a result, the integral of Ca?* events (x-y-time) was
not affected. Thus, overall Ca?* activity was not increased or decreased but rather

restructured in the spatiotemporal domain by CR.

The role of spatiotemporal patterns of astrocytic Ca?* activity has recently started to be
appreciated (Kanakov et al., 2019; Semyanov, 2008; Semyanov, 2019). Individual Ca?*
transients can trigger the local release of gliotransmitters (Zorec et al., 2012) or change the
local synaptic microenvironment (e.g., by retracting or extending perisynaptic processes)
(Tanaka et al., 2013). Thus, the spatiotemporal pattern of Ca?* activity in the astrocytic
network can form a ‘guiding template’ which shapes signal propagation and synaptic
plasticity in the neuronal network. The decrease in the size of Ca?* events observed after
CR should increase the spatial resolution of the pattern. We can contemplate that more
information can be encoded within a unit of volume in neuron-astrocytic network with such
pattern. Prolongation of Ca®* events may also be necessary to ensure that a sufficient
number of synapses is affected within the active spot. Thus, shorter and longer Ca?* events
in the CR mice should influence more spatially compact groups of synapses. This may be
beneficial for triggering of dendritic spikes that depend on co-activation of spatially
colocalized synaptic inputs to the same dendric branch (Spruston, 2008; Varga et al., 2011).
The dendritic spikes are required for LTP at synapses on hippocampal pyramidal neurons
(Brandalise et al., 2016; Kim et al., 2015) and hippocampal granular cells (Kim et al.,
2018). Thus, our findings provide an insight into how the information encoding and storage
in the brain can become more efficient after CR.

PALs regulate glutamatergic transmission through active control over glutamate dynamics
in the synaptic cleft (with the help of dedicated transporters), through K* clearance and
through supplying neurons with glutamine, an obligatory precursor of glutamate (by
glutamate-GABA glutamine shuttle). Indeed, the increased presence of PALs in synaptic
microenvironment correlated with the reduced spillover of both K™ and glutamate. The

higher efficiency of glutamate uptake and, hence, lower ambient glutamate concentrations
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can be responsible for further functional changes in astrocytes. Extracellular elevations of
glutamate positively regulate glutamine synthase (Lehmann et al., 2009). Lower
extracellular concentrations of glutamate can possibly underlie a reduction in glutamine
synthetase expression. Indeed, Western blot analysis revealed decreased expression of
glutamine synthase in CR mice. This, in turn, can reduce glutamine synthesis which is

required both for glutamatergic and GABAergic signaling in the brain (Rose et al., 2013).

We estimated the efficiency of glutamatergic signaling in hippocampal CAL through
astrocytic recordings of Ik and leut. The five-pulse ratio of Ik became higher after CR.
Because most of Ik during synaptic transmission reflects its efflux through postsynaptic
AMPA and NMDA receptors (Shih et al., 2013; Sibille et al., 2014), this finding suggests
activity-dependent facilitation of synaptic transmission. However, the five-pulse ratio of
lewt was not affected by CR, ruling out a modification of presynaptic release and

highlighting postsynaptic mechanisms.

Next, we tested whether increased synaptic enwrapping by astrocytes and glutamate
clearance correlates with enhanced synaptic plasticity (Valtcheva and Venance, 2019). The
input-output characteristics of synaptic transmission (PrV vs. stimulus and fEPSP vs.
stimulus) were not different in CR mice, suggesting that the diet did not influence baseline
synaptic signaling. Consistent with previous reports efficient glutamate clearance by the
astrocytes correlated with enhanced LTP in CR mice (Katagiri et al., 2001; Scimemi et al.,
2009; Wang et al., 2006)

In conclusion, we find that caloric restriction evokes astroglial plasticity represented by an
increased outgrowth of astrocytic perisynaptic processes and astrocytic presence in the
synaptic microenvironment. This facilitates glutamate and K* clearance and limits their
spillover. In addition to morpho-functional remodeling of single astrocytes, the astrocytes
in syncytia get uncoupled. This correlated with changes in the pattern of Ca?* events in the
astrocyte population: unable to propagate through the gap-junctions, Ca®* events became
smaller in size. However, the proportion of longer events increased, reflecting the
outgrowth of astrocytic processes. All these events taken together affect neuronal networks

and enhance neural plasticity required for adaptation to new feeding pattern.
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Methods

Caloric restriction

The experiments were performed in two groups of mice from the age of 2 months. The
animals of the first group were held in individual cages and received food ad libitum for a
month (control). The amount of food was weighted, and 70% of the average daily
consumptions per animal was fed to each animal in the second group (caloric restriction,
CR).

Slice preparation

All procedures were done in accordance with the University of Nizhny Novgorod
regulations. The mice were anesthetized with isoflurane (1-chloro-2,2,2-trifluoroethyl-
difluoromethyl ether) before being sacrificed. The brains were exposed and placed in ice-
cold solution containing (in mM): 50 sucrose; 87 NaCl; 2.5 KCI; 8.48 MgSO4; 1.24
NaH2PO4; 26.2 NaHCO3; 0.5 CaCl2; 22 D- Glucose. Hippocampi dissected and cut in
transverse slices (350 pm) using vibrating microtome (Microm HM650 V; Thermo Fisher
Scientific). Slices were left to recover for 1 hour at 34° submerged in a solution containing
(in mM): 119 NaCl, 2.5 KCI, 1.3 MgS04, 1 NaH2PO4, 26.2 NaHCO3, 1 CaCl2, 1.6
MgCl2, 22 mM D-Glucose. The experiments were carried out at 34°C in immersion
chambers with continuous perfusion (1-3 ml/min) by artificial cerebrospinal fluid (ACSF)
containing (in mM): 119 NaCl; 2.5 KCI; 1.3 MgSOs; 1 NaH2PO4; 26.2 NaHCO3; 2 CaCly;
11 D-Glucose. All solutions had an osmolarity of 300 £ 5 mOsm and a pH of 7.4 and were
continuously bubbled with 95% O2 and 5% CO2. Hippocampal slices so prepared were

used for both electrophysiological and imaging experiments.
Field potential recording

Field excitatory postsynaptic potentials (fEPSPs) were recorded from CAL str.radiatum
using glass microelectrodes (2-5 MQ) filled with normal Ringer solution. fEPSPs were
evoked with extracellular stimulation of the Schaffer collaterals by using bipolar
stimulating electrode (FHC, Bowdoinham, USA) placed in the str.radiatum at the CA1-
CAZ2 border. The stimulation was performed with rectangular pulses (duration 0.1 ms every
20 s) with DS3 isolated current stimulator (Digitimer Ltd, UK). Responses were amplified
using Multiclamp 700b amplifier (Molecular Devices, USA) and were digitized and
recorded on a personal computer using ADC/DAC NI USB-6221 (National Instruments,
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USA), shielded connector block BNC2110 and WIinWCP v5.2.3 software by John
Dempster (University of Strathclyde). Electrophysiological data were analyzed with the
Clampfit 10.2 program (Molecular Devices, USA).

The dependence of field response amplitude on stimulation strength was determined by
increasing the current intensity from 100 to 400 pA. For each fEPSP, the amplitude and the
slope of the rising phase at a level of 20-80% of the peak amplitude were measured. The
presynaptic fiber volley (PrV) was quantified by the peak amplitude. The stimulus intensity
was chosen from the amplitude of fEPSP in 40-50% of the amplitude where the population
spike appeared for the first time. The strength of stimulation was unvaried during the

experiments, usually being 100-150 pA.

The LTP induction was started only if the stable amplitude of the baseline fEPSP had been
recorded for 15 min. Three trains of high-frequency stimulation (HFS, 100 pulses at 100
Hz, with an inter-train interval of 20 s protocol) was applied to induce LTP. The fEPSPs
were recorded after induction protocol for 60 min. The baseline fEPSP and two types of the
potentiated fEPSP (first recorded 0-10 min, second 40-50 min after HFS) averaged

separately to measure LTP magnitude.
Whole-cell electrophysiology recordings

Astrocytes were recorded in whole-cell voltage-clamp mode using Multiclamp 700B
amplifier (Molecular Devices, USA). Borosilicate pipettes (3 -5 MQ) were filled with an
internal solution containing (in mM): 135 KCH3SOgz, 10 HEPES, 10 Naz-phosphocreatine,
4 MgCl,, 4 Na,-ATP, 0.4 Na-GTP (pH adjusted to 7.2 with KOH; osmolarity to 295
mOsm). 50 uM Alexa Fluor 594 (Invitrogen, USA) was added to the internal solution for
morphology study.

Bipolar extracellular tungsten electrodes (FHC, Bowdoinham, USA) were placed in
str.radiatum between CA1 and CA3 areas. Astrocytes were chosen in the str.radiatum at
100 — 200 um away from the stimulating electrode. The cells were voltage-clamped at -
80 mV. Passive astrocytes were identified by their small soma (5 — 10 um diameter), low
resting membrane potential (~ 80 mV), low input resistance (< 20 MQ) and linear current-
voltage relationship (IV-curve). Cycles of one, four and five electrical stimuli (50 Hz) were
applied to Schaffer collaterals to induce synaptic currents in the astrocytes followed by a
voltage step of -5 mV for monitoring cell input resistance. Signals were sampled at 5 kHz

and filtered at 2 kHz and subsequently analyzed using custom-written MATLAB scrips
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(MathWorks, USA). Astrocyte currents in response to single, four and five stimuli were
baseline subtracted and averaged correspondingly. Current in response to the fifth stimulus
was obtained by the subtraction of current evoked by four stimuli from current evoked by
five stimuli.

The membrane currents produced by synaptic stimulation in astrocytes represent a
superposition of several components of which the main are glutamate transporter current
(lewt) and K™ inward current (I) (Shih et al., 2013; Sibille et al., 2014).

Analysis of potassium current (k)

Ik is the slowest current in astrocytes induced by synaptic simulation and lasts for hundreds
of ms. Without using any pharmacological intervention, Ik was analyzed 200 ms after the
last stimulus. At this time point, Ik is not contaminated by the current mediated by field
potential and lgiut. If the peak of Ik was not found after 200 ms, the Ik value at 200 ms
considered as Ik amplitude. The decay was fitted with mono-exponential function and tdecay

calculated.
Analysis of glutamate transporter current (lcutr)

leiut was obtained in the presence of 25 uM NBQX, 50 uM D-AP5 and 100 uM picrotoxin
(all from Tocris Bioscience, UK) which blocked AMPA, NMDA and GABAA receptors,
respectively. After obtaining 10 to 20 recordings for each cycle, an excitatory amino acid
transporter (EAATS) blocker DL-TBOA (100 uM, Tocris Bioscience, UK) was added to
the bath. Pure Ik was then recorded in response to a single stimulus. This Ik was
mathematically reconstructed with two mono-exponential fits of its rise and decay
segments. The resultant mathematical noiseless wave was subtracted from synaptically

induced combined currents to obtain pure lgT.
Single-cell morphometry

Astrocytes were loaded with fluorescent dye Alexa Fluor 594 through the patch pipette
which was used for electrophysiology recordings. The cells were visualized with Axio
Examiner Z1 (Zeiss) microscope equipped with infrared differential interference contrast
(IR-DIC). Images were collected with W Plan-APOCHROMAT 40x/1.0 water immersion
objective, using the Zeiss LSM 7 MP system (Carl Zeiss, Germany) coupled with
Ti:sapphire broadband laser multi-photon system Chameleon Vision II (Coherent, UK) .
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Sholl analysis

All processing steps were performed using image-funcut library [image-funcut, https://
github.com/abrazhe/image-funcut] and other custom-written Python scripts, using Scikit-
Image [scikit, http://scikit-image. org/] and Sci-Py [scipy, http://www.scipy.org/] libraries.
In brief, z-stacks corresponding to the emission spectrum (565-610 nm) of Alexa Fluor 594
were re-sampled to the same lateral resolution of 0.25 um/px. Coherence-enhancing
diffusion filtering was performed for each image in the stack to enhance all filamentous
structures. Then the z-stack was collapsed with maximal intensity projection along the z-
axis, and adaptive threshold filtering was applied to create the binary mask. Sholl profile
was acquired automatically as a number of intersections of circles with increasing radii

from the center of the astrocyte soma.
Volume fraction (VF) estimation

The VF of astrocyte fine processes was estimated as previously described (Medvedev et al.,
2014; Plata et al., 2018; Wu et al., 2019). The image containing the middle of astrocyte
soma was selected in the z-stack. Special attention was paid that the fluorescence of soma
was not saturated. Eight radial lines were plotted from the center of soma at the angle of
22.5° from each other. The fluorescent profiles along these lines were plotted, and large
fluctuations (> 10%) of fluorescence corresponding to astrocytic branches were cut out.
The mean fluorescence profile was calculated for each cell. The fluorescence profile values
were divided by the peak fluorescence in soma to obtain the VF estimation:

VF(i) = (F(i) - Fo)/(Fmax -Fo), 1)

where VF(i) is VF of a particular point in the profile, F(i) - the fluorescence of this point,
Fmax - the highest fluorescence value of the line profile in the soma, Fo - the background
fluorescence. Fo is the mean fluorescence intensity of a circle (diameter 10 um) outside the
astrocytic arbor without any stained structures. The VF is presented for a segment between
8 and 30 pm to exclude the soma and bias due to the asymmetry of the astrocyte domain.
The values of mean VF presented in the text calculated from the mean VF for each

astrocyte profile.
Astrocyte coupling analysis

The astrocyte gap-junction coupling was estimated through fluorescent dye diffusion as

previously described (Anders et al., 2014; Plata et al., 2018). A single z-stack of images
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with dimensions of x =200 um, y = 200 um, z = 70 um was obtained 25 min after whole-
cell establishment. Averaged somatic fluorescence intensities of the coupled cells were
normalized to the soma fluorescence of the patched astrocyte. The distance to the patched
astrocyte was calculated in 3D using the Pythagorean theorem. The relationship between
the distance and normalized fluorescence was fitted with a monoexponential function to

obtain coupling length constant (C,):
F(d) = exp(-d/Cy), 2

where F(d) is normalized fluorescence of coupled astrocyte soma at the distance d from the

patched astrocyte.
Ca?* imaging

Astrocyte Ca®* activity was recorded with a confocal microscope, Zeiss LSM DuoScan
510, in CA1 str.radiatum of acute hippocampal slices pre-incubated with Ca?* dye, Oregon
Green 488 BAPTA-1 AM (OGB, Invitrogen, USA) and an astrocyte-specific marker,
sulforhodamine 101 (100 nM, Invitrogen, USA). After the preparation, the slices were
transferred to a 3 ml incubation chamber with constantly bubbled ACSF containing both
dyes. OGB was initially dissolved to 0.795 mM in 0.8% Pluronic F-127 in DMSO. Then 3
ul of the dye was added to the chamber. After incubation for 40 - 45 min at 37 °C in the
dark, the slices were transferred to the recording/imaging chamber for time-lapse imaging
(one frame/s). OGB was excited with a 488 nm argon laser and imaged with an emission
band-pass filter 500 - 530 nm; sulforhodamine 101 was excited with a 543 nm HeNe laser
and imaged with an emission band-pass filter 650 - 710 nm. The imaging was performed

for 10 min at 34 °C in normal ASCF, then 30 dark noise images were recorded.

The raw imaging data were exported to MATLAB. The median of the dark noise was
calculated for each pixel and subtracted from the corresponding pixel intensity value of the
fluorescence images. Then denoising was done with the BM3D algorithm (Danielyan et al.,
2014). The movement artifacts were corrected with the single-step DFT algorithm (Guizar-
Sicairos et al., 2008). The Ca?* events (x-y-time, 3D Ca?* signals) were detected with the
adapted algorithm which we described previously (Plata et al., 2018; Wu et al., 2014). For
each Ca®" event the maximal projection (size), the duration and the integral were
calculated.
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Western blotting

The hippocampi of CR and control mice were frozen in liquid nitrogen. Then each
hippocampus was homogenized in RIPA buffer with SIGMAFAST protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, USA), diluted in loading buffer, submitted to gel
electrophoresis, and blotted onto nitrocellulose membranes (GE Healthcare, Chicago,
USA). The membranes were blocked in 5% BSA overnight and incubated for 1 hour with
primary mouse antibodies against glutamine synthetase (GS, Sigma-Aldrich, MAB302),
connexin 43 (Cx43, Santa-Cruz, sc-271837, Dallas, USA) or B-actin (R&D Systems,
MAB8929, Minneapolis, USA). For detection of glutamate transporter 1 (GLT-1), primary
rabbit antibodies were used (Abcam, 106289, Waltham, USA). Then membranes were
rinsed in Tris-Buffer (pH =7.4) with 0.1 % of Tween-20 and incubated with HRP-
conjugated secondary antibodies — anti-mouse IgG (Jackson Immunoresearch, 715-005-
150, Ely, UK) or with anti-rabbit IGG (Abcam, 6721) for 1 hour. ECL substrate (Bio-Rad,
Hercules, USA) was used for signal detection. Protein bands were visualized using a
VersaDoc 4000 chemidocumenter (Bio-Rad). The intensity of protein bands was quantified
using gel analyzer option of ImageJ software (NIH, Bethesda, USA). Statistical analysis

was performed by GraphPad Prism v 6.0 (GraphPad Software, San Diego, USA).
Statistical analysis

All data are presented as the mean + standard error of the mean (SEM) except for the
measurements of astrocytic Ca?* events which followed a skewed distribution. Statistical
significance was assessed using parametric Student’s t-test, nonparametric Mann-Whitney
test and repeated measures two-way ANOVA as stated in the text. p < 0.05 was considered

statistically significant.
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Fig. 1. CR does not affect astrocytic branches but increases the VF of perisynaptic
astrocytic leaflets. a. A mask of astrocytic branches used for Sholl analysis (red circles)
was obtained from a maximal projection of z-stack of fluorescence images of the astrocyte
loaded with 50 uM Alexa Fluor 594 through patch pipette. b. The summary data for the
number of intersections of circles drawn around the center of astrocyte soma with
astrocytic branches. Green — CR, black — control (Ctrl). c. Reconstruction of fluorescence
profiles across an astrocyte to estimate volume fraction (VF) of unresolved processes.
Dashed lines indicate the places where the profiles were obtained. The profiles included the
soma and the area or unresolved processes. The large local increases in fluorescence
corresponding to astrocytic branches were cut out. Yellow semicircles indicate the area
analyzed for this astrocyte to avoid an effect of astrocyte domain asymmetry. d. The
summary data showing estimated VF of unresolved astrocytic processes outside of soma.

The data presented as mean £ SEM.
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Fig. 2. CR reduces cell coupling in the astrocytic network but does not affect the coupling
strength. a. Fluorescence image of an astrocyte stained with 50 UM Alexa Fluor 594
through patch pipette in control (top) and CR mice (bottom). The dye diffuses through gap-
junctions thus staining coupled astrocytes (numbered). The number of stained astrocytes
decreased in CR. The image also shows the distance-dependent decrease in the somatic
fluorescence of coupled astrocytes. The scale shows color-coding of fluorescence
normalized to the fluorescence of patched astrocyte soma. b. The summary data showing
the number of coupled astrocytes in control (grey diamonds) and CR mice (green
diamonds). c. The decay of fluorescence in somata of coupled astrocytes with distance
from the astrocyte loaded with Alexa Fluor 594. The slope of the linear fit in semi-
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logarithmic scale determines the length constant. Grey squares — control and grin circles —
CR. d. The summary data showing the length constant in control (grey diamonds) and in
CR mice (green diamonds). e. Representative western blots of the mouse hippocampus
homogenates stained by antibodies against p-actin and connexin 43 (CX 43). f. Normalized
to B-actin optical densities of the western blot bands for CX43. Grey diamonds — control,
green diamonds — CR mice.

The data are presented as mean + SEM; N.S. p > 0.05; * p < 0.05; two-sample t-test.
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Fig. 3. CR decreases size but increases the duration of astrocytic Ca?* events. a. z-stack of
fluorescence images in green with superimposed color-coded relative fluorescence changes.
b. Individual Ca?* events reconstructed in three-dimensions: x-y-time. Left, control; right,
CR mice. Top, population Ca?" activity in the astrocytic network in the 400 x 400 pum?
square during 600 s. Bottom, representative examples of Ca®" events marked in the
population activity above. Note enlargement of Ca®* events due to their spread in the x-y
plane in control mice; and due to their prolongation in the time axis in CR mice. c. The
summary plot of Ca?* event frequency normalized to the number of astrocytes identified
within the recording area. No significant difference observed between control (grey
diamonds) and CR (green diamonds) mice. d. Cumulative probability (left) and bar-and-
whisker plot (right) for durations of all Ca?* events in control (n = 669 events, N = 11 mice)
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and in CR (n = 440 events, N = 10 mice). The result demonstrates the appearance of long-
lasting Ca®* events in CR mice. e. Cumulative probability (left) and bar-and-whisker plot
(right) for sizes of all Ca®" events in control and in CR mice. The result demonstrates the
loss of large size Ca®* events in CR mice. f. A graph showing all Ca?* events in duration-
size space. The enlargement of Ca®" events occurs due to their spread in an x-y plane
without prolongation in control mice (black squares) and due to the prolongation without
an increase in the spread in CR mice (green circles). g. Cumulative probability (left) and
bar-and-whisker plot (right) for integrals (x-y-time) of all Ca?* events in control and in CR
mice. The result demonstrates that Ca®* activity remodeling does not affect the integral of
Ca?* events in CR mice.

The data at panel c. are presented as mean + SEM; N.S. p > 0.05, two sample t-test. The
data at panels d., e., g. presented as median, quartiles and 10-90 whisker range; N.S. p >
0.05, * p < 0.05, * p < 0.01, Mann-Whitney test.
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Fig. 4. CR enhances activity-dependent K release but reduces K* spillover. a. A
schematic of the main mechanisms of the synaptically induced current in astrocyte.
Glutamate released by perisynaptic terminal triggers transient current mediated by
astrocytic transporters (lewt). This glutamate also activates postsynaptic ionotropic
receptors (AMPA and NMDA type) which are permeable for K*. K™ efflux through
postsynaptic glutamate receptors is responsible for most of Ik in astrocyte (small amount of
Ik is mediated by other mechanisms such as action potentials). b. An experimental protocol
to estimate activity-dependent changes in Ik. Left, the astrocytic current induced by a single
stimulus. Fast leut is followed by slow Ik. Middle, the astrocytic current induced by 5
stimuli (black trace) superimposed by the astrocytic current induced by 4 stimuli (orange
trace). Right, the current to fifth stimulus isolated by subtraction of the current to 4 stimuli
(at 50 Hz) from the current to 5 stimuli (at 50 Hz). c. Representative currents to a single
stimulus (dark traces) and the fifth stimulus (light traces) in control (grey) and CR mice
(green). The dashed line shows where the measurement of Ik(1) and Ik(5) amplitudes and
decay times were taken to avoid the interference of Igiut. d. The summary plot showing an
increase in the five pulse ratio — i.e., Ik(5)/1k(1), in CR mice. Grey diamonds — control,
green diamonds — CR mice. e. The summary plot showing a decrease in the five pulse ratio
of decay time — i.e., Tdecay Ik(5)/Tdecay Ik(1), in CR mice. Grey diamonds — control, green
diamonds — CR mice.

The data are presented as mean = SEM; * p < 0.05; *** p < 0.001; two sample t-test.
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Fig. 5. CR reduces glutamate spillover. a. A scheme illustrating the effect of ionotropic
receptor blockers on synaptically induced astrocytic current. Glutamate released by
perisynaptic terminal triggers transient current mediated by astrocytic transporters (leiT)
but does not trigger K* efflux through postsynaptic AMPA and NMDA receptors. Only a
small Ik is mediated by other mechanisms such as action potentials is recorded in astrocyte.
b. An experimental protocol to estimate activity-dependent changes in lgw. Left, astrocytic
currents induced by a single stimulus in the presence of ionotropic receptor blockers with
(violet trace) and without (black trace) glutamate transporter blocker (TBOA). Middle, the
astrocytic current induced by 5 stimuli (black trace) superimposed by the astrocytic current
induced by 4 stimuli (orange trace). Right, the current to fifth stimulus isolated by
subtraction of the current to 4 stimuli (at 50 Hz) from the current to 5 stimuli (at 50 Hz) and
tail-fit by the current to single stimulus in the presence of TBOA. lgut(1) and lgit(5) were
then isolated by subtraction of TBOA-insensitive current. c. Representative isolated
lewt(1)(dark traces) and leut(5)(light traces) in control (grey) and CR mice (green). d. The
summary plot showing similar five pulse ratio — i.e., lewt(5)/lewt(1), in control and CR
mice. Grey diamonds — control, green diamonds — CR mice. e. The summary plot showing
a decrease in the five pulse ratio of decay time — i.e., Tdecay lciut(5)/Tdecay lcwt(1), in CR
mice. Grey diamonds — control, green diamonds — CR mice.

The data are presented as mean £ SEM; N.S. p > 0.05; * p < 0.05; two-sample t-test.
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Fig. 6. Western blot analysis of CR influence on the expression of glutamine synthetase
(GS) and glutamate transporter 1 (GLT-1). a. Representative blots of the mouse
hippocampus homogenates stained by antibodies against p-actin, GS and GLT-1. b.
Normalized to B-actin optical densities of the western blot bands for GLT-1. Grey
diamonds — control, green diamonds — CR mice. c. Same as b. for glutamine synthetase
(GS).

The data are presented as mean + SEM; N.S. p > 0.05; * p < 0.05; two-sample t-test.
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Fig. 7. CR enhances LTP in CA3-CALl synapses. a,b. Input-output relationships of PrV
amplitude - stimulation current (lstim) (@) and fEPSP amplitude - Isim (b) show no difference
between control and CR mice. ¢. LTP induced by HFS in the CALl region of the
hippocampus of control (grey squares) and CR mice (green circles). Inset, sample fEPSPs
before HFS (dark color) and 40 min after HFS (light color). Grey — control (Ctrl), green —
CR. d,e. The summary graphs showing a significant increase in LTP in CR mice as
measured by the average normalized fEPSP amplitude 0 — 10 min (d) and 40 — 50 min (e)
after HFS.

The data are presented as mean + SEM; * p < 0.05; two-sample t-test.
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