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SUMMARY

The insulin-like growth factor-1 receptor (IGF-1R)
signaling is a key regulator of lifespan, growth,
and development. While reduced IGF-1R signaling
delays aging and Alzheimer’'s disease progres-
sion, whether and how it regulates information pro-
cessing at central synapses remains elusive. Here,
we show that presynaptic IGF-1Rs are basally active,
regulating synaptic vesicle release and short-
term plasticity in excitatory hippocampal neurons.
Acute IGF-1R blockade or transient knockdown sup-
presses spike-evoked synaptic transmission and
presynaptic cytosolic Ca®* transients, while promot-
ing spontaneous transmission and resting CaZ* level.
This dual effect on transmitter release is mediated
by mitochondria that attenuate Ca®* buffering in the
absence of spikes and decrease ATP production
during spiking activity. We conclude that the mito-
chondria, activated by IGF-1R signaling, constitute
a critical regulator of information processing in
hippocampal neurons by maintaining evoked-to-
spontaneous transmission ratio, while constraining
synaptic facilitation at high frequencies. Excessive
IGF-1R tone may contribute to hippocampal hyper-
activity associated with Alzheimer’s disease.

INTRODUCTION

IGF-1R signaling pathway is genetically preserved throughout
evolution and is essential for normal development, growth, and
survival (D’Ercole et al., 1996). Reduction in the IGF-1R signaling
represents a highly conserved mechanism of lifespan extension
and delays aging in diverse species, including yeast, worms, fruit
flies, and rodents (Kenyon, 2010). Moreover, mutations leading
to partial loss of function in the IGF-1R are associated with

exceptional longevity in humans (Suh et al., 2008). As aging is
the major risk factor for the development of Alzheimer’s disease
(AD) and other neurodegenerative disorders (Amaducci and
Tesco, 1994), it is plausible that reduction in the IGF-1R signaling
may augment ability of neural circuits to delay the onset of neuro-
degeneration (Cohen and Dillin, 2008). Genetic reduction in the
IGF-1R level has been shown to rescue AD-like pathology, syn-
aptic, and cognitive deficits (Cohen et al., 2009; Freude et al.,
2009; Gontier et al., 2015). On the other hand, IGF-1 was sug-
gested as a potent neuroprotective hormone by other studies
(Carro et al., 2002, 2006). These conflicting results underscore
a gap in our understanding of the basic relationships between
IGF-1R activity and neuronal functions.

The IGF-1R belongs to a family of transmembrane receptor
tyrosine kinases (RTKSs), which includes the highly homologous
insulin receptor (IR) and IR-related receptors (LeRoith et al.,
1995; Ullrich et al., 1986). The IGF-1R forms constitutive homo-
dimers that undergo ligand-dependent conformational change
upon activation (Lemmon and Schlessinger, 2010). IGF-1R dis-
plays high (0.16 nM) binding affinity toward IGF-1, while 100
lower affinity for insulin (Adams et al., 2000; Schumacher et al.,
1991). IGF-1Rs are widely expressed in the brain, specifically
in the hippocampus, olfactory bulb, cortex, choroid plexus,
and cerebellum (Kar et al., 1993).

Evidence that IGF-1R and IGF-1 are involved in processes at
long timescales is substantial. IGF-1 or IGF-1R deletions pro-
foundly reduce brain size, while IGF-1R overexpression results
in brain overgrowth (D’Ercole et al., 1996; Fernandez and
Torres-Aleman, 2012). Blockade of synaptotagmin10-mediated
IGF-1 secretion reduces neuronal size and synapse number in
olfactory bulb (Cao et al., 2011). Moreover, IGF-1R blockade
prevents exercise-induced neurogenesis in the hippocampus
(Ding et al., 2006). Injection of IGF-1 prevents effects of monoc-
ular deprivation on ocular dominance plasticity in the visual
cortex (Tropea et al., 2006) and mediates the effect of enriched
environment on retinal development (Landi et al., 2009) and hip-
pocampal neurogenesis (Trejo et al., 2001).

Despite substantial progress in understanding the role of IGF-
1R signaling at extended timescales, whether IGF-1R is directly
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Figure 1. Synaptic Localization of IGF-1R
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(A and B) Hippocampal neurons stained for IGF-1R and synaptophysin (A, presynaptic marker) or Homer1 (B, postsynaptic marker) and imaged in dual-color
STED microscopy. The receptor is often found within, or close to, presynaptic terminals and also occasionally near postsynaptic structures (the arrowheads point

to a few examples). The scale bar represents 2 um.

(C) A quantification of the distances from IGF-1Rs to the pre or postsynaptic structures. Overall, ~75% of all receptors are found within the pre or postsynaptic
compartments (distances 0-50 nm from the markers). The bars show means + SEM from three independent experiments with ~500-3,000 receptor spots

analyzed in each experiment.

involved in the regulation of information processing in central
neural circuits on short timescales remains largely unknown.
Only a handful of studies, utilizing supra-physiological con-
centrations of IGF-1, addressed this question and obtained
heterogeneous results. Acute application of IGF-1 or its analog
des-IGF-1 have been reported to potentiate excitatory synaptic
transmission through either presynaptic (Xing et al., 2007) or
postsynaptic (Ramsey et al., 2005) mechanisms, to modulate
voltage-gated calcium channels (VGCCs) (Blair and Marshall,
1997), and to increase intrinsic neuronal excitability (Wang
et al., 2014). The lack of information on the role of IGF-1Rs in
synaptic transfer is particularly striking in comparison to the
extensive research on functions of other RTKs, such as the Trk
receptor family for neurotrophic factors, in synaptic transmission
and plasticity (Poo, 2001). Therefore, understanding whether
and how IGF-1Rs directly regulate synaptic transfer of physio-
logically relevant spiking patterns is important.

To address this question, we examined the relationship be-
tween IGF-1R activity/expression level, synaptic vesicle release,
synaptic transmission, and short-term plasticity in primary hip-
pocampal cultures and in acute hippocampal slices. Utilizing
super-resolution imaging and fluorescence resonance energy
transfer (FRET) methodology, we found that presynaptic IGF-
1Rs are normally activated under resting conditions, maintaining
evoked release probability (Pr), while suppressing spontaneous
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vesicle release at hippocampal synapses. Our study identified
mitochondrion as a differential regulator of evoked and sponta-
neous synaptic vesicle exocytosis by IGF-1R tone.

RESULTS

Basal IGF-1 Activates IGF-1R Signaling Pathway in
Hippocampal Boutons

To assess the role of IGF1-R activity in normal neuronal function,
we first asked where IGF1-Rs are expressed in hippocampal
neurons. We used dual-color stimulated emission depletion
(STED) microscopy, a diffraction-unlimited technique, to investi-
gate IGF-1R localization with a resolution of ~50 nm (Revelo
et al., 2014). We found that IGF-1Rs are mostly present at, or
in the vicinity of, presynaptic terminals marked by synaptophy-
sin, and to a lesser extent near postsynaptic structures marked
by Homer1 (Figures 1A and 1B). In total, ~75% of all IGF-1Rs
were found at synapses (at a distance of <50 nm from pre or
postsynaptic markers; Figure 1C), whereas ~74% of synaptic
IGF-1Rs were localized at the presynaptic site.

To examine whether presynaptic IGF1-Rs are basally acti-
vated in hippocampal synapses under spontaneous synaptic
activity, we developed a method to estimate IGF-1R activation
at the single-synapse level in live neurons. Given that IGF-1R
homodimers are activated by ligand-induced conformational
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Figure 2. IGF-1R Activity Is Saturated by Basal IGF-1 in the Vicinity of Hippocampal Synapses

(A) An illustration of the IGF-1R construct tagged with Citrin (Cit) or Cerulean (Cer) (top). The representative confocal images of a hippocampal neuron expressing
IGF1RCVCer are shown (bottom). The white box in (A,) corresponds to the blow-ups in (Az) and (Ag). The scale bars represent: A;, 20 um and Az 5, 2 um.

(B) Pseudocolor-coded fluorescence images of IGF1R®Cer before and after Cit photobleaching. The scale bar represents 1 pm.

(C) IGF1R®YIGF1R®®" shows basal levels of Errx (n = 173 boutons) (Ieft). The E, was reduced by AG1024 (1 uM, 20 min, n = 56), while unaffected by the addition of
50 ng/ml hIGF-1 (n = 36). The infection with shiIGF1 (n = 79) reduced the E,,, compared with the shScr sequence infection (n = 62), the addition of hIGF1 rescued the
shlGF1-induced E,,, reduction (n = 77) (right).

(D) The AktAR FRET reporter of Akt activity (Gao and Zhang, 2008) tagged with Venus (Ven) and Cerulean (Cer) (top). The representative confocal images of a
hippocampal neuron expressing AktAR are shown (bottom). The white box in (D4) corresponds to the blow-ups in (D) and (Dg). The scale bars represent: D+,
20 um and Dy 5, 2 um.

(E) Pseudocolor-coded fluorescence images of a bouton expressing AktAR, displaying donor dequenching after acceptor photobleaching. The scale bar rep-
resents 1 um.

(F) AKtAR FRET in hippocampal boutons was significantly reduced from Cnt (n = 114) by 1 uM AG1024 (n = 124) and by IGF1R KD (n = 46). The AG1024 was
ineffective on AktAR FRET in IGF1-KD neurons (n = 32). (*p < 0.05, **p < 0.01, and ***p < 0.001) (ANOVA analysis with post hoc Bonferroni’s multiple comparison

tests). The error bars represent SEM.

changes (Lemmon and Schlessinger, 2010), we measured FRET
between IGF-1R homodimers (Kavran et al., 2014). We trans-
fected hippocampal cultures with IGF-1R C-terminally tagged
with mCitrine (IGF-1R®") and with Cerulean (IGF-1R®®) and
performed FRET measurements at hippocampal boutons
(Figure 2A). To estimate IGF-1R homomeric interactions, we
measured the steady-state mean FRET efficiency (E,,) utilizing
the acceptor photobleaching method, which dequenches the
donor (Cer). E,, was measured in the presence of tetrodotoxin
(TTX) which blocks spike generation, allowing only miniature
synaptic release. High-magnification confocal images show an
increase in Cer fluorescence after Cit photobleaching (Figure 2B),
indicating dequenching of the donor and the presence of FRET.
On average, IGF-1R®®/IGF-1R°" E,,, was 0.092 + 0.007 across
hippocampal boutons (Figure 2C, left). To examine whether

endogenously released IGF-1 activates IGF-1Rs in the vicinity
of synapses, we measured the effect of an IGF-1R inhibitor tyr-
phostin AG1024. AG1024 prevents binding of the substrate
and ATP at the receptor phosphorylation site and binds IGF-1R
with higher affinity comparing to IR (Parrizas et al., 1997).
AG1024 (1 uM) reduced E,, by 60% to 0.038 + 0.01, indicating
that IGF-1Rs are activated under basal conditions in hippo-
campal neurons. Surprisingly, addition of recombinant human
IGF-1 (hIGF-1, 50 ng/ml) did not affect E,,, indicating that IGF-
1Rs are saturated under basal conditions. To verify whether
endogenously released IGF-1 activates IGF-1Rs, we used lenti-
viral-based short hairpin (shRNA) methodology to knock down
(KD) endogenous IGF-1. While the control hairpin (shScr)
had no impact on E,, silencing of IGF-1 by the effective
hairpin shiIGF-1 (~50% KD; Figures S1A and S1B) resulted in a
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45% reduction of E, (Figure 2C, right). Moreover, E,, was
completely rescued by application of hIGF-1 in neurons infected
with shiIGF-1 (Figure 2C, right). E,,, did not correlate to the donor-
to-acceptor ratio in our experiments (Figure S2A), excluding it as
a potential source of variability.

Next, we asked whether endogenously active IGF-1Rs stimu-
late Akt, a canonical substrate downstream of the IGF-1R. For
this purpose, we used the FRET reporter of Akt activity (AktAR;
Figure 2D) that contains Cer at the N terminus of the FHA1
domain and Venus (Ven) variant cpVE172 at the C terminus of
the substrate region (Gao and Zhang, 2008). AG1024 decreased
E., by 54% from 0.093 + 0.009 to 0.043 + 0.006 (Figures 2E and
2F), suggesting that IGF-1R significantly contributes to basal Akt
activity at synapses. FRET measurements did not depend on the
donor-to-acceptor ratio (Figure S2B). Similar results were ob-
tained by FRET ratio method, enabling FRET comparison per
synapse (Figure S2C).

To verify whether AG1024 reduces Akt activity selectively via
the IGF-1R, we used shiIGF-1R to KD endogenous IGF-1Rs.
We selected a sequence that causes efficient IGF-1R KD in hip-
pocampal neurons (Figure S1). AktAR FRET was reduced to
0.045 + 0.01 by shiGF-1R (Figure 2F), similarly to the level
produced by AG1024 inhibitor. Moreover, AktAR FRET lost its
sensitivity to AG1024 in shiIGF-1R infected neurons (Figure 2F),
indicating the specificity of AG1024 effect. Altogether, these re-
sults strongly suggest that IGF-1R signaling is activated under
basal conditions in hippocampal neurons.

IGF-1R Blockade or KD Attenuates Evoked Synaptic
Vesicle Release

Next, we explored whether endogenously released IGF-1 mod-
ulates basal synaptic Pr. We estimated the effect of pharmaco-
logical blockade of IGF-1Rs and its KD on presynaptic strength
using activity-dependent FM dye (Abramov et al., 2009). First,
we measured the density (D) and the intensity (AF) of activity-
dependent FM1-43 dye uptake to presynaptic vesicles turned
over by stimulation of 30 action potentials (APs) at a rate of
0.5-1 Hz in cultured hippocampal neurons (Figure S3A). We
quantified the total presynaptic strength (S = AF x D) before
and 15 min after addition of 1 uM AG1024. Inhibition of IGF-
IRs by AG1024 induced a substantial decrease in both AF
and D across synaptic populations, resulting in 53% reduction
in the total S in hippocampal neurons (Figures 3A-3C). To
determine the effect of AG1024 on vesicle exocytosis per se,
we measured the rate of FM1-43 destaining during low-fre-
quency stimulation. The experimental protocol described
above was modified for staining of the total pool of recycling
vesicles by 600 APs at 20 Hz and destaining by 1Hz stimulation
(Figure S3B). AG1024 decreased the destaining rate constant
(k = 1/7gecay, Where Tgecay is an exponential time course)
by 34% (Figure 3D), suggesting inhibition of the exocytosis
rate. As a result of the IGF-1R-mediated presynaptic inhibi-
tion, mean firing rate of spontaneous spikes was reduced
(Figure S4).

Due to a high homology between the IGF-1R and the IR, we
examined the effects of two additional IGF-IR inhibitors display-
ing different mechanisms of action: (1) «IR3, a neutralizing anti-
body raised against the IGF-1R, preventing IGF-1 binding and
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blocking IGF-1-mediated receptor activation (Flier et al., 1986);
and (2) picropodophylin (PPP), a small toxin molecule, pene-
trating the cell membrane and inhibiting the receptor at the
intracellular, substrate binding domain. PPP has been shown
to specifically inhibit IGF-IR, but not IR (Vasilcanu et al., 2004).
As both inhibitors require a longer time period to block IGF-1R
activity, we pretreated the neuronal cultures for 3—-4 hr with either
PPP (1 uM) or «IR3 (1 ng/ml) before testing their effect on presyn-
aptic function. The total S was reduced by 37% following PPP
and by 29% following «IR3 treatments (Figure 3E).

Next, we asked whether the effect of pharmacological IGF-1R
blockade on Pr can be mimicked by transient downregulation of
IGF-1R expression in hippocampal neurons. Indeed, shiIGF-1R
reduced the total S by 50% (Figure 3F) without affecting the total
vesicle recycling pool (Figure S5A). Importantly, the IGF-1R KD
phenotype was rescued by shRNA-resistant wild-type IGF-1R
(Figures 3F, S1D, and S1E). The effect of AG1024 on Pr was
occluded by IGF-1R KD (Figures 3F and S5B), confirming the
specificity of AG1024 effect.

Finally, we assessed the effect of ectopically applied IGF-1
on synaptic vesicle release. Acute application of recombinant
IGF-1 from different sources (human or rat IGF-1 or des-(1-3)
IGF-1 analog) did not alter basal synaptic vesicle recycling (Fig-
ure 3G), confirming saturation of presynaptic IGF-1Rs by extra-
cellular IGF-1 as suggested by the FRET-based assessment of
IGF-1R activation (Figures 2A-2C). Importantly, IGF-1 KD in-
hibited synaptic vesicle exocytosis and this effect was rescued
by IGF-1 application (Figure 3H). Based on these results,
we conclude that extracellular, local IGF-1 in the vicinity of syn-
apses is important for maintenance of synaptic vesicle release
evoked by low-frequency spikes in hippocampal neurons
(Figure 3lI).

IGF-1R Blockade Inhibits Basal CA3-CA1 Synaptic
Transmission

Having established an essential role of IGF-1R basal activity in
regulating synaptic vesicle release in hippocampal cultures, we
asked whether acute IGF-1R inhibition modulates basal synaptic
transmission in a more intact preparation, acute hippocampal
slices. We evoked electrical stimulation in CA3 axons, com-
prising the Schaffer Collateral (SC) pathway of the hippocampus,
and recorded the extracellular field excitatory postsynaptic
potentials (fEPSP) in the stratum radiatum or EPSCs using
whole-cell patch-clamp technique (Figure 4A). We estimated
the effect of AG1024 (1 uM, 30 min) on basal CA3-CA1 synaptic
transmission evoked by low-frequency stimulation of 0.1 Hz.
AG1024 caused a gradual reduction in the fEPSP amplitude (Fig-
ure 4B), resulting in a 47% decrease of the slope of input/output
curve (Figure 4C). Moreover, AG1024 caused a robust and
pronounced 73% inhibition of the AMPA receptor (AMPAR)-
mediated EPSC amplitude, measured at —70 mV (Figure 4D).
Contrary to an earlier study in rat hippocampal slices (Ramsey
et al., 2005), we did not observe any effect of des-(1-3)IGF-1
(50 ng/ml, 30 min) on CA3-CAT1 synaptic transmission in mouse
hippocampal slices (Figure S6). Thus, our data indicate that
IGF-1Rs are basally active under low-frequency stimulation,
contributing to synaptic transmission in CA3-CA1 hippocampal
connections.
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Figure 3. Pharmacological Blockade and KD of IGF-1R Induces a Decrease in Pr via Inhibition of Presynaptic Ca2* Flux

(A) Representative high-magnification AF images before and 15 min after application of 1 uM AG1024. The stimulation protocol during FM dye staining: 30 APs at
1 Hz. The scale bar represents 2 um. The fluorescence intensities (arbitrary units, a.u.) are coded using pseudocolor.

(B) AF histograms before (Cnt) and after AG1024 application (AG) in a single experiment. The median AF decreased from 99 to 51 a.u. and the number of FM-(+)
puncta decreased from 582 to 239.

(C) Acute application of AG1024 reduced AF, D, and S across synaptic populations in 11 experiments.

(D) Representative traces (left) and summary of AG1024 effect (right) on the destaining rate constant (k) during 1 Hz stimulation at hippocampal boutons. AG1024
decreased averaged k from (2.7 + 0.02) x 103 to (1.8 + 0.03) x 1073 s (n = 6 for each condition).

(E) Inhibition of IGF-IR by PPP (3 hr, 1 uM, and n = 46) or «IR3 (4 hr, 1 ug/ml, and n = 42) decreased AF, D, and S.

(F) Summary of shiIGF-1R effect on presynaptic vesicle recycling (n = 24) compared to non-infected (n = 21), YFP only (n = 15) and shScr (n = 26) infected neurons.
The shiIGF1R induced a 2-fold reduction in S compared to shScr. The AG1024 did not further reduce S (n = 11). Infection with the WT IGF1R rescues the effect of
IGF-1R KD (n = 19).

(G) Effect of IGF-1 (50 ng/ml, 20 min) on presynaptic vesicle recycling (normalized to Cnt). There was no significant effect (p > 0.1) of human IGF-1 (hIGF1, n = 31),
rat IGF-1 (rlIGF1, n = 4), or Des-(1-3)IGF-1 analog (Des-IGF1, n = 16) as shown.

(H) Representative traces of the destaining rate constant (k) during 1 Hz stimulation in cultures infected by shScr (n = 4) and shiIGF-1 (n = 5). The hIGF-1 (n =6,
50 ng/ml, and 20 min preincubation) rescued vesicle exocytosis in shIGF-1 neurons.

(I) Nlustration of the positive Pr regulation by basal IGF-1R activity in Pr regulation (*p < 0.05, **p < 0.01, and ***p < 0.001). The error bars represent SEM.

IGF-1R Regulates Short-Term Synaptic Plasticity under relationship between Pr and synaptic facilitation (Dobrunz and
Physiological and Pathological Conditions Stevens, 1997), we expected an increase in short-term facilitation
Having established a causal relationship between IGF-1R activity by IGF-1R blockade. To test this prediction, we examined the
and basal synaptic vesicle release, we examined how inhibition of  effect of AG1024 on short-term plasticity (STP) in hippocampal sli-
IGF-1R activation affects vesicle release and synaptic transmis-  ces by measuring EPSCs, recorded at —70 mV, during high-fre-
sion evoked by high-frequency spike bursts. Given the inverse  quency spike bursts in CA3-CA1 synaptic connections in acute
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Figure 4. IGF-1R Blockade Induces a
Reduction in AMPAR-Mediated EPSC in
CA3-CA1 Hippocampal Connections

(A) Experimental setup and CA3-CA1 organization.
(B) Time course of AG1024 effect on fEPSP
amplitude.

(C) Representative fEPSP recordings before (gray)
and 60 min after (green) application of AG1024
under low-frequency stimulation (0.1 Hz) (top). The
scale bars represent 0.1 mV and 10 ms. The
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hippocampal slices. Application of AG1024 resulted in a decrease
of the first EPSC amplitude within the burst, but its effect on the
last amplitude was less pronounced (Figure 5A). On average
(n=7), AG1024 profoundly increased short-term synaptic facilita-
tion as estimated by increase in the relative EPSC amplitude
within the burst (Figure 5B). Moreover, STP was increased by
other types of IGF-1R inhibitors, namely PPP and «IR3 antibody
in hippocampal cultures (Figures S3C-S3E). Taken together,
these results suggest that basal IGF-1R activity fine-tunes the fil-
ter properties of hippocampal synaptic connections by maintain-
ing an appropriate level of facilitation.

Next, we asked how STP is affected by changes in the level of
IGF-1R expression. For this purpose, we altered IGF-1R expres-
sion in hippocampal cultures using shRNA KD strategy versus
overexpression of IGF-1R fused to cyan fluorescent protein
(CFP). The magnitude and the sign of short-term presynaptic
plasticity (Spurst / Ssingle) Was calculated by dividing the total
number of vesicles recycled due to bursts by the number of ves-
icles recycled by a similar number of single spikes in the same
population of synapses (Abramov et al., 2009). Spyrst / Ssingle >
1 reflects short-term facilitation. IGF-1R KD resulted in a 55%
decrease of Sgingie (Figures 5C and 5D), without affecting Spyrst
(Figures 5C and 5E). As a result, short-term synaptic facilitation
was increased by 61% (Figure 5F) and rescued by knock in of
shRNA-resistant IGF-1R (Figure S3F). Conversely, overexpres-
sion of IGF-1R (OE) completely abolished synaptic facilitation
(Figure 5F) due to 4.4-fold increase in Sgjnge (Figures 5C and
5D) and only 1.6-fold increase in Syt (Figures 5C and 5E).
Thus, regulation of IGF-1R expression bi-directionally modulates
short-term facilitation in hippocampal synapses. Moreover,
optimal level of IGF-1R activation is needed to keep short-term
synaptic plasticity in a physiological range.
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10 20 30 40

AG1024 reduced the input-output relationship
between the intensity of the fiber volley amplitude

Time (mm) and the fEPSP slope (n = 19) (bottom).
(D) Representative EPSC recordings (holding po-
tential —70 mV) before (gray) and 60 min after
(green) application of AG1024 under low-fre-
o quency stimulation (0.1 Hz) (left). The summary of
80 — the effect of AG1024 on EPSC amplitude (student
8 2 paired two-tailed t test and n = 7) (right) (*“p < 0.01
o £60 and **p < 0.001). The error bars represent SEM.
w o
©
% E! 40
2 220 .
o) % Increased IGF-1R expression was
< observed in human AD brains (Moloney
Cnt AG et al.,, 2010) and in the APP/PS1 trans-

genic AD mouse model (Zhang et al.,

2013). Therefore, we hypothesized that

augmented IGF-1R expression may con-
tribute to increased basal synaptic transmission and reduced
STP, which can represent very early synaptic dysfunctions in
APP/PS1 mice (Dolev et al., 2013). Mice were examined at the
early stage (6-8 weeks), before the appearance of amyloid
plaques (Jankowsky et al., 2004). Basal CA3-CA1 synaptic
transmission was significantly higher in slices of APP/PS1 mice
(Figure 5G), resulting in an increase in the input/output (I/0)
relationship (Figure 5H). The short-term facilitation in CA3-CA1
connections of APP/PS1 mice was significantly lower than
in wild-type mice (Figures 5G and 5I), indicating higher Pr.
Blockade of basal IGF-1R activity by AG1024 led to a pro-
nounced reduction in basal synaptic transmission (Figures 5G
and 5H) with concomitant increase in short-term facilitation
(Figures 5G and 5I) in APP/PS1 hippocampal connections. Sur-
prisingly, the I/O relationship and synaptic facilitation were indis-
tinguishable between wild-type (WT) and APP/PS1 connections
following IGF-1R blockade. Notably, blockade of other RTK re-
ceptors, such as Trks, by K252a inhibitor did not affect synaptic
transmission and STP in either WT or APP/PS1 model (Figure S7).
These results indicate that enhanced IGF-1R-mediated augmen-
tation of excitatory synaptic transmission may contribute to AD-
related hippocampal hyperactivity.

IGF-1R Blockade Increases mEPSC Frequency

As basal IGF-1R activity maintains spike-evoked synaptic
transmission, we asked whether it impacts AP-independent
quantal synaptic transmission in a similar manner. Therefore, we
measured miniature AMPAR-mediated excitatory postsynaptic
currents (MEPSCs) using whole-cell voltage-clamp recordings
(Figure 6A). Analysis of the mEPSC recordings revealed that the
amplitude of mMEPSC was not affected by AG1024 (Figures 6B
and 6C). Surprisingly, AG1024 induced a pronounced increase
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Figure 5. IGF-1R Regulates Short-Term Synaptic Facilitation under Physiological and AD-Related Conditions

(A) Representative recordings of EPSC evoked by bursts (five stimuli at 50 Hz) in acute hippocampal slices before (gray) and 30 min after (green) application of
AG1024.

(B) Relative effect of AG1024 on peak amplitude of each EPSC in the burst normalized to the first EPSC amplitude (n = 7).

(C) Representative AF images for single and burst stimulations in hippocampal cultures under control conditions, following IGF-1R KD and IGF-1R over-
expression. The scale bar represents 2 um.

(D) During low-frequency stimulation, IGF-1R KD reduced Sgingie (N = 10), while IGF1R overexpression increased Sgingie (N = 10) compared to control (n = 8).
(E) During high-frequency burst stimulation, IGF-1R KD did not alter Syt (0 = 10), whereas IGF1R overexpression increased it (n = 11) compared to control (n = 9).
(F) IGF-1R KD (n = 16) increased STP (two-way ANOVA with post hoc Bonferroni tests) in comparison to control (n = 10), while IGF-1R overexpression abolished it
(n=14).

(G) Representative fEPSP recordings evoked by single stimuli and bursts in CA3-CA1 connections of acute slices from WT (top) and APP/PS1 (bottom) mice
before and after AG1024 application.

(H) Higher levels of basal synaptic transmission in APP/PS1 (n = 13) compared to WT (n = 21) slices as indicated by increased |/O slope. The acute application of
1 1M AG1024 (30 min) reduced the 1/O slope to the same level in both genotypes.

(I) Peak amplitude of each fEPSP in the burst normalized to the first fEPSP amplitude. The slices from APP/PS1 (n = 13) mice exhibit lower levels of STP compared
to WT ones (n = 19). The AG1024 increased STP in WT and APP/PS1 mice to the similar level (*p < 0.05, **p < 0.01, and ***p < 0.001). The error bars represent SEM.

in mEPSC frequency (2.4-fold; Figures 6D and 6E). These results
support differential regulation of the evoked and miniature synap-
tic vesicle release (Raingo et al., 2012) by basal IGF-1R activity.

IGF-1R Blockade Enhances Resting [Caz*]cyto by
Inhibiting [Ca%*]mito

To understand the dual role of IGF-1R in regulation of sponta-
neous and evoked vesicle release, we examined the
effects of IGF-1R blockade on the cytosolic Ca%* concentration
([Ca2+]cyto), a critical regulator of vesicle exocytosis. We started
from measuring the presynaptic resting [Caz*]cyto using high-af-
finity fluorescent calcium indicator Oregon Green 488 BAPTA-1

AM (OGB-1 AM) at presynaptic boutons marked by FM4-64 (Fig-
ure 7A). IGF1-R blocker AG1024 gradually increased resting
Ca?*-dependent fluorescence, reaching the maximal ~40% ef-
fect after 25 min from the application (Figures 7B and 7C). This
effect was largely blocked by the chelator of intracellular Ca®*,
BAPTA-AM (Figure 7B). We next screened for an intracellular
source involved in regulation of resting [Ca2+]cyto. Blockade of
sarco/endoplasmic reticulum Ca®* ATPase (SERCA) by thapsi-
gargin or ryanodine receptors by dantrolene did not occlude
the effect of AG1024 on resting [Ca2+]cyto (Figure 7C). However,
blockade of Ca®* uptake by the mitochondrial depolarizing agent
carbonyl cyanide p-(trifluomethoxy) phenylhydrazone (FCCP)
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Figure 6. IGF-1R Blockade Increases mEPSC Frequency

(A) Representative traces of mEPSCs for control and following AG1024
application. The scale bars represent 40 pA, 1 s.

(B) Cumulative histograms of mEPSC amplitudes in control (n = 21) and
following AG1024 application (n = 23).

(C) Summary of data in (B). The mean of mEPSC amplitude was unaffected by
AG1024.

(D) Cumulative histogram of mEPSC interevent intervals showing a shift to
smaller values after IGF-1R blockade (the same experiments as in B).

(E) Summary of data in (D). The mEPSC frequency is increased 2.5-fold
after IGF-1R blockade (*“p < 0.01 and non-significant, ns). The error bars
represent SEM.

(Wang and Thayer, 2002) increased resting [Caz"]cyt0 by ~30%
and occluded the effect of AG1024 (Figures 7B and 7C). These
results point to the mitochondria as a negative regulator of
resting [Caz"]cyto by tonic IGF-1R activity.

To directly assess the effect of IGF-1R tone on mitochondrial
Ca?* concentration ([Ca*]mit), We transfected hippocampal
neurons with plasmids encoding a highly sensitive genetically
encoded Ca®* probe GCaMP6m (Chen et al., 2013), efficiently
targeted to mitochondria (2mtGCaMP6m; Patron et al., 2014).
The 2mtGCaMP6m co-localized with a mitochondrial marker
(mCherry-mito) in hippocampal neurons (Figure 7D). Application
of AG1024 inhibited resting [CaZ*]mit (Figure 7E) with a similar ki-
netics to the increase in the resting [Ca2+]cyto (Figure 7B). FCCP
reduced resting [Ca®*]mito and occluded the effect of AG1024 on
mitochondrial Ca®* (Figure 7F). Importantly, FCCP enhanced

8 Neuron 89, 1-15, February 3, 2016 ©2016 The Authors

mEPSC frequency and occluded the effect of AG1024 without
altering the mEPSC amplitude (Figure 7G).

As resting [Caz*]cyto has been shown to inversely correlate with
intracellular ATP levels at ribbon synapses (Weiler et al., 2014), we
assessed the effect of IGF-1R inhibitor on the presynaptic ATP
concentration ([ATP],). Utilizing a genetically encoded FRET-
based ATP reporter that employs the e subunit of the bacterial
FoF1-ATP synthase (ATeam1.03; Imamura et al., 2009) fused to
a synaptic vesicle protein synaptophysin | (Sypl-ATeam1.03;
Shulman et al., 2015), we monitored E,, in the presence of TTX
(ETrx) at the presynaptic sites (Figures 7H and 71). A decrease in
E., reflects reduction in [ATP],. (Shulman et al., 2015). Resting
terminals exhibited a robust E+rx of 0.13 + 0.005 that was not
altered by application of either AG1024 or FCCP or (Figure 7J).
Moreover, Ertx was not influenced by mitochondrial ATP syn-
thase inhibitor oligomycin A (Oligo; Figure 7K), while reduced by
~40% by glycolysis blocker 2-deoxyglucose (dGlu; Figure 7K).
These results support the conclusion of arecent study that utilized
different ATP reporter (Rangaraju et al., 2014) and emphasize that
glycolysis, but not mitochondrial function, maintains the presyn-
aptic ATP levels in the absence of spiking activity. Takentogether,
our data demonstrate that tonic IGF-1R activation inhibits resting
[Ca®*]mito Without altering [ATP]ore under miniature synaptic activ-
ity. Thus, IGF-1R tone regulates both resting [Caz*]cyt0 and mini-
ature vesicle release via mitochondrial Ca2* buffering.

IGF-1R Blockade Inhibits [ATP],,. without Altering
Ca?* ;1o during Spiking Activity
Next, we asked whether IGF-1R activity modulates mitochon-
drial Ca®* transients evoked by APs. Earlier studies using syn-
thetic cationic calcium indicators were able to directly record
mitochondrial Ca2* transients evoked by intense stimulations
in neuromuscular junction (NMJ) synapses (David et al., 2003)
or by high potassium application in cultured forebrain neurons
(White and Reynolds, 1995). However, chemical indicators
have major drawbacks such as inefficient targeting, uneven dis-
tribution of the dye within mitochondria, and potential toxicity
(Pozzan and Rudolf, 2009). To examine whether single spikes
trigger mitochondrial Ca®* influx, we used a genetically encoded,
efficiently targeted to mitochondria 2mtGCaMP6m probe (Pa-
tron et al., 2014) with broad dynamic range and high calcium af-
finity (Kg = 167 nM; Chen et al., 2013). Ca®* it transients were
monitored in response to stimulation of hippocampal neurons
by single APs or short bursts (5 APs at 100 Hz). Single APs
evoked highly heterogeneous responses in both puncta and fila-
ment-like mitochondria, giving an average increase of ~8.3%
(Figures 8A-8C). The same mitochondria displayed larger
(~33% average peak amplitude), but still variable responses to
bursts (Figures 8A-8C). KD of mitochondrial Ca* uniporter
(MCU), an essential component of Ca®* uptake to mitochondria
(Baughman et al., 2011; De Stefani et al., 2011), significantly
reduced Ca?* ., transients in hippocampal axons (Figures 8C
and 8D), confirming the specificity of the 2mtGCaMP6m probe.
Application of AG1024 did not affect Ca®* i transients in
response to single or burst stimuli (Figures 8C and 8D).

Since mitochondria is the major source of ATP in neurons
(Harris et al., 2012), we next assessed the role of IGF-1Rs in regu-
lation of [ATP],e under spiking activity. Using a FRET-based
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Figure 7. Basal IGF-1R Activity Enhances mEPSC Frequency by Reducing Resting [Ca%*]mito

(A) Representative images of OGB-1 AM Ca?* indicator before and 30 min after AG1024 application (top). The FM4-64 dye staining that labels the functional
presynaptic boutons in the same area is shown (bottom). The scale bar represents 2 uM.

(B) Time course of AG1024-mediated increase in resting Ca®* at presynaptic boutons under control (n = 282), FCCP (1 uM, 30 min preincubation, and n = 361), and
BAPTA-AM (10 uM, 30 min pre incubation, and n = 198) conditions.

(C) Summary of AG1024 effect (% of t = 0) on resting [Caz*]cyt0 at presynaptic boutons under TTX in non-treated (NT, n = 707), thapsigargin (Thapsi, 10 uM and
n =219), dantrolene (Dant, 10 uM and n = 137), and FCCP (1 uM and n = 904) treated cultures. In all the conditions, the blockers were incubated for 30 min prior to
AG1024 application.

(D) Representative confocal images of a hippocampal neuron expressing mCherry-mito (left), 2mtGCaMP6m (middle), and the merged image of both markers
showing overlapping expression (right). The scale bar represents 10 um.

(E) Time course of resting [Ca®*]mit following application of AG1024 (n = 53).

(F) Summary of AG1024 (n = 58), FCCP (n = 62), or FCCP+AG (n = 39) effects (30 min incubation) on resting [Ca®*|mjto.

(G) Summary of mMEPSC frequency and amplitude under Cnt (n = 14), FCCP (n = 14), and FCCP+AG (n = 10) conditions.

(H) Representative confocal images of boutons of a hippocampal neuron infected with Sypl-A.Team1.03. The scale bar represents 2 um.

(I) Pseudocolor-coded fluorescence images of mseCFP and cpmVen showing increased cpmVen fluorescence following mseCFP photobleaching. The scale bar
represents 2 um.

(J) Evrx in Cnt (n = 292) and following application of AG1024 (n = 210) or FCCP (n = 287).

(K) Errx in Cnt (n = 180) and following application of oligomycin (n = 154) or dGlu (n = 48) (**p < 0.01 and ***p < 0.001) (non-significant, ns). The error bars
represent SEM.

reporter of [ATP] ., we found that AG1024 caused a22% reduc-  of IGF-1R on presynaptic ATP levels (Figure 8E). Itis important to
tion in [ATP],e during spontaneous spiking activity (Figure 8E).  note that inhibition of ATP synthase by oligomycin did not alter
Reduction of [ATP], by mitochondrial ATP synthase inhibitor oli-  spike-evoked Ca®*mito transients (Figures 8C and 8D), while
gomycin or mitochondrial depolarizing agent FCCP occluded the  inhibition of Ca®* o transients by shMCU did not affect
effect of AG1024, indicating that mitochondria mediate the effect  [ATPl,. (Figure 8F). Based on these results, we conclude that
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Figure 8. Basal IGF-1R Activity Inhibits AP-Evoked [ATP],, and Slows Ca?*.ito Transients

(A) Representative high-magnification confocal images of an axon of hippocampal neuron expressing mito-tracker (1) and 2mtGCaMP6m without stimulation (2),
following single AP (3), and following burst of 5 APs at 100 Hz (4). The scale bar represents 2 pm.

(B) Traces of Ca®* 4, transients at different boutons evoked by single AP at 0.1 Hz (top) or by burst of 5 APs at 100 Hz, inter-burst interval 30 s (bottom), quantified
as AF/F (average of ten traces).

(C) Averaged Ca®* ;1o transients for single (top) or burst (bottom) stimulations under control (n = 89, 80), AG1024 (1 uM and n = 34, 43), oligomycin (1 pg/ml and
n = 96, 94), and shMCU (65% KD efficiency and n = 22, 30) conditions.

(D) Peak amplitude summary of Ca®* i, transients for the data presented in (C).

(E) Effect of AG1024 on E,, under spontaneous spiking activity under non-treated conditions (ncnt = 431 and nag = 165), following preincubation with FCCP
(Nont = 198 and nag = 70), or oligomycin (Ngnt = 191 and nag = 73).

(F) shMCU does not affect E,, under spontaneous spiking activity (Nshser = 75, Nshmcu = 47, and p = 0.77)

IGF-1R blockade inhibits mitochondrial ATP production without
altering Ca®* mito transients under spike-evoked synaptic activity.

Mitochondrial ATP Mediates IGF1R-Induced

Presynaptic Modulation

Finally, we asked whether mitochondria mediate modulation of
evoked presynaptic Ca®* transients and synaptic vesicle release
via IGF-1Rs. AP-evoked presynaptic Caz"cyt0 transients were
measured using OGB-1 AM at functional boutons marked by
FM4-64. While AG1024 increased resting [CaZ"]Cyto (Figures
7A-7C), it had an opposite effect on the AP-evoked transients,
decreasing the total charge transfer by 46% (Figures 9A, 9B,
S8A, and S8B). Similar results were observed by preincubation
with PPP inhibitor (Figures S8D-S8F). The reduction in AP-

10 Neuron 89, 1-15, February 3, 2016 ©2016 The Authors

evoked Ca®*.,, transients by AG1024 was mimicked and
occluded by both FCCP and oligomycin (Figures 9A, 9B, S8A,
and S8B). It is worth mentioning that oligomycin did not affect
resting [Caz"cyto]i (Figure S8C), suggesting that reduction in mito-
chondrial ATP synthesis, but not an increase in resting [Ca2+cyto]i,
mediates IGF1R-induced inhibition of evoked Ca?* flux. As a
consequence of reduction in the presynaptic Ca®* flux, both
FCCP and oligomycin inhibited AP-evoked vesicle recycling
and occluded the presynaptic effect of AG1024 (Figures 9C
and 9D). Moreover, co-application of FCCP and oligomycin in
hippocampal slices profoundly inhibited basal CA3-CA1 synap-
tic transmission and enhanced synaptic facilitation, occluding
further effect of AG1024 on these parameters (Figures 9E-9G).
Based on these results, we conclude that the IGF-1R tone
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Figure 9. Basal IGF-1R Activity Suppresses AP-Evoked Caz"cyto Transients and Synaptic Vesicle Recycling by Inhibiting Mitochondrial ATP
Synthesis

(A) Representative traces of Ca?* transients evoked by 0.1 Hz stimulation during 500 Hz line scan at boutons and quantified as 4F/F (average of ten traces)
showing the effect of AG1024 under non-treated (NT) and in the presence of FCCP or oligomycin. The scale bars represent 20%, 200 ms.

(B) AG1024 reduces the charge transfer of Ca12"Cyto transients in non-treated conditions (ncnt = 36 and nag = 32), but not in the presence of FCCP (ncn: = 28 and
Nag = 25) or oligomycin (Ncnt = 23 and nag = 24).

(C) Representative color-coded AF images showing the effect of AG1024 in FCCP-treated (left) and oligomycin-treated (right) cultures on presynaptic vesicle
recycling measured by FM1-43 staining (30 stimuli at 1 Hz).

(D) FCCP (n = 25) reduced total S compared to Cnt (n = 18) and prevented AG1024 effect (n = 15) (left). Oligomycin (n = 14) reduced the total S compared to Cnt (n =
23) and prevented AG1024 effect (n = 9) (right) (**p < 0.01 and ***p < 0.001). The error bars represent SEM.

(E) Time course of the effect of FCCP and oligimycin on fEPSP amplitude before and after application of AG1024 in CA3-CA1 connections in acute slices. The
representative fEPSP recordings evoked by 0.1 Hz stimuli in control (gray), following co-application of 1 uM FCCP and 1 pg/ml oligomycin (orange), and after
subsequent 1 uM AG1024 application (brown) (insert). The scale bars represent 0.2 mV, 10 ms.

(F) FCCP and oligomycin reduced fEPSP amplitude and occluded the effect of AG1024 in CA3-CA1 connections (n = 4).

(G) FCCP and oligomycin increased short-term facilitation evoke by bursts (five stimuli at 50 Hz) and occluded the effect of AG1024 in CA3-CA1 connections (n = 4).

maintains AP-evoked presynaptic Ca®* flux and thus synaptic
transmission via mitochondria by preserving presynaptic ATP
levels (Figure S9).

proaches, including intracellular electrophysiology in CA3-CA1
neuronal connections, imaging of synaptic vesicle recycling,
and calcium transients in cytosol and mitochondria, together
with a FRET-based approach to monitor IGF-1R signaling and
ATP levels at synapses. Our results provide converging evidence
that the presynaptic IGF-1Rs are basally active, playing a critical
role in the maintenance of ongoing neuronal activity. These re-
sults are important for several reasons. First, they demonstrate
the feasibility of studying IGF-1R signaling at high spatial resolu-
tion of single synapses in live neurons. Second, they show that
basal IGF-1R activity is critical for maintaining a proper level of

DISCUSSION

This study examines the role of endogenously active IGF-1Rs in
synaptic vesicle release, synaptic transmission, and STP of hip-
pocampal neurons. Our strategy was to study the functional con-
sequences of the pharmacological blockade or genetic KD of
IGF-1Rs in hippocampal circuits. We have employed several ap-

Neuron 89, 1-15, February 3, 2016 ©2016 The Authors 11

CellPress




Cell’ress

Please cite this article in press as: Gazit et al., IGF-1 Receptor Differentially Regulates Spontaneous and Evoked Transmission via Mitochondria at
Hippocampal Synapses, Neuron (2016), http://dx.doi.org/10.1016/j.neuron.2015.12.034

synaptic transmission and ongoing spiking activity. Third, they
highlight a critical role of mitochondria in synaptic physiology
and its regulation by IGF-1R tone. Fourth, they reveal that IGF-
1R activation during high-frequency stimulation modulates syn-
aptic transfer function. Finally, the present data also point to the
importance of the IGF-1R signaling in hippocampal hyperactivity
under pathological conditions such as AD.

IGF-1Rs Are Basally Active in the Vicinity of
Hippocampal Synapses

The binding affinity of IGF-1R toward IGF-1 (0.16 nM; Adams et al.,
2000) and the physiological range of the extracellular IGF-1 con-
centrations in the brain (0.14-0.31 nM; Yamaguchi et al., 1990)
imply that IGF-1Rs should be basally activated under spontaneous
synaptic activity in hippocampal circuits. As IGF-1R activity can be
differentially regulated in various sub-cellular compartments, we
applied FRET methodology to estimate IGF-1R activation in the
vicinity of synapses by monitoring interactions within the IGF-1R
homodimers (Kavran et al., 2014). In addition, we monitored local
activity of the downstream signaling molecule Akt. The following
facts suggest that the presynaptic IGF-1Rs are activated by the
extracellular IGF-1: First, activation of the IGF-1R and its down-
stream signaling can be reduced by pharmacological IGF-1R inhi-
bition or genetic IGF-1R KD, while unaffected by IGF-1 application.
Second, KD of IGF-1 ligand reduces both IGF-1R activity and syn-
aptic vesicle exocytosis. Importantly, ectopically applied IGF-1
rescues shlGF1-induced reduction in IGF-1R activity and Pr.
These data indicate that the presynaptic IGF-1Rs are largely occu-
pied by the extracellular IGF-1 during spontaneous synaptic activ-
ity. Thus, upregulation of the IGF-1R expression appears to be a
more relevant mechanism to augment presynaptic IGF-1R tone.

IGF-1R and Synaptic Function

Temporally, IGF-1Rs may act within minutes to modify synaptic
function, over hours and days to alter gene expression and
neuronal structures, and months to regulate brain growth. While
extensive studies demonstrate a key role of IGF-1Rs in neuronal
growth and development, whether IGF-1Rs directly regulate in-
formation processing at short timescales remains obscure. Our
experiments demonstrate that blockade of IGF-1Rs induces an
increase in resting Ca* levels and spontaneous vesicle release,
while inhibiting AP-evoked Ca®* transients and evoked vesicle
release. This suggests that basal IGF-1R activity promotes
evoked synaptic transmission, while functions as a suppressor
of spontaneous transmission. Originally dismissed as synaptic
noise, recent evidence suggests that synapses use physically
segregated pathways to decode spontaneous and evoked
neurotransmission (Atasoy et al., 2008; Peled et al., 2014) and
that these two types of transmission could have specialized
physiological roles (Ramirez and Kavalali, 2011).

How typical is IGF-1R function among other RTKs expressed
in the hippocampus? While both IGF-1Rs and TrkB receptors
(TrkBRs) potentiate evoked excitatory synaptic transmission,
their rapid effects are associated with different types of neuronal
activity. Brain-derived neurotrophic factor (BDNF) requires pre-
synaptic depolarization in order to efficiently potentiate synaptic
strength via TrkBRs (Boulanger and Poo, 1999; Slutsky et al.,
2004) and mediates persistent potentiation induced by theta-
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bursts (Kang et al., 1997). Moreover, blockade of TrkBRs does
not alter either basal synaptic transmission or short-term synap-
tic plasticity (Figure S7; Kang et al., 1997), indicating that TrkBRs
are not activated by basal BDNF levels in hippocampal circuits.
These findings suggest that TrkBRs may rapidly regulate synap-
tic transmission, which is temporally locked to high-frequency
discharges of afferent inputs or coincidence detection of pre
and postsynaptic spikes. Conversely, extracellular IGF-1 acti-
vates IGF-1Rs under resting conditions, maintaining basal trans-
mission and ongoing spiking activity in the physiological range,
while suppressing background miniature synaptic activity (Fig-
ure S9). Thus, two key RTKs—IGF-1R and TrkBR—differentially
regulate information processing in hippocampal circuits.

Mitochondrion as a Dual Regulator of Synaptic Vesicle
Release

Early studies demonstrate heterogeneous data on the role of
mitochondria in regulation of spontaneous synaptic vesicle
release: mitochondrial inhibitors produced an increase in the
rate of spontaneous synaptic transmission in hippocampal neu-
rons (Scotti et al., 1999) and in the frog NMJ (Alnaes and Raha-
mimoff, 1975). However, genetic deletion of mitochondria from
synaptic sites of Drosophila NMJ produced a non-robust increase
in miniature transmission, despite a 2-fold increase in resting
[Ca2“']cytO (Verstreken et al., 2005) or an increase in spontaneous
transmission in less than half of mutant muscles (Guo et al.,
2005). Furthermore, the role of mitochondria in short-term synap-
tic plasticity also remains controversial: mitochondrial Ca®* buff-
ering was implicated in some studies (Billups and Forsythe,
2002; David et al., 2003; Tang and Zucker, 1997), while mitochon-
drial ATP production in others (Guo et al., 2005; Verstreken et al.,
2005). Thus, differences in the relationships between presynaptic
VGCCs, mitochondrial Ca* buffering, and ATP production may
underlie heterogeneous impact of mitochondria on synaptic
vesicle exocytosis at various types of synapses.

Utilizing recently developed genetically encoded Ca®* and ATP
sensors, we were able to distinguish between two mitochondrial
functions —Ca?* buffering and ATP production—at the level of sin-
gle synapses. We found that presynaptic IGF-1Rs differentially
regulate Ca®* i, and ATP levels during periods of miniature and
spike-evoked vesicle release. On the one hand, IGF-1R blockade
decreases resting [Ca®*]mio Without altering [ATP]ore in the abse-
nce of spikes. On the other hand, IGF-1R blockade lowers [ATP]g
without altering Ca®* o transients during spiking activity. As a
result, IGF-1R tone constrains resting [Cag*]cym and spontaneous
vesicle release, while maintaining AP-evoked presynaptic Ca?*
transients and Pr during spiking activity. It is worth mentioning
that we monitored global ATP and Ca®* levels at the presynaptic
sites. However, local ATP and Ca?* changes in the vicinity of
VGCCs might be much higher due to a close proximity of VGCCs
and mitochondria (Rizzuto et al., 2012), thus significantly impacting
vesicle exocytosis. ATP may maintain evoked presynaptic Ca?*
transients by stabilizing VGCC and reducing its rundown (Wu
et al., 2002) or by regulating membrane depolarization via ATP-
sensitive potassium (Katp) channels (Koster et al., 2005). Regard-
less of the precise molecular mechanism, IGF-1R tone maintains
evoked-to-spontaneous transmission ratio by controlling two se-
parate mitochondrial functions: Ca2* buffering and energy supply.
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IGF-1R and AD-Associated Synaptic Dysfunctions

The role of IGF-1Rs in neurodegenerative disorders has re-
mained highly controversial. While IGF-1 injections promote AB
clearance (Carro et al., 2002) and blockade of IGF-1Rs in the
choroid plexus exacerbate AD-like pathology, genetic reduction
in the IGF-1R protects mice from AB-associated proteotoxicity
(Cohen et al., 2009; Freude et al., 2009). Our study suggests
that IGF-1R overexpression, observed in the hippocampus of
APP/PS1 mice (Zhang et al., 2013), triggers presynaptic dys-
functions at the early stage, preceding synaptic loss and AB ag-
gregation. Namely, increase in the IGF-1R-mediated synaptic
modulation contributes to augmented basal synaptic transmis-
sion and reduced STP in CA3-CA1 hippocampal connections
of young APP/PS1 mice. Our results propose that inhibition of
IGF-1Rs may reduce AD-associated hippocampal hyperactivity
at the early stages of AD progression. It remains to be seen
whether IGF-1R inhibition may reverse hippocampal hyperactiv-
ity in people who are at risk for AD and AD patients (Bakker et al.,
2012; Vossel et al., 2013).

EXPERIMENTAL PROCEDURES

Primary Hippocampal Cultures and Acute Hippocampal Slices

All animal experiments were approved by the Tel Aviv University Committee
on Animal Care. Primary cultures of CA3-CA1 hippocampal neurons were
prepared from WT mice (BALB/c background) on postnatal days 0-2 as
described (Slutsky et al., 2004). Acute hippocampal slices were prepared
from 2-month-old BALB/c, APPswe/PS1dE9 (Jankowsky et al., 2004), and
the corresponding WT (B6C3F1/J background) mice. All animals were kept
in a normal light/dark cycle (12 hr/12 hr), three animals per cage. Coronal sli-
ces (400 um for extracellular recordings and 350 um for intracellular patch
recordings) of hippocampus were prepared as described before (Abramov
et al., 2009). Slices were transferred to a submerged recovery chamber at
room temperature containing oxygenated (95% O, and 5% CO,) artificial ce-
rebrospinal fluid (ACSF) for 1 hr before the experiment. The ACSF contained,
in mM: NaCl, 125; KCl, 2.5; CaCl,, 1.2; MgCl,, 1.2; NaHCO3, 25; NaH,PO,,
1.25; and glucose, 25.

Plasmids, Transfection, Infection

AktAR (Cer-FHA1-FOXO-cpVE172) FRET construct (Gao and Zhang, 2008) was
a gift of Dr. Zhang (John Hopkins University); Sypl-ATeam1.03 (Shulman et al.,
2015) of Dr. Daniel Gitler (Ben-Gurion University); 2mtGCamP6m of Dr. Diego
De Stefani (University of Padova), and mCherry-mito of Dr. Israel Sekler (Ben-
Gurion University). Human IGF-1RYC®" was constructed and expressed in
PEGFP-N1 based vector under control of cytomegalovirus (CMV) promoter.

For shRNA-mediated KD, we used the following plasmids: for IGF-1R
KD - SHCLNG-NM_010513 plasmid (Sigma-Aldrich, catalog number
TRCNO0000023493, clone ID: NM_010513.1-3656s1c1 and TRCN0000023489,
clone ID: NM_010513.1-487s1c1); for IGF-1 KD - SHCLNG-NM_010512
(Sigma-Aldrich, catalog number TRCN0000066354, clone ID: NM_010512.2-
354s1c1); and for MCU KD - SHCLNG-NM_001033259 (Sigma-Aldrich, catalog
number TRCN0000251263, clone ID: NM_001033259.3-1211s21c1).

Transient cDNA transfections were performed using Lipofectamine-2000
reagents and neurons were typically imaged 18-24 hr after transfection. Infec-
tions with lentivirus (LVs) were done at DIV6 and the experiments were per-
formed at >DIV14.

STED Microscopy

Dual-color STED microscopy was performed using a STED microscope (TCS
SP5, Leica) as described before (Revelo et al., 2014). The cells were stained for
IGF-1R (Cell Signaling, #3027), synaptophysin (Synaptic Systems, #101 011),
and Homer 1 (Synaptic Systems, #160 011), and were labeled using Chro-
meo494 or ATTO647N coupled secondary antibodies.

Confocal Imaging in Primary Hippocampal Cultures

The experiments were performed in mature (15-28 days in vitro) cultures. Hip-
pocampal neurons were imaged using a FV1000 spectral Olympus confocal
microscope using a 60 x 1.2 NA water-immersion objective. The experiments
were conducted at room temperature in extracellular Tyrode solution contain-
ing 145 mM NaCl, 3 mM KCI, 15 mM glucose, 10 mM HEPES, 1.2 mM MgCl,,
1.2 mM CaCl,, and pH adjusted to 7.4 with NaOH.

For FM-based imaging and analysis, activity-dependent FM1-43 (10 uM) and
FM4-64 (15 uM) styryl dyes were used to estimate basal synaptic vesicle
recycling and exocytosis using protocols described previously (Abramov et al.,
2009).

For monitoring presynaptic cytosolic Ca®* transients, fluorescent calcium in-
dicator OGB-1 AM was used. For detection of Ca®* transients in mitochondria,
neurons were co-transfected with 2mtGCaMP6m and mCherry-mito.

For FRET imaging and analysis, images were 512 x 512 pixels, with a pixel
width of 92-110 nm. Intensity-based FRET imaging and analysis was carried
as described before (Laviv et al., 2010).

Electrophysiology

Experiments were performed at room temperature. EPSCs and fEPSPs were
recorded in acute hippocampal slices with a glass pipette containing Tyrode
solution (1-2 MQ) from synapses in the CA1 stratum radiatum using a Multi-
Clamp 700B amplifier (Molecular Devices). Stimulation of the SC pathway
was delivered through a glass suction electrode (10-20 pm tip) filled with
Tyrode. For mEPSCs recordings in hippocampal cultures, TTX (1 pM),
amino-phosphonopentanoate (AP-5; 50 uM), and gabazine (30 uM) were
added to Tyrode solution. EPSCs and mEPCSc were recorded using the
following intracellular solution: 120 mM Cs-MeSO3, 10 mM HEPES, 10 mM
NaCl, 0.5 mM CaCl,, 2 mM Mgz*—ATP, 0.3 mM NagGTP, 10 mM EGTA, and
pH adjusted to 7.25 with NaOH. Recordings with access resistances that ex-
ceeded 20 MQ (for evoked EPSCs) or 10 MQ (for mEPSCs) or that varied by
>20% were excluded from analysis. Serial resistance was not compensated.
Data were analyzed using Mini Analysis (Synaptosoft) for mEPSCs and in
pCLAMP 10 (Molecular Devices) for EPSCs and fEPSPs.

Statistical Analysis
One-way ANOVA analysis with post hoc Bonferroni’s were used to compare
several conditions. Two-way ANOVA with post hoc Bonferroni’s were used
to compare short-term synaptic plasticity during burst of five stimuli under
different conditions. Unpaired two-tailed t tests were used for two-group com-
parison. Nonparametric Spearman test has been used for correlation analysis.
N is designated for the number of neurons in patch clamp experiments, slices
in field recordings, and number of synapses in imaging experiments (each
experimental condition was repeated at least in three different mice/batches
of cultures) (*p < 0.05; *p < 0.01; and ***p < 0.001).

For the detailed description of the procedures, see Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and nine figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2015.12.034.
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