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Anoxia-induced hippocampal LTP is regeneratively
produced by glutamate and nitric oxide
from the neuro-glial-endothelial axis

Han-Ying Wang,'->¢* Hiroshi Takagi,'? Patrick N. Stoney," Anai Echeverria,®> Bernd Kuhn,® Kuei-Sen Hsu,*
and Tomoyuki Takahashi'*

SUMMARY

Transient anoxia causes amnesia and neuronal death. This is attributed to enhanced glutamate release and
modeled as anoxia-induced long-term potentiation (aLTP). aLTP is mediated by glutamate receptors and
nitric oxide (-NO) and occludes stimulation-induced LTP. We identified a signaling cascade downstream of
-NO leading to glutamate release and a glutamate--NO loop regeneratively boosting aLTP. aLTP in ento-
thelial -NO synthase (eNOS)-knockout mice and blocking neuronal NOS (nNOS) activity suggested that
both nNOS and eNOS contribute to aLTP. Inmunostaining result showed that eNOS is predominantly ex-
pressed in vascular endothelia. Transient anoxia induced a long-lasting Ca?* elevation in astrocytes that
mirrored aLTP. Blocking astrocyte metabolism or depletion of the NMDA receptor ligand D-serine abol-
ished eNOS-dependent aLTP, suggesting that astrocytic Ca?* elevation stimulates D-serine release from
endfeet to endothelia, thereby releasing - NO synthesized by eNOS. Thus, the neuro-glial-endothelial axis
is involved in long-term enhancement of glutamate release after transient anoxia.

INTRODUCTION

Following transient brain ischemia caused by a stroke or vascular injury, cell death occurs selectively in hippocampal pyramidal neurons in the
CA1 area,"” and this is associated with anterograde amnesia reflecting working memory impairment.” Elevated extracellular glutamate en-
hances Ca®* influx through NMDA receptors, thereby activating Ca®*-dependent protease and phospholipase to cause cell death.® Post-
anoxic enhancement of glutamate release from presynaptic terminals is modeled in rodent hippocampal slices, where transient deprivation
of oxygen and/or glucose induces long-term potentiation (LTP) of glutamatergic excitatory synaptic transmission at CA1 synapses.”” This
anoxia-induced LTP (aLTP) is associated with a reduced paired-pulse ratio (PPR; amplitude of the second response relative to the first), sug-
gesting an enhanced exocytic release of glutamate.®’ In hippocampal slices, aLTP induction can be blocked by the NMDA receptor antag-
onist 2-amino-5-phosphonovaleric acid (APV)” or a nitric oxide synthase (NOS) inhibitor,®” suggesting the involvement of NMDA receptors
and -NO in aL TP induction.

-NO is a rapidly diffusible volume transmitter with a high diffusion coefficient in brain tissue, which easily permeates the plasma mem-
brane.' At hippocampal," cerebellar,'” and brainstem synapses,'® -NO released from postsynaptic neurons retrogradely activates presyn-
aptic cyclic guanosine monophosphate (cGMP)-dependent protein kinase (PKG) and its downstream molecules and eventually upregulates
phosphatidyl-inositol-4,5-bisphosphate (PIP,), thereby accelerating compensatory endocytosis for recovering vesicles from depletion after
massive exocytosis.''"'*'* This -NO-PKG cascade is initiated by transmitter glutamate activating postsynaptic NMDA receptors, through
which Ca®* enters the cells and binds to calmodulin (CaM). Upon Ca?* binding, CaM activates NOS to produce -NO."015

Induction of aLTP requires -NO,*” but the detailed mechanism of aLTP production remains unknown. Immediately after anoxic insult,
before inflammation starts to activate inducible NOS (iNOS), -NO can be produced by constitutive NOS isoforms, including nNOS and
eNOS. The latter is highly expressed in endothelial cells'®"” but may also be expressed in brain astrocytes.'® Using both extracellular and
whole-cell patch-clamp recordings of excitatory synaptic responses from CA1 pyramidal neurons in hippocampal slices, in combination
with eNOS knockout (KO) mice and two-photon astrocyte Ca?* imaging, we addressed the molecular mechanisms underlying induction,
expression and maintenance of aLTP, and its impact on the stimulation-induced LTP (sLTP) underlying memory formation.
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Figure 1. aLTP induced by transient anoxia is caused by increased transmitter release probability

(A) Schematic illustration of hippocampal slice with recording and stimulation electrodes in CA1 region separated from CA3 by an incision.

(B) Field EPSPs recorded from the CA1 stratum radiatum (SR) in response to Schaffer collateral (SC) stimulations with a pair of pulses (50 ms interval) repeated
every 20 s (sample records). Time plots indicate the slope of fEPSPs and bar graphs show mean fEPSC and PPRs (with SEMs, n = 7 slices) at different epochs:
(i) before and (i) at the end of anoxic period (O, replaced by N in aCSF for 10 min, red column), and (iii) 160 min after anoxia. A transient decrease of fEPSP
slope during anoxia (18.7 + 4%) was followed by a long-lasting increase (147.3 + 12%, recorded up to 180 min after anoxia; n = 7 slices, p < 0.001 in one-
way repeated-measures ANOVA). Scale bars: 0.2 mV. 20 ms.

(C) EPSCs in whole-cell recording from individual CA1 pyramidal neurons. After anoxia, EPSC amplitude increased to 147.6 + 9% (iii, n = 8 cells) accompanied by
a decrease in PPR (bar graphs). Asterisks indicate *p < 0.05, **p < 0.01, ***p < 0.001 in paired-sample t test. Scale bars; 0.4 nA, 20 ms.

(D) Variance-mean analysis of EPSCs before (sample EPSC traces in black) and 30 min after (red) the onset of anoxia at different Caz*/Mgz" concentrations (EPSC
amplitudes shown in the upper panel). Variance-mean data plots were fitted to parabola. Bar graphs indicate quantal parameters before and after aLTP
expression (from top to bottom; release probability, number of release sites and quantal size, respectively, n = 6 cells, *p < 0.05, N.S, not significant
difference in paired-sample t test). aCSF contained the low-affinity AMPA receptor antagonist y-D-glutamylglycine (y-DGG, 1 mM) throughout to minimize
saturation of AMPA receptors. Scale bars; 0.2 mV, 20 ms.

RESULTS

aLTP induced by transient anoxia is caused by increased transmitter release probability

We first recorded field excitatory postsynaptic potentials (fEPSPs) in the CA1 region of hippocampal slices from C57BL/6 (WT) mice, evoked by
a pair of stimulations (50 ms interval) on Schaffer collaterals every 20s (Figure 1A). Transient anoxia was induced in slices by replacing the O, in
artificial cerebrospinal fluid (aCSF) with N, for 10 min. In line with previsous reports™® anoxic insult reduced the fEPSP slope, but, after return-
ing to oxygenated aCSF, it recovered beyond baseline to a stable high level (147%), lasting more than 2.5 h in our experiments (Figure 1B).
Consistent with previous reports,”’ PPR decreased during aLTP, suggesting an increased transmitter release probability.'” Likewise, in
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whole-cell recordings from pyramidal neurons with patch pipettes containing the -NO precursor L-arginine (1 mM), EPSCs evoked by Schaffer
collateral stimulation showed aLTP (147%) with decreased PPR (Figure 1C), like aLTP of fEPSPs (Figure 1B).

To determine the quantal parameters involved in aLTP, we performed variance-mean analysis®® of EPSCs recorded from CA1 pyramidal
neurons (Figure 1D). We induced aLTP by 10 min anoxia in the presence of the low-affinity AMPA receptor antagonist y-D-glutamylglycine
(y-DGG, 1 mM) to minimize postsynaptic AMPA receptor saturation.”' Variance-mean plots of EPSCs were obtained by changing the extra-
cellular Ca?*/Mg?* ratio before and after aL TP expression (Figure 1D). The parabolic variance-mean plots indicated that neither the number of
release sites with releasable vesicles (N) nor the single vesicular response size (g, calculated from the initial slopes) was changed after aLTP
expression, whereas the release probability (P,, calculated from the mean EPSC amplitude divided by Ng)** was significantly increased
(Figure 1D).

Induction of aLTP is mediated by a presynaptic - NO signaling cascade

The induction of aLTP reportedly depends upon the activity of NMDA receptors,”” -NO and cGMP-dependent PKG.*” Indeed, aL TP induc-
tion in CA1 in hippocampal slices was abolished by the NMDA receptor antagonist APV (100 pM, Figure 2A), the -NO scavenger 2-phenyl-
4,4,5,5-tetramethylimidazolineoxyl-1-oxyl-3-oxide (PTIO, 100 uM; Figure 2B), or a PKG inhibitor (KT-5823, 10 uM; Figure 2C).

At the calyx of Held in rodent brainstem slices, Ca®" influx through NMDA receptors activates CaM, which in turn upregulates NOS
activity increasing -NO synthesis.'” The resulting -NO propagates to the extracellular fluid and enters presynaptic terminals, thereby acti-
vating PKG, Rho-kinase (ROCK), and phosphatidylinositol (Ptdins) 5-kinase (PI5K) to upregulate PIP,."*'* We examined whether this -NO-
PKG-ROCK-PtdIns cascade in presynaptic terminals might likewise be involved in aLTP induction. Both the ROCK inhibitor Y27632
(10 uM; Figure 2D) and the PI4K inhibitor phenylarsine oxide (PAO, 1 uM; Figure 2E) abolished alLTP, whereas the Rho activator I
(1 mg/mL) induced LTP and occluded induction of aLTP (Figure 2F). Using an -NO sensor probe attached to the hippocampal CA1 re-
gion in slice,”” we confirmed amperometrically that -NO is released after a transient anoxic insult (Figure 2G). Thus, the -NO-PKG-ROCK-
Ptdins cascade identified at the calyx of Held'*'* is fully involved in the induction of aLTP at hippocampal CA1 presynaptic terminals
(Figure 2H).

A regenerative feedback mechanism maintains aLTP

Previous reports and present results indicate that - NO is required for aLTP induction, but it remains unknown how aL TP is maintained for hours
after expression (Figure 1B). Might there be a presynaptic mechanism by which high release probability is maintained, for example by Ca®*
channel insertion or shortening the Ca?*-secretion coupling distance? More simply, might aLTP be repetitively induced by continuous -NO
production? We tested the latter possibility by applying the aLTP induction blockers approximately 1 h after aLTP expression (Figure 3). Dur-
ing APV application (Figure 3A), established aLTP gradually reversed and within 1h the fEPSP slope returned to the baseline before anoxia.
These results suggest that continuous NMDA receptor activation is required for the maintenance of aLTP (Figure 3A). As with APV, inhibition
of each step in the presynaptic -NO signaling cascade using PTIO, KT5823, Y27632, or PAO reversed aL TP (Figures 3B-3E), suggesting that
the long-term maintenance of aLTP depends on continuous -NO signaling.

Massive release of glutamate from presynaptic terminals into the synaptic cleft causes Ca®* influx through activated postsynaptic NMDA
receptors, thereby stimulating -NO synthesis. -NO back-propagates to presynaptic terminals, where it enhances glutamate release from
nerve terminals via activation of the -NO-PKG-ROCK-PtdIns cascade (Figure 2H). Thus, a positive feedback loop is formed between extra-
cellular glutamate and -NO, by which aLTP is repeatedly induced (Figure 3F), and pharmacological disruption of the positive loop terminates
aLTP expression (Figure 3). During transient anoxia, extracellular glutamate concentration ([Glu],) is also elevated due to glutamate Ieakage.?4
Leaked glutamate may activate NMDA receptors, thereby inducing aLTP via activation of the presynaptic - NO-PKG-ROCK-PtdIns cascade. In
this regard, anoxia-induced glutamate leakage may play a role in triggering the regenerative loop underlying sustained expression of aLTP.
Since glutamate leakage is reversed after reoxygenation,” the enhanced release of glutamate from nerve terminals is more likely driving the
regenerative glutamate--NO loop in the long-term maintenance of aLTP.

Occlusion of sLTP by aLTP was rescued by aLTP induction blockers

Transient anoxia impairs working memory in rodents and in humans.”*> Working memory requires sLTP, and, in the hippocampal slice model,
sLTP induced by high-frequency stimulation and aLTP occlude each other.® To test whether this occlusion can be rescued by reversing aLTP
expression (Figure 3), we induced sLTP at hippocampal CA1 synapses with theta-burst stimulations (TBS) on Schaffer collaterals (Figure 4A).
This sLTP was not associated with a change in PPR, consistent with its well-established postsynaptic mechanism.”*?” Tetanic stimulation has
been reported to induce -NO-dependent presynaptic-type sLTP,”® but the -NO scavenger PTIO had no effect on the TBS-induced postsyn-
aptic sLTP (Figure 4B). As previously reported,® prior induction of presynaptic aLTP by transient anoxia occluded postsynaptic sLTP (Fig-
ure 4C). This occlusion of sLTP by aLTP was rescued by reversing the latter by PTIO (Figure 4D).

-NO released after transient anoxia is derived from both nNOS and eNOS

Inresponse to glutamate, -NO can be synthesized by nNOS in postsynaptic pyramidal neurons, but -NO might also be derived from eNOS in
endothelial cells or astrocytes.””** eNOS is reportedly involved in a presynaptic form of sLTP at hippocampal CA1 synapses.’’ We used
eNOS-KO mice to determine whether eNOS is involved in aLTP induction and expression. In hippocampal slices from eNOS-KO mice,
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Figure 2. Induction of aLTP is mediated by presynaptic -NO signaling cascade

Block of aLTP induction by (A) APV (100 uM, n = 7 slices), (B) PTIO (100 pM, n = 7), (C) KT-5823 (10 uM, n = 5), (D) Y-27632 (10 uM, n = 7), and (E) PAO (1 uM, n = 7).
Sample records of fEPSPs are shown above each time plot of fEPSP slope. Bar graphs indicate normalized fEPSP slopes before (i) and after (i) anoxic insult.
(F) Rho activator Il (1 pg/mL) potentiated fEPSP slope (i, 139 + 7%) and occluded aLTP (145.2 + 8%, n = 5, one-way repeated-measures ANOVA: Fp, 15 = 23.4).
Bar graphs indicate PPR (ii, 80.3 & 5%, iv, 82 + 6%, n = 5, one-way repeated-measures ANOVA: F, 15 = 20.16). *p < 0.05, **p < 0.01, ***p < 0.001, N.S, no
significance. Scale bars; 0.2 mV, 20ms.

(G) -NO released from the hippocampal CA1 area after 3 min anoxia (OGD) amperometrically monitored using a carbon fiber -NO sensor probe. An averaged
trace from 5 measurements is shown after subtracting the baseline.

(H)-NO signaling cascade in presynaptic terminals causing enhancement of glutamate release probability.
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Figure 3. Reversal of established aLTP by aLTP induction blockers

Established aLTP was canceled by (A) APV (100 pM, n = 6), (B) PTIO (100 pM, n = 7), (C) KT-5823 (10 uM, n = 5), (D) Y-27632 (10 pM, n = 7), or (E) PAO (1 uM, n = 6).
Bar graphs indicate normalized fEPSC slopes and PPRs before (i) and after (iii) aLTP induction and after application of aLTP induction blocker. Scale bars; 0.2 mV,
20 ms.

(F) A positive feedback loop causing regenerative expression of aLTP. Glutamate released by transient anoxia induces -NO production via activation of NMDA
receptors. -NO then activates presynaptic -NO signaling cascade to enhance glutamate release. This positive loop can be disrupted by APV, PTIO, KT-5823,
Y-27632 or PAQ, all of which are aLTP-induction blockers.

the magnitude of aLTP (24%, Figure 5A) was half that in wild-type (WT) slices (47%), suggesting that eNOS-derived -NO contributes to aLTP.
Bath application of the nNOS inhibitor N®-propyl-L-arginine (NPA, 1 uM)* completely abolished aL TP in slices from eNOS-KO mice (Fig-
ure 5B). Therefore, both eNOS and nNOS contribute to aLTP induction in WT mice.

-NO synthesis from L-arginine by nNOS and eNOS is upregulated by Ca?*-bound CaM. To inhibit -NO synthesis specifically in neurons,
we next washed cytosolic L-arginine out of postsynaptic pyramidal neurons using whole-cell dialysis with L-arginine-free pipette solution
before transient anoxia (Figure 5C). Whole-cell L-arginine washout halved the magnitude of alTP (24% potentiation vs. 47% in
controls without L-arginine washout). Likewise, inhibiting neuronal -NO synthesis by whole-cell loading of the Ca?* chelator BAPTA
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Figure 4. Occlusion of sLTP by aLTP rescued by aLTP induction blockers

(A) TBS-induced LTP of fEPSPs (n = 6) in hippocampal CA1 synapses (stimulation protocol shown in inset). PPR was unchanged during sLTP (lower panel).

(B) PTIO (100 uM) had no effect on the TBS-induced LTP (n = 5).

(C) aLTP (151 £ 9%) occluded TBS-induced LTP (n = 6), with no further potentiation induced by TBS (153 + 9%, one-way repeated-measures ANOVA).

(D) Block of established aL TP by PTIO rescued TBS-induced LTP (137 + 8%, n = 6). Bar graphs indicate percentages of fEPSC slope at different epochs relative to
controls (i). *p < 0.05, **p < 0.01, ***p < 0.001, N.S, no significance. Scale bars; 0.2 mV, 20 ms.

(10 mM) reduced the aLTP magnitude (19% potentiation, Figure 5D). Furthermore, in slices from eNOS-KO mice, whole-cell washout of
L-arginine from hippocampal CA1 pyramidal neurons completely abolished aLTP (Figure 5E). Thus, these results from whole-cell recording,
together with the field recording in the presence of NPA (Figure 5B), consistently suggest that both nNOS and eNOS contribute to aLTP
production.

Significant contribution of eNOS to aLTP and partial inhibition of aLTP by blocking -NO synthesis in neurons together suggest the
involvements of non-neuronal cells in aLTP formation. To examine whether astrocytes might be involved in aLTP, we tested the effect
of the glia-specific TCA cycle inhibitor fluoroacetate (FA),**** which is widely utilized for blocking astrocytic activity.>”*" In whole-cell
recordings from single pyramidal neurons, in which aLTP was reduced by L-arginine washout (Figure 5C) or BAPTA loading (10 mM, Fig-
ure 5D), bath-applied FA (10 mM) abolished the remaining aLTP (Figures 5C and 5D). In field recordings from WT slices, bath application
of FA reduced aLTP from 50% to 25% (Figure S1A), whereas, in eNOS-KO mice with 25% alL TP, FA had no additional effect on the aLTP

magnitude (27%, Figure S1B). These results together suggest that astrocytic activity is required for the eNOS-dependent component
of aLTP.
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Figure 5. -NO released after transient anoxia derived from nNOS and eNOS

(A) aLTP of fEPSPs induced in hippocampal CA1 synapses from WT mice (147 + 12%, black, n = 7 slices, duplicated from Figure 1B) and from eNOS-KO mice
(125.4 + 4%, purple, n = 6 slices, superimposed). Bar graphs show the fEPSP slope before (i, black) and 60 min after anoxic insult (iii). Scale bars; 0.4 mV, 20 ms.
(B) The nNOS inhibitor NPA (1 uM) blocked aLTP induced in eNOS-KO mice (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, N.S, no significance. Scale bars; 0.4 mV,
20 ms.

(C) Whole-cell washout of intracellular L-arginine in CA1 pyramidal neurons in slices from WT mice attenuated aLTP magnitude to 124 + 3% (red, n = 8 cells) from
control (147 £+ 9% black, n = 9). Bath-application of fluoroacetate (FA, 10 mM) abolished the aLTP remaining after L-arginine washout (blue, n = 7). Bar graphs
show normalized EPSC amplitude 35 min after anoxia onset (i) relative to controls before anoxia (i). Scale bars; 0.2nA, 20 ms.

(D) Whole-cell washout of intracellular L-arginine in CA1 pyramidal neurons in slices from eNOS-KO mice abolished aLTP (controls, purple, n = 7; L-Arg-free, red,
n = 7). Scale bars; 0.2 nA, 20 ms.

(E) Whole-cell loading of BAPTA (10 mM) in CA1 pyramidal neurons in slices from WT mice attenuated aLTP magnitude to 119 + 5% (BAPTA, green, n = 7)
compared to controls (147 + 9% black, n = 9). Bath-application of FA (10 mM) abolished the aLTP remaining after BAPTA loading (orange, n = 8). Bar
graphs show normalized EPSP amplitude 35 min after anoxic insult (ii) relative to controls before anoxia (i). Scale bar; 0.2 nA, 20 ms.
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Figure 6. Absence of eNOS expression in astrocytes and astrocytic Ca®* transients mirroring aLTP

(A) Immunofluorescent staining of GFAP and eNOS in hippocampal tissue sections. In WT mice (upper panels), eNOS (green) is strongly expressed in blood
vessels (BVs) in stratum lacunosum-moleculare (SLM) of CA1, with no overlap with the astrocyte marker GFAP (red), whereas in eNOS-KO mice (lower
panels), BVs showed no significant signal besides non-specific background. Rightmost panels show higher magnification views of the boxed regions in
merged pictures. GFAP-positive astrocytic endfeet surrounded distinct eNOS signals in vascular endothelia. In eNOS-KO mice, in the absence of eNOS
signal, GFAP signals were seen around BVs. The graph in the right panel shows densitometric quantification of fluorescent signals in WT and eNOS-KO
mice. Individual fluorescence signal intensities were normalized to that in WT, except for the astrocyte signal, which was normalized to the intensity of WT
BVs. The eNOS fluorescence intensity in BVs in WT and eNOS-KO sections was significantly different (p < 0.0001, unpaired t-test), whereas the signal
intensity in neurons and astrocytes was not different.

(B) Two-photon Ca?* imaging of GCaMPéf-expressing astrocytes (outlined in upper panels) from different periods (i-v) before (i), during (i) and after (jii-v) 10-min
anoxia (from time 0). Lower panels show 5 min samples of astrocytic Ca®* signal intensity (DF/F) at different epochs. After astrocytic Ca?* signal recovered from
anoxia-induced decline (iii), it underwent a significant increase lasting >70 min (iv, Ca®*-alTP). Bath-application of PTIO (100 pM) at 70 min, after establishment of
Ca”*-alTP, reversed it to the baseline level (v). Bar graphs indicate long-term potentiation of Ca?" signal after anoxia (iv, 111.26 + 3.1%) canceled by PTIO
(v, 103.51 & 3.4%; 12 slices, n = 25, one-way repeated-measures ANOVA: Fy 120 = 14.6).

Absence of eNOS expression in astrocytes

Since the expression of eNOS in hippocampal astrocytes is controversial, we performed immunohistochemical examination of eNOS in CA1
area of the hippocampus. Brain sections from 6-week-old WT and eNOS-KO mice were double-labelled with antibodies against eNOS and
the astrocyte marker GFAP. Since the available eNOS antibodies display non-specific reactivity, we identified eNOS-specific staining by
comparing labeling in WT and eNOS-KO tissues (Figure 6A). GFAP-positive astrocytes were widely distributed in the stratum radiatum
(SR) and stratum lacunosum-moleculare (SLM). In WT tissue sections, the eNOS antibody labeled the vascular endothelia of small blood ves-
sels (BVs) in SR and SLM and larger BVs in SLM. BVs were not labeled in the eNOS-KO sections, suggesting that this signal reflects genuine
eNOS expression. At higher magnification, a ring of eNOS-positive vascular endothelial cells was clearly visible in WT sections encircled by
GFAP-positive astrocytic endfeet, without an overlap with eNOS labels. The eNOS antibody labeling of pyramidal neurons was not different
between WT and eNOS-KO sections, suggesting that this is non-specific labeling. Although the epitope recognized by the eNOS antibody is
not highly conserved in nNOS, we cannot rule out cross-reactivity with nNOS. Labeling of GFAP-positive astrocytes with eNOS antibody was
very weak and not different between WT and eNOS-KO sections. Densitometric comparison of eNOS immunofluorescence between sections
from WT and eNOS-KO mice indicated specific eNOS labeling in vascular endothelia but not in pyramidal neurons or GFAP-positive astro-
cytes (Figure 6A).
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Astrocytic Ca®* transients mirror neuronal aLTP

Block by FA of eNOS-dependent aLTP (Figures 5C, 5D, and S1A), but not eNOS-independent aLTP (Figure S1B), suggests that astrocytic
activity is required for eNOS-dependent aLTP induction. Since immunohistochemistry indicated that eNOS is predominantly expressed in
vascular endothelia (Figure 6A), astrocytes may somehow mediate neuro-vascular coupling to activate eNOS in endothelia. Since transient
anoxia reportedly induces astrocytic Ca®* elevation in hippocampal slices, >’
during induction and expression of aLTP. Adeno-associated virus expressing the genetically encoded Ca®* indicator GCaMP&f under control
of the astrocyte-specific GfaABC1D promoter’ was injected into SR in hippocampal CA1 in anesthetized mice 2-3 weeks prior to the exper-
iments. Astrocytic Ca®* signals of stable fluorescence intensity were observed in the SR of GCaMPéf-expressing hippocampal slices at resting

we performed two-photon imaging of astrocytic Ca®* signals

baseline after returning to normal aCSF (i, iv). Like excitatory postsynaptic responses in pyramidal neurons (Figure 1), astrocytic Ca* signal
underwent an LTP lasting longer than 40 min after transient anoxia (iii, iv). After expression of astrocytic Ca?*-alTP (iv), reducing -NO with
PTIO (100 uM) reversed it to the baseline (v) like its effect of canceling established aLTP (Figure 3B). Blocking NMDA receptors using APV
(100 uM) prevented long-term elevation of astrocytic intracellular Ca®* in response to transient anoxia (Figure S2) like the effect of APV on
aL TP of fEPSPs (Figure 2A). Thus, in response to transient anoxia, intracellular Ca?* dynamics in astrocytes mirrored al TP of neuronal EPSPs.

D-serine-mediated astrocyte-endothelium coupling activates -NO production

Elevated intracellular Ca®* elevation in astrocytes reportedly triggers the release of the glio-transmitter D-serine,”' " which activates endo-

thelial NMDA receptors,”*** thereby stimulating -NO synthesis by eNOS for vasodilation.**** We examined whether this glio-endothelial
coupling mechanism plays a role in eNOS-dependent aL TP.

We first isolated eNOS-dependent aL TP by abolishing the nNOS-dependent component of aLTP using NPA (1 uM) and confirmed half-
size aLTP (Figure 7A). We then pretreated slices with the D-serine catabolic enzyme D-amino acid oxidase (DAAQO, 0.1 unit/ml, 20 min) to
deplete D-serine™ and found it completely abolished eNOS-dependent aL TP (Figure 7A). In separate whole-cell recordings from pyramidal
neurons, we isolated eNOS-dependent aLTP by L-arginine washout (Figure 5C) and tested the effect of DAAO. DAAO treatment completely
abolished eNOS-dependent aL TP (Figure 7B). These results from field and whole-cell recordings together suggest that D-serine released
from astrocytes in response to intracellular Ca?* elevation activates endothelial NMDA receptors, thereby triggering -NO synthesis by
eNOS. Thus, these mechanisms coincide with those reported for functional neuro-vascular coupling for vasodilation by -NO from

endothelia."***

DISCUSSION

In the brain, astrocytes extend their processes to the synaptic cleft to take up neurotransmitter released from presynaptic terminals. Astro-
cytes also extend processes to BVs, with their endfeet closely apposed to the vascular endothelium, where they constitute the blood-brain
barrier (Figure 7C). Using mouse hippocampal slices, we show that this neuro-glial-endothelial axis is essentially involved in the LTP of gluta-
mate release from nerve terminals induced by transient anoxia.

Induction and expression mechanisms of aLTP

At glutamatergic excitatory synapses in CA1 area of rodent hippocampal slices, transient oxygen deprivation induces aL TP lasting longer than
2-3 h (Figure 1B). Variance-mean analysis of EPSCs revealed enhanced transmitter release probability during aLTP (Figure 1F). The induction
mechanism of aLTP was pharmacologically dissected to confirm involvements of NMDA receptors, -NO, and the -NO-downstream cascade,
PKG-ROCK-PtdIns (Figure 2). During transient anoxia, the concentration of extracellular glutamate [Glul, is greatly increased (e.g., from 1 uM
to 100 pM) by leakage owing to reverse operation of glutamate uptake carriers.”**> Elevated [Glu], activates neuronal and non-neuronal
NMDA receptors, inducing Ca®* influx and upregulating NOS activity.**®? -NO diffuses into presynaptic terminals, where it activates the
-NO-downstream cascade to elevate PIP; (Figure 2G),"*'" which can bind to synaptotagmin,’®"’ thereby increasing release probability.
Thus, aLTP may be induced by [Glu], elevated by leakage from neuronal and non-neuronal cells during anoxia. After reoxygenation, gluta-
mate leakage is reversed,”” but in and around synaptic cleft massive release of glutamate from nerve terminals activates NMDA receptors
thereby producing -NO. Thus, a positive feedback loop is established that sustains [Glu], and -NO, boosting long-term expression of
aL TP (Figure 3F). In support of this hypothesis, pharmacological block at each stage of the feedback loop reversed existing aLTP to baseline
(Figure 3). Since glutamate leakage is transient during anoxic period,” it likely plays a role of triggering, but not maintaining, aLTP.

Occlusion of postsynaptic sLTP by presynaptic aLTP

Both aL TP and sLTP depend upon a common molecular cascade, in which activation of postsynaptic NMDA receptors by [Glu], causes Ca®*
influx and subsequent CaM activation, which can upregulate -NO synthesis by NOS to induce aLTP,"®"® but it can also activate CaM kinase
and induce sLTP.*® When this cascade is preoccupied by full activation of NMDA receptors by massive [Glu], released from nerve terminals in
aL TP (Figure 3F), sLTP may not be inducible using the same cascade (Figure 4C). Disruption of the positive feedback loop by PTIO can reduce
[Glu], elevation and NMDA receptor activation, thereby canceling aLTP expression (Figures 3B and 4D) and rescueing TBS-induced sLTP (Fig-
ure 4D). Thus, sLTP "hijacked” by aLTP can be rescued by pharmacological cancellation of aLTP (Figure 3). Since sLTP is a cellular mechanism
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Figure 7. Astrocyte-endothelium coupling mediated by D-serine

(A) In WT mouse hippocampal CA1 neurons, the nNOS inhibitor NPA attenuated aLTP of fEPSP to 125.5 + 7% (orange, n = 5). Co-treatment of NPA with DAAO
abolished aLTP (105.1 + 6%, green, n = 6; one-way ANOVA: F5 15 = 16.21). Bar graph shows the fEPSP slope 60 min after anoxic insult (ii) relative to baseline
before anoxia (i). Scale bars; 0.4 mV, 20 ms.

(B) In whole-cell recording with intracellular washout of L-arginine, aLTP was reduced (orange, data reproduced from Figure 5C) but was abolished by pre-
treatment with DAAO (104 + 6%, blue, n = 7; one-way ANOVA: Fp 15 = 15.39). Bar graph shows normalized EPSC amplitude 35 min after anoxic insult
relative to baseline before anoxia (i). *p < 0.05, **p < 0.01. Scale bars; 0.2 nA, 20 ms.

(C) Neuro-glial-endothelial coupling for -NO production by eNOS. Transient anoxia causes glutamate leakage, triggering the positive feedback loop (B). After
anoxia, glutamate leakage ceases and the feedback loop is driven by elevated glutamate release from nerve terminals. High [Glu], in the synaptic cleft causes
Ca®* elevation throughout astrocytes by propagation from their processes at the synapses to their endfeet at the vascular endothelia and co-release glutamate
and D-serine, thereby stimulating eNOS to produce -NO, which together with that produced by neuronal nNOS contributes to the induction (Figure 2) and
expression (Figure 3) of aLTP.

of memory formation, its occlusion by aLTP may be the underlying cause of post-ischemic impairment of working memory.” In this regard,
pharmacological cancellation of aLTP (Figure 3) could treat amnesia in patients even hours after ischemic insult.

The neuro-glial-endothelial axis is involved in aLTP formation

The magnitude of aLTP in eNOS-KO mice was about half of that in WT mice (Figure 5A). Likewise, the astrocyte metabolic inhibitor FA halved
aL TP magnitude in WT mice (Figure STA). The remaining aLTP was abolished by pharmacological inhibition of NNOS (Figure 5B) or whole-cell
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washout of the -NO precursor L-arginine from neuronal cytosol (Figure 5C), suggesting that nANOS and eNOS make comparable contributions
to aLTP formation. In eNOS-KO slices, FA had no effect on aLTP (Figure S1B) suggesting that astrocyte activity is required for - NO synthesis by
eNOS in response to anoxia. Since eNOS immunoreactivity was present in vascular endothelia but absent in GFAP-positive astrocytes (Fig-
ure 6A), -NO production in endothelia is likely mediated by astrocytes.

Two-photon Ca?* imaging of astrocytes in hippocampal slices showed that transient anoxia induced a long-term elevation of astrocytic
Ca®" level with a similar time course and pharmacology to aLTP (Figure 6B). Like aLTP, induction of astrocytic Ca®" elevation was blocked
by APV (Figure S2) and sustained elevation was reversed by PTIO (Figure 6B), suggesting the involvement of NMDA receptors and -NO in
astrocytic Ca®* responses. NMDA receptors expressed in astrocytes are composed of NR2C**° and/or NR2D®"*? subunits and are Ca®*
permeable in their resting state with little Mg?* block.” Therefore, it is likely that NMDA receptors in astrocytic processes at the synaptic cleft
are activated by glutamate released and/or leaked from nerve terminals, thereby elevating astrocytic Ca?*.

Most astrocytes contact vascular endothelia with their endfeet,” and astrocytic Ca?* waves are propagated to their endfeet.”” In functional
hyperemia, neurovascular coupling drives vasodilation in response to synaptic activity. This coupling is mediated by astrocytic Ca®* elevation
triggering release of glutamate and D-serine from astrocytic endfeet to activate endothelial ionotropic NMDA receptors,** thereby stimu-
lating eNOS to synthesize -NO.** Our results from field and whole-cell recordings suggest that the same neuro-glial-endothlial coupling
underlies eNOS-dependent aL TP (Figures 7A and 7B). Since the diffusion coefficient of -NO is 3300 mm?%/s,'” -NO propagates at 115 mm/s
(calculated from the mean square displacement = 4Dt). This is fast enough for -NO from endothelia to reach CA1 synapses for aLTP induction,
which takes tens of minutes. Thus, the neuro-glial-endothelial coupling likely mediates dual pathophysiological functions, vasodilation and
aL TP production. The former provides physiological support of brain metabolic demand, whereas the latter operates for impairing synaptic
plasticity after ischemic insult.

Limitations of the study

Although we have clarified mechanisms by which glutamate remains elevated long after a transient anoxia in the rodent hippocampal slice
model, it remains open whether these mechanisms likewise operate in vivo and in humans exposed to anoxia. In this respect, based upon
present results in the slice model, diverse pharmacological trials of rescuing memory impairments in rodents exposed to transient ischemia
remain to be tested.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal experiments were conducted in accordance with the guidelines of OIST and were approved by OIST Animal Care and Use Committee.
C57BL/6 WT mice or eNOS-KO (B6.129P2-Nos3™Un</J: JAX stock #002684)°° mice of both sexes were raised on a 12h/12h light/dark cycle
with ad libitum access to food and water. Mice aged 5-8 weeks at the start of the experiments were used.

METHOD DETAILS
Slice electrophysiology

Hippocampal slices were prepared from 5-8-week-old C57BL/6 mice. Briefly, mice were decapitated under isoflurane anesthesia and their
brains were quickly removed. Transverse hippocampal slices (350 um thick) were cut on a vibroslicer (VT1200S, Leica Microsystem) in ice-
cold Ca?*-free artificial cerebrospinal fluid (aCSF) containing (in mM): 200 sucrose, 2.5 KCl, 26 NaHCO3, 1.25 NaH,PO,, 6 MgCl,, 10 glucose,
3 myo-inositol, 2 sodium pyruvate, and 0.5 sodium ascorbate (pH 7.4 when bubbled with 95% O, and 5% CO,, 310-320 mOsm). An incision
was made to separate the CA1 and CA3 regions to suppress epileptiform activity in CA1. Before recording, slices were incubated for 30 min at
36°C-37°Cinstandard aCSF containing (in mM): 125 NaCl, 2.5 KCI, 26 NaHCO3, 1.25 NaH,POy,, 2 CaCl,, 1 MgCl,, 10 glucose, 3 myo-inositol, 2
sodium pyruvate, and 0.5 sodium ascorbate (pH 7.4 when bubbled with 95% O, and 5% CO,, 295-305 mOsm), and maintained thereafter for
at least 1h at room temperature (24°C-26°C).

Extracellular field recording and whole-cell patch clamp recording were performed in a submerged-type chamber maintained at 31°C~
33°C and continuously perfused at 3-4 mL/min with oxygenated aCSF that routinely contained 20 pM bicuculline methiodide (Santa Cruz
Biotechnology) to block GABA, receptor response. Paired-pulse stimulation (0.1 ms in length and 50 ms in inter-pulse interval) was given
at 0.05 Hz to Schaffer collateral/commissural pathways, with a bipolar tungsten electrode to evoke fEPSPs, which were recorded using a bo-
rosilicate glass electrode filled with 1M NaCl (resistance 0.5-1 MQ). Recordings were made using EPC-10 patch-clamp amplifier controlled by
Patchmaster software (HEKA). Data were online low-pass-filtered at 5 kHz and digitized at 50 kHz. Following a stable baseline period of at least
20 min, transient anoxia was introduced by switching the perfusing bath solution to oxygen-free aCSF saturated with 95% N, and 5% CO,. To
evoke activity-dependent LTP, theta-burst stimulation (TBS) comprising 5 bursts, with each burst composed of 5 pulses at 100 Hz, was deliv-
ered at 5 Hz for 1s. For whole-cell patch-clamp recording, CA1 pyramidal neurons were visualized using a 40X water immersion objective
(Olympus) attached to an upright microscope (BX51WI, Olympus). A tungsten bipolar stimulating electrode was placed in the stratum radi-
atum ~200-300 um away from the recorded neuron. For whole-cell recording of EPSCs, patch pipettes (3-5 MQ) were filled with an internal
solution containing (mM): 120 CsMeSO3, 30 CsCl, 10 HEPES, 0.5 EGTA, 12 disodium phosphocreatine, 1 MgCly, 5 QX-314, 3 Mg-ATP, 0.3 Na2
-GTP, (pH 7.3-7.4 adjusted with CsOH, 315-320 mOsm) including 1 mM L-arginine unless otherwise specified. Cells were voltage-clamped
at —70mV and series resistance was compensated ~75%t0 9.2 £+ 0.5 MQ (range from 6.8 to 13.7 MQ) measured from capacitive currents. Data
were discarded if the series resistance changed by >20%.

For variance-mean analysis, EPSCs were evoked by a single pulse at 0.05 Hz. To avoid AMPAR saturation, TmM y-DGG was added to the
aCSF with various extracellular [Ca2+]/[l\/|gz+]. Fifteen successive EPSCs were collected for constructing a variance-mean plot. In each
recording, the release probability P,, number of functional release sites N, and quantal size g were estimated by fitting a simple parabola
equation as follows:

2
Imean

N
Where Var and I ., represent the variance and mean amplitude of EPSCs respectively. The initial slope of the parabola can be used to es-
timate g whereas the X intercept of the parabola can be used to indicate Nq. P, at 2 mM extracellular Ca®* calculated as I/Ngq.

Var = qlmean -

-NO detection

A carbon fiber -NO sensor probe (tip diameter, 100 mm; -NO Monitor IMN-111, InterMedical, Japan) was attached to the CA1 area of hip-
pocampal slices. Amperometric -NO currents released after a transient anoxia with glucose deprivation (OGD, 3 min) were monitored at
room temperature.

Distribution of astrocytes and eNOS in hippocampal CA1 area

6-week-old male wild-type and eNOS-KO mice were anesthetized with isoflurane and perfused transcardially with ice-cold phosphate-buff-
ered saline (PBS) and then with ice-cold 4% formaldehyde in PBS, pH 7.4. The brain was removed and incubated overnight in 4% formalde-
hyde in PBS at 4°C. Fixed brains were washed twice in cold PBS, incubated in 15% sucrose in PBS for 6 h at 4°C, then in 30% sucrose in PBS at
4°C for 48 hours, or until the brain sunk to the bottom of the tube. Brains were then removed from the sucrose solution, rapidly frozen on dry
ice, and stored in foil at —80°C before use.

Coronal brain sections (25 um thick) were cut using a Leica CM3050S cryostat and the sections stored in PBS at 4°C. For staining, sec-
tions containing the hippocampus were mounted on polylysine-coated slides and dried at room temperature. Sections were rehydrated in
PBS for 10 minutes, blocked for 1 hour in PBS containing 5% normal goat serum and 0.1% Triton X-100, then incubated overnight at 4°C in
blocking buffer containing mouse anti-GFAP (1:500; G3893, Sigma) and rabbit anti-eNOS (1:250; NB300-500, Novus Biologicals) primary
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antibodies. Sections were washed in PBS containing 0.1% Triton X-100 (PBST), then incubated with appropriate Alexa Fluor Plus secondary
antibodies (Invitrogen) for 2 hours at room temperature protected from light, then washed again in PBST. To label nuclei, 1T pg/ml DAPI
was added to the final wash. Stained sections were mounted and imaged using a Zeiss LSM 780 confocal microscope and Zen 2.1 software
(Zeiss). Labelling of eNOS in blood vessels in WT and eNOS KO sections was quantified by densitometry using ImageJ [Rasband, W.S.,
Imaged, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018.]. The intensity of anti-eNOS
fluorescence was measured in cross-sections through the wall of large blood vessels in SLM (4 cross-sections per image; two images
per genotype) in images captured using the 63X objective. Non-specific labeling of CA1 pyramidal neurons and GFAP-positive astrocytes
was quantified from images taken using the 20X objective (3 regions of equal area were measured per image; 3 images were quantified
per genotype).

Targeted expression of a calcium sensor in astrocytes

Adeno-associated virus expressing the genetically-encoded Ca?" indicator GCaMP&f under control of the astrocyte-specific
GfaABC1D promoter®® was injected stereotaxically into the hippocampal CA1 stratum radiatum (SR) of anesthetized 5-8-week-old
mice. The Cre/Flex system used in this studies included pAAV-GFaABC1D-Flex-LckTag-GCaMPéf (custom made, Sirion Biotech,
1x10"® genome copies, GC, per ml) and AAV5.GfaABC1D.PI.Cre.SV40 (gift from Baljit Khakh, Addgene plasmid #105603; http://n2t.
net/addgene:105603; RRID:Addgene 105603, 4.03 x 10"* GC/ml) which anchors the calcium indicator to the astrocytic plasma mem-
brane and allows to control the density of labeled astrocytes with the Cre/Flex system by injection of the two AAVs at different ratios.
For sparse labeling of astrocytes, AAV5.GfaABC1D.PI.Cre.SV40 was diluted 100-fold with saline, and then a 1:1 mixture of the 100-fold
diluted AAV5.GfaABC1D.PI.Cre.SV40 and pAAV-GfaABC1D-Flex-LckTag-GCaMPéf was prepared. This AAV mixture (140 nl) was injected
into each side of the dorsal-CA1 region of the hippocampus of 5-8-week-old mice (coordinates ML+/— 1.4, AP-1.9, DV-1.65) at a rate of
~14 nl/5 min with positive air pressure through a beveled glass pipette (15 um opening). The pipette was left in position for ~5 min after
injection was completed.

Two-photon calcium imaging of sparsely labeled astrocytes in acute brain slices

Two to three weeks after viral injection, acute slices were cut from hippocampal tissues. The slices were transferred to a recording chamber of
a custom-built wide-field/two-photon microscope (MOM, Sutter Instruments) and continuously perfused at 3-4 ml/min with oxygenated aCSF
at 31°C-33°C. A 25x/N.A.1.05 water immersion objective (Olympus) was used for imaging. To increase the point spread function of excitation,
the back aperture of the objective was underfilled (spatial resolution 1 um X 1 pum x 5 pm).”’*® The GCaMP6f was excited using a Ti:sapphire
femtosecond pulsed laser (Vision I, Coherent) at 950 nm with typically 5-8 mW laser power under the objective. Fluorescence was detected by
a GaAsP photomultipliers (Hamamatsu) in a spectral window of 490-550 nm (Semrock). The microscope was controlled using MScan software
(Sutter Instruments). Movies of 512 x 512 pixels per frame corresponding to 375 x 375 pm? were recorded at a sampling rate of 30.9 frames/s.
Different recording protocols were used depending on the experiment.

For APV experiments the baseline fluorescence was recorded for 10 min in oxygenated aCSF. Subsequently the solution was changed to
aCSF containing 100 uM APV and the fluorescence was recorded for 10 min in the presence of APV. Anoxia was then induced by switching
aCSF to oxygen-free aCSF saturated with 95% N, and 5% CO,. After recording the fluorescence signal for 10 min in anoxic condition, the
perfusate was returned to oxygenated aCSF and fluorescence was recorded for 60 min thereafter.

For PTIO experiments the baseline fluorescence was recorded for either 5 or 10 min in oxygenated aCSF. Then, anoxia was induced by
switching to oxygen-free aCSF. The fluorescence was recorded for 5 or 10 min at different epochs. After 10 min anoxia, the slice was reoxy-
genated by switching back to oxygenated aCSF. After confirming long-term potentiation of the Ca®* signal, PTIO (100 uM) was bath-applied
and the Ca®" signal was monitored for >70 min in the presence of PTIO.

The imaging raw data were converted to Tiff format using commercial software (MView, Sutter Instrument). The recordings were pre-
processed automatically with a custom macro in ImageJ applied to each recording that corrected movement artifacts (TurboReg plu-
gin [3]), applied a 3D Gaussian filter (sigma = 1 pixel in x, y and t), and temporally binned the data to 10.3Hz. Regions of
interest (ROIls) for individual astrocytes were drawn manually in ImageJ and the fluorescence intensity of ROls was obtained for each
time point using MATLAB (Mathworks). Fluorescence values (F) were normalized to A—FF(t) = %;F", where the baseline fluorescence
(Fp) corresponds to the average intensity of each individual ROl over the 10 min baseline recording. No bleaching correction was
required.

Data analysis

All values were expressed as mean + SEM. Responses were normalized to the baseline prior to anoxic LTP induction unless otherwise
mentioned. 95% Cls on the difference of the means were considered statistically significant in two-tailed paired-sample t-test, Student's t
test, one-way repeated-measures ANOVA, or one-way ANOVA with a post hoc Bonferroni test (p < 0.05) as appropriate. Details, including
sample sizes, can be found in figure legends.
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Reagents

All chemicals were prepared from frozen stock solution (stored at —30°C). y- D-Glutamylglycine (y-DGG; Tocris); D-(—)-2-Amino-5-phospho-
nopentanoic acid (APV; Tocris); 2-Phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PTIO; TCI); (?S,10R,12R)-2,3,9,10,11,12-Hexahydro-
10-methoxy-2,9-dimethyl-1-ox0-9,12-epoxy-1H-diindolo[1,2,3-fg:3,2',1"-kllpyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid, methyl ester
(KT-5823; Tocris); Y-27632 dihydrochloride (Y-27632; abcam); Rho activator Il (Cytoskeleton); Phenylarsine oxide (PAO; Sigma-Aldrich); N*-
Propyl-L-arginine hydrochloride (NPA; Tocris); Fluoroacetate (FA; TCI); D-amino acid oxidase (DAAO; Tokyo Kasei).
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