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SUMMARY
Endocannabinoids (eCBs) regulate synaptic function via cannabinoid receptors. While eCB signaling is
well understood, the mechanisms underlying eCB synaptic transport are poorly characterized. Using
2-arachidonoylglycerol (2-AG)-mediated depolarization-induced suppression of inhibition (DSI) in the hippo-
campus as a readout of retrograde eCB signaling, we demonstrate that the deletion of fatty acid binding pro-
tein 5 (FABP5) impairs DSI. In FABP5KOmice, DSI was rescued by re-expressing wild-type FABP5 but not an
FABP5mutant that does not bind 2-AG. Importantly, the deletion of astrocytic FABP5 blunted DSI, which was
rescued by its re-expression in the astrocytes of FABP5 KOmice. Neuronal FABP5was dispensable for 2-AG
signaling. DSI was also rescued by expressing a secreted FABP5 variant but not by FABP7, an astrocytic
FABP that does not undergo secretion. Our results demonstrate that extracellular FABP5 of astrocytic origin
controls 2-AG transport and that FABP5 is adapted to coordinate intracellular and synaptic eCB transport.
INTRODUCTION

The endocannabinoids (eCBs) 2-arachidonoylglycerol (2-AG)

and anandamide (AEA) function as endogenous lipid agonists

at cannabinoid receptors and regulate an array of behavioral

and physiological functions.1–3 Canonically, eCBs are synthe-

sized and released from postsynaptic neurons in response to

neuronal activation and act as retrograde messengers by acti-

vating presynaptic cannabinoid receptor 1 (CB1R) to dampen

synaptic transmission. In addition, eCBs can interact with a

diverse array of receptors, including cannabinoid receptor 2

(CB2R), G protein-coupled receptor 55 (GPR55), transient re-

ceptor potential vanilloid 1 (TRPV1), and peroxisome prolifera-

tor-activated receptors (PPARs).4–7 The activation of CB1R by

2-AGmediates various forms of synaptic plasticity, including de-

polarization-induced suppression of inhibition (DSI) and excita-

tion (DSE), first reported at hippocampal CA1 GABA synapses

and cerebellar glutamate synapses, respectively.8–11 Themagni-

tude and duration of 2-AG signaling is governed predominantly
iScience 28, 112342, M
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by diacylglycerol lipase alpha (DAGLa)-mediated biosynthesis

in postsynaptic neurons and subsequent inactivation by monoa-

cylglycerol lipase (MAGL) in presynaptic terminals and surround-

ing astrocytes.11–16 In contrast to hydrophilic neurotransmitters,

the lipophilicity of eCBs limits their diffusion across an aqueous

milieu.17–23 Consequently, the spatial separation between

2-AG biosynthesis in postsynaptic neurons and CB1R on pre-

synaptic terminals, combined with the rapid onset of 2-AG-

mediated short-term synaptic plasticity, necessitates a mecha-

nism(s) enabling efficient trafficking of 2-AG across the synaptic

cleft.8,24

Fatty acid binding proteins (FABPs) are a family of proteins that

bind diverse lipid species and mediate their intracellular traf-

ficking.25–28 Among the FABPs, FABP3, FABP5, and FABP7 are

expressed in the brain and regulate distinct and non-overlapping

physiological functions.29–34 While all three FABPs bind AEA and

2-AG with varying affinities, previous work has established that

FABP5 is a major intracellular carrier of eCBs in vitro and

in vivo.19,24,35–39 In addition, we recently demonstrated that
ay 16, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Figure 1. FABP5 is essential for 2-AG-mediated DSI at CA1 GABA synapses

(A) Immunolabelling of FABP5 expression in the hippocampal CA1 region ofWTmice. a1-a2, Labeling of FABP5 and the astrocytemarker s100b. a3, Triple labeling

between the neuronal marker NeuN, FABP5, and s100b. Note the robust colocalization of FABP5 with s100b. Scale bar: 100 mm. a4, Higher magnification of

NeuN, FABP5 and s100b triple labeling. Scale bar: 10 mm.

(B) Lack of FABP5 immunostaining in the hippocampus of FABP5 KO mice. b1, b2, FABP5 and s100b staining. b3, Merged image of FABP5, s100b, and DAPI

labeling. Scale bar: 100 mm. b4, merged image of FABP5, NeuN, and DAPI labeling. Scale bar: 100 mm.

(C) Inhibition of FABP5 blunts hippocampal DSI. Left panel illustrates averaged magnitude of DSI obtained in WT ( : 47.41 ± 1.11%; n = 8 cells; N = 3 mice),

FABP5 KO ( : 5.26 ± 2.37%; n = 8 cells;N = 3mice; p = 1.95x10�11 versusWT), and following FABP5 inhibition with 10 mMSBFI-103 ( : 6.59 ± 2.72%; n = 8 cells;

N = 3 mice; p = 3.59x10�11 versus WT). Upper right panel depicts representative traces of IPSCs recorded before and during DSI. Scale bars: 100 ms, 200 pA.

Lower right panel represents the time course of DSI.

(D) Deletion of FABP5 does not alter the function of CB1Rs. Upper panel illustrates representative IPSCs traces collected before (1) and during the application of

WIN55,212-2 (10 mM) (2) from WT ( ) and KO ( ). Lower panel is a summary of the depression of IPSC amplitude induced by WIN55,212-2 in WT ( : 42.53 ±

6.88%; n= 7 cells;N = 3mice; p= 1.75x10�7 versus baseline) and KO ( : 43.01 ± 7.24%; n= 7 cells;N = 3mice; p= 1.44x10�7 versus baseline). Scale bars: 50ms,

50 pA. Data are represented as mean ± SEM. ****p < 0.001. one-way ANOVA with Bonferroni’s multiple comparisons test.

iScience
Article

ll
OPEN ACCESS
FABP5 is essential for retrograde 2-AG signaling at glutamate

synapses in the dorsal raphe nucleus and at striatal GABA

synapses.40,41

FABP5 is expressed in neurons and astrocytes in various brain

areas, albeit with predominant expression in astrocytes.31,40–42

Mounting evidence indicates that subsets of FABPs can be

secreted from cells through unconventional mechanisms,43–46

suggesting that FABPs may also serve as extracellular carriers

for bioactive lipids, including eCBs. Consistent with this notion,

FABP5 was identified as a component of the astrocyte-neuron

synaptic proteome,47 providing anatomical evidence that extra-

cellular FABP5 may serve as a synaptic carrier for 2-AG. In

this study, we combined the cell-type specific modulation of

FABP5 expression with engineered FABP5 variants to delineate

the cellular source(s) and contributions of extracellular and intra-

cellular FABP5 in mediating 2-AG transport. Employing 2-AG

mediated DSI at hippocampal GABA synapses,8–11 we establish

that secreted astrocytic FABP5 orchestrates retrograde 2-AG
2 iScience 28, 112342, May 16, 2025
signaling, thereby elucidating the mechanism underlying eCB

transport at central synapses.

RESULTS

Fatty acid binding protein 5 is essential for retrograde
2-arachidonoylglycerol signaling at hippocampal GABA
synapses
We first profiled the expression of FABP5 in the CA1 region of the

hippocampus using a validated antibody,40,41,48–51 which re-

vealed that FABP5 was robustly expressed in this region and

was mainly distributed in astrocytes (92.7 ± 0.5% of astrocytes

and 1.6 ± 0.3% of neurons) (Figure 1A, Videos S1 and S2). As ex-

pected, FABP5 labeling was absent in the hippocampus of

FABP5 KO mice (Figure 1B). Pharmacological inhibition of

FABP5 using the selective inhibitor SBFI-10350,52,53 markedly

suppressed the magnitude of DSI in WTmice (Figure 1C). Similar

results were observed in FABP5 KO mice (Figure 1C). This



Figure 2. Expression of FABP5 in FABP5 KO mice restores hippocampal DSI

(A) AAV-mediated expression of FABP5 in astrocytes of the hippocampal CA1 region of FABP5KOmice. a1, Lowmagnification image of FABP5, DAPI, and s100b

labeling. Scale bar: 100 mm. a2-a4, High magnification labeling of FABP5, s100b, and merge. Scale bar: 10 mm.

(B) AAV-mediated expression of FABP5 in neurons of FABP5 KOmice. b1, Lowmagnification labeling of DAPI, NeuN, and FABP5. Scale bar: 100 mm. b2-b4, High

magnification labeling of FABP5, NeuN, and merge with DAPI. Scale bars: 10 mm.

(C) Upper image illustrates GFP expression in the CA1 region. Lower image shows recording and stimulating electrodes in the same CA1 region expressing

FABP5.

(D) Re-expression of FABP5 restores DSI in FABP5 KOmice. D1, Averagedmagnitude of the DSI in WT ( : 43.18 ± 3.16%; n = 10 cells;N = 3mice), KO ( : 1.76 ±

0.76%; n = 9 cells;N = 3mice; p = 5.96x10�14 versusWT), KO+AAV-CAG-FABP5 ( : 39.63 ± 2.55%; n = 9 cells;N = 3mice; p = 1 versusWT), and KO+AAV-CAG-

EGFP ( : 7.15 ± 1.73%; n = 11 cells; N = 4mice; p = 2.75x10�11 versus KO+AAV-CAG-FABP5). D2, Summary graph of the time course of the DSI obtained in WT

(C), KO ( ), KO+AAV-CAG-FABP5 ( ), and KO+AAV-CAG-EGFP ( ). D3, Representative traces of IPSCs recorded before and during DSI fromWT ( ), KO ( ),

KO+AAV-CAG-FABP5 ( ), and KO+AAV-CAG-EGFP ( ). Scale bars: 50 ms, 200 pA. Data are represented as mean ± SEM. ***p < 0.001, one-way ANOVA, with

Bonferroni’s multiple comparisons test.
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impairment of DSI was not mediated by a dysfunction of CB1R

as the synthetic CB1R agonist WIN55,212-2 induced compara-

ble depression of GABAA-mediated IPSCs in WT and FABP5

KO mice (Figure 1D). Moreover, the expression of CB1R and

the enzymes mediating 2-AG biosynthesis and catabolism was

not altered in FABP5 KOmice compared toWT littermates, while

2-AG levels were elevated (Figures S1A–S1C). Next, we exam-

ined whether the re-expression of FABP5 in the hippocampus

of FABP5 KO mice could rescue 2-AG signaling. Indeed, the in-

jection of AAV-CAG-FABP5 induced robust FABP5 expression in

the CA1 region of the hippocampus (Figures 2A and 2B) and fully

restored DSI, while a control AAV was without effect (Figures 2D

and 2E). These results indicate that the blockade of DSI following

FABP5 inhibition cannot be attributed to impaired 2-AG biosyn-
thesis, CB1R dysfunction, or compensatory adaptations in

FABP5 KO mice.

To establish that 2-AG transport by FABP5 is required for

the rescue of DSI, we engineered an FABP5 variant (termed

FABP5MUT) harboring mutations in key residues (R109A,

R129A, Y131A) within the FABP5 binding pocket that mediates

ligand interactions (Figure S2A).37,54 As expected, purified

FABP5MUT lacked binding affinity for 2-AG and the related lipid

arachidonic acid (Figures S2B and S2C). Importantly, the AAV-

mediated expression of FABP5MUT in the hippocampus of

FABP5 KO mice failed to rescue DSI and did not alter the

WIN55,212-2 induced depression of IPSC amplitudes (Figures

3A–3D). Moreover, the expression of FABP5MUT in WT mice

had no effect on the magnitude or kinetics of DSI, confirming
iScience 28, 112342, May 16, 2025 3



Figure 3. FABP5MUT fails to rescue hippo-

campal DSI in FABP5 KO mice

(A) Astrocytic expression of FABP5MUT in the

CA1 region of FABP5 KO mice. a1, Low

magnification image of FABP5, s100b, and DAPI

labeling in the CA1 region. Scale bar: 100 mm.

a2-a4, High magnification immunostaining of

FABP5 labeling, s100b, and merge. Scale bar:

10 mm.

(B) Neuronal expression of FABP5MUT in the CA1

region of FABP5 KO mice. b1, Low magnification

image of FABP5, NeuN, and DAPI labeling in the

CA1 region. Scale bar: 100 mm. b2-b4, High

magnification immunostaining of FABP5, NeuN,

and merge with DAPI. Scale bar: 10 mm.

(C) Expression of FABP5MUT in FABP5 KOmice did

not rescue hippocampal DSI. Left panel, summary

of time course of DSI recorded from wild-type

WT+AAV-CAG-FABP5MUT ( ), WT+AAV-CAG-

EGFP ( ), KO+AAV-CAG-FABP5MUT ( ), and

KO+AAV-CAG-EGFP ( ). Right panel, Sample su-

perimposed IPSC traces collected before and dur-

ing the DSI. Scale bars: 50 ms, 200 pA

(D) Summary of DSI magnitude obtained in

WT+AAV-CAG-FABP5MUT ( : 45.86 ± 5.67%; n =

10 cells; N = 3 mice), WT+AAV-CAG-EGFP ( :

44.28 ± 2.86%; n = 11 cells; N = 3 mice), KO+AAV-

CAG-FABP5MUT ( : 3.19 ± 1.27%; n = 13 cells;N =

3 mice; p = 1.54310�11 versus WT+AAV-CAG-

FABP5MUT), KO+AAV-CAG-EGFP ( : 7.15 ±

1.73%; n = 11 cells; N = 3 mice; p = 1 versus

KO+AAV-CAG-FABP5MUT, p = 1.05310�9 versus

WT+AAV-CAG-EGFP.

(E) Expression of FABP5MUT in FABP5 KO mice

does not affect the depression of IPSC amplitude

induced by WIN55,212-2 (10 mM) ( , 34.75 ±

68.28%; n = 7; p = 2.21310�4 versus baseline).

Inset, Sample IPSCs traces collected before and

during the application of WIN55,212-2 (10mM).

Scale bars: 25 ms, 50 pA. Data are represented as

mean ± SEM. ***p < 0.001, one-way ANOVA with

Bonferroni’s multiple comparisons test, or paired

sample t-test.
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that this protein does not interfere with the function of native

FABP5 (Figures 3C and 3D). Collectively, these results indicate

that FABP5-mediated 2-AG transport is indispensable for the in-

duction of DSI.

Extracellular fatty acid binding protein 5 mediates
retrograde 2-arachidonoylglycerol signaling
Extensive work has established that FABP5 is an intracellular

carrier for eCBs.19,36–38 To shuttle 2-AG across the synaptic
4 iScience 28, 112342, May 16, 2025
cleft, FABP5 must be secreted and

retain its function within the extracel-

lular space. We recently demonstrated

that FABP5 is released by astrocytes40

but it remains to be established whether

an extracellular pool of FABP5 medi-

ates synaptic 2-AG transport. There-

fore, we designed a secreted FABP5

variant by fusing the signal peptide
from Igk to the N-terminus of FABP5 (termed FABP5SEC).

We transfected HEK293 cells and confirmed the secretion of

FABP5SEC, which was purified from the culture media (Fig-

ure S3). Purified FABP5SEC retained its capacity to bind

2-AG, albeit with a slight loss of affinity compared to intracel-

lular FABP5 (Figure 4A). The expression of FABP5SEC in

FABP5 KO mice fully restored DSI (Figures 4B–4D), indicating

that extracellular FABP5 is sufficient for retrograde 2-AG

signaling.



Figure 4. Extracellular pool of FABP5 medi-

ates hippocampal DSI

(A) Secreted FABP5 variant (FABP5SEC) binds to

2-AG with comparable affinity to WT FABP5

(FABP5 Ki: 1.0 ± 0.1 mM; FABP5SEC Ki: 1.6 ±

0.2 mM, n = 4).

(B) AAV-mediated expression of FABP5SEC in CA1

astrocytes of FABP5 KO mice. b1-b3, Im-

munolabelling for FABP5, s100b, and merge with

DAPI. Scale bar: 10 mm.

(C) Neuronal expression of FABP5SEC in the CA1

region. c1-c3, Immunolabelling for FABP5, NeuN,

and merge with DAPI. Scale bar: 10 mm.

(D) Expression of FABP5SEC but not FABP7 re-

stores DSI in FABP5 KO mice. D1, left panel,

Summary of the time course of hippocampal DSI

recorded from WT ( ), KO ( ), KO+AAV-CAG-

EGFP ( ), KO+AAV-CAG-FABP5SEC ( ), and

KO+AAV-CAG-FABP7 ( ). Right panel, Super-

imposed IPSC traces collected before and during

DSI. D2, Averaged magnitude of DSI obtained in

WT ( : 45.99 ± 2.51%; n = 10 cells; N = 5 mice),

KO ( : 5.85 ± 1.21%; n = 17 cells; N = 5 mice),

KO+AAV-CAG-EGFP ( : 10.24 ± 1.70%; n = 16

cells; N = 5 mice), KO+AAV-CAG-FABP5SEC

( : 38.61 ± 1.94%; n = 17 cells; N = 5 mice; p =

9.83x10�16 versus KO+AAV-CAG-EGFP, p = 0.16

vs. WT), and KO+AAV-CAG-FABP7 ( : 8.10 ±

2.19%; n = 18 cells; N = 5 mice; p = 3.62x10�19

versus WT, p = 1 versus KO+AAV-CAG-EGFP, p =

8.22x10�18 versus KO+AAV-CAG-FABP5SEC).

Scale bars: 100 ms, 200 pA

(E and F) Expression of FABP7 in the CA1 region of

FABP5 KO mice. e1-e3, Immunolabelling for

FABP7, s100b and merge. Scale bar: 10 mm. f1-f3,

immunolabelling for FABP7, NeuN and merge.

Scale bar: 10 mm. Data are represented as mean ±

SEM. ***p < 0.001, one-way ANOVA with Bonfer-

roni’s multiple comparisons test.
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Multiple unconventional pathways have been proposed to

govern the cellular secretion of FABPs.43–45 However, tools

permitting selective blockade of FABP5 release via each of these

pathways are currently lacking. To overcome this limitation and

establish that an extracellular pool of FABP5 is necessary for

2-AG transport, we leveraged an alternate approach using

FABP7, an astrocytic FABP that displays a high affinity for

2-AG but does not undergo secretion.37,55 Strikingly, the AAV-

mediated expression of FABP7 in the hippocampus of FABP5

KOmice failed to rescue the DSI (Figures 4D and 4E), supporting

the notion that secreted FABP5 mediates the synaptic transport

of 2-AG. To determine whether the conversion of FABP7 into a

secreted variant could mimic the effects of FABP5SEC and

restore DSI, we engineered FABP7SEC using the same approach

as FABP5SEC and purified the protein from the culture media of
HEK293 cells (Figure S3). Unexpectedly,

although FABP7SEC was secreted from

cells, it was nonfunctional, as evidenced

by its inability to bind 2-AG and AA (Fig-

ure S3). These results indicate that

FABP5 is endowed with the capacity to
undergo cellular secretion while maintaining its function within

the extracellular space, thereby enabling it to serve as a synaptic

eCB carrier.

Astrocytic fatty acid binding protein 5 is necessary and
sufficient for retrograde 2-arachidonoylglycerol
signaling
Astrocytes robustly express and secrete FABP5 (Figure 1).40

Based on this finding, we hypothesized that astrocytic FABP5

mediates the synaptic transport of 2-AG. To directly test this

concept, we developed an FABP5FLOX mouse that encodes an

STOP-flox tdTomato reporter that is expressed following Cre-

mediated FABP5 deletion (Figure 5A). We first confirmed that

the FABP5FLOX mice express FABP5, lack tdTomato labeling in

the absence of Cre-mediated recombination, and exhibit robust
iScience 28, 112342, May 16, 2025 5



Figure 5. Conditional deletion of hippocampal FABP5 blunts DSI

(A) Schematic of the gene structure of FABP5FLOX mice.

(B) Expression of FABP5 and a lack of tdTomato in the hippocampus of FABP5FLOX mice. Left panel, Immunostaining for DAPI and tdTomato in CA1 region of

FABP5FLOX mice. Right panel, Immunostaining for DAPI and FABP5 in CA1 region of FABP5FLOX mice. Scale bar: 50 mm.

(C) Cre-mediated deletion of FABP5 and expression of tdTomato in the CA1 region of FABP5FLOX mice. c1-c3, Immunostaining for tdTomato, s100b, and merge.

c4-c6, Immunolabeling of tdTomato, NeuN and merge. c7-c9, immunolabeling of tdTomato, FABP5 and merge. Scale bar: 50 mm.

(D) Conditional deletion of FABP5 inhibits DSI. Left panel, Averaged magnitude of hippocampal DSI recorded in FABP5FLOX ( : 41.29 ± 3.54%; n = 11 cells; N = 5

mice), FABP5FLOX+AAV-CMV-Cre ( : 3.51 ± 1.22%; n = 11 cells; N = 3 mice; p = 3.95310�12 versus FABP5FLOX), FABP5FLOX+AAV-CMV-EGFP ( : 34.61 ±

2.93%; n = 11 cells; N = 4 mice; p = 1.44310�9 versus FABP5FLOX+AAV-CMV-Cre, p = 0.87 versus FABP5FLOX). Right panel, representative traces of IPSCs

collected before and during DSI from FABP5FLOX ( ), FABP5FLOX+AAV-CMV-Cre ( ), and FABP5FLOX+AAV-CMV-EGFP ( ). Scale bars: 100 ms, 200 pA

(E) Averaged time course of the DSI recorded in FABP5FLOX and FABP5FLOX+AAV-CMV-EGFP mice.

(F) Conditional deletion of FABP5 in the CA1 region does not affect the function of presynaptic CBRs. Left panel, Summary of the depression of IPSC amplitude

induced by WIN55,212-2 (10 mM) in FABP5FLOX ( : 46.13 ± 9.15%; n = 7 cells; N = 4 mice; p = 7.03310�5 versus baseline) and FABP5FLOX+AAV-CMV-Cre ( :

38.76 ± 9.63%; n = 6 cells; N = 4 mice; p = 2.55310�5 versus baseline). Right panel, superimposed IPSCs traces collected before and during WIN55,212-2

application. Scale bars: 100 ms, 200 pA. Data are represented as mean ± SEM. ***p < 0.001, one-way ANOVA with Bonferroni’s multiple comparisons test.
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DSI, indicating that the mice exhibit normal retrograde 2-AG

signaling (Figures 5B, 5D, and 5E). The injection of AAV-CAG-

Cre resulted in FABP5 deletion, as evidenced by tdTomato

expression and a concurrent loss of FABP5 immunoreactivity

(Figure 5C). Conditional FABP5 deletion also resulted in a com-

plete blockade of DSI without altering CB1R function, whereas

the injection of a control AAV was without effect (Figures 5D–

5F). These results indicate that the ablation of FABP5 in adult

mice abolishes hippocampal retrograde 2-AG signaling.

To directly interrogate the contribution of astrocytic FABP5 to

2-AG transport, we conditionally deleted FABP5 in astrocytes by
6 iScience 28, 112342, May 16, 2025
crossing FABP5FLOX mice with the tamoxifen-inducible Aldh1l1-

Cre/ERT2 line (Figure 6A).56 Tamoxifen injection resulted in

astrocyte-specific FABP5 deletion and concomitant tdTomato

expression (Figure 6B). Strikingly, loss of astrocytic FABP5 led

to a complete inhibition of DSI without the alteration of CB1R

function (Figures 6C–6E). In contrast, DSI was unaffected

following tamoxifen treatment in littermates lacking Cre. Next,

we assessed whether astrocyte-specific FABP5 re-expression

in the hippocampus of FABP5 KO mice is sufficient to rescue

2-AG signaling. Indeed, the expression of FABP5 under the con-

trol of the gfaABC1D promoter (AAV-gfaABC1D-FABP5-GFP)



Figure 6. Deletion of astrocytic FABP5 impairs hippocampal DSI
(A) Schematic showing the experimental strategy used to delete astrocytic FABP5 and generate FABP5FLOX/Aldh1l1Cre mice. FABP5FLOX/Aldh1l1Cre/Tam

represent tamoxifen-injected FABP5FLOX/Aldh1l1Cre mice, FABP5FLOX/Aldh1l1/Tam represent tamoxifen-injected Cre� littermates, while FABP5FLOX/Aldh1l1Cre

mice received vehicle.

(B) Tamoxifen-induced deletion of the FABP5 and expression of tdTomato in astrocytes in the CA1 region of FABP5FLOX/Aldh1l1Cre/Tam mice. b1-b3, Images of

tdTomato, NeuN staining, and merge. b4-b6, Images of tdTomato, s100b, and merge. b7-b9, images of immunostaining for tdTomato, FABP5, and merge. Note

the expression of tdTomato in astrocytes but not in neurons and the absence of FABP5 expression. Scale bars: 50 mm.

(C) Tamoxifen-induced deletion of FABP5 impairs DSI in FABP5FLOX/Aldh1l1Cre/Tam mice. Left panel, Averaged DSI magnitude obtained in FABP5FLOX/

Aldh1l1Cre ( : 38.12 ± 2.97%; n = 16 cells; N = 4 mice), in FABP5FLOX/Aldh1l1/Tam ( : 32.12 ± 2.50%; n = 15 cells; N = 4 mice; p = 0.27 versus FABP5FLOX/

Aldh1l1Cre) and in FABP5FLOX/Aldh1l1Cre/Tam ( : 6.32 ± 1.85%; n = 14 cells; N = 4 mice; p = 2.22310�8 versus FABP5FLOX/Aldh1l1/Tam). Right panel, Su-

perimposed IPSC traces collected before and during DSI from FABP5FLOX/Aldh1l1Cre ( ), FABP5FLOX/Aldh1l1/Tam ( ), and FABP5FLOX/Aldh1l1Cre/Tam ( ) mice.

Scale bars: 100 ms, 200 pA.

(D) Averaged time course of DSI recorded from FABP5FLOX/Aldh1l1Cre ( ), FABP5FLOX/Aldh1l1/Tam ( ), and FABP5FLOX/Aldh1l1Cre/Tam ( ) mice.

(E) Deletion of astrocytic FABP5 does not affect the function of CB1Rs. Summary of the depression of IPSC amplitude induced by WIN55,212-2

(10 mM) in FABP5FLOX/Aldh1l1Cre ( :44.75 ± 3.73%; n = 5 cells; N = 3 mice; p = 2.52310�6 versus baseline) and FABP5FLOX/Aldh1l1Cre/Tam

( : 54.74 ± 8.11%; n = 5 cells; N = 3 mice; p = 2.29310�5 versus baseline). Right panel, Sample IPSCs traces collected before and during

WIN55,212-2 application. Scale bars: 100 ms, 100 pA. Data are represented as mean ± SEM. ***p < 0.001, one-way ANOVA with Bonferroni’s multiple

comparisons test.
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resulted in astrocyte-selective FABP5 expression and full resto-

ration of DSI (Figures 7A and 7B). A control AAV was without ef-

fect (Figure 7B).

We subsequently examined the role of neuronal FABP5 by

injecting FABP5FLOX mice with AAV-hSyn-Cre, which ex-

presses Cre under the control of the neuron-specific synapsin

I promoter. While AAV-hSyn-Cre resulted in robust neuronal

transduction, as shown by GFP labeling (Figure S4), only

sparse tdTomato signal was observed, consistent with the

predominant expression of FABP5 in astrocytes (Figures 1A
and S5A). Notably, the deletion of FABP5 had no effect on

the magnitude of DSI (Figures S5B and S5C), indicating that

neuronal FABP5 is dispensable for 2-AG retrograde signaling.

Interestingly, the AAV-mediated re-expression of FABP5 in

hippocampal neurons of FABP5 KO mice resulted in a small

albeit significant DSI (Figures 7C and 7D), potentially reflecting

FABP5 secretion following overexpression in neurons. Collec-

tively, our results are the first to ascribe an essential function

for astrocytic FABP5 as a synaptic 2-AG transport protein in

the hippocampus.
iScience 28, 112342, May 16, 2025 7



Figure 7. Expression of FABP5 in astrocytes of FABP5 KO mice rescues DSI

(A) AAV-mediated expression of FABP5 under the control of the gfaABC1D promoter in FABP5 KO mice. a1-a3, Immunostaining of FABP5, s100b and merge.

Scale bar: 50 mm. a4, Co-localization of FABP5 with s100b. a5, Lack of co-localization of FABP5 with NeuN. Scale bars: 10 mm.

(B) Expression of FABP5 in astrocytes rescues DSI in FABP5 KOmice. Left panel, averagedmagnitude of DSI obtained inWT ( : 42.23 ± 3.44%; n= 12 cells;N = 3

mice), KO ( : 2.65 ± 1.03%; n = 13 cells;N = 3mice; p = 3.28310�13 versusWT), KO+AAV-gfaABC1D-FABP5 ( : 33.37 ± 3.50%; n = 13 cells;N = 4mice; p = 0.12

versus WT), and KO+AAV-GFAP-EGFP ( : 6.07 ± 1.58%; n = 12 cells; N = 4 mice; p = 1.71310�8 versus KO+AAV-gfaABC1D-FABP5). Right panel, IPSC traces

collected before and during DSI from WT ( ), KO ( ), KO+AAV-gfaABC1D-FABP5 ( ), and KO+AAV-GFAP-EGFP ( ). Scale bars: 100 ms, 200 pA.

(C) AAV-mediated expression of FABP5 under the neuron-specific hsynapsin1 promoter in FABP5 KO mice. c1-c3, Immunostaining for NeuN, FABP5, and

merge. Scale bar: 50 mm. c4, Co-localization of FABP5 with NeuN. c5, Lack of co-localization of FABP5 with s100b. Scale bars: 10 mm.

(D) Expression of FABP5 in neurons partially rescues DSI in FABP5 KOmice. Left panel, Summary of DSI magnitude recorded fromWT ( : 39.52 ± 1.65%; n = 11

cells; N = 5 mice), KO ( : 1.43 ± 0.66%; n = 11 cells; N = 4 mice; p = 4.67310�18 versus WT), KO+AAV-hSyn-FABP5 ( : 13.95 ± 2.13%; n = 15 cells; N = 5 mice;

p = 4.47310�13 versus WT) and KO+AAV-hSyn-EGFP ( : 5.15 ± 1.61%; n = 12 cells; N = 4 mice; p = 0.89 versus KO). Right panel, IPSC traces collected before

and during DSI. Data are represented as mean ± SEM. *p < 0.05; ***p < 0.001, one-way ANOVA with Bonferroni’s multiple comparisons test.
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DISCUSSION

Endocannabinoids are ubiquitous retrograde messengers that

control synaptic transmission and plasticity throughout the

mammalian brain. The mechanism(s) underlying synaptic eCB

transport remains poorly defined, although several potential

modes of 2-AG trafficking have been proposed.24 We previously

demonstrated that the well-established intracellular eCB carrier

FABP5 undergoes secretion by astrocytes, localizes to synap-

ses, and is indispensable for retrograde 2-AG signaling at both

glutamatergic and GABAergic synapses in the dorsal Raphe nu-

cleus and the striatum, respectively.40,41 Employing a combina-

tion of cell-type specific molecular and physiological ap-

proaches, our current study establishes a paradigm wherein
8 iScience 28, 112342, May 16, 2025
extracellular FABP5 of astrocytic origin mediates the delivery

of 2-AG to presynaptic CB1Rs. This model is supported first

by the finding that the conditional deletion of astrocytic FABP5

abolishes DSI, while its selective re-expression in the astrocytes

of FABP5 KOmice restores DSI. Second, FABP5SEC is sufficient

to mediate retrograde 2-AG signaling. Additional support for this

model stems from observations that FABP5 localizes within the

astrocyte-neuron tripartite synapse,40,47 indicating that FABP5

is ideally positioned to mediate the rapid synaptic transport of

2-AG that is essential for short-term and long-term synaptic

plasticity.

A notable finding of our current and previous studies is that

other brains expressed FABPs cannot compensate for the loss

of FABP5 as evidenced by the collapse of retrograde 2-AG
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signaling in FABP5 KO mice. This function of FABP5 is likely

attributable to its ability to be secreted into the synaptic cleft

while maintaining its ligand binding capacity. Consistent with

this concept, the AAV-mediated expression of FABP7, which ex-

hibits a high affinity for 2-AG but does not undergo secretion

from astrocytes,37,40,55 fails to rescue DSI in FABP5 KO mice.

Interestingly, the engineered FABP7SEC variant lost its ability to

interact with 2-AG whereas this function was preserved in

FABP5SEC. This distinguishing feature enables FABP5 to coordi-

nate eCB transport in both the cytosol and extracellular space.

Results from previous studies have suggested alternate

mechanisms to account for retrograde eCB transport. Lupica

and colleagues demonstrated that the activation of Sigma-1

receptors mediates cocaine-induced 2-AG release via extracel-

lular vesicles.57 Interestingly, FABP5 was identified as a compo-

nent of the released extracellular vesicles, although the func-

tional implications of this finding remain to be explored. More

recently, Albarran et al. reported that retrograde 2-AG signaling

requires postsynaptic synucleins and SNAREs, suggesting ve-

sicular release of 2-AG from postsynaptic neurons.58 Specif-

ically, the authors reported that metabotropic receptor-driven

eCB signaling was abolished in mice harboring a triple knockout

of a, b, g synucleins and following the inactivation of postsyn-

aptic SNAREs using tetanus toxin. However, it is noteworthy

that previous findings demonstrated that postsynaptic eCB

release is independent of exocytosis.9 Clearly, additional work

will be required to reconcile these divergent findings. Taken

together, distinct mechanisms have been proposed to account

for postsynaptic 2-AG mobilization, and it is tempting to specu-

late that these processes may operate in concert with synaptic

FABP5 to enable the rapid delivery of postsynaptic 2-AG to pre-

synaptic CB1Rs.

In addition to eCBs, multiple neuroactive lipid species are

implicated in fine-tuning synaptic function and plasticity.59–61

For instance, results from a previous study have shown that lip-

oxygenase metabolites of arachidonic acid mediate short-term

potentiation of excitation at mossy fiber CA3 glutamate synap-

ses, an effect that directly opposes synaptic depression induced

by 2-AG.59 Interestingly, this synaptic response is independent

of post-synaptic vesicular exocytosis,59 suggesting that a

distinct mechanismmay underlie trafficking of lipoxygenaseme-

tabolites. It is noteworthy that FABP5 binds to arachidonic acid

and a subset of lipoxygenase metabolites with high affinity,62,63

raising the possibility that FABP5 may also regulate their synap-

tic transport. We recently demonstrated that FABPs bind to and

are indispensable for hippocampal synaptic gating by the arach-

idonic acid metabolites epoxyeicosatrienoic acids.64 These

studies support the emerging model wherein brain FABPs

orchestrate lipid signaling at central synapses by mediating their

intracellular and synaptic transport.

Our current findings establish an indispensable role for astro-

cytic FABP5 in gating retrograde 2-AG signaling. While our re-

sults demonstrate that secreted FABP5 mediates 2-AG trans-

port, the mechanism(s) underlying its release from astrocytes

remains undefined. FABP5 secretion may involve a combination

of previously proposed pathways (e.g., lysosomal or sirtuin-

dependent release) or a yet to be identified mechanism(s). In

addition, it is well established that eCBs are synthesized and
released in an activity-dependent manner, and it is conceivable

that FABP5 secretion may be governed by astrocytic activity. It

also remains to be established whether FABP5 directly deposits

eCBs on the presynaptic neuronmembrane as reported for other

ligands or whether binding to CB1R may confer additional tar-

geting specificity. Future studies will be required to address

these fundamental mechanistic questions.

Limitations of the study
In this study, we combined ex vivo electrophysiology with ge-

netic and pharmacological approaches to investigate the

role of FABP5 in eCB transport at GABA synapses. Our results

provide invaluable insights into the crucial role of astrocytic

FABP5 in controlling retrograde 2-AG signaling in the hippocam-

pus. Extending these findings to additional brain regions will pro-

vide compelling evidence linking astrocytic FABP5 to eCB trans-

port across diverse central synapses. While our data revealed

that astrocytic FABP5 mediates retrograde 2-AG transport, it

does not rule out the potential contribution of neuronal FABP5

in the translocation of eCBs and other bioactive lipids in distinct

brain areas. Moreover, further studies are required to determine

the biochemical mechanism(s) underlying FABP5 secretion from

astrocytes. Lastly, the role of astrocytic FABP5 in controlling

eCB-mediated behavioral outputs remains to be established.

Addressing these outstanding questions will advance our under-

standing of the functional dynamics of astrocytic FABP5 in syn-

aptic eCB signaling.
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Antibodies

Rabbit anti-FABP5 BioVendor R&D RD181060100

Goat anti-FABP5 R&D Systems Inc AF1476

Mouse anti-NeuN Millipore MAB377

Rabbit anti-NeuN Abcam AB104225

Mouse anti-s100b Sigma-Aldrich S2532

Alexa Fluor 594 donkey anti-rabbit Jackson ImmunoResearch Labs 711-585-152 RRID: AB_2340621

Alexa Fluor 594 donkey anti-goat Jackson ImmunoResearch Labs 711-585-152

Alexa Fluor 488 AffiniPure donkey

anti-mouse IgG (H + L) antibody

Jackson ImmunoResearch Labs 715-545-151, RRID: AB_2341099

Alexa Fluor� 647 AffiniPureTM Donkey

Anti-Rabbit IgG (H + L) antibody

Jackson ImmunoResearch Labs 711-605-152 RRID: AB_2492288

Alexa Fluor� 647 AffiniPureTM Donkey

Anti-Mouse IgG (H + L) antibody

Jackson ImmunoResearch Labs 715-605-151 RRID: AB_2340863

Bacterial and virus strains

AAV-CAG-FABP5 (serotype AAV9) Duke VVC pBK366

AAV-CAG-FABP5MUT (serotype AAV9) Duke VVC pBK1937

AAV-CAG-FABP5SEC (serotype AAV9) Duke VVC pBK383

AAV-CAG-FABP7 (serotype AAV9) Duke VVC pBK1433

AAV-CMV-Cre (serotype AAV9) Addgene 105545

AAV-CMV-GFP (serotype AAV9) Addgene 105530

AAV-hSyn-Cre (serotype AAV5) Addgene 105540

pAAV-hSyn-EGFP (serotype AAV5) Addgene 50465

AAV-gfaABC1D-FABP5 (serotype AAV8) Duke VVC pBK1762

pAAV.GFAP.eGFP.WPRE.hGH (serotype AAV5) Addgene 105549

AAV-hSyn-FABP5 (serotype AAV5) Duke VVC pBK1761

Chemicals, peptides, and recombinant proteins

NaCl Fisher Scientific CAS # 7647-14-5

Choline-Cl Fisher Scientific CAS # 1879-5008

CaCl2 Fisher Scientific CAS # 10035-04-8

MgSO4 Fisher Scientific CAS # 10034-99-8

KCl Fisher Scientific CAS # 7447-40-7

NaH2PO4 Fisher Scientific CAS # 10049-21-5

NaHCO3 Fisher Scientific CAS # 144-55-8

Glucose Fisher Scientific CAS # 50-99-7

Sodium L-ascorbate Acros Organics AC352685000

Sodium pyruvate Sigma-Aldrich CAS # 113-24-6

D-AP-5 Tocris CAS# 79055-68-8

DNQX Tocris CAS# 1312992-24-7

Tamoxifen Sigma-Aldrich CAS# 10540-29-1

Corn oil Sigma-Aldrich CAS# 8001-30-7

WIN55,212-2 Tocris CAS# 131543-23-2

SBFI-103 Yan et al. 201852

Internal standard for 2-AG-D5 Cayman CAS# 2522598-88-3

Internal standard for AEA-D4 Cayman CAS# 946524-40-9
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DAUDA probe Cayman CAS# 73025-02-2

ANS probe Cayman CAS# 82-76-8

2-AG Cayman CAS# 53847-30-6

AA Cayman CAS# 506-32-1

Critical commercial assays

RNeasy Mini Kit Qiagen 74104

Experimental models: Cell lines

HEK-293 cells ATCC CRL-1573

Experimental models: Organisms/strains

C57BL/6J mice The Jackson Laboratory JAX:000664

FABP5FLOX-tdTomato mice This paper

FABP5 KO mice Maeda et al. 200365 Mal1 KO

Aldh1l1-Cre/ERT2 mice The Jackson Laboratory JAX:031008

Oligonucleotides

See STAR Methods for the

full sequence of primers

IDT

Recombinant DNA

pET28a Novagen #69864-3

pSecTag2/HygroC Invitrogen #V90020

Software and algorithms

pClamp software Molecular Devices v10.7

Origin software OriginLab Co v 9.0

Clampfit software Molecular Devices v10.7

CorelDRAW Graphics Suite Coreldraw. v2019

Confocal AX-Elements imaging software Nikon v5.21

Prism software GraphPad v10

Other

Vibrance antifade mounting

medium with DAPI

Vectashield H-1800

30 kDa MWCO ultrafiltration device Corning Spin-X UF 431489

GenJet Plus Transfection Reagent SignaGen SL100499

Superscript III First Strand

synthesis kit for Real-Time PCR

Invitrogen 11752–050

Taq DNA Polymerase with Standard Taq Buffer NEB M0273L

PowerUp SYBR Green Master Mix 5 3 5ml Thermo Fisher A25777

StepOnePlus PCR instrument Applied Biosystems 4376600

Thermo TSQ Quantum Access

Mass Spectrometer

Stony Brook Biological Mass

Spectrometry Center

33-gauge small hub RN needle,

15� bevel angle and syringe

Hamilton REF # 65460-03

Homeothermic blanket control unit Harvard apparatus Item # 55-7020

KOPF instruments Tujunga https://kopfinstruments.com/

Stoelting pump Stoelting Co https://stoeltingco.com/

Vibratome Leica Leica Biosystem VT1200S

Olympus BX51 microscope Molecular Devices https://www.moleculardevices.com/

Multiclamp 700B amplifier Molecular Devices https://www.moleculardevices.com/

Digidata 1440 Molecular Devices https://www.moleculardevices.com/

Microtome American Optical 860 model
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Ti2E AXR Confocal Microscope Nikon https://www.microscope.healthcare.

nikon.com/products/confocal-

microscopes/ax

Thermo TSQ Quantum Access MAX

Triple Quad LC/MS

https://gentechscientific.com/

product/tsq-quantum-access-max/
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Animals
All experimental procedures were approved by the Institutional Animal Care and Use Committees of Stony Brook University

(#1486041) and University at Buffalo (#RIA01023N). Male and female (3–4 months old) C57BL/6J mice (Jackson Labs), FABP5Flox,

and FABP5 KO mice were group housed (3–4 per cage) with ad libitum access to food and water in a temperature-controlled envi-

ronment and 12h light/12h dark cycles. Our FABP5FLOXmicewere generated byCyagen. The FABP5 gene is located on chromosome

3 and contains four exons. The first loxP site was inserted into intron 1 while a cassette containing a loxP site followed by the endog-

enous splicing acceptor of intron 1, tdTomato, and an rBG polyA sequence was inserted�500 base pairs downstream of exon 4. The

targeting vector was co-injected with Cas9 and gRNA into fertilized eggs from C57Bl/6 mice. The resulting mice were further back-

crossed onto C57Bl/6J mice (Jackson Labs).

METHOD DETAILS

Stereotaxic surgeries and AAV injections
Mice (5–6 weeks old) were anesthetized with 2.5% isoflurane in 100% oxygen and maintained in 1.5% isoflurane on a stereotaxic

frame (KOFP instruments, Tujunga, CA). The head was shaved and the scalp was disinfected with iodine solution. A lubricant eye

ointment was applied and the body temperature was controlled andmaintained at 37�C–38�C using a homeothermic blanket control

unit (Harvard apparatus). A small incision wasmade to expose the skull. The hippocampus coordinates (to bregma: AP,�2.5,ML, ±2,

DV, �1.6 to brain surface) were used to mark and drill small holes through the skull. Bilateral injections of the virus (300 nL/side,

1x1012 titer/ml at a rate of 100 nL/min) were performed using a 33-gauge needle attached to a 5 mL syringe (Hamilton, Reno, NV)

and driven by a Stoelting pump (Stoelting Co,Wood Dale, IL, USA). The virus was allowed to diffuse for 3 min before syringe removal.

Mice were individually housed and observed for two days post-surgery. Electrophysiological recordings, immunostaining, and

biochemical experiments were conducted at least three weeks after AAV injections.

The AAVs were custom generated at the Duke University Viral Vector Core or purchased from Addgene and utilized GFP to gauge

transduction efficiency. The following AAVs were used: AAV-CAG-FABP5 expressing mouse FABP5 under the CAG promoter (Duke

VVC #pBK366, serotype AAV9), AAV-CAG-FABP5MUT expressing FABP5MUT (Duke VVC #1937, serotype AAV9), AAV-CAG-FAB-

P5SEC expressing FABP5SEC (Duke VVC #pBK383, serotype AAV9), AAV-CAG-FABP7 expressing mouse FABP7 (Duke VVC

#pBK1433, serotype AAV9), AAV-CMV-Cre (Addgene, #105545, serotype AAV9), AAV-CMV-GFP (Addgene, #105530, serotype

AAV9), AAV-hSyn-Cre (Addgene, #105540, serotype AAV5), pAAV-hSyn-EGFP (Addgene, #50465, serotype AAV5), AAV-

gfaABC1D-FABP5 expressing FABP5 under the astrocyte-specific gfaABC1D promoter (Duke VVC #pBK1762, serotype AAV8),

pAAV.GFAP.eGFP.WPRE.hGH (Addgene, #105549, serotype AAV5), and AAV-hSyn-FABP5 (Duke VVC #pBK1761, serotype AAV5).

Tamoxifen treatment
Tamoxifen (Sigma T5648, CASNumber: 10540-29-1) was dissolved in corn oil (SigmaC8267) and injected once daily for five consec-

utive days (75 mg/kg, i.p.). Control mice received injections of corn oil. The mice were euthanized at least three weeks later and brain

tissues were processed for downstream experiments.

Immunofluorescence staining
Immunofluorescence was performed as described.39 Hippocampal sections (30 mm) were incubated with the following primary anti-

sera: rabbit anti-FABP5 (BioVendor R&D, RD181060100), goat anti-FABP5 (R&D Systems Inc, #AF1476), mouse anti-NeuN (Milli-

pore, MAB377), rabbit anti-NeuN (Abcam, #AB104225), and mouse anti-s100b (Sigma, #S2532). Secondary antibodies used were

Alexa Fluor 594 donkey anti-rabbit (Jackson ImmunoResearch Labs, #711-585-152, RRID: AB_2340621), Alexa Fluor 594 donkey

anti-goat (Jackson ImmunoResearch Labs, #711-585-152), Alexa Fluor 488 AffiniPure donkey anti-mouse IgG (H + L) antibody (Jack-

son ImmunoResearch Labs, #715-545-151, RRID: AB_2341099), Alexa Fluor 647 AffiniPure Donkey Anti-Rabbit IgG (H + L) antibody

(Jackson ImmunoResearch Labs, #711-605-152, RRID: AB_2492288), and Alexa Fluor 647 AffiniPure Donkey Anti-Mouse IgG (H + L)

antibody (Jackson ImmunoResearch Labs, #715-605-151, RRID: AB_2340863). Fluorescent images were obtained using the Nikon

Ti2E AXR Confocal Microscope and Confocal Nikon AX-Elements Imaging Software. Images were only adjusted for brightness and
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contrast. FABP5 distribution in neurons and astrocytes was determined by counting all observed FABP5+, NeuN+, and s100b+ cells

from coronal hippocampal sections of WT mice. The percent distribution in astrocytes (FABP5+/s100b+ cells) and neurons (FABP5+/

NeuN+) was calculated based on results obtained in six brain sections from two mice.

Ex-vivo electrophysiology
Brain Slices Preparation: Mice were deeply anesthetized with isoflurane and decapitated. The brain was rapidly removed and placed

in a modified ice-cold chlorine-based artificial cerebrospinal fluid (ACSF) solution (Containing: 110 mM choline-Cl, 2.5 mM KCl,

0.5 mM CaCl2, 7 mM MgSO2, 1.25 mM NaH2PO4, 26.2 mM NaHCO3, 11.6 mM sodium L-ascorbate, 3.1 mM sodium pyruvate,

and 25 mM glucose) continuously bubbled with 95% O2 and 5% CO2. Coronal brain slices (350 mm thick) containing the hippocam-

pus were prepared using a vibratome Leica VT 1200 (Leica, CA). The hippocampal slices were then incubated initially in a chamber

containing the same cutting solution at 35�C for 15min, followed by a transfer to a standard ACSF solution (Containing: 119mMNaCl,

2.5 KCl, 2.5mMCaCl2, 1.3mMMgSO4, 1mMNaH2PO4, 26.2mMNaHCO3, and 11mMglucose) continuously bubbledwith amixture

of 95% O2 and 5% CO2 for an additional 45 min at 35�C. Subsequently, the slices were recovered at room temperature for at least

30 min.

Whole-Cell recordings
Individual Hippocampal slices were transferred to a recording chamber, where they were continuously perfused with standard ACSF

saturated with 95% O2 and 5% CO2 and maintained at 30�C for at least 15 min before recordings. CA1 pyramidal neurons were

visualized using an upright microscope (BX 51 WI; Olympus, Tokyo, Japan), and somatic whole-cell recordings were performed

from these neurons using glass pipette electrodes with 3–5 MU resistance when filled with an internal solution (Containing:

110 mM cesium gluconate, 10 mM CsCl, 10 mM Na2-phosphocreatine, 10 mM HEPES, 1 mM MgCl2, 1 mM EGTA, 2 mM Na2-

ATP, 0.25 mM Na-GTP, 5 mM QX-314 chloride, pH 7.3 was adjusted with CsOH, osmolarity 280–290 mOsmol/l). All recordings

were conducted in standard ACSF supplemented with 50 mM D-AP-5 and 20 mM DNQX to block NMDA and AMPA-mediated cur-

rents respectively. Inhibitory postsynaptic currents (IPSCs) were evoked with electrical pulses (5–20 V, 100–200 ms) delivered at

0.1 Hz using a glass microelectrode placed in the stratum radiatum in CA1 region of the hippocampus. To trigger depolarization-

induced suppression of inhibition (DSI), IPSCs were evoked at 3-s intervals both before (3 IPSCs) and after (11 IPSCs) 10-s depolar-

ization from�90 to 0 mV. All recorded currents were amplified with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA),

filtered at 3 kHz, digitized at 10 kHz with Digidata 1200 (Molecular Devices), and acquired using pClamp 10.7 software (Molecular

Devices, Sunnyvale, CA).

Reverse Transcription-qPCR
RNA extractions were performed on hippocampal samples using the RNeasy Mini Kit (Qiagen) and cDNA was synthesized using the

SuperScript III First-Strand Synthesis System (Thermo Fisher). The qPCR reaction was performed with PowerUp SYBR green

(Thermo Fisher) on a StepOnePlus instrument (Applied Biosystems). Quantification was performed using the 2�DDCt method with

b-Actin serving as the housekeeping gene. The following forward (F) and reverse (R) primers were used: CB1R: (F)AAGTCGATCTTAG

ACGGCCTT and (R)TCCTAATTTGGATGCCATGTCTC; FAAH: (F)CCCTGCTCCAACTGGTACAG and (R)TCACAGTCAGTCAGATAG

GAGG; MAGL: (F)CGGACTTCCAAGTTTTTGTCAGA and (R)GCAGCCACTAGGATGGAGATG; NAPE-PLD: (F)CTCCTGGACGACAA

CAAGGTTC and (R)GCAAGGTCAAAAGGACCAAAC; ABHD4: (F)TTCCCCTACGACCAACTGAC and (R)CGAAGAACAGCCAGTGG

ATT; ABHD6: (F)ACACAAGGACATGTGGCTCA and (R)ACTTGCCCCACTATGGACAG; DAGLa: (F)GTCCTGCCAGCTATCTTCCTC

and (R)CGTGTGGGTTATAGACCAAGC; DAGLb: (F)AGCGACGA CTTGGTGTTCC and (R)GCTGAGCAAGACTCCACCG; COX-2:

(F)AGGACTGGGCCATGGAGT and (R)ACCTCTCCACCAATGACCTG; and b-Actin: (F)GACGGCCAGGTCATCACTAT and (R)CGGA

TGTCAACGTCACACTT.

FABP5 expression, purification, and binding studies
Recombinant mouse FABP5, FABP5MUT, and FABP7 were expressed with N-terminal His tags in E. Coli using the pET-28a vector

(Novagen, Madison, WI, USA) and subsequently purified and delipidated as described.35,52,53 FABP5SEC and FABP7SEC were gener-

ated by subcloning into the pSecTag2/Hygro C plasmid (Invitrogen) usingHindIII and XhoI. The resulting proteins expressed anN-ter-

minal signal peptide from Igk and C-terminal Myc and 6x-His tags. The constructs were transfected into HEK293T cells using GenJet

Plus In VitroDNA Transfection Reagent (SignaGen Laboratories, #SL100499). After 48h, culture media were collected and underwent

centrifugation at 500g and 4�C to remove cellular debris. The media were then passed through 30 kDa molecular weight cut off ul-

trafiltration device (Corning Spin-X UF, #431489) and incubated with Ni-NTA agarose beads. Following two wash steps, purified

FABP5 was eluted and subjected to FPLC size exclusion chromatography, delipidation, and concentration as described above. Pro-

tein purity was further confirmed by SDS-PAGE and Coomassie blue staining. Affinities of 2-AG and AA for purified FABP5,

FABP5MUT, and FABP5SEC were quantified by assessing the displacement of the fluorescent 11-(dansylamino) undecanoic acid

(DAUDA) probe from the FABP5 binding pocket as described.52,53,64 Binding of 2-AG and AA to FABP7 and FABP7SEC was deter-

mined using 8-anilinonaphthalene-1-sulfonic acid (ANS).52,53,64 The fluorescence intensity values were normalized following back-

ground subtraction and fit to a one-site binding curve.
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Quantification of tissue eCB levels
Micewere euthanized by rapid decapitation and hippocampal samples were rapidly excised and flash frozen in liquid nitrogen. Tissue

levels of 2-AG and AEA were quantified using mass spectrometry-based lipidomics as described.36,39,49,66 Briefly, the tissues were

homogenized chloroform:methanol:Tris (2:1:1, pH) containing internal standards. Following centrifugation at 4�C, the organic layer

was dried down with argon, resuspended in 2:1 chloroform:methanol and injected into the Thermo TSQ Quantum Access Triple

Quadropole mass spectrometer. Liquid chromatography separation was achieved on a Gemini C18 column (50 3 2 mm 3 5 mm)

equipped with a Gemini C18 SecurityGuard precolumn (4 mm length x 2 mm internal diameter). Mobile phase A consisted of 95:5

water:methanol while mobile phase B was composed of 60:35:5 isopropanol:methanol:water and quantification was performed in

the positive ion mode with 0.1% formic acid at a flow rate at 100 mL/min. The gradient started at 0% B and increased to 100% B

over 15 min followed by an isocratic gradient of 100% B for 10 min and equilibration at 0% B for 15 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

qPCR and eCB quantification were analyzed using unpaired t-tests. Electrophysiology data were analyzed using paired t-tests

within-group comparisons and unpaired t-tests between groups with a significance threshold set at p < 0.05. To assess the effect

of WIN55,212-2 (10 mM) (Tocris), the amplitude of IPSCs was normalized to the mean baseline amplitude recorded for 5 min before

drug application. The amplitude of DSI was assessed as the percentage of the mean of three consecutive IPSCs amplitude imme-

diately after membrane depolarization, relative to the average of the three before depolarization. The results are expressed asmean ±

SEM. A parametric paired-t-test was used for within-group comparison. For comparison between groups, analysis of variance

(ANOVA) with Bonferroni’s multiple comparisons test was used. Statistical analyses were performed using Origin 9.0 software

(MicroCal Software Inc, Northampton, MA, United States) and significance was set at a = 0.05. Asterisks: ***p < 0.001,

**p < 0.01, *p < 0.05.
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