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Significance

 The mammalian brain is 
composed of a remarkable 
number of physiologically diverse 
synaptic connections that 
assemble into neural circuits 
during development. Information 
processing by this circuitry guides 
behavior. Extracellular adhesion 
complexes and cell surface 
receptors drive central aspects of 
circuit establishment and 
synaptic function. However, the 
intracellular signals coordinated 
by these molecular networks 
remain less understood. Our 
results show that several synaptic 
receptors promote Gα12/13 
activation and that this G protein 
pathway has a critical function at 
inhibitory synaptic connections in 
hippocampal circuits. These 
studies help illuminate the 
intracellular signaling processes 
that shape mammalian neural 
circuits.
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Combinatorial networks of cell adhesion molecules and cell surface receptors drive 
fundamental aspects of neural circuit establishment and function. However, the 
intracellular signals orchestrated by these cell surface complexes remain less under-
stood. Here, we report that the Gα12/13 pathway lies downstream of several GPCRs 
with critical synaptic functions. Impairment of the Gα12/13 pathway in postnatal hip-
pocampal neurons diminishes inhibitory inputs without altering neuronal morphology 
or excitatory transmission. Gα12/13 signaling in hippocampal CA1 neurons in vivo 
selectively regulates PV interneuron synaptic connectivity, supporting an inhibitory 
synapse subtype- specific function of this pathway. Our studies establish Gα12/13 as a 
signaling node that shapes inhibitory hippocampal circuitry.

G protein- coupled receptors | synapse | cell signaling | G protein signaling | interneurons

 Neural circuits are composed of structurally and physiologically diverse synaptic connec-
tions that assemble into stereotyped circuits during development ( 1   – 3 ). Once organized 
synaptic connectivity is established, circuits are continuously modified by experience and 
maintained over an individual’s lifetime. Despite the identification of a multitude of 
behaviorally relevant circuits, the cellular mechanisms underlying how these circuits are 
established and function remain incompletely understood ( 4 ,  5 ).

 For several decades, extracellular molecular codes have been postulated to direct synapse 
formation and modulate the functional parameters of synapses, and an array of synaptic 
adhesion molecules and cell surface receptors have validated this hypothesis ( 6   – 8 ). These 
include synaptic adhesion molecules essential for directing the functional properties of 
synapses, such as presynaptic Neurexins and their postsynaptic binding partners 
Neuroligins, LRRTMs (Leucine rich repeat transmembrane proteins), and Calsyntenins 
( 9 ). While these extracellular networks are critically important, circuit assembly and func-
tion also require signaling cascades emanating from extracellular protein complexes. The 
bidirectional trans-synaptic intracellular signaling pathways driving circuit establishment 
remain relatively understudied ( 10   – 12 ).

 Several G protein-dependent pathways have well-documented roles in synapse assembly 
and function. For example, the Gαs/cAMP pathway has been shown to promote excitatory 
synapse formation ( 13   – 15 ) and has extensive roles in excitatory synaptic function and 
plasticity ( 16   – 18 ). Furthermore, the adhesion G protein-coupled receptors (aGPCRs), 
including LPHNs (latrophilins), BAIs (brain angiogenesis inhibitors), and CELSRs (cad-
herin EGF LAG seven-pass G-type receptors), function in synapse formation and circuit 
assembly ( 19                                             – 42 ). aGPCRs participate in extracellular adhesion complexes while also 
controlling intracellular G protein-mediated signal transduction, thus exemplifying syn-
aptic adhesion molecules with dual adhesion and signaling functions.

 While these synaptic functions have been established, how synaptic aGPCRs function 
as receptors to coordinate intracellular signal transduction in neural circuits remains 
incompletely understood ( 43 ,  44 ). The prevailing models for aGPCR activation center 
around the tethered agonist peptide (TA or Stachel peptide), a membrane proximal 
sequence in the aGPCR signature GAIN (GPCR autoproteolysis inducing) domain 
( 45   – 47 ). However, studies which examined all 33 human aGPCRs found only a subset 
likely utilize a TA-dependent mechanism ( 48 ), consistent with several modes of aGPCR 
activation ( 49   – 51 ). Moreover, these studies found a notable preference of aGPCRs for 
Gα12/13 ( 48 ), and several synaptic aGPCRs have been shown to activate Gα12/13 includ-
ing LPHN2 and LPHN3 ( 52 ). Despite these observations, the roles of Gα12/13 signaling 
at synapses are not well-defined.

 Here, we investigate the signaling pathways directing synaptic function and neural circuit 
assembly in mammalian hippocampal neurons. Building on previous work outlined above, 
we find that the Gα12/13 pathway is activated by several GPCRs with critical importance 
at synapses. Therefore, we tested the function of Gα12/13 in mature hippocampal synapses. 
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Our results show that Gα12/13 signaling is important for inhib-
itory synapses in a subtype-selective manner, supporting that this 
pathway is a component of the synapse-specific signaling networks 
that establish neural circuits. 

Results

Several Synaptic GPCRs Activate Gα12/Gα13. Recent studies have 
shown that LPHNs can engage several downstream G proteins, 
including Gα12/13 (48, 4952). Furthermore, analysis of all 33 
human aGPCRs found a notable preference for aGPCRs to activate 
Gα12/13 (48). To further examine the relationship between 
Gα12/13 and GPCRs with synaptic functions, we employed an 
optimized panel of BRET2 sensors termed “TRUPATH” (53) and 
tested several receptors, including LPHN1- 3, BAI1- 3, GABAB, 
mGluR1, and β2- adrenergic receptor (Fig.  1 and SI  Appendix, 
Figs. S1–S3). For the aGPCRs, we used an approach that allows 
acute, inducible exposure of the native TA (Fig. 1 and SI Appendix, 
Fig. S1) (49, 52, 54, 55). We replaced the N- terminal adhesion 
fragment upstream of the native TA region of LPHN1- 3 and 
BAI1- 3 with HALO- FLAG (Fig. 1A). This approach allows for 
enterokinase (EK)- mediated cleavage within the FLAG sequence 
to acutely expose the native TA peptide (54). Therefore, this enables 
analysis of TA exposure- independent G protein coupling in the 
absence of EK, together with TA- exposure- dependent coupling 
after EK treatment. We first confirmed the surface expression of 
these six fusion constructs via HALO tag labeling, supporting 
their efficient expression and surface trafficking in HEK293T cells 
(Fig. 1B and SI Appendix, Fig. S1).

 We subsequently combined this approach with a panel of 
TRUPATH biosensors for different Gαβγ combinations ( Fig. 1 
 C –N   and SI Appendix, Figs. S2 and S3 ). We measured basal G 
protein activation in the absence of EK treatment, as well as TA 
exposure-dependent activation after EK treatment. Of the six 
aGPCRs tested, LPHN2 and LPHN3 displayed evidence for TA 
exposure-dependent Gα12/13 activation, as shown previously ( 48 , 
 52 ) ( Fig. 1 F –H  and L –N   and SI Appendix, Figs. S2 and S3 ). These 
results also align with recent studies suggesting that LPHN1 and 
BAI1-3 likely lack TA-dependent signaling ( 48 ). We next tested 
additional GPCRs with important synaptic functions, including 
GABAB , mGluR1, and the β2 -adrenergic receptor ( Fig. 1 O –R   
and SI Appendix, Figs. S2 and S3 ). Again, acute LPHN2 
TA-exposure activated Gα12/13 ( Fig. 1O  ). Interestingly, while 
GABAB  treated with SKF-97541 robustly activated GαoA, it also 
modestly activated Gα13 ( 56 ) ( Fig. 1P  ). mGluR1 displayed robust 
activation of GαoA and Gαq, as well as Gα12 ( Fig. 1Q  ). GαoA 
and predominately GαsS were activated via the β2 -adrenergic 
receptor, with no evidence of Gα12/13 activation ( Fig. 1R  ). Thus, 
several GPCRs important for synapse formation and function can 
engage Gα12/13. These results also align with recent studies show-
ing that only a subset of aGPCRs show TA-dependent signaling 
( 48 ). However, the function of the Gα12/13 pathway at synapses 
is not well established.  

Gα13 Localizes to Hippocampal Synapses and Is Essential for 
Inhibitory Synaptic Function. These results suggest that Gα12/13 
signaling may have previously uncharacterized importance at 
synapses. To examine this further, we visualized the subcellular 
distribution of Gα13 in primary hippocampal neurons relative 
to LPHN1- 3 and pre-  and postsynaptic markers (Fig. 2 A–H and 
SI Appendix, Fig. S4 A and B). We generated primary hippocampal 
cultures from mouse lines containing epitope tags introduced into 
endogenous LPHNs; namely, Myc- LPHN1, LPHN2- mVenus, 

and HA- LPHN3 (Fig. 2 A–D) (19, 25, 57). Interestingly, Gα13 
exhibited punctate localization that partially overlapped with 
LPHNs (Fig.  2 A–D and SI  Appendix, Fig.  S4A). Moreover, 
Gα13 partially colocalized with presynaptic Syn1/2, inhibitory 
presynaptic vGAT, and excitatory postsynaptic SHANK2 or 
Homer1 markers (Fig. 2 E–H and SI Appendix, Fig. S4B). We were 
unable to identify a reliable Gα12 antibody for similar analysis 
with this G protein. The lack of complete colocalization of Gα13 
with any individual LPHN or synaptic marker suggests that Gα13 
is present in several hippocampal synapse subtypes. Collectively, 
these results support that Gα12/13 signaling is downstream several 
GPCRs crucial for synapse assembly and function and that Gα13 
localizes to hippocampal synapses.

 While Gα12/13 signaling has been studied in cell migration 
and neurite extension during embryonic brain development ( 58         –
 63 ), the role of Gα12/13 at synapses in the postnatal brain has 
not been extensively explored. Next, we generated a molecular 
toolbox to assess the synaptic functions of Gα12/13 ( Fig. 2 I –O   
and SI Appendix, Fig. S4 C –I ). We cloned Gα12/Gα13 knock-
down (KD) shRNAs, scramble shRNAs, and Gα12/Gα13 KD 
with rescue controls and tested their efficacy via RT-qPCR, immu-
noblotting, and immunocytochemistry in hippocampal neurons 
( Fig. 2I   and SI Appendix, Fig. S4 C–G  and  Table S1 ). shRNAs 
were driven by the H1 promoter in a dual promoter lentiviral 
vector that also encoded Synapsin (Syn)-driven mClover3 as a 
reporter. Given the known potential for shRNA off-target effects, 
we also generated rescue versions that coexpressed the shRNA KD 
together with Syn-driven, shRNA-resistant Gα12 or Gα13 fol-
lowed by IRES2-mClover3. The Gα12/13 shRNA KDs virtually 
abolished their respective mRNA transcripts when expressed in 
primary hippocampal cultures (SI Appendix, Fig. S4C  ). Moreover, 
delivery of KD lentiviruses into hippocampal neurons diminished 
Gα13 signal via immunoblotting and immunocytochemistry, 
respectively ( Fig. 2I   and SI Appendix, Fig. S4 D –G ). Coexpression 
of the rescue cassette restored Gα13 levels; albeit at higher levels 
than endogenous, as can be expected from overexpression systems 
(SI Appendix, Fig. S4 D –G ). Altogether, these virally delivered 
reagents enable assessment of the functional role of Gα12/13 sig-
naling in synapse assembly and physiology.

 To begin determining this function, we first monitored spon-
taneous miniature excitatory or inhibitory postsynaptic currents 
(mEPSCs or mIPSCs) from double Gα12/13 KD and respective 
scramble control conditions ( Fig. 2 J –O   and SI Appendix, Fig. S4 
 H  and I ). Gα12/13 KD strongly diminished mIPSC frequency 
( Fig. 2 J –L  ). Conversely, mEPSC frequency and amplitude were 
not significantly altered ( Fig. 2 M –O  ). None of these experimen-
tal manipulations altered the intrinsic electrical properties of 
recorded neurons (SI Appendix, Fig. S4 H  and I ). These results 
indicate an essential function of Gα12/13 at inhibitory hippocam-
pal synapses.

 We next analyzed spontaneous synaptic transmission in single 
Gα12 or Gα13 KD conditions to dissect their specific contribu-
tion at inhibitory synapses ( Fig. 3  and SI Appendix, Fig. S5 ). Gα12 
depletion alone resulted in no significant impairment in mEPSCs 
or mIPSCs ( Fig. 3 A –F   and SI Appendix, Fig. S5 A  and B ). 
Diminishing Gα13 alone reduced mIPSC frequency and resulted 
in a shift of mIPSC population amplitudes toward lower magni-
tudes, while again mEPSCs were unaffected ( Fig. 3 G –L   and 
 SI Appendix, Fig. S5 C  and D ). These results support that the role 
of this pathway at inhibitory synapses is primarily driven by Gα13. 
However, given we cannot exclude a partial contribution or redun-
dancy of Gα12 in this pathway, we subsequently predominately 
analyzed Gα12/13 KD conditions.        
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 Next, we conducted evoked inhibitory and excitatory postsyn-
aptic current (eIPSC or eEPSC) measurements to further evaluate 
the functional consequences of Gα12/13 depletion on synaptic 
function ( Fig. 4  and SI Appendix, Fig. S6 ). Gα12/13 KD substan-
tially diminished eIPSC peak amplitude, supporting reduced 
inhibitory synaptic drive ( Fig. 4 A  and B  ). eEPSC amplitudes were 
unaffected ( Fig. 4 C  and D  ). Importantly, eIPSC and eEPSC 
paired-pulse ratios were also not significantly altered, suggesting 
no changes in presynaptic release probability ( Fig. 4 E –H  ). 
Together with our analysis of spontaneous transmission, these 

results support a role of Gα12/Gα13 at inhibitory hippocampal 
synapses.        

 To further examine the specificity of our results, we conducted 
mIPSC rescue experiments using the lentiviral transduction par-
adigm ( Fig. 5  and SI Appendix, Fig. S7 ). Importantly, mIPSC 
reductions in KD conditions were restored with the rescue 
approach ( Fig. 5 A –D   and SI Appendix, Fig. S7A  ). These results 
support the specificity of our shRNA effects for Gα12/13 deple-
tion. We next performed mIPSC recordings with a sparse trans-
fection paradigm ( Fig. 5 E –H   and SI Appendix, Fig. S7B  ). While 

Fig. 1.   Several synaptic GPCRs activate 
Gα12/13. (A) model of experimental ap-
proach. Right, an example FLAG- TA cleav-
age site using LPHN3. EK cleaves FLAG (pink 
sequence) following lysine, exposing the 
native TA (green sequence). (B) surface ex-
pression and localization of HALO- tagged 
aGPCR constructs in HEK293T cells. Top, 
merged channels; bottom, isolated surface 
HALO dye channel. (C–E) basal G protein 
coupling of HALO- FLAG fusions of LPHN1 
(C), LPHN2 (D), LPHN3 (E) using the indi-
cated set of TRUPATH BRET2 biosensors. 
For basal measurements, net TRUPATH 
signal from cells transfected with overex-
pressed constructs were compared to cells 
transfected with empty vector which were 
cotransfected with the same TRUPATH bi-
osensors. (F–H) TA- exposure- dependent 
G protein coupling of LPHN1 (F), LPHN2 
(G), LPHN3 (H). For exposed TA- dependent 
measurements, GKO HEK293 cells were 
transfected with the indicated TRUPATH 
sensor and the net BRET2 signal of cells 
receiving 5.5 U/well enterokinase (EK) for 
15 min was compared to vehicle. (I–K) 
similar to C–E except for basal G protein 
activation of BAI1 (I), BAI2 (J), or BAI3 (K) 
fusions. L–N, similar to F–H except for TA 
exposure–dependent G protein activation 
of BAI1 (L), BAI2 (M), or BAI3 (N). (O–R) TRU-
PATH assays with indicated receptors. (O) 
LPHN2 TA exposure–dependent TRUPATH 
measurements with indicated TRUPATH 
biosensors. (P) TRUPATH assays with the 
GABAB receptor treated with 100 µM SKF- 
97541. (Q) similar to O and P, except for 
the mGluR1 receptor treated with 100 µM 
glutamate. (R) similar to O–Q, except for the 
β2- adrenergic receptor treated with 1 µM 
isoproterenol. Numerical data are means 
± SEM from 3 to 4 independent biologi-
cal replicates (depicted as open circles). 
Statistical significance was assessed with 
one- way ANOVA (***P < 0.001; **P < 0.01). 
SI Appendix, Fig. S1 for additional data on 
HALO- FLAG- aGPCR characterization and 
SI Appendix, Figs. S2 and S3 for additional 
TRUPATH BRET2 data.
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Fig. 2.   The Gα12/13 pathway is essential for inhibitory synaptic function in hippocampal neurons. (A) representative primary hippocampal neuron immunolabeled 
for Gα13 together with HA- tagged endogenous LPHN3 and the somatodendritic marker MAP2. (B- D), colocalization of Gα13 with LPHN1- 3 in primary hippocampal 
neurons. Primary neurons from mouse lines with endogenously tagged LPHN1- 3 (19, 25, 57) were colabeled with Gα13, MAP2, and Myc- LPHN1 (B), LPHN2- mVenus 
(C), or HA- LPHN3 (D). (E–H) primary neurons colabeled for Gα13 and Syn1/2 (E), vGAT (F), SHANK2 (G), or Homer1 (H). MAP2 was used as a somatodendritic 
marker. (I) validation of Gα12/13 KD and rescue system. Primary hippocampal neurons were infected with lentiviruses encoding indicated conditions together 
with mClover3 as a reporter and immunolabeled for Gα13 and MAP2. (J–L) mIPSC recordings from primary hippocampal neurons infected with lentiviruses 
expressing either Gα12/13 shRNA scramble (Ctl) or Gα12/13 shRNA (KD), together with mClover3. (J) representative mIPSC traces. (K) cumulative probability plot 
of interevent intervals and summary graph of the mean mIPSC frequency [Inset]. (L) cumulative probability plot and summary graph [Inset] of mIPSC amplitude 
measurements. (M–O), similar to (J–L), except for mEPSC measurements. Numerical data are cumulative histograms or means ± SEM. Statistical significance was 
determined via Kolmogorov–Smirnov test for cumulative histograms or two- tailed t test for summary graphs using the number of neurons as “n” values (***P < 
0.001; *P < 0.05). SI Appendix, Fig. S4 for colocalization measurements, additional validation of shRNA constructs, and additional electrophysiological parameters.

http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
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lentiviral transduction obtains nearly complete delivery of an 
experimental manipulation into primary cultures ( Fig. 5A  ), the 
sparse transfection approach assesses cell autonomous functions 
with sparse delivery ( Fig. 5E  ). Interestingly, cell autonomous 
Gα12/13 depletion resulted in no significant impairments in 
mIPSC frequency or amplitude ( Fig. 5 E –H  , SI Appendix, 
Fig. S7B  ). These results combined with our lentiviral studies sup-
port that the Gα12/13 pathway functions in a noncell autono-
mous manner to regulate inhibitory synaptic inputs.        

 The Gα12/13 pathway has been linked to RhoA which can 
induce downstream cytoskeletal rearrangement ( 58 ). To examine 
potential morphological impairments following Gα12/13 deple-
tion, we conducted immunolabeling for excitatory and inhibitory 
synapses in Gα12/13 KD, rescue, and control conditions ( Fig. 6 
 A –D  ). Gα12/13 depletion produced a reduction in inhibitory 

vGAT/Gephyrin coclusters which was restored in rescue condi-
tions ( Fig. 6 A  and B  ). The excitatory markers SHANK2 and 
Homer1 were not significantly impacted upon Gα12/13 KD 
( Fig. 6 C  and D  ). In parallel, we filled neurons with biocytin 
during electrophysiological recordings and measured dendritic 
branch length and dendritic spine density ( Fig. 6 E –J   and 
 SI Appendix, Fig. S8 ). Importantly, Gα12, Gα13, or Gα12/13 
KD preserved normal dendritic spine densities, primary/secondary 
branch numbers, and total dendritic length ( Fig. 6 E –J   and 
 SI Appendix, Fig. S8 ). Next, we utilized sparse transfection to 
sparsely label neurons and measured their neurite complexity via 
Sholl analysis ( Fig. 6 K  and L  ). Again, we detected no substantial 
alterations in overall neuronal morphology using this approach 
( Fig. 6 K  and L  ). These results support specific impairments at 
inhibitory synapses rather than general alterations in neuronal 

Fig. 3.   Gα13 predominantly drives the role of the Gα12/13 pathway at inhibitory synapses. (A–C) mEPSC recordings from Gα12 control (shRNA scramble) or 
Gα12 KD (shRNA) conditions. Representative mEPSC traces (A), cumulative histograms of interevent interval and summary frequency graphs (B), and cumulative 
histograms and summary graphs of amplitudes (C) are shown. (D–F) similar to A–C, except mIPSC measurements from control or Gα12 KD conditions. (G–I) mEPSC 
measurements from Gα13 control (shRNA scramble) or Gα13 KD conditions. (J–L) similar to G–I, except mIPSC recordings from control or Gα13 KD conditions. 
Numerical data are cumulative histograms or means ± SEM. Statistical significance was determined via the Kolmogorov–Smirnov test for cumulative histograms 
or two- tailed t test for summary graphs using the number of individual recordings as “n” values (***P < 0.001; **P < 0.01). SI Appendix, Fig. S5 for additional 
electrophysiological parameters.
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morphology. This helps underpin that the Gα12/13 pathway is 
essential for inhibitory synapse function.          

Gα12/13 Selectively Regulates PV Inputs in the Hippocampal 
CA1 Region. We then investigated the role of the Gα12/13 
pathway in hippocampal circuits in vivo. We began by injecting 
concentrated Gα12/13 KD and control lentiviruses bilaterally into 
the hippocampal CA1 region at postnatal day 0 to 1 and performed 
mIPSC recordings from infected CA1 pyramidal neurons 3 wk post- 
injection (Fig. 7 A–D and SI Appendix, Fig. S9A). Gα12/13 depletion 
in the CA1 region resulted in a significant reduction in mIPSC 
frequency (Fig. 7 A–D and SI Appendix, Fig. S9A). Moreover, the 
shift in mIPSC population frequency suggests a subset of inhibitory 
synapses in the CA1 may be affected. We then performed labeling for 
excitatory or inhibitory synapses throughout different subregions of 
the CA1 (Fig. 7 E and F and SI Appendix, Fig. S9 B–H). Gα12/13 
KD reduced coclusters of inhibitory vGAT/Gephyrin throughout 
the CA1 region (Fig. 7 E and F and SI Appendix, Fig. S9B), yet 
resulted in no observable changes in excitatory vGLUT1/Homer1 
coclusters or SHANK2 (SI Appendix, Fig. S9 C–H). In parallel, we 

filled infected CA1 neurons with biocytin during recordings and 
performed 3D reconstructions of dendritic arborization (Fig. 7 G 
and H and SI Appendix, Fig. S9 I–K). CA1 neuron dendrite arbor 
length and complexity were indistinguishable between Gα12/13 KD 
and control conditions (Fig. 7 G and H and SI Appendix, Fig. S9 
I–K). We subsequently quantified their spine densities in the stratum 
oriens, radiatum, and lacunosum- moleculare regions and found no 
significant differences (Fig. 7 I–K), consistent with our observations 
in cultured neurons.

 CA1 pyramidal neurons receive diverse and highly organized 
inhibitory inputs from an array of specific GABAergic neuronal 
subpopulations. To investigate the role of Gα12/13 signaling at 
inhibitory synapses further, we used genetically encoded reporters 
to label inhibitory synapses specifically from defined interneuron 
subpopulations in the CA1 region ( Fig. 8  and SI Appendix, 
Figs. S10 and S11 ). We conducted concentrated lentiviral injec-
tions and coinjected an AAV encoding Cre-inducible HALO-Syb2 
into mice containing the PV-Cre and Ai14 Cre reporter alleles 
( Fig. 8 A –C   and SI Appendix, Fig. S11 A  and B ). This approach 
installed the presynaptic label HALO-Syb2 specifically into PV 

Fig. 4.   Gα12/13 regulates inhibitory synaptic strength without altering release probability or evoked excitatory transmission. (A and B) evoked IPSC (eIPSC) 
recordings from Gα12/13 control or Gα12/13 KD conditions. (A) representative eIPSC traces. (B) summary graph of average eIPSC amplitudes. (C and D) 
representative evoked EPSC (eEPSC) traces (C) and summary graphs (D) from Gα12/13 control or Gα12/13 KD conditions. (E and F) eIPSC paired- pulse ratio (PPR) 
representative traces (E) and summary graphs (F) from control or Gα12/13 KD conditions. (G and H) similar to E and F, except for eEPSC PPR measurements. 
Representative eEPSC PPR traces (G) and summary graph (H). Numerical data are means ± SEM. Statistical significance was determined via two- tailed t test or 
two- way ANOVA (***P < 0.001). SI Appendix, Fig. S6 for additional electrophysiological parameters.
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interneurons and enabled visualization of PV presynaptic termi-
nals throughout the CA1 region. To assess the specificity of this 
design, we first immunolabeled sections from PV-Cre/Ai14 mice 
for endogenous PV and found nearly complete overlap between 
the Ai14 reporter and PV ( Fig. 8A  ). We observed robust 
HALO-Syb2 labeled terminals in control and rescue conditions 
that were diminished upon Gα12/13 KD ( Fig. 8 A –C   and 
 SI Appendix, Fig. S11 A  and B ).        

 To determine the selectivity of these effects for synapses from PV 
interneurons, we subsequently conducted similar experiments using 
SST (somatostatin)-Cre or Chrna2 (nicotinic acetylcholine receptor 
α2 subunit)-Cre mouse lines ( Fig. 8 D –I   and SI Appendix, Figs. S10 
and S11 ). SST-Cre provides genetic access to SST-positive interneu-
rons, while Chrna2-Cre is selective for a specific subclass of SST 
interneuron referred to as OLM (oriens-lacunosum moleculare) 
interneurons ( 64 ,  65 ). OLM interneurons reside in the stratum oriens 
layer of the CA1, but project selectively to the stratum lacunosum- 
moleculare region. While this line has been previously used to effec-
tively target OLM interneurons ( 64 ,  65 ), we first analyzed the expres-
sion profile by crossing Chrna2-Cre mice to Ai14 and conducted 
histology at P21 (SI Appendix, Fig. S10 ). These experiments illustrated 
that while the Ai14 reporter allele is activated in various subregions 
throughout the brain, it is restricted to OLM interneurons in the 
hippocampus (SI Appendix, Fig. S10 ). We next performed similar 
immunolabeling control experiments in SST-Cre/Ai14 and 
Chrna2-Cre/Ai14 mice and found the Ai14 reporter was nonover-
lapping with endogenous PV in these mouse models ( Fig. 8 D  and 
 G  ). We subsequently labeled inputs from these interneuron popula-
tions in the CA1 using a similar Cre-inducible HALO-Syb2 approach. 
Control mice displayed robust presynaptic terminals labeled in the 
stratum lacunosum-moleculare subregion of the CA1, consistent with 

the expression of these Cre lines ( Fig. 8 E –I   and SI Appendix, 
Fig. S11 ). Importantly, the density of SST interneuron terminals was 
unaltered with Gα12/13 depletion, suggesting that this pathway 
modulates PV synapses in the hippocampal CA1. While no signifi-
cant alterations in SST presynaptic inputs were observed, we detected 
a significant decrease in total inhibitory synapses labeled with vGAT/
Gephyrin in the stratum lacunosum-moleculare ( Fig. 7F  ). This dif-
ference could be due to several potential scenarios, including a func-
tion of Gα12/13 at other inhibitory synaptic subtypes we did not 
examine. Collectively, these studies support that the Gα12/13 path-
way functions as a synaptic signaling node controlling subtype-selective 
inhibitory synaptic circuits.   

Discussion

 Extracellular protein complexes instruct synapse assembly and func-
tion. Despite substantial evidence supporting this premise, the 
bidirectional intracellular signals involved remain relatively under-
studied. Here, we report that the Gα12/13 pathway lies downstream 
several GPCRs with synaptic relevance and that this pathway shapes 
inhibitory hippocampal synapses in a subtype-selective manner. Our 
collective results support a model where synaptic GPCRs present 
in subsets of interneurons, including PV-positive interneurons, 
control a Gα12/13 signaling pathway that establishes subtype-
specific inhibitory synapse numbers in hippocampal circuits. This 
pathway is likely presynaptic given the noncell autonomous effects 
we observed on inhibitory synapses. Thus, we postulate that com-
partmentalized Gα12/13 signaling in PV inhibitory synapses helps 
direct the establishment and function of hippocampal circuits.

 Our results show a critical role of the Gα12/13 pathway in 
inhibitory hippocampal synapses. These studies are distinct from 

Fig. 5.   Gα12/13 signaling functions in a nonautonomous manner at inhibitory synapses. (A) representative patched neuron from lentiviral transduction 
experiments in B–D. (B–D) lentiviral rescue experiments. Rescue conditions coexpressed Gα12/13 shRNAs together with shRNA- resistant Gα12 or Gα13- IRES2- 
mClover3. (B) representative mIPSC traces. (C) cumulative probability plot of interevent intervals and summary graph of the mean mIPSC frequency [Inset]. (D) 
cumulative probability plot and summary graph [Inset] of mIPSC amplitude. (E) representative patched neuron from sparse transfection experiments in F–H. (F–H) 
mIPSC recordings from primary hippocampal neurons sparsely transfected with indicated conditions to probe cell autonomous effects. (F) representative mIPSC 
traces from sparse transfection experiments. (G) cumulative probability plot of interevent intervals and summary graph of the mean mIPSC frequency [Inset] 
from sparse transfection experiments. (H) cumulative probability plot and summary graph [Inset] of mIPSC amplitude measurements from sparse transfection 
experiments. Numerical data are cumulative histograms or means ± SEM. Statistical significance was determined via Kolmogorov–Smirnov test for cumulative 
data or one- way ANOVA with post hoc Tukey tests (***P < 0.001; **P < 0.01). SI Appendix, Fig. S7 for additional electrophysiological parameters.

http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407828121#supplementary-materials


8 of 12   https://doi.org/10.1073/pnas.2407828121 pnas.org

previous investigations into Gα12/13 signaling during embry-
onic brain development which found changes in neurite devel-
opment ( 58         – 63 ), considering we studied Gα12/13 in postnatal 
neurons. Is this pathway in the postnatal brain involved directly 
in the initial phases of inhibitory synapse formation, or does it 
operate in synapse maturation or maintenance? Given the inher-
ent challenges in definitively separating these processes, together 
with observations that synaptic structures are continually 
formed and eliminated dynamically even in mature hippocam-
pal circuits ( 66 ), live imaging approaches monitoring synapses 
in Gα12/13-deficient conditions will likely be necessary toward 
answering this question. Given several synaptic receptors acti-
vate Gα12/13, it likely has a multifaceted role at both nascent 
and mature synapses.

 Interestingly, while we observed Gα13 colocalization with excit-
atory synapses and receptors with important functions at excitatory 
synapses, Gα13 depletion did not alter the excitatory synaptic 
parameters we measured ( Figs. 2 – 4 ,  6 , and  7 ). Thus, Gα12/13 may 
be involved in other physiological processes at excitatory synapses, 

such as long-term plasticity or structural plasticity. While we report 
a nonautonomous effect of Gα12/13 on inhibitory synapses and 
partial colocalization with the inhibitory presynaptic marker vGAT 
( Fig. 2F  ), we did not analyze Gα13 colocalization with inhibitory 
postsynaptic markers. However, our results establish a foundation 
for additional studies directed at defining the synaptic subtype 
selective localization of Gα13 in neural circuits, likely by using 
super-resolution microscopy approaches. Moreover, the cell 
type-specificity of Gα12/13 function at inhibitory synapses in hip-
pocampal CA1 circuits remains unclear. For example, Gα12/13 
may be selectively expressed in PV interneurons, or may couple to 
specific receptors at PV interneuron synapses which are critical for 
synaptic function. Addressing these future questions will help 
define the complete Gα12/13 pathway at distinct synapses.

 Consistent with previous studies ( 48 ,  52 ), we show that 
Gα12/13 can be activated by several synaptic GPCRs. However, 
the molecular links between specific endogenous GPCRs and 
Gα12/13 at inhibitory synapses remain unclear. Furthermore, 
regulation via non-GPCR GEFs or dedicated GAPs may 

Fig. 6.   Gα12/13 selectively regulates inhibitory synaptic density. (A and B) representative images (A) and quantifications (B) of neurons colabeled for vGAT, 
Gephyrin, and MAP2 in the indicated experimental conditions. (C and D) similar to A and B, except for neurons colabeled with SHANK2, Homer1, and MAP2. 
(E and F) representative spine images (E) and summary graphs (F) depicting spine density from Gα12 scramble (Ctl) or Gα12 shRNA (KD) conditions. (G and 
H) similar to E and F, except for Gα13 scramble (Ctl) or Gα13 shRNA (KD) conditions. (I and J) similar to E and F, except for double Gα12/13 scramble (Ctl) 
or Gα12/13 shRNA (KD) conditions. (K) representative neurons sparsely transfected with Gα12/13 control shRNAs, KD shRNAs, or rescue constructs that 
coexpress mClover3. (L) Sholl analysis of sparsely transfected neurons. Numerical data are means ± SEM from 4 to 5 independent biological replicates. 
Statistical significance was determined via one- way ANOVA with post hoc Tukey tests (*P < 0.05), two- tailed t test, or two- way ANOVA in Fig. 6L. SI Appendix, 
Fig. S8 for additional morphological parameters.
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contribute to Gα12/13 synaptic function. Future studies will 
be necessary to unravel the receptors and Gα12/13 downstream 
signaling cascades controlling inhibitory circuits. RhoA is a 
known Gα12/13 effector, which regulates actin cytoskeletal 
rearrangement and the ROCK/JNK pathway. ROCK/JNK has 
demonstrated importance in synapse formation using heterol-
ogous synapse formation assays ( 15 ). Other effectors are likely 
also involved in inhibitory synapses given the physiological 

effects we observe together with unaltered neuronal and spine 
morphology.

 Our studies report Gα12/13 as a signaling pathway important 
for hippocampal inhibitory circuitry. Insight into how the output 
of these signaling networks drives synapse assembly and function 
will inform our understanding of how neural circuits composed 
of a multitude of diverse synaptic connections are established in 
the brain.  

Fig. 7.   Analysis of Gα12/13 func-
tion in hippocampal CA1 circuits. 
(A–D) mIPSC recordings from CA1 
pyramidal neurons. (A) represent-
ative patched mClover3- positive 
CA1 neuron in acute hippocam-
pal slices. (B) representative mIP-
SC traces from Gα12/13 scramble 
(control) or KD neurons. (C) cumu-
lative probability plot of interev-
ent intervals and summary graph 
of the mean mIPSC frequency 
[Inset]. (D) cumulative probability 
plot and summary graph [Inset] of 
mIPSC amplitude. (E and F) repre-
sentative images (E) and quanti-
fication (F) of inhibitory synapses 
labeled with vGAT/Gephyrin in 
the indicated CA1 subregions 
from mice injected with either 
control, KD, or rescue viruses. (G 
and H) analysis of dendritic arbo-
rization from biocytin- filled CA1 
neurons in panels A–D. (G) repre-
sentative biocytin- streptavidin la-
beled neurons. (H) representative 
3D reconstructions of biocytin la-
beled CA1 neurons. SI Appendix, 
Fig.  S9 for quantifications. (I–K) 
quantifications of dendritic spine 
densities in the stratum oriens 
(I), radiatum (J), or lacunosum- 
moleculare (K) regions of biocytin- 
labeled CA1 neurons. Numerical 
data are cumulative histograms 
or means ± SEM. Statistical signif-
icance was assessed by Kolmog-
orov–Smirnov test, two- tailed t 
test, or one- way ANOVA with post 
hoc Tukey test (***P < 0.001, **P 
< 0.01; *P < 0.05). SI  Appendix, 
Fig. S9 for additional imaging and 
electrophysiology data.
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Materials and Methods

Please SI Appendix for detailed Materials and Methods.

Mice. All procedures followed NIH Guidelines for the Care and Use of Laboratory 
Mice and were approved by the Vanderbilt University Administrative Panel on 
Laboratory Animal Care. The following lines were used: PV- Cre, B6.129P2- 
Pvalbtm1(cre)Arbr/J (Jax #017320); Ai14, B6.Cg- Gt(ROSA)26Sortm14(CAG- tdTomato)Hze/J 
(Jax #007914), SST- Cre, Ssttm2.1(cre)Zjh/J (Jax #013044); Chrna2- Cre (64, 65); Myc- 
Lphn1 (57); Lphn2- mVenus (19); and HA- Lphn3 (25).

Cell Lines. GKO HEK293 (67, 68) cells were maintained in DMEM (Gibco Cat# 
11995065) containing 10% FBS (Gibco Cat# 16000044), 1X Penicillin- Streptomycin 
(Corning Cat# MT30002Cl), and 1× MEM Nonessential Amino Acids (NeA) (Sigma 
Cat# M7145) at 37 °C/5% CO2. HEK293T cells (ATCC #CRL- 11268) were used for 
protein surface localization and to generate viruses. HEK293T cells were maintained 
in the same media above without NeA for a maximum of 25 passage numbers.

Primary Hippocampal Cultures. Bilateral hippocampi were dissected from P0 
mice, dissociated by papain, filtered through a 70 µm cell strainer, and plated at 
80,000 cells/mL on a PDL- coated glass coverslips in 24- well plates. Primary cells 

Fig. 8.   The Gα12/13 pathway selectively controls parvalbumin (PV) neuron inhibitory synapses in the CA1 region. (A–C) concentrated lentiviruses encoding 
Gα12/13 shRNAs (KD), shRNA scrambles (Ctl), or rescue vectors were coinjected with AAV Syn DiO HALO- Syb2 into PV- Cre mice, enabling imaging of PV presynaptic 
terminals within the CA1 region. (A) representative image of the hippocampus of PV- Cre/Ai14 reporter mice immunolabeled for endogenous PV. (B) representative 
indicated subregions of the CA1 from PV- Cre mice injected with AAV encoding Cre- dependent HALO- Syb2 and either Ctl mClover3, KD mClover3, or Rescue 
mClover3 lentiviruses. (C) quantification of HALO- Syb2 labeled synaptic puncta density in the indicated subregions. (D–F) similar to A–C, except experiments were 
performed in SST- Cre mice. (D) SST- Cre/Ai14 sections immunolabeled for PV. (E) representative indicated subregions of the CA1 from SST- Cre/Ai14 mice injected 
with AAV encoding Cre- dependent HALO- Syb2 and either Ctl mClover3 or KD mClover3 lentiviruses. (F) quantification of HALO- Syb2 puncta density in indicated 
CA1 subregions. (G–I) experiments in Chrna2- Cre mice, which express Cre in OLM (oriens- lacunosum moleculare) interneurons in the CA1 region. (G) Chrna2- Cre/
Ai14 sections immunolabeled for PV. (H) representative CA1 subregions from Chrna2- Cre/Ai14 mice injected with AAV encoding Cre- dependent HALO- Syb2 and 
either Ctl mClover3 or KD mClover3 lentiviruses. (I) quantification of HALO- Syb2 puncta density in indicated CA1 subregions. Numerical data are means ± SEM 
from 3 to 5 independent biological replicates (mice, depicted as open circles in bar graphs). Statistical significance was assessed by one- way ANOVA with post hoc 
Tukey test (***P < 0.001; **P < 0.01; *P < 0.05). SI Appendix, Figs. S10 and S11 for additional imaging data and further characterization of Chrna2- Cre/Ai14 mice.
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were infected with lentiviral conditions at DIV 1, and experiments were conducted 
at DIV 10- 14.

Plasmids. All aGPCR cDNAs were encoded in the pEB Multi- Neo vector. The HALO- 
FLAG- aGPCR constructs expose the native TA region after enterokinase- mediated 
cleavage. The TRUPATH kit was a gift from Bryan Roth (Addgene #1000000163). 
Mus musculus GABAB- R1 (NM_019439.4) and GABAB- R2 (NM_001081141.2) 
were cloned from a mouse whole brain cDNA library produced in house. pCMV5 
rat mGluR1 was a gift from Dr. Colleen Niswender (Vanderbilt University). pcDNA3 
Flag beta- 2- adrenergic- receptor was a gift from Robert Lefkowitz (Addgene 
#14697). shRNA knockdown and rescue vectors were cloned in lentiviral shuttle 
vectors harboring both an H1 promoter and rat Synapsin promoter. For rescue vec-
tors, silent mutations were generated in the shRNA binding site for either GNA12 
(NP_034432.1) or GNA13 (NP_034433.3) to prevent shRNA binding (SI Appendix, 
Table S1). HALO- Syb2 contained HALO fused to the N terminus of rat Syb2 encoded 
in an EF1a promoter- driven DiO AAV2 backbone.

Antibodies. The following antibodies and reagents were used: HA rabbit (Cell 
Signaling Technologies, cat# 3724), GFP rabbit (Life Technologies, cat# A11122), Myc 
rabbit (Sigma, cat# C3956), Homer1 rabbit (Synaptic Systems, cat# 160 003), MAP2 
mouse (Sigma, cat# M1406), MAP2 chicken (EnCor Biotechnology, cat# CPCA- MAP2), 
SHANK2 guinea pig (Synaptic Systems, cat# 162204), Syn1/2 rabbit (Synaptic Systems, 
cat# 106 002), VGAT guinea pig (Synaptic Systems, cat# 131004), vGLUT1 guinea pig 
(Millipore, cat# AB5905), Gephyrin mouse (Synaptic Systems cat# 147111), GNA13 
mouse (Life Technologies, cat# 67188), β- actin mouse (Sigma, A1978), Parvalbumin 
rabbit (SWANT, cat # PV27a), Alexa Fluor 647 Phalloidin (Invitrogen cat# A22287), 
and corresponding fluorescently- conjugated goat secondary antibodies from Life 
Technologies. SI Appendix for more details including concentrations.

TRUPATH BRET2 Assays. HEK G- protein K.O. cells (67, 68) were cotransfected with 
the receptor of interest and TRUPATH plasmids at 1:1:1:1 DNA ratio (receptor:Gα- 
RLuc8:Gβ: Gγ- GFP2). For the expression of GABAB receptor, a mixture of each GABAB- R1 
and GABAB- R2 plasmids was used. Receptors were activated by addition of (final con-
centrations): 0.055 U enterokinase, 100 µM L- glutamate, 100 µM SKF- 97541, 1 µM 
isoproterenol. Luciferase luminescence was measured at 410 nm and GFP2 emission 
at 515 nm. The BRET ratio was calculated as GFP2 signal/luciferase signal.

RT- qPCR. Total RNA was isolated from cultured neurons at DIV10- 12, and then 
used for cDNA synthesis with random hexamers. qPCR was used for quantification 
of Gα12, Gα13, and GαsS abundance, which was normalized to the expression 
of GAPDH.

Surface Labeling. HEK293T cells plated 1.5 to 2 × 105 cells/well in 0.5 mL were trans-
fected with a receptor- expressing plasmid. Live surface labeling was accomplished 
48 h posttransfection using HALO- Tag AlexaFluor488. Subsequently, fluorescently 
conjugated Alexa Fluor 647 Phalloidin was used for visualization of actin filaments.

Sparse Transfection. Transfections were conducted using the calcium phos-
phate method when primary hippocampal neurons were DIV 4 to 5. For Sholl 
analysis, the live cells were imaged with a Nikon Ts2- FL microscope with a 20× 
objective, and the analysis was performed using Nikon Elements software.

Stereotactic Injections. Injections were performed at postnatal day 21 (P21) 
under vaporized isoflurane anesthesia. Heads were secured to a stereotactic rig 
and viral solution was delivered to the CA1 bilaterally using a syringe pump to 
following coordinates: A/P −1.80 mm, M/L ± 1.20 mm, and D/V −1.35 mm. For 
neonatal injections, pups were anesthetized on ice and heads were secured to 
the stereotactic rig. Concentrated lentivirus solution was injected at the following 
coordinates: A/P −1.00 mm, M/L ± 1.00 mm and respective D/V coordinates 
−1.50 mm, −1.30 mm, and −1.10 mm to cover the CA1 region.

Immunohistochemistry and HALO Labeling. Perfused mouse brains were cry-
osectioned 25 µm thick, and the free- floating sections were labeled with primary 
antibodies including anti- vGAT guinea pig (Synaptic Systems #131004), anti- 
Gephyrin mouse (Synaptic Systems #147111), anti- vGLUT1 guinea pig (Millipore 
#AB5905), anti- Homer1 rabbit (Synaptic Systems #160003), anti- Parvalbumin 
rabbit (Swant #PV27a), and anti- SHANK2 guinea pig (Synaptic Systems #162204) 
and corresponding secondary antibodies. For HALO- Syb2 labeling, slices were 
incubated overnight at 4 °C with 200 nM HALO ligand JF646 (Promega #GA1120) 
in PBS. Sections were subsequently washed 3 × 5 mins with PBS, counterstained 
with DAPI/PBS, and mounted.

Confocal Imaging and Analysis. Images were acquired using a Nikon A1r res-
onant scanning Eclipse Ti2 HD25 confocal microscope operated by NIS- Elements 
AR v4.5 acquisition software. Quantification of colocalization using Pearson’s corre-
lation coefficient was performed using the colocalization feature of NIS Elements, 
which automatically measures Pearson’s correlation coefficient for a 60× frame. 
Synaptic puncta were calculated using the Spot Detection feature of NIS Elements. 
Images were uniformly thresholded in Nikon Elements and Bright Spot Detection 
used to automatically quantify puncta. For measurements of vGLUT1/Homer1 or 
vGAT/Gephyrin coclusters, only partially overlapping spots of pre-  and postsynaptic 
markers were counted as coclusters using the Spot Detection feature. MAP2- labeled 
dendrite lengths were measured to calculate puncta density.

Culture Electrophysiology and Morphology. Voltage- clamp recordings were 
monitored at RT with a Multiclamp 700B amplifier (Molecular Devices) with cells 
held at −70 mV. EPSCs or IPSCs were isolated via 50 µM picrotoxin or 50 µM 
AP5/10 µM CNQX, respectively. Miniature postsynaptic currents were isolated 
with 1 µM tetrodotoxin. Data were sampled at 10 kHz and analyzed with Clampfit 
11.2 (Molecular Devices). For evoked postsynaptic currents (eIPSC and eEPSC), 1 
mM QX- 314 was added to the internal solution and local stimulation (350 µA) 
was provided with a concentric bipolar electrode. For biocytin fill, internal solution 
was made with 2 mg/mL Biocytin and neurons filled with biocytin were labeled 
with Streptavidin Alexa Fluor 647.

Acute Slice Electrophysiology. Transverse slices (300 µm) were cut by vibra-
tome (Leica VT 1200S) in ice- cold solution containing (in mM) 228 Sucrose, 2.5 
KCl, 1 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 7 MgSO4, 11 D- Glucose saturated with 
95% O2/5% CO2. Slices were transferred to artificial cerebrospinal fluid solution 
(ACSF) containing (in mM) 119 NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 2.5 CaCl2, 
1.3 MgSO4, 11 D- Glucose and recovered at 32 °C for 30 min, followed by RT for 1 
h. Slices in the recording chamber were continuously perfused with oxygenated 
ACSF containing 50 µM AP5/10 µM CNQX/1 µM tetrodotoxin to isolate mIPSCs. 
Whole cell recordings were performed from mClover3 expressing CA1 pyramidal 
cells while holding at −70 mV.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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