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The presynaptic active zone provides sites for vesicle docking and
release at central nervous synapses and is essential for speed and
accuracy of synaptic transmission. Liprin-α binds to several active
zone proteins, and loss-of-function studies in invertebrates estab-
lished important roles for Liprin-α in neurodevelopment and active
zone assembly. However, Liprin-α localization and functions in
vertebrates have remained unclear. We used stimulated emission
depletion superresolution microscopy to systematically determine
the localization of Liprin-α2 and Liprin-α3, the two predominant
Liprin-α proteins in the vertebrate brain, relative to other active-zone
proteins. Both proteins were widely distributed in hippocampal
nerve terminals, and Liprin-α3, but not Liprin-α2, had a prominent
component that colocalized with the active-zone proteins Bassoon,
RIM, Munc13, RIM-BP, and ELKS. To assess Liprin-α3 functions, we
generated Liprin-α3–KOmice by using CRISPR/Cas9 gene editing. We
found reduced synaptic vesicle tethering and docking in hippocam-
pal neurons of Liprin-α3–KO mice, and synaptic vesicle exocytosis
was impaired. Liprin-α3 KO also led to mild alterations in active zone
structure, accompanied by translocation of Liprin-α2 to active zones.
These findings establish important roles for Liprin-α3 in active-zone
assembly and function, and suggest that interplay between various
Liprin-α proteins controls their active-zone localization.
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Exocytosis of synaptic vesicles in a nerve terminal is mediated
by specialized sites called active zones. Active zones provide

slots for synaptic vesicle docking and priming, tether Ca2+ chan-
nels, and target fusion to membrane domains opposed to post-
synaptic receptors (1). At vertebrate synapses, active zones are
thought to be composed of six protein families: RIM, ELKS,
Munc13, RIM-BP, Piccolo/Bassoon, and Liprin-α (Fig. 1A). Many
additional proteins that are not restricted to the active zone, in-
cluding cytoskeletal proteins, SNAREs, Ca2+ channels, and cell
adhesion proteins, are also present.
Although mouse genetic experiments have led to insights into

functions of most vertebrate active-zone proteins, such experi-
ments have not been pursued for Liprin-α. Liprin-α was identified
through the binding to the phosphotyrosine phosphatase LAR (2)
and was hypothesized to be a vertebrate active-zone protein based
on biochemical interactions with RIM and ELKS (3, 4). In-
vertebrate data support broad presynaptic functions for Liprin-α.
At the Caenorhabditis elegans neuromuscular junction, deletion of
the Liprin-α homolog syd-2 alters active-zone structure and dis-
rupts synaptic vesicle accumulation in nerve terminals (5–7). The
fly homolog Dliprin-α regulates presynaptic morphogenesis of
the neuromuscular junction and is required for target selection in
the retina (8–10). These effects are consistent with the many
biochemical activities of Liprin-α. In addition to interacting with
LAR, RIM, and ELKS (2–4), Liprin-α binds to itself and β-liprins,
GIT, CASK, RSY-1, mDiaphenous, and KIF1A (1, 2, 7, 11, 12).
These interactions predict broad cellular functions.
Vertebrates express four genes, Ppfia1–Ppfia4, encoding Liprin-

α1–Liprin-α4. Liprin-α1 is expressed within and outside the nervous
system, and, like Liprin-α4, brain expression is low and restricted to

a few areas. In contrast, Liprin-α2 and Liprin-α3 are strongly and
specifically expressed in the brain (2, 13–15). Their subcellular
localization and function, however, remained uncertain. Confocal
microscopy partially supported synaptic localization of Liprin-α2
and Liprin-α3 (14, 15), and postsynaptic localization was favored
by immunogold labeling experiments with Liprin-α2 antibodies
(16). A recent study, however, found that knockdown of Liprin-
α2 impaired synaptic transmission, and effects were more consis-
tent with presynaptic than with postsynaptic roles (17).
Here, we set out to determine localization and function of

Liprin-α in the brain. We found that Liprin-α3 and Liprin-α2 are
widely distributed in hippocampal nerve terminals. In addition,
Liprin-α3, but not Liprin-α2, had a prominent component that
strongly colocalized with active-zone proteins. Liprin-α3–KO
mice, which we generated for this study, displayed impairments
in synaptic vesicle docking, tethering, and exocytosis, establishing
presynaptic roles for Liprin-α3 in synaptic transmission.

Results
Localization of Liprin-α and Active-Zone Proteins Using Stimulated
Emission Depletion Microscopy. We set out to evaluate Liprin-α2
and Liprin-α3 localization at hippocampal synapses. Similar to the
approach used at the fly neuromuscular junction (18), we per-
formed stimulated emission depletion (STED) superresolution
microscopy because diffraction-limited microscopy is not sufficient
to determine whether a protein is localized to the active zone, to
synaptic vesicles inside a nerve terminal, or to the postsynaptic
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density (PSD). We first imaged cultured hippocampal neurons
stained with antibodies against the Bassoon N terminus (BassoonN)
or C terminus (BassoonC), the excitatory PSD marker PSD-95,
and a synaptic vesicle protein to identify synapses. We identified
synapses in side view (Fig. 1B and Fig. S1A) by identifying a cluster
of synaptic vesicles with an active zone marked by Bassoon
appearing as a narrow band (531 ± 25 nm long; n = 45 synapses)
at one edge of the vesicle cloud. At these synapses, PSD-95 was
opposed to Bassoon and could be reliably separated from Bassoon
in STED but not confocal microscopy.

We next analyzed pairwise stainings of synapses in side view
for all known active-zone proteins, including Liprin-α2 and
Liprin-α3, with Bassoon (Fig. 1 C and D and Fig. S1). We
expressed test protein localization relative to BassoonN by
identifying the peak intensity in line profiles (1 μm long and
250 nm wide) perpendicular through the center of the active
zone, and calculated the average peak position from the indi-
vidual peaks. In this analysis, negative values are proximal to
BassoonN inside the nerve terminal, whereas positive values are
distal toward the presynaptic plasma membrane, the synaptic
cleft, and the postsynaptic compartment. As observed before
with stochastic optical resolution microscopy (STORM) (19), the
∼450-kDa protein Bassoon had an orientation at the active
zone with BassoonC being closer to the plasma membrane than
BassoonN (Fig. 1 C andD), and the peaks were separated by +30 ±
4 nm. The peak signal of PSD-95, indicating the position of the
PSD, was +80 ± 7 nm distal from BassoonN. The peak fluorescent
signals of Liprin-α3, RIM1, Munc13-1, ELKS2, and RIM-BP2,
but not of Liprin-α2, were between the peaks of BassoonN and
BassoonC. These data establish close colocalization of these pro-
teins at the active zone, with the exception of Liprin-α2.
Bassoon, RIM-BP2, RIM1, ELKS2, and Munc13-1 all showed

relatively sharp peaks at the active zone. Interestingly, Liprin-
α3 had an additional widespread component (Fig. 1C) that was
localized inside the nerve terminal. This component was pro-
nounced for Liprin-α2 (Fig. 1C) with no sharp peak at the active
zone, which led to a shift of the average Liprin-α2 peak position
toward the inside of the nerve terminal at −67 ± 15 nm relative
to BassoonN (Fig. 1D).
To assess the localization of each protein within and outside

the active zone, we generated two masks (Fig. 1A): one that
outlined the nerve terminal (vGlut1 or Synapsin; Fig. 1A, blue),
and one that defined the active zone (BassoonN; Fig. 1A, green).
We then quantified the area associated with the active zone for
each protein (Fig. 1A, yellow) and compared it vs. the area of the
same protein outside the active zone (Fig. 1A, red), normalized
to the sum of the area of active zone and nonactive zone com-
ponents (Fig. 1E). This provides a measure of signal distribution
within a nerve terminal without accounting for the signal in-
tensity within the area. The majority of the area stained for
BassoonC, RIM1, ELKS2, RIM-BP2, and Munc13-1 was at the
active zone (73–90%; Fig. 1E). Liprin-α2 and Liprin-α3 had
∼50% of positively stained area outside the active zone. Thus,
both proteins are widespread in a presynaptic nerve terminal.
The key difference between Liprin-α2 and -α3 is that the peak
intensity for Liprin-α3 is within the active zone (Fig. 1D),
whereas the peak of Liprin-α2 is away from other active-zone
proteins shifted toward the synaptic vesicle cloud, which arises as
an average from its widespread distribution throughout the
nerve terminal.
Finally, we tested whether localization of Liprin-α3 depends

on other active-zone proteins (Fig. S2). We generated KO
neurons for RIM1, RIM2, ELKS1, and ELKS2, which leads to
strong disruption of the active zone (20). In this mutant, how-
ever, Liprin-α3 synaptic fluorescence and peak localization were
not affected, and the line profile peak intensity was only mildly
impaired, indicating that active-zone localization of Liprin-α3 is
largely independent of RIM and ELKS.

Generation of Liprin-α3–KO Mice. The localization of Liprin-α3 at
the active zone suggests that Liprin-α3 may play a role in active-
zone function. To test this hypothesis, we generated Liprin-α3–
KO mice by using CRISPR/Cas9 gene editing in single-cell
zygotes. We selected an allele that had an 8-bp deletion (Fig.
2A), inducing a frame-shift mutation leading to nonsense-
mediated decay. Heterozygote matings produced offsprings
with a Mendelian distribution of homozygote KO (Liprin-α3−/−),
heterozygote (Liprin-α3+/−), and WT (Liprin-α3+/+) sibling mice
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Fig. 1. STED microscopy establishes active-zone localization of Liprin-α3 at
excitatory hippocampal synapses. (A) Schematic illustration of a synapse.
(B) Example images of hippocampal excitatory synapses in side view in confocal
and STED microscopy stained for BassoonC and PSD-95. The synaptic vesicle
cluster (labeled for synapsin) was imaged by confocal microscopy in all ex-
periments. The intensity profile normalized to peak fluorescence is shown for
the profile scan (transparent white rectangle) perpendicular through the
center of Bassoon. (C) Representative STED images of individual excitatory
synapses in side view stained for test proteins, Bassoon, and the vesicle marker
vGlut1 (for PSD-95, synapsin antibodies were used due to limitations in anti-
body compatibility). Fluorescence intensity profiles are shown below. Dashed
line at zero indicates the peak localization of BassoonN. Overview images and
confocal scans are provided in Fig. S1. (D) Axial positions of test proteins
relative to BassoonN. BassoonN, n = 920 synapses/8 independent cultures;
BassoonC, n = 231/3; RIM1, n = 130/3; ELKS2, n = 141/3; RIM-BP2, n = 84/3;
Munc13-1, n = 92/3; Liprin-α2, n = 105/3; Liprin-α3, n = 234/3; PSD-95, n = 79/3.
(E) Percentage of test protein clusters associated (yellow) or not associated
(red) with the active zone. BassoonC, n = 985 synapses/5 images/3 independent
cultures; RIM1, n = 795/5/3; ELKS2, n = 845/6/3; RIM-BP2, n = 1,298/6/3;
Munc13-1, n = 1,935/6/3; Liprin-α2, n = 1,296/6/3; Liprin-α3, n = 1,425/6/3.
Statistical significance determined by two-way ANOVA (localization significant
at P ≤ 0.001; test protein not significant, interaction significant at P ≤ 0.001)
followed by Holm–�Sídák posttests (reported in figure) comparing each distri-
bution vs. that of BassoonC. All data are means ± SEM (***P ≤ 0.001).
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(Fig. 2B). Western blotting of brain homogenates revealed that
Liprin-α3 was removed, and we did not detect bands that would
establish the presence of protein fragments (Fig. 2C). Liprin-α3−/−
mice were viable and fertile, but had a significantly increased
distance traveled and were less spatially confined in an open-field
assessment of locomotion (Fig. S3 A–D), suggesting alterations in
brain function. No changes beyond removal of Liprin-α3 were
detected when we assessed morphology and protein composition
in hippocampi of Liprin-α3−/− mice (Fig. S3 E–H).

Impaired Synaptic Vesicle Exocytosis in Liprin-α3−/− Mice. We
assessed synaptic transmission in Liprin-α3−/− and Liprin-α3+/+
neurons cultured from hippocampi of littermate newborn mice.
We first measured AMPA receptor-mediated miniature excitatory
postsynaptic currents (mEPSCs; Fig. 3 A and B). The mEPSC
amplitudes and kinetics were indistinguishable between the two
genotypes. There was a ∼20% trend toward a reduction in mEPSC
frequency, which was not statistically significant. These results
indicate that postsynaptic AMPA receptor numbers are not
strongly affected by Liprin-α3 KO. Given that previous studies
found developmental and postsynaptic roles for Liprin-α, we de-
cided to measure exocytosis of synaptic vesicles directly. We used
imaging of synaptic-vesicle cycling upon lentiviral expression of
synaptophysin-pHluorin (sypHy; Fig. 3 C–J). We compared exo-
cytosis of synaptic vesicles, as indicated by an increase in pHluorin
fluorescence, in Liprin-α3+/+ neurons, Liprin-α3−/− neurons, and
Liprin-α3−/− neurons transduced with a lentivirus that expressed
HA-tagged Liprin-α3 from a neuron-specific human synapsin
promoter. In hippocampal neurons, Liprin-α3 is expressed as early
as day in vitro (DIV) 1 (Fig. S4A). To mimic this early expression,
we transduced Liprin-α3−/− neurons for rescue with a Liprin-α3–
expressing lentivirus at DIV 1. Rescue Liprin-α3 was localized
normally as assessed by STEDmicroscopy (Fig. S4 B–D). Neurons
were stimulated with 40 or 200 action potentials at 20 Hz, followed
by application of NH4Cl to unquench pHluorin fluorescence.
No differences in the number of pHluorin-positive or NH4Cl-
responsive puncta was observed across conditions (Fig. S5), in-
dicating that removing or reexpressing Liprin-α3 did not change
synapse numbers.
Removal of Liprin-α3 led to a decrease in the number of

synapses responsive to action potentials (Fig. 3 C and D). At

responsive synapses, KO of Liprin-α3 was accompanied by a 38%
or 46% decrease in pHluorin fluorescence after stimulation with
40 or 200 action potentials, respectively (Fig. 3 E–J). Upon
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reexpression of Liprin-α3, release recovered to levels that were
indistinguishable from WT littermate neurons. Efficient Liprin-
α3 expression and rescue of its function required viral transduction
early after plating (Fig. S6). These experiments establish a defect
in synaptic vesicle exocytosis upon loss of Liprin-α3. The full
rescue indicates that the impairment in exocytosis is caused by loss
of Liprin-α3 in the mutant mice, and the reversibility of the im-
pairment establishes that postnatal, neuronal expression of Liprin-
α3 is sufficient to mediate its role in exocytosis. Together with the
presynaptic localization observed with STED microscopy, these
experiments establish a presynaptic function of Liprin-α3 to en-
hance synaptic strength. Field recordings in acute brain slices
confirmed a defect in synaptic strength in excitatory Schaffer
collateral to CA1 synapses of the hippocampus (Fig. S7).

Synaptic Ultrastructure in Liprin-α3–KO Neurons. To determine
whether Liprin-α3 has a structural role in vertebrate presynaptic
morphogenesis, we pursued EM analysis of synapse structure in
cultured hippocampal neurons after chemical fixation (Fig. 4 A–
G). We observed a 23% loss of vesicles docked to the presynaptic
plasma membrane upon KO of Liprin-α3, accompanied by a
25% loss of vesicles within 100 nm of the target membrane, re-
ferred to as tethered vesicles (Fig. 4 E and F). Bouton size, PSD
length, and the number of vesicles per bouton were not changed.
Chemical fixation leads to collapse of intra- and extracellular

space, potentially confounding the analysis of synaptic ultra-
structure. We therefore repeated this experiment with the use of
high-pressure freezing followed by freeze substitution, directly
comparing the two methods and the Liprin-α3–KO phenotypes
(Fig. 4 H–M). Liprin-α3–KO phenotypes were essentially the
same, with a 30% and 24% loss of docked and tethered vesicles,
respectively. In addition, we observed a small decrease in bouton
size and PSD length upon Liprin-α3 KO, perhaps suggesting
mild structural roles for Liprin-α3 in bouton formation.

Deficits in vesicle docking are often accompanied by accu-
mulation of nondocked vesicles within 10–20 nm of the pre-
synaptic plasma membrane, for example in Munc13 and SNARE
mutants (21). The decrease in the number of tethered vesicles
(Fig. 4 F and M) suggested that this is not the case in Liprin-α3–
KO neurons. To better analyze this, we plotted histograms of the
distribution of vesicles within 100 nm of the presynaptic mem-
brane in 10-nm bins (Fig. 4 G and N). We did not observe an
accumulation of undocked vesicles near the plasma membrane,
but, instead, mild reductions of vesicles were present across the
first 100 nm, establishing a synaptic vesicle tethering defect.

Altered Active-Zone Structure upon Deletion of Liprin-α3. To assess
whether Liprin-α3 KO induced structural changes in the active
zone, we compared Liprin-α3+/+ with Liprin-α3−/− synapses by
STED microscopy (Fig. 5 and Fig. S8). Compellingly, at Liprin-
α3−/− synapses, the peak of Liprin-α2 staining moved to a position
between the Bassoon N and C termini, akin to the localization of
Liprin-α3 (Fig. 5B). Hence, only upon deletion of Liprin-α3,
Liprin-α2 is strongly localized to the active zone. Liprin-α2, how-
ever, cannot functionally compensate for the loss of Liprin-
α3 because vesicle docking, tethering, and release are impaired at
Liprin-α3−/− synapses despite translocation of Liprin-α2 to the
active zone. Effects on other active-zone proteins were mild. For
each active-zone protein, the peak localization was not affected in
Liprin-α3–KO mice (Fig. 5B). Nevertheless, we observed modest
changes in Bassoon and Munc13-1 labeling (Fig. 5C and Figs. S8
and S9). These changes likely reflect rearrangements of the
release-site structure that contribute to the impairment in synaptic
vesicle tethering, docking, and exocytosis.

Discussion
The localization and function of vertebrate Liprin-α has been
uncertain, and pre-, post-, and extrasynaptic functions have been
proposed. We establish here that localization of Liprin-α3, but
not Liprin-α2, peaks at the active zone (Fig. 1). We find that
Liprin-α3 is important for synaptic vesicle docking and release
(Figs. 2–4), functions that are likely mediated by a role for
Liprin-α3 in determining active-zone composition (Fig. 5).
Hence, Liprin-α3 functions at the presynaptic active zone to
enhance synaptic strength.

Analysis of Active-Zone Protein Localization at Vertebrate Synapses
Using STED Microscopy. A large body of literature suggests that
Piccolo/Bassoon, RIM, Munc13, ELKS, RIM-BP, and Liprin-α
define the active zone at vertebrate synapses, with biochemical
and morphological evidence in support of active-zone associa-
tion. Although localization was typically established by qualita-
tive immuno-EM, colocalization with other active-zone proteins
at a nanoscale has not been systematically studied. Recent ad-
vances in superresolution microscopy provide new tools to tackle
this limitation. A first study employed STORM microscopy and
found colocalization of Bassoon/Piccolo and RIM (19). Two
recent papers provided additional evidence for active-zone lo-
calization of RIM-BP, Bassoon, and Munc13 by using STED or
STORM microscopy (22, 23). Here we extend these studies by
systematic mapping of active-zone protein localization, including
vertebrate ELKS and Liprin-α, proteins that have not been
studied by using superresolution microscopy to our knowledge.
We find that members of each protein family localize to the
active zone and are opposed to the PSD at excitatory hippo-
campal synapses. Notably, the peaks of RIM-BP2, Liprin-α3,
Munc13-1, RIM1, and ELKS2 all fall within the 25 nm between
the Bassoon N and C termini, strongly supporting that these
proteins are associated with one another at active zones.
Our work relates to comprehensive studies at the fly neuro-

muscular junction, where STEDmicroscopy has revealed that Brp,
a partial homolog of ELKS, forms prominent umbrella-shaped

0

20

40

60

80

0.0

0.2

0.4

0.6

0

200

400

0

1

2

3

4

5

10

15

0

I J K

H

L M N

B C D

A

E F G
0

20

40

60

0

100

200

300

0

1

2

3

0

5

10

15

0.0

0.2

0.4

ezis
notuob

(μ
m

2 )

ezi s
not uob

(μ
m

2 )

ht gnel
D

S
P

)
mn(

ht gnel
D

S
P

)
mn(

r ep
sel ci sev

not uob

rep
sel ci sev

not uob

sel ci sev
dekcod

sel ci s ev
dekcod

sel ci s ev
dereht et

sel ci sev
der eht etdistance to active 

zone (10 nm bins)+/+ -/- +/+ -/- +/+ -/-

+/+ -/- +/+ -/- +/+ -/- +/+ -/- +/+ -/- +/+ -/-

+/+ -/-

0 nm 100 nm 0 nm 100 nm

**

* *

250 nm

Liprin-α3+/+

glutaraldehyde fixation cryo-fixation
Liprin-α3-/-

1

0

2

3

4

1
0

2
3
4

%
 o

f a
ll 

ve
si

cl
es

%
 o

f a
ll 

ve
si

cl
es

distance to active 

Liprin-α3+/+

Liprin-α3-/-
Liprin-α3+/+

Liprin-α3-/-* *** *** ***

250 nm

Liprin-α3+/+ Liprin-α3-/-

zone (10 nm bins)

Fig. 4. Impaired synaptic vesicle docking and tethering after Liprin-α3 KO.
(A) Representative EM images of synapses of cultured hippocampal neurons
fixed with glutaraldehyde. (B–F) Quantification of vesicles per bouton
(B), bouton size (C), PSD length (D), docked vesicles (E), and vesicles tethered
within 100 nm (F). Liprin-α3+/+, n = 150 synapses/3 independent cultures;
Liprin-α3−/−, n = 147/3. (G) Histogram of the vesicle distribution in the first
100 nm of the active zone in 10-nm bins expressed as a percentage of all
synaptic vesicles. Numbers of synapses and cultures are as in B–F. (H–N) Same
as A–G, but for neurons cryofixed by high-pressure freezing. Liprin-α3+/+, n =
104/3; Liprin-α3−/−, n = 121/3. Data are means ± SEM unless stated otherwise
(*P ≤ 0.05 and ***P ≤ 0.001, unpaired Student’s t test).

Wong et al. PNAS | February 27, 2018 | vol. 115 | no. 9 | 2237

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719012115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719012115/-/DCSupplemental


T-bars that reach 200–300 nm into the nerve terminal. The fly
homologs of RIM-BP, Liprin-α, and Munc13 each form small,
distinct clusters surrounding the base of these T-bars (1, 18, 24).
Our data at hippocampal synapses suggest finer subclustering of
active-zone proteins, resulting in relatively homogenous appearance

of the active zone in STED microscopy. A contributing factor could
be that hippocampal synapses are more diverse and likely less ste-
reotyped than the fly neuromuscular junction.

Liprin-α3 as an Active-Zone Scaffold. Our data firmly establish
presynaptic localization and function of Liprin-α3. However,
several observations set Liprin-α3 apart from other active-zone
proteins. First, Liprin-α3 has a broader distribution than other
active-zone proteins, with antibody staining spread throughout
the nerve terminal (Fig. 1). Second, at synapses that lack RIM
and ELKS, Liprin-α3 localization is more mildly affected than
that of other active-zone proteins (20) (Fig. S2). The most par-
simonious model is that interactions with LAR-PTPs and Liprin-
α self-association play roles in Liprin-α targeting and presynaptic
assembly (2, 11). Studies of active-zone assembly in C. elegans
suggested that Liprin-α may act early in active-zone assembly (6,
7, 25), and fit with our finding that Liprin-α3 is recruited to the
presynaptic plasma membrane independent of RIM and ELKS.
In invertebrates, syd-1 is required upstream of Liprin-α/syd-2,
and overexpression of Liprin-α/syd-2 bypasses the need for syd-1
(26, 27). This suggested that syd-1 may recruit Liprin-α/syd-2
to synapses. Vertebrates express only distal orthologs of syd-1,
called SYD1A/syde1 and SYD1B/syde2, with a Rho-GAP ac-
tivity that is not present in invertebrate syd-1 but essential for
cytoskeletal remodeling in vertebrates (28, 29), and localization of
the vertebrate orthologs is not known. Future studies are neces-
sary to address potential roles of LAR-RPTPs and SYD1A/B for
targeting Liprin-α3 to vertebrate active zones.
Our functional and morphological data support a scaffolding

role for Liprin-α3. We observe a loss of tethered and docked
synaptic vesicles that is well matched with a reduction in exo-
cytosis. Although recent studies at the fly neuromuscular junction
support roles for Liprin-α in targeting of a specific Munc13 iso-
form (24), there is currently no support for a direct interaction
between Liprin-α3 and Munc13. Because the reduction of Munc13
levels at Liprin-α3−/− synapses is mild, and because Liprin-α3−/−
synapses have a loss in docked and tethered vesicles [tethered
vesicles are increased in Munc13-KO synapses (21)], it is unlikely
that the secretory deficit in Liprin-α3−/− synapses is the result of an
isolated loss of Munc13. Instead, the exocytotic defect is probably
a result of a combination of active-zone defects caused by a loss of
scaffolding by Liprin-α3.

Redundant and Diverse Roles for Vertebrate Liprin-α in Brain
Development and Function. Although our studies establish locali-
zation and function of Liprin-α3 at the presynaptic active zone,
they do not exclude other roles for Liprin-α3, for example, in
cellular transport or morphogenesis, as generally suggested for
Liprin-αs from biochemical studies and invertebrate genetics (1, 9,
10). Our data, however, suggest that these roles are not essential
or are compensated for by other Liprin-αs, because Liprin-α3–KO
mice survive and develop mostly normally (Fig. 2 and Fig. S3).
Diverse roles for Liprin-α are also strongly supported by the

variable localization of the various Liprin-α proteins within
neurons and by studies in nonneuronal cells. Within neurons,
Liprin-α1 is mostly localized dendritically, and knockdown and
overexpression experiments support roles in dendrite morpho-
genesis (14, 15, 30). These functions are consistent with studies in
nonneuronal cells, where Liprin-α1 controls edge dynamics in
motile cancer cells through focal adhesion (31). Liprin-α2 lo-
calization appears more restricted to synapses, but, so far, it was
unclear whether it is pre- or postsynaptically localized (14–16). A
functional study using knockdown of Liprin-α2 suggested a pre-
synaptic function in regulating the localization and turnover of
other presynaptic proteins to control release (17). Together with
the widespread presynaptic localization established here, these
data suggest that one function of Liprin-α2 may be the trafficking
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Fig. 5. STED analysis of Liprin-α3–KO synapses. (A) Representative STED im-
ages of side-view synapses and line profiles [as in Fig. 1 but showing arbitrary
units (a.u.)]. (B) Axial positions of the test proteins relative to Bassoon: Bas-
soonN (+/+, n = 841/8; −/−, n = 817/8); Liprin-α3 (+/+, n = 234/3); Liprin-α2 (+/+, n =
105/3; −/−, n = 120/3); BassoonC (+/+, n = 55/3; −/−, n = 28/3); Munc13-1 (+/+, n =
92/3; −/−, n = 77/3); ELKS2 (+/+, n = 141/3; −/−, n = 196/3); RIM1 (+/+, n = 130/3; −/−,
n = 114/3); RIM-BP2 (+/+, n = 84/3; −/−, n = 107/3); and PSD-95 (+/+, n = 79/3; −/−,
n = 116/3). Statistical significance determined by two-way ANOVA (genotype
significant at P ≤ 0.05; test protein significant at P ≤ 0.001; interaction sig-
nificant at P ≤ 0.001) followed by Holm–�Sídák multiple-comparisons posttests
(reported in figure). (C) Peak intensity of line profiles normalized to the av-
erage of Liprin-α3+/+ synapses: Liprin-α3 (+/+, n = 234/3; −/−, n = 175/3); Bas-
soonN (+/+, n = 772/8; −/−, n = 805/8); Liprin-α2 (+/+, n = 105/3; −/−, n = 120/3);
BassoonC (+/+, n = 231/3; −/−, n = 169/3); Munc13-1 (+/+, n = 92/3; −/−, n = 77/3);
ELKS2 (+/+, n = 141/3; −/−, n = 175/3); RIM1 (+/+, n = 130/3; −/−, n = 114/3); RIM-
BP2 (+/+, n = 84/3; −/−, n = 107/3); and PSD-95 (+/+, n = 116/3; −/−, n = 158/3).
Statistical significance determined by two-way ANOVA (genotype not signifi-
cant; test protein significant at P ≤ 0.001; interaction significant at P ≤ 0.001)
followed by Holm–�Sídák multiple-comparisons posttests (reported in figure).
All data are means ± SEM (*P ≤ 0.05 and ***P ≤ 0.001). The data were ac-
quired simultaneously with identical settings in a blind experiment in Liprin-
α3+/+ control and Liprin-α3−/− neurons, and the Liprin-α3+/+ data are the same
data that are shown in Fig. 1. A second, independent assessment of active-
zone protein localization is shown in Fig. S2. Overview images and additional
analyses are in Figs. S8 and S9.
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and/or capture of presynaptic components, consistent with roles
of Dliprin-α in flies (9).
Our data reveal insight into the interplay between Liprin-

α2 and Liprin-α3. Compellingly, when Liprin-α3 was removed,
Liprin-α2 translocated to the active zone, mimicking the locali-
zation of Liprin-α3. There are several potential alternative ex-
planations. First, it is possible that a limited number of Liprin-α
binding sites at the active zone accounts for this interplay, and
Liprin-α3 outcompetes Liprin-α2 for localization because it is
expressed higher or has a higher affinity for key interacting
partners. Similar mechanisms were observed for presynaptic
Ca2+ channels, which compete for a limited number of slots (32).
Alternatively, Liprin-α3 could have an active role in suppressing
active-zone localization of Liprin-α2, for example, by recruiting
proteins that inhibit Liprin-α2 active-zone localization. Finally,
Liprin-α3 expression may suppress Liprin-α2 expression and
therefore its active-zone levels. This is unlikely because there is
no strong increase in Liprin-α2 expression in Liprin-α3–KO an-
imals. Regardless of the mechanism, our data indicate that the
functions of Liprin-α3 are not identical to those of Liprin-
α2 because Liprin-α3−/− neurons have a secretory impairment
that is not compensated for by Liprin-α2. A previous study
complements this point: Liprin-α3 cannot fully compensate for
knockdown of Liprin-α2 (17). Future studies are needed to
generate KO mice for Liprin-α2 and other Liprin-αs and to
systematically compare single- and double-KO phenotypes. To-
gether, this and previous studies support diverse roles for Liprin-α
in morphogenesis, cellular trafficking, and synaptic transmission.
These roles are shared by a single gene in invertebrates, they
have likely diverged across several Liprin-α genes in vertebrates.

Methods
Mice. The constitutive Liprin-α3–KO mice were generated by CRISPR/Cas9
gene editing in one-cell zygotes. All animal experiments were performed
according to institutional regulations at Harvard University.

Neuronal Cultures. Primarymouse hippocampal cultures were generated from
newborns as previously described (20), and all analyses were performed at
DIV 14–17.

Morphology. Confocal and STED experiments were performed with a Leica
SP8 Confocal/STED 3× microscope, and detailed information is outlined in SI
Methods. For transmission EM, neuronal cultures were fixed with glutaral-
dehyde or frozen with a Leica EM ICE high-pressure freezer. Tissue pro-
cessing, imaging, and data analyses were performed as described previously
(20). All experiments were done by an experimenter blind to the genotype.

Electrophysiology and Imaging. mEPSC recordings and sypHy imaging ex-
periments were performed in cultured neurons at DIV 14–17. SypHy was
delivered by lentiviral infection. All experiments were done by an experi-
menter blind to the genotype.
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