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Supplementary Figure 1  Ten-a and Ten-m antibody and cell type specificities. 
a – c, Representative single confocal sections of a Drosophila NMJ stained with antibodies to Ten-a (red), 
Ten-m (green) and HRP to recognize neuronal membranes (blue). a, Ten-a and Ten-m are both expressed 
at the larval NMJ. b, In ten-a mutant larvae, the Ten-a signal is no longer detected, demonstrating antibody 
specificity. The Ten-m signal is still detected, but is manifest in a thinner ring surrounding the bouton due to 
the reduction of the SSR in the ten-a mutant. c, In larvae expressing interfering RNA (IR, RNAi) against ten-
a in the nervous system using nrv2-GAL4 (ten-a N-IR), Ten-a immunoreactivity is nearly eliminated, 
suggesting that Ten-a is neuronal. Ten-m is unaffected, but is collapsed similarly as in the ten-a mutant. d – 
f, Representative confocal single optical sections of NMJs stained with antibodies to Ten-m (green) and 
HRP (blue) to recognize neuronal membranes. d, Ten-m at control synapses extends beyond the neuronal 
membrane and into the muscle. e, In larvae expressing RNAi against ten-m in the musculature using Mef2-
GAL4, the muscle staining is eliminated, leaving a population of Ten-m immunoreactivity contained with the 
presynaptic neuron. f, In larvae expressing the same RNAi ubiquitously using daughterless-GAL4, the 
immunoreactivity is completely eliminated. Thus, the antibody is specific to Ten-m and Ten-m itself is 
endogenously expressed both pre- and postsynaptically. Scale bar, 5 μm.  
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Supplementary Figure 2  Additional genotypes demonstrating teneurin perturbations on synaptic 
arborization. 
a – j, Representative confocal images of NMJs at muscle 6/7 in various genotypes. (a) Control NMJ. Loss of 
ten-a (b) decreases boutons by 55%, which can be rescued by neuronal (c) but not muscle (d) restoration 
of expression using a UAS-ten-a transgene or neuronal overexpression of Ten-m using the P{GS}9267 line 
(e). Neuronal knockdown of ten-a (f), ten-m (g) or both (h) all reduce synaptic bouton number. Thus, the 
presynaptic pool of Ten-m also functions in mediating proper bouton number at the NMJ, though its 
contribution is less than that of ten-a. Concomitant knockdown of both ten-m and ten-a in neurons is 
equivalent to the sum of each individual knockdown phenotype. Muscle knockdown of ten-a alone has no 
effect on synaptic arborization (i) but knockdown of ten-m and ten-a (j) has marked effects and is 
indistinguishable from expressing RNAi against ten-m alone (Fig. 2). Scale bar, 20 μm. k, Developmental 
analysis of bouton number in control (black) and ten-a mutant (red) larvae. At each stage observed, there 
was a significant reduction in bouton number in ten-a mutants, suggesting that the phenotype is cumulative 
throughout development. l, Quantification of synaptic boutons at the NMJ (black) and of boutons with a 
diameter greater than 5 μm (red) at muscle 6/7 in segment A3 of wandering third instar larvae. In addition to 
reductions in the overall number of synaptic boutons, teneurin perturbations also increase the number of 
improperly sized boutons. Both of these phenotypes are hallmarks of impaired synaptic development. Error 
bars represent s.e.m. *** P < 0.001. Statistical comparisons are with control values unless otherwise noted. 
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Supplementary Figure 3  Additional EM micrographs showing synaptic structural defects following 
teneurin perturbations. 
Representative electron micrographs of individual active zones in control larvae (a), ten-a mutant larvae (b, 
e, h, k, n), or in larvae following neuronal knockdown of ten-m and ten-a (c, f, i, l, o) or muscle knockdown 
of ten-m (d, g, j, m, p). Examples are of five major active zone defects including double T-bars (b – d), 
detached T-bars (e – g), misshapen T-bars (h – j), membrane ruffling at active zones (k – m) and active 
zones improperly opposite to contractile muscle tissue (n – p). Some examples show multiple defects. For 
example, in (c), there is a double T-bar with membrane ruffling at the active zone. In (p), the active zone is 
ruffled as well as incorrectly opposite to contractile tissue. Asterisks mark T-bars; waved arrows mark 
membrane ruffles. Scale bar, 100 nm.  
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Supplementary Figure 4  Synaptic vesicle organization and density defects following teneurin 
perturbations. 
a – f, Representative single optical sections through the bouton center. a, In control larvae, synaptic vesicle 
markers adorn the membrane, forming a “donut”. Following teneurin perturbation using muscle ten-m RNAi 
(b), neuronal ten-m and ten-a RNAi (c) or the ten-a mutant (d), this organization is abrogated. Instead, 
immunostaining for the synaptic vesicle markers Cysteine String Protein (CSP) and Synaptotagmin 1 (Syt1) 
fills ~80% of synaptic boutons without a discernible pattern. The ten-a mutant phenotype can be rescued by 
neuronal (f) but not muscle (e) Ten-a expression. g, Quantification of the bouton proportion with “organized” 
(discernible membrane association, gray) and “disorganized” (no obvious membrane association, red) 
synaptic vesicles. h – k, Representative electron micrographs of boutons in control (h), muscle ten-m RNAi 
(i), neuronal ten-m and ten-a RNAi (j) and ten-a mutant (k) larvae. Normally, vesicles are tightly packed and 
clustered near the membrane with the center nearly devoid of vesicles. Following teneurin perturbation, 
density is decreased and organization is impaired: more vesicles are in the bouton center and are less 
tightly packed. l, Quantification of vesicle density. m, Quantification of vesicle diameter. Despite impaired 
organization, individual vesicle diameter is unaffected. n, Quantification of large diameter vesicles (> 150 
nm). teneurin perturbation does not affect the distribution of other vesicular structures is unchanged. Scale 
bars, 5 μm (a-f), 200 nm (h-k). In all graphs, error bars are s.e.m. *** P < 0.001, ** P < 0.01, NS, not 
significant. Statistical comparisons are with control values unless otherwise noted. 
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Supplementary Figure 5  Physiological and behavioral defects following teneurin perturbations. 
a, Cumulative frequency histogram (from 50 events per recorded muscle) of spontaneous ‘miniature’ EPSP 
(mEPSP) amplitude in control (black) and ten-a mutant (red) larvae. The distribution is significantly shifted 
towards lower amplitudes in the ten-a mutant (P < 0.0001, Kolmogorov-Smirnov test). b, Average mEPSP 
kinetics. While the rise time (black) is not significantly different, individual mEPSPs decay (white) with a 
faster time constant and have a smaller time integral (area, red) in ten-a mutants. c, Evoked response 
(EPSP) kinetics. Both the EPSP rise time (black) and latency (blue) remain unchanged, but the decay time 
(white) is significantly reduced in ten-a mutants. The altered decay kinetics could owe to altered 
postsynaptic receptor kinetics or membrane properties, indicating additional postsynaptic effects, consistent 
with a transsynaptic Teneurin function. d – e, Paired pulse ratios (PPR: the 2nd EPSP amplitude divided by 
the 1st) were obtained by delivering two precisely timed pulses at an interval of 25 ms (40 Hz). 
Representative traces (d) and mean PPR quantification (e) in control and ten-a mutant larvae. ten-a 
mutants show reduced short-term depression over controls, suggesting their reduced initial release 
probability. For all genotypes, n ≥ 8 muscles, 7 animals. f – g, Representative confocal stacks of FM1-43 
fluorescence at muscle 12 terminals in control (f) and ten-a mutant (g) larvae. There is a stark reduction in 
dye loaded in ten-a mutants. Scale bar, 10 μm. h, Quantification of fluorescence at control and ten-a mutant 
synapses reveals a 70% reduction in intensity, suggesting impaired vesicle cycling in the absence of ten-a. 
Here, n ≥ 16 NMJs, 4 animals. i, Quantification of larval crawling in control and teneurin-perturbed larvae. 
There is a 90% reduction in the number of grids crossed in 30 seconds following teneurin disruption. This 
can be partially rescued by neuronal, but not muscle expression of Ten-a. For all genotypes, n ≥ 30 larvae. 
Error bars represent s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001, NS, not significant. 
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Supplementary Figure 6  Presynaptic microtubule organization is altered by Teneurin loss. 
a,c,e,g,i,k, Representative NMJs stained with antibodies to Futsch (green) and HRP (magenta). Looped, 
organized microtubules (arrowheads) are seen in control larvae (a) but not following neuronal (c) or muscle 
(e) teneurin RNAi, nor in the ten-a mutant (g). Instead, most boutons show unbundled (arrows), 
disorganized microtubules. This phenotype can be partially rescued by restoring Ten-a expression in 
neurons (i), but not muscles (k). b,d,f,h,j,l, Representative high magnification images of single boutons as 
above. m, Quantification of the bouton fraction with looped (black) and unbundled microtubules (red). 
Neuronal teneurin RNAi results in fewer looped and more unbundled microtubules: both presynaptic Ten-a 
and Ten-m are involved in cytoskeletal organization, but ten-a contributes more strongly. In the muscle, ten-
a RNAi has no effect on microtubules, but ten-m knockdown results in severe disorganization. There is very 
mild impairment in the nlg1 mutant. Double ten-a nlg1 mutants resemble the ten-a mutant. Scale bar, 5 μm. 
Error bars represent s.e.m.  *** P < 0.001. Statistical comparisons are with control values. 
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Supplementary Figure 7  teneurin perturbation severely alters the α-Spectrin cytoskeleton. 
a – f, Representative confocal images of larval NMJs stained with antibodies to α-Spectrin (green), Discs 
Large (red) and HRP (blue) to mark neuronal membranes. a, In control larvae, α-Spectrin is observed in the 
presynaptic axon and postsynaptically at terminals. b, In ten-a mutant larvae, the postsynaptic staining is 
severely reduced, though the presynaptic axonal staining is still evident. This can be rescued by restoring 
neuronal (c) but not muscle (d) expression of Ten-a. A similar, but much less severe phenotype is evident in 
nlg1 mutants (e) and nlg1 mutations do not enhance the phenotype of ten-a (f). Scale bar, 5 μm. g, 
Quantification of α-Spectrin and Dlg fluorescence in various genotypes. The changes in α-Spectrin 
fluorescence are specific as synapses do not show a significant change in Discs Large fluorescence (P > 
0.6 in all cases). Error bars represent s.e.m. *** P < 0.001, NS, not significant. Statistical comparisons are 
with control values unless otherwise noted. 
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Supplementary Figure 8  Ten-a also regulates the distribution of other postsynaptic proteins. 
a – b, Representative confocal images of larval NMJs stained with antibodies to β-Spectrin (green), Dlg 
(red) and HRP (blue) to mark neuronal membranes. a, In control larvae, β-Spectrin is observed in the 
presynaptic axon and postsynaptically at terminals. b, In ten-a mutant larvae, the postsynaptic staining is 
severely reduced, though the presynaptic axonal staining is still evident. c – d, Representative confocal 
stacks as above stained with antibodies to Hts / Adducin (green), Dlg (red) and HRP (blue) to mark 
neuronal membranes. c, In control larvae, Hts strongly stains the postsynaptic NMJ as well as the 
presynaptic axon. d, In ten-a mutant larvae, the postsynaptic staining is reduced but not absent. e – f, 
Representative confocal stacks as above stained with antibodies to Wsp (green), Dlg (red) and HRP (blue) 
to mark neuronal membranes. e, Wsp also stains the postsynaptic membranes in control larvae. f, This 
staining is largely absent in ten-a mutant larvae. All of these proteins are associated with postsynaptic 
cytoskeletons and reside in or around the SSR1. The reduction of β-Spectrin demonstrates that the effects 
of teneurin perturbation are not limited to one subunit of the spectrin cytoskeleton. Further, the concomitant 
reduction of Wsp2, an actin-regulatory protein and Hts / adducin, which links the actin and spectrin 
cytoskeletons3, demonstrate that the effects of teneurin perturbation extend throughout the SSR to spectrin-
interacting proteins and perhaps the actin cytoskeleton. Scale bar, 5 μm. 
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Supplementary Figure 9  teneurin perturbation results in an increased occurrence of ghost boutons 
and a reduction in the subsynaptic reticulum. 
a-c, Representative confocal images of NMJs stained with antibodies to Dlg (green) and HRP (magenta). a, 
In control larvae, all presynaptic boutons also have postsynaptic Dlg staining. When teneurin function is 
impaired in ten-a mutant larvae (b) and in muscle ten-m RNAi (c), ghost boutons that are HRP-positive but 
Dlg-negative are evident (arrowheads). d, Quantification of ghost boutons. In ten-a mutant larvae, the ghost 
phenotype can be rescued by presynaptic, but not postsynaptic, Ten-a expression. e-g, Representative 
electron micrographs of the subsynaptic reticulum (SSR), a folded postsynaptic membrane structure 
present at all boutons. SSR width is markedly reduced following teneurin disruption. h, Quantification of the 
mean SSR width (black) and the ratio of the SSR area to the bouton area (red). Both parameters are 
similarly decreased by teneurin perturbation. Error bars represent s.e.m. Scale bars, 5 µm (a-c), 500 nm (e-
g). *** P<0.001, NS, not significant. Statistical comparisons are with control values unless otherwise noted. 
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Supplementary Figure 10  Neuroligin 1 and Ten-a co-regulate active zone apposition. 
a, Representative high magnification single optical sections images of NMJs in animals expressing UAS-
Nlg1-eGFP (red) under the control of the muscle-specific Mef2-GAL4 driver and stained with antibodies to 
Ten-m (green) and HRP (blue) to mark neuronal membranes. Both Nlg1-eGFP and Ten-m occupy similar 
synaptic space. b – e, Representative high magnification confocal images of NMJs stained for the active 
zone protein Brp (green), the glutamate receptor subunit DGluRIII (red) and HRP to recognize neuronal 
membranes (blue). b, Control larva showing normal apposition between active zone and glutamate receptor 
puncta (see Fig. 2h). One unapposed active zone (yellow arrowhead) is visible. c, When ten-a is removed, 
the proportion of unapposed glutamate receptor puncta (white arrowheads) and unapposed active zones 
(yellow arrowheads) increases to 11%. d, In the nlg1 mutant, nearly 30% of active zones / glutamate 
receptors are unapposed by their obligate partner (marked by arrowheads as above). Additionally, changes 
in the size and distribution of puncta are evident. e, In the ten-a nlg1 double mutant, a larger proportion of 
active zones (50%) are unopposed by glutamate receptors (quantified in Fig. 2k), revealing synergy 
between the Teneurin and Nrx/Nlg1 pathways. In (e), arrowheads are omitted for clarity. Scale bar, 5 μm.  
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Supplementary Figure 11  ten-m-GAL4 expression in the muscle and the ventral nerve cord. 
a, Representative image of larvae expressing the reporter mCD8GFP under the control of the ten-m-GAL4 
driver and stained with antibodies to Dlg (blue) and with Texas Red-conjugated phalloidin (red) to mark the 
muscle fibers. ten-m-GAL4 shows expression at all neuromuscular terminals, consistent with the antibody 
expression. b, Representative high magnification single optical sections of an NMJ as above and stained 
with antibodies to Syt1 (blue) and HRP (red) to mark neuronal membranes. The GFP signal is coincident 
with the membrane and within the incoming axon but also extends beyond the membrane (green 
fluorescence beyond the red) as a postsynaptic signal. This corresponds to both pre- and postsynaptic 
expression, similar to endogenous Ten-m (see Fig. 1, Supplementary Fig. 1). c, Representative confocal 
images of a larval ventral nerve cord as above and stained with antibodies to Even-skipped (red) and Elav 
(blue). The ten-m-GAL4 positive cells are neurons and a subset is positive for Even-skipped, which is 
expressed in dorsal motor neurons and some interneurons. Arrowheads indicate likely position of DA3 / 
MN3-Ib, the type Ib motor neuron that innervates muscle 3. Scale bars, 20 μm (a), 10 μm (b), 5 μm (c). 
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Supplementary Figure 12  Ten-m is expressed in a segmental gradient at the larval NMJ. 
a, Representative whole-mount images of Drosophila larval fillets stained with phalloidin (red) and 
expressing GFP under the ten-m-GAL4 enhancer trap (green). Specific expression is observed in two 
muscle fibers per hemisegment and in a graded fashion. b – h, Single confocal slices of endogenous Ten-m 
staining at individual muscle 3 synapses in the indicated body wall segment. Endogenous staining 
demonstrates a similar gradient to that observed with the ten-m-GAL4 enhancer trap. i – o, Single optical 
sections of Ten-m staining at individual muscle 4 synapses in the indicated body wall segment. No gradient 
is observed. The synapses are indicated by the dashed lines. p, Quantification of endogenous Ten-m at 
muscle 3 (red) and muscle 4 (black) and ten-m-GAL4 driving GFP fluorescence at muscle 3 (green) and 
muscle 4 (blue) expressed as a function of the fluorescence in segment A1 of the observed animal. The 
gradient at muscle 3 is similarly present endogenously as in the enhancer trap, validating the enhancer trap 
expression. In contrast, no gradient is observed at muscle 4. Segmentally graded expression of known 
genes is uncommon and, in the case of Ten-m could potentially contribute to the mechanism whereby the 
same muscle fibers of progressively descending segments have differing bouton numbers4. Error bars are 
s.e.m. Scale bar, 500 μm (a), 5 μm (b-o). 
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Supplementary Table 1 
Quantification of bouton parameters by electron microscopy. 
 

 Control 
n (3 larvae, 44 boutons) 

ten-m+a N-IR 
n (5 larvae, 45 boutons)

ten-m M-IR 
n (4 larvae, 40 boutons)

ten-a
n (4 larvae, 86 boutons)

     
Perimeter 
(μm) 

8.1 ± 0.68 7.1 ± 0.56 7.0 ± 0.61 7.1 ± 0.44 
n/a P > 0.4 P > 0.4 P > 0.4 

     
Area 
(μm2) 

4.3 ± 0.60 3.4 ± 0.57 3.3 ± 0.65 3.1 ± 0.32 
n/a P > 0.3 P > 0.3 P > 0.3 

     
PSD Length 
(nm) 

560.3 ± 14.40 424.6 ± 20.69 599.6 ± 22.67 437.2 ± 13.41 
n/a P < 0.0001 P > 0.4 P < 0.0001 

     
T-Bar Profiles 
(per section) 

1.5 ± 0.23 1.0 ± 0.13 1.1 ± 0.13 1.0 ± 0.12 
n/a P < 0.05 P < 0.05 P < 0.05 

     

PSD Number 3.8 ± 0.20 2.2 ± 0.18 2.9 ± 0.17 2.6 ± 0.18 
n/a P < 0.0001 P < 0.001 P < 0.0001 

     
SSR Crossings 
(cross/μm) 

12 ± 4.5 11 ± 4.4 12 ± 1.0 14 ± 9.1 
n/a P > 0.1 P > 0.1 P > 0.1 

     
SSR Width 
(nm) 

1002 ± 44.41 701.1 ± 46.27 411.5 ± 33.56 327.6 ± 29.93 
n/a P < 0.0001 P < 0.0001 P < 0.0001 

     
SSR / Bouton 
Area 

4.1 ± 0.43 2.7 ± 0.38 1.7 ± 0.18 0.97 ± 0.093 
n/a P < 0.0001 P < 0.0001 P < 0.0001 

     
Vesicle Density 
(ves / μm2) 

154 ± 9.90 92.9 ± 9.64 110 ± 9.38 68.7 ± 3.94 
n/a P < 0.0001 P < 0.001 P < 0.0001 

     

% Mito. Area 7.9 ± 0.74 6.6 ± 0.66 7.0 ± 0.77 6.8 ± 0.52 
n/a P > 0.5 P > 0.5 P > 0.5 

     
Large Vesicles 
(diam > 150 nm) 

3.5 ± 0.37 3.8 ± 0.48 4.4 ± 0.44 3.4 ± 0.26 
n/a P > 0.2 P > 0.2 P > 0.2 

     

% AZ Length 27.4 ± 1.39 13.8 ± 0.933 26.5 ± 1.77 16.9 ± 0.977 
n/a P < 0.0001 P > 0.5 P < 0.0001 

     
Membrane Ruffles 
(per AZ) 

0.9 ± 0.16 5.1 ± 0.51 3.2 ± 0.46 6.7 ± 0.48 
n/a P < 0.0001 P < 0.05 P < 0.0001 
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