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Abstract

Disruption of synapses underlies a plethora of neurodevelopmental and neurodegenerative

disease. Presynaptic specialization called the active zone plays a critical role in the communi-

cation with postsynaptic neuron. While the role of many proteins at the active zones in synaptic

communication is relatively well studied, very little is known about how these proteins are trans-

ported to the synapses. For example, are there distinct mechanisms for the transport of active

zone components or are they all transported in the same transport vesicle? Is active zone pro-

tein transport regulated? In this report we show that overexpression of Par-1/MARK kinase, a

protein whose misregulation has been implicated in Autism spectrum disorders (ASDs) and

neurodegenerative disorders, lead to a specific block in the transport of an active zone protein

component- Bruchpilot at Drosophila neuromuscular junctions. Consistent with a block in axo-

nal transport, we find a decrease in number of active zones and reduced neurotransmission in

flies overexpressing Par-1 kinase. Interestingly, we find that Par-1 acts independently of Tau-

one of the most well studied substrates of Par-1, revealing a presynaptic function for Par-1 that

is independent of Tau. Thus, our study strongly suggests that there are distinct mechanisms

that transport components of active zones and that they are tightly regulated.

Author summary

Synapses consist of pre- and postsynaptic partners. Proper function of active zones, a pre-

synaptic component of synapse, is essential for efficacious neuronal communication. Dis-

ruption of neuronal communication is an early sign of both neurodevelopmental as well

as neurodegenerative diseases. Since proteins that reside in active zones are used so fre-

quently during the neuronal communication, they must be constantly replenished to

maintain active zones. Axonal transport of these proteins plays an important role in

replenishing these vital components necessary for the health of active zones. However, the
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mechanisms that transport components of active zones are not well understood. Our data

suggest that there are distinct mechanisms that transport various active zone cargoes and

this process is likely regulated by kinases. Further, our data show that disruption in the

transport of one such active zone components causes reduced neuronal communication

emphasizing the importance of the process of axonal transport of active zone protein(s)

for neuronal communication. Understanding the processes that govern the axonal trans-

port of active zone components will help dissect the initial stages of pathogenesis in both

neurodevelopmental and neurodegenerative diseases.

Introduction

Effective communication between neurons is maintained by synapses via their pre- and post-

synaptic specializations called active zones and postsynaptic densities respectively. Active

zones are composed of many proteins that are important for the efficient release of synaptic

vesicles- a pre-requisite for efficacious neuronal communication[1, 2]. Proteins present at the

active zones form an important presynaptic network for the regulation of vesicle release at all

chemical synapses. Indeed, many proteins that regulate synapses are disrupted in both neuro-

developmental as well as neurodegenerative diseases[3–5]. One such protein, microtubule

associated regulatory protein (MARK)/ partitioning-defective 1 (Par-1) is implicated in both

neurodevelopmental [6–8]and neurodegenerative diseases[9–12] but the mechanisms by

which it disrupts synapses is unclear.

MARK1 levels are elevated in Autism spectrum disorders (ASDs), a neurodevelopmental

disorder[6]. Interestingly, MARK1 is overexpressed specifically in the prefrontal cortex- a

region highly implicated in ASDs [6]. On the other hand, MARK4 is overexpressed in neuro-

degenerative diseases and is thought to hyperphosphorylate Tau [13, 14]. Indeed, the site that

is phosphorylated by the MARK/Par-1 is hyperphosphorylated in post-mortem brains of

patients with frontotemporal dementia (FTD)[11]. Thus, elevated levels or activity of MARK/

Par-1 is implicated in both neurodevelopmental and neurodegenerative diseases. While there

is good evidence for the role of MARK/Par-1 in regulating postsynaptic density during devel-

opment[15], it is unclear whether it has any presynaptic role.

In this study, we show for the first time that presynaptic overexpression of Par-1 regulates

the axonal transport of an active zone protein- Bruchpilot (BRP). Decreased axonal transport of

BRP due to presynaptic overexpression of Par-1 lead to a significant decrease in the number of

BRP marked active zones at the synaptic terminals. Furthermore, consistent with a decrease in

BRP protein at the synapse[16], ultrastructural analysis demonstrated a decrease in the number

of dense bars and deficits in synaptic transmission. Finally, our data show that MARK/Par-1

affects the axonal transport of BRP independent of endogenous Drosophila Tau (dTau), impli-

cating that a novel substrate of MARK/Par-1 mediates the axonal transport of BRP. Together,

these data suggest that different components of active zones are transported separately by dis-

tinct mechanisms, and that these processes are likely to be tightly regulated by kinases.

Results

Overexpression of Par-1 in the presynaptic neurons leads to specific

accumulation of BRP in axons

Increase in levels or activity of Par-1/MARK is associated with both neurodevelopmental dis-

orders like ASD[6–8] and neurodegenerative disorders like FTD[11]. Since synapse is the
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common underlying unit disrupted in both these disorders[3–5] we wanted to test the effects

of elevated levels of presynaptic Par-1 on synapses. To test this, we overexpressed Par-1 presyn-

aptically using the UAS-GAL4 binary system[17]. BG380-GAL4[18] driver was used to overex-

press of Par-1 (Par-1OE) specifically in presynaptic neurons. Neuromuscular Junction (NMJ)

preparations were then stained with antibodies against the active zone marker (Bruchpilot

(BRP), [16]), synaptic vesicle marker (DVGLUT[19]) and neuronal membrane marker (Horse

Radish Peroxidase(HRP)[20]) to visualize synapses. Overexpression of Par-1 in presynaptic

neurons resulted in significant accumulation of BRP in axons (Fig 1A and 1B). This was

observed using multiple presynaptic drivers (S1 Fig). While all the tested presynaptic drivers

showed qualitatively similar increases in accumulation of BRP in axons, driving the same

transgene postsynaptically using postsynaptic driver G7-Gal4[21] did not result in the accu-

mulation of BRP within axons (S1 Fig), suggesting that this was a cell-autonomous effect.

Surprisingly, DVGLUT or HRP did not accumulate within the axons (Fig 1A and 1C), indi-

cating that overexpression of Par-1 may result in specific accumulation of only a subset of syn-

aptic cargo in the axons. Importantly, overexpression of inactive Par-1 (Par-1T408A, [22]) did

not result in accumulation of BRP within axons (Fig 1A and 1B), indicating that BRP accumu-

lations were unlikely to be an unintended consequence of overexpression of Par-1 kinase.

To further test our hypothesis that overexpression of Par-1 may lead to a specific axonal

transport defect of BRP; we labeled the axons using markers of various cargoes that are trans-

ported within the axons. We used the following markers: Liprin-α (another marker of active

zones,[23]), and disabled (DAB, a marker for endocytic zones,[24]). The levels of Liprin-α and

DAB in the axons of flies overexpressing Par-1 were similar to the levels of these proteins in WT

flies (Fig 2A–2C), providing further evidence that overexpression of Par-1 results in specific

accumulation of BRP in axons. Next, we tested the transport of mitochondria, which is medi-

ated by Milton and Miro[25]. To test this, we generated flies that express mito-GFP in the pre-

synaptic neurons along with overexpression of Par-1. To account for the possible “dilution” of

GAL4 due to two UAS promoters (UAS-mito-GFP and UAS-Par-1OE), we generated flies that

carry UAS-GFP and UAS-Par-1 as a control. Expression of mito-GFP in wild type flies showed

many mitochondria within the axons. Consistent with our hypothesis, flies overexpressing

mito-GFP in Par-1 overexpression background showed no significant changes in the levels (Fig

2A, 2B and 2C) or size (S3 Fig) of mitochondria within the axons while still showing accumula-

tions of BRP, indicating that overexpression of Par-1 does not affect mitochondrial transport.

Finally, to test the possibility that increased transcription of BRP may lead to accumulation

of BRP in axons[26], we compared the BRP protein levels in the ventral nerve cords (VNC)

between WT, Par-1OE and Par-1T408A flies. No significant differences were noted between the

levels of BRP protein in the VNCs of these genotypes (Fig 1E). To confirm these data we also

performed western blots using anti-BRP antibody on WT and Par-1OE flies and did not

observe any significant difference in the levels of BRP protein (Fig 1D). These data indicate

that increased accumulations of BRP in axons of flies overexpressing Par-1 are unlikely to be

due to increased levels of BRP protein. Taken together, our results strongly suggest that over-

expression of Par-1 specifically affects the transport of BRP in the axons.

Overexpression of Par-1 results in reduced T-bars and impaired synaptic

transmission

To test whether block in axonal transport of BRP would lead to decreased levels of BRP at the

synapses, we labeled the NMJ synapses with BRP[16] and HRP. Although we expected to see

only a reduction in BRP at the synaptic terminals, we were surprised to find that there were

some interesting differences between WT synapses and those overexpressing Par-1. First, as
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expected, there were significant reductions in the number of active zones marked by BRP (Fig

3A and 3B). Second, while the synaptic span was not significantly different in the flies overex-

pressing Par-1, the size of synaptic boutons was significantly reduced (S2 Fig). However, these

changes did not affect the apposition of synapses quantified using number of BRP puncta

apposed to DGluRIII patches, a marker of postsynaptic density (S2 Fig)[27]. These data show

Fig 1. A) Representative confocal image stacks showing axons from WT, presynaptic overexpression of Par-1 (Par-1OE)

and inactive Par-1 (Par-1T408A) using BG380-Gal4. Third instar larvae were stained with antibodies against BRP (Green),

DVGLUT (Red) and HRP (Blue). Scale bar = 10μm B) Quantification of BRP intensity from axons in A. n = 12, **** =

p<0.0001. C) Quantification of DVGLUT intensity from axons in A. n = 12, p = 0.12. D) Representative Western blots and bar

graphs showing quantification of BRP levels in WT and Par-1OE brains. Syntaxin was used as a loading control. N = 3

p = 0.7124. E) Representative images and bar graphs showing quantification of VNCs stained with BRP (Red) from identical

genotypes as in 1A. N = 12 p = 0.46. Scale bar = 10μm. Error bars represent S.E.M.

doi:10.1371/journal.pgen.1006621.g001
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that although overexpression of Par-1 may cause specific defects in BRP transport, these

defects may possibly lead to other changes at the synapse. It is not clear whether all of these

changes are caused due to a block in axonal transport of BRP but levels of other synaptic

Fig 2. A) Representative confocal image stacks showing axons from WT and B) Par-1OE third instar larvae stained

against Liprin-α (Green), DAB (Green), mito-GFP (Green) and HRP (Blue). Scale bar = 10μm. C) Quantification of

Liprin-α, DAB, mito-GFP intensities from axons. N = 12, Liprin-α p = 0.49, DAB p = 0.09, and mito-GFP p = 0.82. Error

bars represent S.E.M.

doi:10.1371/journal.pgen.1006621.g002

Fig 3. A) Representative images from WT, Par-1OE and Par-1T408A showing the NMJ synapses labeled with

anti-BRP (Red) and anti-HRP (Blue) antibodies B) Quantification of BRP puncta per NMJ. N = 10, *** =

p�0.0001. Scale bar = 10μm. Error bars represent S.E.M.

doi:10.1371/journal.pgen.1006621.g003
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proteins like Liprin-α and DAB are unaffected in flies overexpressing Par-1 (S3 Fig). We also

compared the ratio of Liprin-α, DAB and BRP between the axons and the synapses. We found

that the ratio was unchanged in Liprin-α and DAB. However, as expected, we found a signifi-

cant increase in the ratio of BRP at axons versus synapses (S3 Fig). Interestingly, overexpres-

sion of Par-1T408A does not show an increase in BRP within the axons or a reduction in BRP at

the synapse arguing that these effects are not merely a consequence of overexpression of Par-1

(S2 Fig).

To confirm our light-level findings, we performed ultrastructural studies at WT and Par-

1OE synapses. Consistent with previous reports showing that a reduction in BRP causes a

decrease in number of T-bars[16, 28], we found a significant decrease in the total number of

T-bars per active zones at the synapses of flies overexpressing Par-1 as compared to WT (Fig

4A and 4B). Taken together, our data so far demonstrate that overexpression of Par-1 in neu-

rons leads to a specific block in axonal transport of BRP, which is the likely caused due to the

reduction in T-bars at synapses.

To test whether these synaptic changes result in defects in neurotransmission, we per-

formed intracellular electrophysiological recordings from WT, Par-1OE and Par-1T408A flies.

We did not observe any change in the amplitude (Fig 5A and 5C) of mini excitatory junction

potentials (mEJPs), suggesting that the postsynaptic apparatus was unperturbed in Par-1OE

flies. However, the frequency of mEJPs was significantly reduced consistent with the decrease

in number of release sites marked by BRP in Par-1OE (Fig 5A and 5D). Furthermore, there was

a dramatic reduction in the excitatory junction potential (EJP) amplitude in Par-1OE flies (Fig

5B and 5E) pointing to a presynaptic defect. Calculation of the quantal content (EJP ampli-

tude/mEJP amplitude) [29] showed a decrease in quantal content (Fig 5F) in flies overexpres-

sing Par-1. These data are consistent with presynaptic deficits and are likely a consequence of

fewer T-Bars[16, 28] and reduced size of synaptic boutons. Taken together, our data suggest

that presynaptic elevation in the levels of Par-1 has both structural and functional conse-

quences for the synapse.

dTau does not mediate the specific transport of BRP

Microtubules play an important role in axonal transport of synaptic cargo[30]. MARK/Par-1

kinase phosphorylates Tau[31]-a microtubule associated protein that binds and helps stabilize

microtubules. Phosphorylation of Tau has been postulated to lead to its detachment from the

microtubules leading to their destabilization[32, 33]. Thus, overexpression of Par-1 is expected

to hyperphosphorylate Tau and lead to its detachment from microtubules making them

Fig 4. A) Representative electron micrographs from WT and Par-1OE third instar larvae showing electron dense active

zones (Arrows), T-bars (Asterisks), synaptic vesicles (SV) and sub-synaptic reticulum (SSR) in a single synaptic bouton. B)

Quantification of T-bars from WT and Par-1OE larvae. N = 17, ** = p = 0.0048. Scale Bar = 0.5μm. Error bars represent S.E.

M.

doi:10.1371/journal.pgen.1006621.g004
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unstable. To begin testing these possibilities, we first tested the levels of dTau using Western

blot analysis on protein extracts from the ventral nerve cords (VNCs) of WT, Par-1OE and Par-

1T408A flies using two previously characterized antibodies[34, 35]. The levels of dTau were not

significantly different between these genotypes (Fig 6B and 6C), suggesting that Par-1 overex-

pression does not alter the levels of Tau in neurons. This raises the possibility that overex-

pressed Par-1 does not localize to the microtubules and is therefore unable to phosphorylate it.

To test this possibility, we stained the axons of Par-1OE flies with anti-Par-1 antibodies and

compared its localization in WT axons. In Par-1OE flies, Par-1 localized prominently within

axons along with microtubules (S4 Fig) indicating that Par-1 localization to the microtubules

was not hampered. We also tested the possibility that Par-1T408A may not localize to axons and

therefore would not phosphorylate its substrate (Tau). However, Par-1T408A localized similar

to that of overexpressed wild type Par-1 (S4 Fig). These experiments suggest that activity of

Par-1 kinase is important to affect the transport of BRP within the axons.

Having established that overexpressed Par-1 can localize to the microtubules, we next

wanted to test whether excess phosphorylation of Tau might cause its detachment from micro-

tubules rendering them unstable[32, 33]. To test this, we first confirmed that overexpression of

Par-1 could phosphorylate endogenous dTau. For this, we used an antibody that specifically

recognizes the phospho-Ser262 on Tau (pS262) that is phosphorylated by Par-1[36]. We found

Fig 5. A) Representative mEJPs from WT, Par-1OE, and Par-1T408A. B) Representative EJPs from WT, Par-

1OE and Par-1T408A. C) Quantification of mEJP amplitude. N = 10, p = 0.65. D) Quantification of frequency of

mEJPs N = 10, * = p<0.05. E) Quantification of EJP amplitude. N = 10, **** = p<0.0001. F) Quantification of

Quantal Content. N = 10, **** = p<0.0001. Error bars represent S.E.M.

doi:10.1371/journal.pgen.1006621.g005
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that overexpression of Par-1 leads to an increase in dTau phosphorylation at Ser262 site (Fig

6B and 6D). We then stained the axons of WT, Par-1OE, and Par-1T408A flies using the marker

for stable microtubules-acetylated tubulin[37]. Distribution and levels of acetylated tubulin

were unchanged in Par-1 overexpressing flies as compared to WT (Fig 7A and 7B), indicating

Fig 6. A) Representative confocal image stack showing axons of WT, Par-1OE, and Par-1T408A third instar

larvae stained with anti-dTau (Green), anti-Tubulin (Tub) (red) and anti-HRP antibodies (Blue). N = 10. Scale

bar = 10μm. B) Representative Western blots from WT, Par-1OE and Par-1T408A using anti-dTau antibodies

(upper panel). Western blot showing Tau phosphorylation at S262 site (pS262) of WT and Par-1OE is shown in

the bottom panel. Syntaxin was used as a loading control. C) Quantification of Western blots showing total

dTau levels in the head lysates. N = 3 independent experiments, p = 0.87. Error bars represent S.E.M. D)

Quantification of Western blots showing levels of pS262 levels of Tau. N = 3 independent experiments, * =

p = 0.04. Error bars represent S.E.M.

doi:10.1371/journal.pgen.1006621.g006

Fig 7. A) Representative images from WT, Par-1OE, and Par-1T408A flies showing axons stained against the

marker for stable microtubules- acetylated tubulin (Green) and HRP (Blue). B) Quantification of acetylated

tubulin (Green) intensity in axons. N = 12, p = 0.064. Scale bar = 10μm.

doi:10.1371/journal.pgen.1006621.g007
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that microtubule stability was uncompromised in flies overexpressing Par-1. Finally, we

wanted to test whether dTau was mislocalized because of overexpression of Par-1. To test this

we used the previously generated anti-dTau antibody[34] but because this antibody has not

been used for staining axons or synapses, we first tested its specificity. For this, we performed

co-localization experiments with overexpressed tauGFP (S5 Fig). We found that overexpressed

TauGFP co-localizes with anti-Tau antibody in axons. Furthermore, dtauko[38] larval axons did

not show any specific Tau staining within axons, (S5 Fig) demonstrating the specificity of anti-

dTau antibody. Next, to test whether dTau localizes to microtubules we performed co-localiza-

tion experiments of dTau with Tubulin-a marker for microtubules (Fig 6A). As expected,

dTau and Tubulin co-localized in the axons indicating that dTau localizes to the microtubules

in the axons.

We then tested whether dTau was mislocalized because of overexpression of Par-1 but did

not find any evidence of mislocalization of dTau in flies overexpressing Par-1 (Fig 6A) within

the axons. We also double labeled the axons for Tubulin and dTau to ascertain that dTau was

still localized to the microtubules in flies overexpressing Par-1 (Fig 6A). These experiments

suggest that instability of MT due to hyperphosphorylation of Tau is an unlikely reason for

accumulations of BRP in axons of Par-1OE flies.

Having shown that the levels of endogenous Tau were not altered in flies overexpressing Par-

1, and that stability of microtubules was uncompromised, we wondered whether overexpression

of Tau, which has been shown to cause neurodegeneration[39, 40], might have an effect on axo-

nal transport of BRP. To test this possibility, we overexpressed tauGFP in the presynaptic neurons.

First, to confirm that dTau was overexpressed, we stained the axons with the anti-GFP antibody

[41] (S5 Fig) and found that dTau was overexpressed. We then stained the axons of tauGFP flies

with antibodies against BRP to test whether dTau overexpression affected the axonal transport of

BRP. We did not observe any significant difference in the levels or size of BRP puncta within the

axons (S6 Fig) in flies overexpressing dTau as compared to WT. These data show that dTau over-

expression does not cause accumulation of BRP within the axons.

Finally, to test whether dTau may not be the endogenous substrate of Par-1 that mediates

axonal transport of BRP, we generated a fly that overexpressed Par-1 in a dtau transheterozy-

gote (Df(3R)tauMR22/+, [35]) (Par-1OE, tauMR22/+) because tauMR22 mutants are embryonic

lethal[34, 35]. To confirm that tauMR22 heterozygotes had at least a 50% decrease because of

deletion of one copy of dTau, we stained the tauMR22 heterozygous larvae with anti-dTau anti-

body. Levels of dTau in axons were reduced by ~70% (S7 Fig) in tauMR22 heterozygotes. If

dTau were to mediate the effects of Par-1 overexpression on the axonal transport of BRP, we

expect to see at least a partial suppression of BRP accumulations within the axons of flies that

have reduced dTau levels. To test this, we stained WT, Par-1OE and Par-1OE, tauMR22/+ fly

NMJs with antibodies against BRP. As expected, Par-1OE showed elevated levels of BRP in

axons as compared to WT (Fig 8A and 8B). However, the levels of BRP protein in the axons of

Par-1OE and tauMR22/+ flies were quantitatively similar, demonstrating that dTau is unlikely to

be the substrate of Par-1 that mediates the axonal transport deficits elicited by elevated levels

of Par-1. Finally, we confirmed that BRP transport was unaffected in tauMR22 transheterozy-

gotes as well as dtauKO flies (S8 Fig). Together, these data strongly support the idea that BRP

accumulations observed within the axons for Par-1 overexpressing flies are independent of

Tau.

Discussion

Our data suggest that elevated levels of Par-1 have a strong effect on the transport of an impor-

tant active zone scaffolding protein-BRP, leading to defects in synaptic transmission. These

Active zone proteins are transported via distinct mechanisms regulated by Par-1 kinase
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data may have implications for neurodevelopmental disorders like autism spectrum disorders

and neurodegenerative diseases where MARK/Par-1 levels are elevated[6–9, 11, 12]. Finally,

our data presents convincing evidence for the existence of distinct pathways for the transport

of different active zone proteins.

Implications for neurodevelopmental disorders

MARK/Par-1 is an essential gene that is required for cell polarity[35, 42, 43] and therefore, is

essential for proper embryogenesis. MARK/Par-1 is also enriched in neurons and has been

shown to be important in neuronal development[44, 45]. Elegant studies in C. elegans have

shown that SYD2 and Liprin-α- two active zone proteins- are important in synapse assembly

and maturation[23, 46, 47]. Interestingly, while SYD2/ Liprin-α can interact with (Rab3 inter-

acting molecule) RIM/Unc10[48] respectively these interactions are dispensable for active

zone maturation[23]. The maturation of active zones instead depends on the interaction with

BRP homolog, ELKS both in C. elegans and mice[23, 49]. Since our data shows that axonal

transport of BRP is deficient in Par-1 overexpressing flies, this may affect the development or

maturation of active zone, which may in turn have functional consequences as suggested by

our data that shows reduced synaptic transmission in flies overexpressing Par-1. Decrease in

number of T-bars in Par-1 overexpression flies is not accompanied by a change in apposition

of active zones and PSDs suggesting a developmental defect and such a defect could arise due

the synaptic instability[50, 51]. Finally, MARK/Par-1 levels are increased in postmortem brains

of children diagnosed with ASD[6]. Importantly, the increase in MARK is specific to pre-fron-

tal cortex in ASD, a region of brain most affected in ASDs[6]. Our data would suggest that

increase in MARK/Par-1 might lead to defects in active zone formation or maturation in these

areas. These questions need to be addressed by future studies.

Implications for neurodegenerative diseases

Hyperphosphorylation of Tau has been hypothesized to be the underlying cause of neurode-

generation[13]. MARK/Par-1 can phosphorylate Tau at serine 262[31], which has been shown

to be hyperphosphorylated in postmortem Alzheimer’s disease (AD) patient brains[52] and it

Fig 8. A) Representative third instar larvae stained with antibodies against anti-BRP (Red) and anti-HRP

(Blue) from the following genotypes: WT, Par-1OE, Par-1OE, tauMR22/+. B) Quantification of BRP intensity in

the axons from the genotypes. N = 15, ** = p<0.001, **** = p<0.0001. Scale bar = 10μm. Error bars

represent S.E.M.

doi:10.1371/journal.pgen.1006621.g008
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has been demonstrated that MARK/Par-1 can function as a “initiator kinase”[9] for the cas-

cade that hyperphosphorylates Tau. In vitro, hyperphosphorylation of Tau can cause its

detachment from microtubules leading to their destabilization[32]. Microtubules serve as

“highways” on which the transport of synaptic cargo is dependent[30]. Thus, overexpression

of Par-1 could lead to hyperphosphorylation of Tau and could cause axonal transport deficits.

Our data suggest that axonal transport defects caused due to Par-1 overexpression are inde-

pendent of endogenous Drosophila Tau (dTau). Although Drosophila Par-1 can phosphorylate

Tau in vitro[9], previous studies have shown that it can act independently of Tau in vivo[35],
suggesting additional substrates of Par-1 could possibly regulate specific transport of active

zone protein, BRP. Furthermore, many studies suggest that axonal transport is likely to pre-

cede overt neurodegeneration[53–56]. It is tempting to speculate that one possibility is that

transport of active zone proteins could be an initial event that leads to synaptic dysfunction,

another symptom that precedes neuronal degeneration[57]. Thus, although the ultimate neu-

ronal degeneration could be driven by hyperphosphorylation of Tau, other proteins may play

a role in setting the stage for Tau pathology. Indeed, in vivo observation of axonal transport in

a mouse model of neurodegeneration suggests that axonal transport can occur early in the

neuronal pathology and is likely not driven by Tau[58].

Implications for transport of active zone proteins

PTVs (Piccolo-Bassoon transport vesicles) have been shown to carry largely active zone com-

ponents[59] in mammalian cell culture studies. However, some of the main components of

PTVs for example, Basoon have no homologs in invertebrates[16]. Recent studies in flies and

C. elegans have shed some light on the mechanisms of active zone transport. For example,

mutants in imac (kinesin 3 homolog in flies) have severe reductions in BRP protein at the syn-

apses[60]. However, these flies also have reduction in synaptic vesicles[60], suggesting that

imac may transport both synaptic vesicles and active zone components. Supporting this argu-

ment, studies in C. elegans show that synaptic vesicles and active zone components are trans-

ported together[61]. However, a recent study in flies suggests that active zone components

could be transported in distinct vesicles[62]. This study found that BRP and RIM-binding pro-

tein (RBP) can be co-transported[62]. Intriguingly, RBP and BRP transport could be uncou-

pled[62]. Indeed, our data supports such an idea and suggests the possibility that BRP could be

transported via a distinct mechanism. Overexpression of Par-1 leads to specific accumulation

of BRP while mitochondria; markers for synaptic vesicles and other active zone proteins do

not accumulate. Our data also demonstrate that this process is not mediated Tau. One possible

target of Par-1 as suggested earlier[35] is another microtubule binding protein Futsch[63].

Intriguingly, presynaptic reduction of Futsch leads to a reduction in active zone numbers and

leads to defects in neurotransmission[64]. This possibly remains to be determined.

Par-1 phosphorylates a conserved KXGS motif and our initial analysis suggests that Futsch

and its vertebrate homolog, MAP1B[63] contains one KXGS motif. Interestingly, Discs Large

(Dlg), a homolog of PSD-95[18] is also phosphorylated by Par-1 kinase[15] and Dlg also con-

tains only one KXGS motif that can be phosphorylated, suggesting that presence of single

KXGS motif might be enough for Par-1 to phosphorylate a protein. Further analysis is required

to test whether Futsch may be involved in the regulation of transport of BRP. Interestingly, at

the synapse, Futsch is present closer to BRP than microtubules[64] thus making it a plausible

target for mediating the transport of BRP.

Since the transport defects we observe are so specific one alternative is that Par-1 directly

phosphorylates BRP. Similar to Futsch, BRP also has a KXGS motif that is present at its con-

served N-terminus. Thus, Par-1 could phosphorylate BRP and directly affect its transport.
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Since the N-terminus of BRP is more conserved with the vertebrate ERC2 and C. elegans ELKS

protein[16], it is likely that such a mechanism might also be conserved. These intriguing possi-

bilities should be explored in future studies.

What are the upstream regulators of Par-1?

Par-1 is activated by LKB1 by phosphorylating it on the threonine 408. Our data suggest that

Threonine 408 is necessary for the manifestation of BRP transport phenotype. Overexpression

of inactive Par-1 (Par-1T408A) does not lead to BRP accumulation within axons, suggesting

that inactive Par-1 cannot induce the accumulation of BRP within the axons. However, overex-

pression of LKB1 in neurons is unable to induce accumulation of BRP within axons (S9 Fig)

suggesting that while activation of Par-1 by LKB1 might be indeed important in increasing the

toxicity of Tau[12], it may not be necessary to induce BRP accumulation in the axons. Further-

more, this raises the possibility of a novel upstream regulator of Par-1 kinase that might be

important in regulating the transport of BRP within axons.

Thus, our current study demonstrates that distinct mechanisms exist to transport compo-

nents of active zones like BRP and that availability of these components is likely regulated

tightly by kinases such as Par-1 kinase.

Materials and methods

Fly stocks

Flies were reared in medium containing Nutri-FlyTM Bloomington formulation (Genesee Scien-

tific, San Diego, CA), Jazz mix (Fisher Scientific, Waltham, MA, USA), sugar and powdered yeast

(Genesee Scientific) in an 8:5:1:1 ratio and made according to standard procedures. The following

fly stocks were used in this study: UAS-Par-1[12], UAS-Par-1T408A [22], BG380-Gal4[18], Df(3R)

tauMR22[34, 35], UAS-GFP[65], and UAS-mito-GFP[66]. BG380-Gal4 was obtained from Aaron

DiAntonio, Washington University Medical School (St. Louis, MO, USA). Df(3R)tauMR22 was

a generous gift from Daniel St. Johnston, University of Cambridge (UK). UAS-Par-1 and UAS-

PAR-1T408A were obtained from Bingwei Lu, Stanford School of Medicine (Stanford, CA, USA).

Immunohistochemistry

Larvae were dissected and stained as described previously[27, 67]. Following primary antibodies

were used: anti-BRP (1:250)[16], anti-Tubulin (E7) (1:100) (obtained from the Developmental

Studies Hybridoma Bank), anti-GFP (1:500)[41] (obtained from abcam), anti-DVGLUT (1:10,000)

[19](gift from Aaron Diantonio, Washington University Medical School), anti-Liprin-α (1:500)[68]

(gift from Stephan Sigrist, Free University Berlin), anti-DAB [24](gift from Richard Ordway, Penn-

sylvania State University), and anti-dTau (1:1000)[34, 35](gift from Doris Kretzschmar, Oregon

Health and Science University and Daniel St. Johnston, University of Cambridge). Dylight conju-

gated goat anti-HRP antibody (1:1,000), Goat Cy3-, and Alexa 488 conjugated secondary antibodies

against mouse, rabbit, and chicken IgG (1:1000) were obtained from Jackson ImmunoResearch,

West Grove, PA.

Imaging and analysis

All axonal imaging was done between segments A2–A4. All the NMJ imaging was done at

muscle 4, segment A2 –A4. Imaging and analysis of intensity of proteins within axons were

done as described previously[26]. Staining intensities of various proteins within the axons and

the NMJs were quantified by using MetaMorph software (Molecular Devices, Sunnyvale, CA,

USA). For axons and NMJs, HRP was used to set the color threshold. Only the axonal
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compartment and NMJ region was used to measure the intensity of the red, green and blue

(HRP) channels. The intensity of HRP did not vary significantly within the same experimental

group. Active zones were counted manually by counting the puncta stained by an anti-BRP

antibody. Statistical analysis and graphs were generated using GraphPad Prism (GraphPad

Software, Inc.). Student T-tests and One-way ANOVA followed by Dunnett’s or Tukey’s mul-

tiple comparison tests were performed to compare each group with other samples.

Electrophysiology

Intracellular electrophysiological recordings were performed on muscle 6, segment A2-A4 as

previously described[69]. Quantal content was determined by dividing the mean EJP ampli-

tude by the mean mEJP amplitude (EJP/ mEJP). The cells across all genotypes had similar

mean input resistances and resting membrane potentials. Statistical analysis and graphs were

generated using GraphPad Prism (GraphPad Software, Inc.). One-way ANOVA followed by

Dunnett’s or Tukey’s multiple comparison tests were performed to compare each group with

other samples.

Western blots

Western blots were performed as described in[28] and run on 8% SDS-PAGE gels. Briefly,

heads of flies were separated manually and 20 heads were used to extract lysates using 1x SDS

buffer. 6 head equivalent lysate was loaded into each well and probed for dTau using anti-

dTau antibody(1:10,000) [34, 35] (gift from Doris Kretzschmar, Oregon Health and Science

University and Daniel St. Johnston, University of Cambridge). 30 head equivalent lysate

against anti- BRP (1:100)[16] (Developmental Studies Hybridoma Bank) and anti-Tau (phos-

pho S262) (1:1000) (abcam)[9] were performed according to Gorska-Andrzejak et al [70]. In

all experiments Syx1A Antibody (8C3) (1:100)[71](Developmental Studies Hybridoma Bank)

was used as a loading control. Image J was used to analyze the intensity of bands on the west-

ern blots and the “Gel analysis” function in the program was used to quantify the intensity of

the bands. Ratios of the intensities of WT, Par-1OE, or Par-1T408A bands to that of Syntaxin

bands were measured and used for calculating the statistical differences between the genotypes.

Statistical analysis was generated using GraphPad Prism (GraphPad Software, Inc.). Student

T-tests and one-way ANOVA followed by Dunnett’s or Tukey’s multiple comparison tests

were performed to compare each group with other samples.

Electron microscopy

Samples for ultrastructural analysis were performed as previously described[28]. The larval

head and tail were pinned and a dorsal slit was made lengthwise, thus filleting the larvae–in

Tannic acid. The larvae were then post-fixed in 1% osmium tetroxide for 1 hr at 4˚C. The lar-

vae were dehydrated through 60, (1x, 7 min) 70, 80, 95 and 100% EtOH (2x, 10 min each step),

transferred into propylene oxide (2x, 10 min), then into a 1:1 mixture of propylene oxide and

Eponate, and left o/n, capped and at room temp. The larvae were then placed into fresh Epo-

nate and into a mould, oriented and allowed to polymerize at 70˚C. Thin sections were made

and placed on superfrost/plus micro slide and stained with Toluidine Blue “O”. Type 1b bou-

tons from NMJ6/7 in segment A2-A4 from WT and Par-1OE larval neuromuscular junctions

were identified from the thin sections. Sections were cut at 50 nm with a diamond knife,

picked up on formvar coated, copper slot grids, and stained with 2% aqueous uranyl acetate

for 15 min followed by lead citrate stain for 1 min. Samples were observed and photographed

in a JEM-1400 (JOEL, Japan) transmission electron microscope. Active zones and T-bars were

quantified manually. Statistical analysis and graphs were generated using GraphPad Prism
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(GraphPad Software, Inc.). One-way ANOVA followed by Dunnett’s or Tukey’s multiple com-

parison tests were performed to compare each group with other samples.

Supporting information

S1 Text. Supplemental Materials and Methods.

(DOCX)

S1 Fig. Most tested presynaptic drivers show an increased accumulation of BRP in axons.

A) Representative confocal image stacks showing axons from WT and Par-1OE third instar lar-

vae stained with antibodies against BRP (red) and HRP (Blue) using different presynaptic Gal-

4 drivers (indicated on figure). B) Quantification of BRP intensity from axons from genotypes

in A. n = 10, ���� = p<0.0001. Scale Bar = 10μm. Error bars represent S.E.M. C) Representative

confocal image stacks showing axons from WT and Par-1OE third instar larvae stained with

antibodies against BRP (red) and HRP (Blue) using postsynaptic drive G7-Gal-4. N = 10,

p = 0.47. Scale Bar = 10μm.

(TIFF)

S2 Fig. Overexpression of Par-1 does not lead to changes in synaptic span or apposition

but leads to a significant decrease in bouton size. A) Representative confocal image stacks

showing NMJs from WT, Par-1OE and Par-1T408A third instar larvae stained with antibodies

against BRP (red), DGluRIII (Green) and HRP (Blue). Synaptic apposition as marked by the

apposition of BRP and DGluRIII (Inset) was unchanged. Scale Bar = 5μm. B) Quantification

of Synaptic Span. N = 10, p = 0.39. C) Quantification of bouton area. N = 10, ���� = p<0.0001.

Error bars represent S.E.M.

(TIFF)

S3 Fig. Levels of other synaptic proteins are unaffected at synapses in flies overexpressing

Par-1. A) Representative confocal image stacks showing NMJ synapses from WT and B) Par-

1OE third instar larvae stained against Liprin-α, DAB (Green) and HRP (Blue). Scale

bar = 10μm.). C) Quantification of Liprin-α (Green) intensity at synapses. N = 12, p = 0.49.

Error bars represent S.E.M. D) Quantification of DAB (Green) intensity at synapses. N = 12,

p = 0.09. Error bars represent S.E.M. E) Quantification of Mitochondria area within axons (see

Fig 2) of WT and Par-1OE larvae. N = 10, p = 0.7893. Error bars represent S.E.M. F) Quantifi-

cation showing the ratio of Liprin-α intensity at axons and synapses. N = 12, p = 0.1425. Error

bars represent S.E.M. G) Quantification showing the ratio of DAB intensity at axons and syn-

apses. N = 12, p = 0.1354. Error bars represent S.E.M. H) Quantification of showing the ration

of BRP intensity at axons and synapses WT and Par-1OE larvae. N = 10, ���� = p<0.0001.

(TIFF)

S4 Fig. When Par-1 is overexpressed it prominently localizes within axons. Representative

images from WT and Par-1OE and Par-1T408A flies showing localization of overexpressed Par-1

(Red), endogenous tau (Green), and HRP (Blue) in axons.

(TIF)

S5 Fig. Validation of dTau antibody within axons. A) Representative images from WT and

Par-1OE flies showing localization of overexpressed TauGFP (using anti-GFP antibody, Red)

and dTau antibody (Green) in axons. Scale Bar = 10μm. B) Representative images from WT

and dtauKO flies showing localization of dTau (Green) in axons and HRP (Blue). Scale

Bar = 10μm.

(TIFF)

Active zone proteins are transported via distinct mechanisms regulated by Par-1 kinase

PLOS Genetics | DOI:10.1371/journal.pgen.1006621 February 21, 2017 14 / 19

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006621.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006621.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006621.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006621.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006621.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006621.s006


S6 Fig. Overexpression of dTau does not affect the transport of BRP. A) Representative

confocal image stacks showing axons from WT and tauGFP stained with antibodies against

BRP (Red) and HRP (Blue). B) Quantification of BRP intensity in axons of identical genotypes

as in A. N = 10, p = 0.30. Error bars represent S.E.M. C) Quantification of BRP puncta size

within axons of identical genotypes seen in A. N = 10, p = 0.52. Error bars represent S.E.M.

(TIFF)

S7 Fig. tauMR22 heterozygotes have a significant reduction of dTau in axons. A) Representa-

tive images from WT and tauMR22/+ flies showing axons stained against dTau (Green) and

HRP (Blue). B) Quantification of dTau intensity in WT and tauMR22/+ axons. N = 8, ���� =

p<0.0001. Scale bar = 10μm. Error bars represent S.E.M.

(TIFF)

S8 Fig. BRP transport was unaffected in tauMR22 transheterozygotes as well as dtauKO flies.

A) Representative images from WT and tauMR22/+ flies showing axons stained against BRP

(Red) and HRP (Blue). B) Quantification of BRP intensity in axons. N = 8, p = 0.4309. Scale

bar = 10μm. C) Representative images from WT and dtauKO flies showing axons stained

against BRP (Red) and HRP (Blue). D) Quantification of BRP intensity in axons. N = 8,

p = 0.24. Scale bar = 10μm. Error bars represent S.E.M.

(TIFF)

S9 Fig. Overexpression of LKB1 in neurons is unable to induce accumulation of BRP

within axons. A) Representative images from WT and presynaptic overexpression of LKB1

(LKB1OE) flies driven using BG380-Gal4 showing axons stained against BRP (Red) and HRP

(Blue). B) Quantification of BRP intensity in axons. N = 8, p = 0.58. Scale bar = 10μm. Error

bars represent S.E.M.

(TIFF)
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