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Abstract

Brain tauopathies are characterized by abnormal processing of tau protein. While somatodendritic 

tau mislocalization has attracted considerable attention in tauopathies, the role of tau pathology in 

axonal transport, connectivity and related dysfunctions remains obscure. We have previously 

shown using the squid giant synapse that presynaptic microinjection of recombinant human tau 

protein (htau42) results in failure of synaptic transmission. Here, we evaluated molecular 

mechanisms mediating this effect. Thus, the initial event, observed after htau42 presynaptic 

injection, was an increase in transmitter release. This event was mediated by calcium release from 

intracellular stores and was followed by a reduction in evoked transmitter release. The effect of 

htau42 on synaptic transmission was recapitulated by a peptide comprising the phosphatase-

activating domain of tau, suggesting activation of phosphotransferases. Accordingly, findings 

indicated that htau42-mediated toxicity involves the activities of both GSK3 and Cdk5 kinases.
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1. Introduction

Present knowledge indicates that all brain tauopathies involve the generation of aberrantly 

phosphorylated, truncated, and misfolded tau neurotoxic species (Rao et al., 2014, Kovacs, 

2015). Synaptic dysfunction and abnormalities in axonal transport are early pathogenic 

events in tauopathies that precede the formation of neurofibrillary tangles (NFTs) and 

neuronal cell death (Majid et al., 2014, Polydoro et al., 2014, Jadhav et al., 2015). Normally, 

a substantial amount of cellular tau is sorted into axons (Rao et al., 2014, Jadhav et al., 

2015), and there is compelling evidence to suggest that the missorting of tau into the 

somatodendritic compartment plays a pathological role in tauopathies (Zempel and 

Mandelkow, 2014). Nevertheless, pathological axonal tau localizations are also prominent 

(Rao et al., 2014, Tai et al., 2014, Jadhav et al., 2015). Furthermore, it has been recently 

proposed that pathological-tau spreading may occur trans-synaptically from pre- to the post-

synaptic sites (de Calignon et al., 2012). In addition, misfolded tau species may be 

internalized at the axon terminals and be transported retrogradely (Wu et al., 2013). It is 

therefore evident that the presynaptic issues represent a prominent parameter in the 

tauopathies. Presently, the mechanisms linking axonal tau pathology to synaptic dysfunction 

remain elusive; in part because of the synaptic size limitations that are characteristic of 

mammalian forms preventing direct access to the synaptic machinery.

To address the possibility that tau accumulation and/or mislocalization at the presynapse 

triggers synaptic dysfunction we evaluated acute effects of “human wild type” tau protein 

using the squid synapse preparation. Our previous results demonstrated that recombinant 

human tau isoform (full length h-tau42) induces a short-lasting increase in spontaneous 

transmitter release, followed by a rapid decrease and failure of synaptic transmission 

(Moreno et al., 2011). Microinjected htau42 became phosphorylated at the pathological AT8 

antibody epitope. Intriguingly, endogenous tau levels are within 1-2μM ranges in vivo and 

perfusion of 25μM of wild type htau42 in squid axoplasm did not affect axonal transport 

(Morfini et al., 2007). These observations suggest that the loss of synaptic function which is 

characteristic of Alzheimer's disease and other tauopathies involve an abnormal presynaptic 

distribution of tau, rather than an overall increase in cellular tau levels (Yuan et al., 2008).

In the present study, we found evidence indicating that microinjection of htau42 in synaptic 

terminals abnormally increases levels of cytosolic calcium, presumably from intracellular 

stores. Additional experiments indicate that the phosphatase-activating domain (PAD 

(Kanaan et al., 2011)) comprising aminoacids 2-18 of htau42 is necessary and sufficient to 

produce disruption of synaptic transmission. Pharmacological experiments indicate that the 

toxic effect of htau42 on synaptic function involves the activities of cyclin-dependent protein 

kinase 5 (Cdk5) and glycogen synthase kinase 3 (GSK3) (LaPointe et al., 2009). Taken 

together, these results identify multiple pathogenic events associated with tau-mediated 

synapto-toxicity at the molecular level, therefore providing novel therapeutic targets to 

address synaptic dysfunction in tauopathies.
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2. Material and Methods

2.1. Recombinant tau proteins

Wild type human tau htau42 (isoform with four tubulin binding motifs and two extra exons 

in the N-terminal domain which contains 441 a.a.), its variant htau 3RC (a protein which 

contains three tubulin binding motifs and the carboxyl terminal region) and the 2R fragment 

which has 62 amino acids were isolated as previously described (Perez et al., 2001) (see 

figure 2). PAD peptide and Scrambled PAD peptide from (GenScript). Figure 2A shows a 

schematic representation of the different tau constructs.

2.2. Other Reagents

SB216763 (Tocris), 2-Aminoethoxydiphenylborane (2-APB), Xestospongin C, and 

dantrolene (Sigma-Aldrich), ING-135 was a generous gift from Dr Kozikowski, TFP5 was 

described before in (Shukla et al., 2013), TNT-1 and tau5 antibodies were also previously 

described (LaPointe et al., 2009). The drug concentration for each of the reagents were 

chosen base on the IC50/EC50, and the effective doses reported in the literature in different 

preparations, as specified in Table 1. Dose related target specificity for the different reagents 

is also presented in table 1.

2.3. Electrophysiology and Microinjections

The squid stellate ganglia isolation from the mantle and the electrophysiological techniques 

used have been described previously (Llinas et al., 1985). In short two glass micropipette 

electrodes impaled the largest (most distal) presynaptic terminal digit at the synaptic 

junction site while the postsynaptic axon was impaled by one microelectrode at the 

junctional site. One of the pre-electrodes was used for pressure microinjection of the 

different protein/peptides or other compounds (as described in each experiment) and also 

supported voltage clamp current feedback, while the second monitored membrane potential. 

The exact location of injection, the diffusion and steady-state distribution of the different 

treatments/fluorescent dye mix (0.001% dextran fluorescein) were monitored using a 

fluorescence microscope attached to a Hamamatsu camera system (ARGUS 100, Middlesex, 

NJ). Microinjections were normalized by determining that the amount of fluorescence that 

reached the presynaptic terminals was comparable. Recordings were done when 

fluorescence values (measured as arbitrary units) were 20- 25X over background (using the 

same power gain). In all experiments a good correlation was observed between the 

localization of the fluorescence and the electrophysiological findings.

2.5. Statistical Methods

Linear mixed models were used to evaluate the outcome ‘Peak to Peak Interval’ over 7 times 

[between 0-60 min, for all treatments]. The p values presented were adjusted for multiple 

testing [by FDR method] at the 60 min. The analysis was performed in log-scale, due to the 

skeweness of the outcome data. We used fixed effects for treatment, time, time square and 

their interactions with treatment. Both interactions [time and time square by treatment were 

significant- p<0.0001, for both]. We used random effects for intercept and slope for time, for 

each experiment. Fixed effects were used to estimate the treatments effects over time. 
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Random effects were used to account for the repeated measures for each animal over time, 

and natural variability between animals. In this model, absence of postsynaptic spike, due to 

amplitude reduction of postsynaptic potential to sub-threshold level was also included. 

When spikes were generated, their amplitude was evaluated using the same linear mixed 

model. No significant amplitude differences were observed between any of the groups, 

therefore this data is not reported throughout the manuscript.

3. Results

The initial set of experiments (Fig. 1A-D) addressed mechanisms triggered by injection of 

wild type recombinant htau42 (80nM) in the synaptic compartment. Evoked pre- and post-

synaptic action potentials were recorded in current-clamp mode following our standard 

protocol (Llinas et al., 1985). The synapse was activated by direct depolarization of the 

presynaptic terminal every 5 min (low-frequency protocol). Microinjected htau42 was 

monitored by fluorescence microscopy using a fluorescent dye/protein mix and correlated 

with its effect on synaptic release (see materials and methods). Once the fluorescent material 

injected into the axon reached the presynaptic terminal htau42 produced a recordable 

inhibition of synaptic transmission within 45+/−15 min post-injection (Fig. 1A&B), as 

reported before (Moreno et al., 2011).

3.1. IP3 receptors are involved in hTau mediated synapto-toxicity

We have previously shown that shortly after (5 +/−1.5 min) microinjected recombinant 

htau42 protein reached the presynaptic terminal a transient increment in post-synaptic noise 

was observed, indicative of an increment in spontaneous neurotransmitter release (Lin et al., 

1990). This effect was followed by a rapid noise level reduction, characteristic of the 

dysfunction that follows htau42 injection (Moreno et al., 2011). A plausible mechanism 

underlying the transient post-synaptic noise increase is that htau42 modulates presynaptic 

calcium stores, which are thought to be involved in transmitter release in other preparations 

(Collin et al., 2005). Based on these prior results, in addition to our own, the transient htau42 

dependent increase of spontaneous release was assigned to an increase in cytoplasmic 

calcium concentration, presumably via endoplasmic reticulum (ER) IP3 or Ryanodine 

receptor (IP3Rs, RYRs) activation. This hypothesis was tested by presynaptic coinjection of 

either htau42 with IP3R or RyRS inhibitors, a) Xestospongin C (XeC, 20 μM; n=4), b) 2-

Aminoethoxydiphenylborane (2-APB; 100 μM; n=5) or c) with the RyR blocker dantrolene 

(300 μM; n=4) (Maruyama et al., 1997, Collin et al., 2005).

For the statistical analysis of these data and related findings described below, the pre to 

postsynaptic spike interval was determined at baseline (time=0) and then again after 

microinjection in 5 min intervals. Following this procedure, interspike time was used as an 

indicator of changes in synaptic delay (see i.e. Fig. 1A). Linear mixed models were used to 

evaluate the outcome of interspike delay and in selected cases spike amplitude (See methods 

for details).

Comparison of the interspike time of synapses injected with 1) htau42, 2) htau42+APB and 

3) htau42+XeC demonstrated significant interspike time differences for both APB and XeC 

groups (p= 0.0007 and p=0.0055 respectively). Significance was also observed when 
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synapses injected with htau42 alone or htau42+Dantrolene were compared p=0.047 

(unadjusted p=0.02; Fig. 1A and B). Additionally 50-70 min after htau42 was microinjected 

a complete absence of post-synaptic response was observed in 100% of the injected 

synapses, while only one complete block at this time point was observed in 

htau42+dantrolene injected synapses and none in htau42+APB, htau42+XeC or controls (not 

shown).

These findings indicate that both IP3Rs blockers (APB and XeC) prevented htau42 mediated 

synaptic block (Fig. 1 A and B). The effect of RyR blocker dantrolene was also significant 

but had a slower onset (Fig. 1A and B). Microinjection of either compound alone did not 

produce changes in synaptic transmission at the pre- or postsynaptic sites, whereas IP3Rs 

block abolished the initial phase of htau42 mediated increased post-synaptic noise (not 

shown). These data indicate that the transient increase in intracellular calcium associated 

with htau42 injection likely results from activation of the ER-calcium IP3Rs, but both RyR 

and IP3Rs are involved in the toxic effect mediated by htau42.

3.2. GSK3B and Cdk5 activities are required for htau42 toxicity

The actual presence of a squid tau epitope phosphorylated by GSK3 and Cdk5/p35 kinases 

was demonstrated by recognition via AT8 antibodies in squid axoplasm (Morfini et al., 2002, 
Morfini et al., 2004). Previous experiments have shown that microinjected htau42 becomes 

rapidly phosphorylated at the AT8 epitope (Moreno et al., 2011), suggesting that either 

GSK3, Cdk5/p35 or both may phosphorylate exogenously injected htau 42 at the presynaptic 

terminal. To address this possibility, synapses were co-microinjected with htau42 and either 

the GSK3 inhibitor ING-135 (100 nM; n=4) (Kozikowski et al., 2007, LaPointe et al., 2009) 

or with TFP5, a truncated p35-derived peptide that modulates Cdk5/p35 activity (200 nM; 

n=5) (Shukla et al., 2013).

As shown in Figs 1C-D, synapses co-injected with htau42+ING or with htau42+TFP5 

demonstrated a significant lack in neurotransmitter release reduction, compared with those 

injected with htau42 alone (p= 0.007 and p=0.0009, respectively). Moreover, an unrelated 

pharmacological inhibitor of GSK3, SB216763 (Acevedo et al., 2014), also prevented the 

toxic effects of htau42 in coinjection experiments at 15 μM (not shown). Synapses injected 

with only ING or with TFP5, demonstrated no significant effect on post-synaptic response 

compared to control (vehicle-injected synapses; p=0.7 and p=0.55 respectively). These 

findings strongly indicate that the toxic effect of microinjected htau42 on synaptic function 

involves the activities of endogenous GSK3 and CdK5/p35.

3.3. The PAD domain of tau is necessary and sufficient to trigger synaptic transmission 
failure

Phosphorylation of htau42 at the AT8 epitope induces abnormal exposure of the amino 

terminal region of tau, a domain referred to as phosphatase-activating domain (PAD, aa 

1-18) (Kanaan et al., 2011). Since AT8 immunoreactivity was observed in htau42-injected 

synapses ((Moreno et al., 2011)), we addressed the issue of whether the PAD motif was 

necessary to observe the toxic effect on synaptic function induced by htau42. This was 

implemented by co-injecting, htau42 with either TNT-1 (10 μM; n=6), an antibody that 
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binds to PAD and prevents PAD-mediated activation of the PP1-GSK-3 cascade (Kanaan et 

al., 2011), or with Tau5 antibody (10 μM; n=6), which recognizes a.a. 210-230 of tau 

(LaPointe et al., 2009). Synapses co-injected with htau42 and TNT-1 showed no inhibition 

of synaptic transmission, compared to those injected with htau42 alone (p=0.0018). In 

contrast, synapses co-injected with htau42 and Tau5 displayed block of neurotransmitter 

release within 55+/− 10 min, showing no statistical differences from synapses injected with 

htau42 alone (p=0.056; Figs. 2 C&D).

Based on the above observations, we next questioned whether the PAD domain mediated the 

toxic effect of tau42 on synaptic transmission. Presynaptic microinjection of PAD peptide 

(2.5 μM; n=8) and of scrambled peptide at same concentration (n=5) [see methods and 

(Kanaan et al., 2011) for details] demonstrated that microinjected PAD peptide blocked 

synaptic transmission with a similar time course as htau42 (complete block within 55+/− 10 

min, compared to htau42; p=0.071). In contrast, no significant changes in post-synaptic 

response were observed in scrambled PAD peptide-injected synapses after 90 min of 

recording, compared to vehicle-injected control synapses (p=0.93) (Figs. 2E&F). Noise 

analysis experiments further showed that PAD peptide transiently increased post-synaptic 

noise (Fig. 2B). Together, these results indicate that the PAD domain mediates the synaptic 

inhibitory effect of htau42. In order to evaluate whether other htau42 regions promoted 

synaptic toxicity as well, we microinjected recombinant tau constructs 3RC (containing the 

three tubulin binding motifs and the carboxyl terminal region) and 2R (containing two 

tubulin binding motifs) (Perez et al., 2001) (Fig. 2A). Microinjection of tau fragments 3RC 

or 2R at either low (80 nM; n=4 per group) or high concentrations (2 μM; n=5 per group) 

produced no significant inhibition of synaptic transmission during the first hour of recording 

compared to vehicle-injected synapses p=0.7 and p=0.60 respectively (high concentration 

experiments). After one hour, a slow blocking effect of postsynaptic response was observed 

with slightly faster effect seen in 3RC-injected synapses (Fig. 2E). Note that during this 

protocol (slow presynaptic activation), the post-synaptic response remained stable for over 

180 min in control synapses (Llinas et al., 1985).

Collectively, results from these experiments indicate that the PAD region of tau is necessary 

and sufficient to produce synaptic toxicity. Our results also indicate that other tau regions 

might marginally contribute to htau42-induced synapto-toxicity, as indicated by the minor 

effect of 3R and 2R tau constructs lacking the PAD region on synaptic function. Of note, 

The PAD sequence (100% residues) is only present in human or monkey tau, and no obvious 

PAD domains in other microtubule-associated proteins, including MAP2 and MAP1B were 

observed in a sequence comparison analysis (not shown).

4. Discussion

4.1. Modulation of IP3 receptors by htau42

In this study, the IP3 inhibitors 2-APB and Xestospongin C effectively blocked the synaptic 

failure induced by htau42, identifying calcium disregulation as a key element of tau-related 

pathology. The experimental results presented here indicate that htau42 itself induces an 

initial transient calcium increment necessary for its toxic effect on synaptic dysfunction. 

Based on these findings, we propose that calcium release from the ER is an early pathogenic 

MORENO et al. Page 6

Neuroscience. Author manuscript; available in PMC 2017 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



event, triggered by preterminal-mislocalized htau42, which triggers a set of downstream 

events leading to synaptic vesicle exocytosis block, resulting in synaptic transmission 

failure.

Presently, there is clear evidence for ER calcium stores (IP3Rs and RyRs) dysfunction in 

AD (Pierrot et al., 2006, Supnet et al., 2006, Cheung et al., 2008). These abnormalities have 

been related to beta amyloid pathology but to our knowledge, the modulation of IP3 

receptor, by tau protein related pathology had not been reported before. There is evidence, 

however, that in mice overexpressing mutant tau P301L and in human AD brains- 

abnormally phosphorylated tau tends to associate with ER membranes (Perreault et al., 

2009). While the pharmacological experiments presented here do not provide direct 

evidence that htau42 modifies directly ER calcium release, the results strongly suggest that 

calcium release from ER (directly or indirectly) is required for htau42 to induce synaptic 

toxicity. Although Xestospongin C and 2-APB have multiple targets (see table 1) these two 

IP3 inhibitors with different modes of action had similar effect. This finding suggests a 

common target, i.e. that they are both acting on IP3Rs. Although ryanodine is a highly 

specific modulator of RyRs, a different blocker was used, because the effect seen by htau42

—(increased synaptic noise) was short lasting and it may overlap with the initial opening of 

RyRs observed with ryanodine, which is followed by the stored calcium depletion. The 

effect of hatu42 in RYRs, may also be relevant in tauopathies and deserve further evaluation. 

A significant finding reported here relates to the fact that ER calcium release can modulate 

spontaneous transmitter release, as demonstrated by the IP3R mediated increase in post-

synaptic noise induced by htau42 injection (Fig 2B). Up to now, the mechanism by which 

htau42 modulates IP3Rs remains unknown. It is established that calcium levels are tightly 

controlled in synaptic terminals (Rizzuto and Pozzan, 2006) requiring, therefore, that the 

calcium rise mediated by htau42 be highly compartmentalized, and close to the release site 

to have an impact on synaptic vesicles dynamics.

4.2. Identification of the toxic regions of htau42 and its relation to phosphorylated tau

In the squid axon, perfusion of aggregated forms of wild type human tau inhibited fast 

axonal transport (FAT). The toxic effect of pathogenic tau species on FAT was mapped to the 

PAD domain (Kanaan et al., 2011). Interestingly, htau42 inhibited synaptic transmission at 

80nM concentration, whereas perfusion of htau42 in squid axoplasm did not affect FAT at 

concentrations up to 25μM (Morfini et al., 2007). In contrast to non-phosphorylated htau42, 

htau42 phosphorylated at the AT8 site did affect FAT when perfused in axoplasm (Kanaan et 

al., 2011). In agreement with such findings we had previously showed that htau42 in the 

synapse becomes phosphorylated (Moreno et al., 2011). Thus, present experiments 

demonstrate that the PAD region of htau42 was necessary and sufficient parameter 

determining the toxic effect of tau on synaptic transmission as indicated by: 1) the ability of 

PAD peptide to recapitulate the toxic effect of full-length htau42 at the synapse and 2) the 

prevention of htau42 synapto-toxicity by monoclonal antibody TNT-1, which specifically 

recognizes PAD with high affinity (Kanaan et al., 2011)). Unlike TNT-1, an anti-tau 

antibody recognizing a. a. 210-230 (Tau5) did not prevent htau42-induced synpato-toxicity. 

Other tau domains (3RC and 2R) minimally affected synaptic transmission, suggesting that 

the effect of htau42 may implicate more than one mechanism and protein regions, 
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notwithstanding the necessary and sufficient role of PAD in synaptic block. In addition, our 

results also indicate that GSK3 and Cdk5/p35 activities are required in triggering htau42 

toxicity. Specifically, the highly specific GSK3 inhibitors ING-135 and SB216763 (the latter 

not illustrated here) blocked the inhibitory effect of htau42 on synaptic transmission when 

co-injected with htau42. These findings are in agreement with previous experiments in the 

isolated squid axon, demonstrating that AT8-tau, and PAD domain activate the PP1-GS3K 

cascade (LaPointe et al., 2009, Kanaan et al., 2011).

Our findings suggest that htau42 might undergo a conformational change within the 

presynaptic terminal, such that PAD is abnormally exposed. This effect would trigger 

aberrant activation of the PP1-GSK3 cascade (Wang et al., 1994, Morfini et al., 2004, 
Kanaan et al., 2011), which ultimately would lead to abnormal phosphorylation of synaptic 

proteins and affect synaptic transmission. The role of Cdk5/p35 in this mechanism remains 

unclear; it is probable that htau42 becomes “primed” by this kinase, which would then 

become available for phosphorylation by GSK3. Regardless of the above, the prevention of 

htau42 toxicity by TFP5 is consistent with recent data demonstrating that modulation of 

Cdk5/p35 activity by TFP5 ameliorated behavioral deficits in AD mouse models (Shukla et 

al., 2013, Sundaram et al., 2013).

4.3 Axonal dysfunction in tauopathies

Early neuropathological studies of frontotemporal dementia (FTD) reported evidence of 

abnormal enlargement of presynaptic terminal, which contained spheroids rich in tau protein 

(Zhou et al., 1998). Recent observations in a mouse model of FTD identified the active role 

of axonal endocytosis in the internalization of pathological tau within synapses (Wu et al., 

2013). On the other hand it has been suggested that axonal transport may fail during the 

progression of AD (Cash et al., 2003). Results from studies in the squid axoplasm and giant 

synapse preparation support and extends those findings as follows: 1) microtubule dependent 

axonal transport is indeed impaired by pathological forms of phosphorylated tau in an acute 

fashion (Kanaan et al., 2011). 2) AT8-phosphorylated tau acutely inhibits glutamatergic 

synaptic transmission in the presynaptic terminal (Moreno et al., 2011). 3) The present work 

identified molecular events initiated by excess htau42 in the presynaptic terminal. These 

events would be expected to promote a synergistic mechanism leading to decreased neuronal 

connectivity. Future experiments are needed to elucidate more rigorously the effect of 

hTau42 on ER calcium release.

Based on these results above, a model is proposed where the presence of htau42 at the 

presynaptic terminal induces abnormal calcium release from intracellular stores. This event 

is proposed to trigger a pathogenic cascade involving, activation of a PP1-GSK3 pathway, 

aberrant phosphorylation of synaptic proteins, including tau, and synaptic release failure 

(Fig 3).
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Novel findings

1) htau42 in the presynaptic terminal induces calcium release from the ER

2) the acute-modulation of IP3R and RyR by tau protein (directly or indirectly)

3) identification of a synaptotoxic-tau region (PAD)

4) the modulation of downstream kinases by PAD
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Figure 1. Exogenously injected htau42 requires IP3 receptors, GSK3 and Cdk5 activities to 
induce blockade of synaptic transmission
A) Synaptic transmission time courses: i) vehicle injected axons (black dots). Note that 

interspike time is maintained relatively constant during the recording period, ii) htau42 

injected synapses (red dots), iii) synapses coinjected with: htau42 and 2-APB (green 

triangles), htau42 and Xestospongin C (yellow triangles) and htau42 and dantrolene (blue 

squares). Note that synaptic transmission block observed with htau42 was prevented by the 

IP3Rs inhibitors and delayed by dantrolene. B) Representative pre- and post-synaptic 

potentials following direct presynaptic axon stimulation every five min, first evoked spike 
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identified by red arrow. Synaptic transmission starts to fail at 30 min, in this example (green 

arrow), and is completely blocked at 35 min (blue arrow) following h-tau42 preinjection 

(Tau42; left upper panel). Coinjection of recombinant htau42 protein with the IP3Rs 

blockers (Tau42+2-APB or Tau42+XeC) prevented htau42 synapto-toxicity for the time of 

the experiment (65 or 75 min respectively). Dantrolene had a variable response on htau42 

toxicity and in this case delayed synaptic block. C) Synaptic transmission time courses for 

synapses coinjected with htau42 and the GSK3 inhibitor ING-135 (ING, purple squares 

dots), or with the Cdk5/p35 modulator TFP5 peptide (TFP5, green squares). D) 

Representative pre- and post-synaptic potentials following direct presynaptic axon 

stimulation every five min, shown are synapses coinjected with htau42 and ING135, left 

panel and htau42 plus TFP5, right panel. Note that synaptic transmission block induced by 

htau42 (A) was prevented by ING-135 and TFP5.

Note: Y axis identifies the percentage of change (interspike time between pre and 

postsynaptic) from the baseline (0%).
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Figure 2. The PAD domain of htau42 is necessary and sufficient to block synaptic transmission
A) Schematic diagram of the tau constructs used 1) Full length wild type human tau42 

(htau42), the largest isoform of tau found in the mature brain, contains the PAD region (in 

gray), exons 2 and 3 (E2 and E3) and four tubulin binding motifs (black boxes) 2) 3RC, a 

protein construct which contains three tubulin binding motifs (black boxes) and the carboxyl 

terminal region [C], 3) 2R fragment which has 62 amino acids with two tubulin binding 

motifs (black boxes) 4) PAD peptide, 5) Scrambled PAD peptide. B) Power spectra of 

spontaneous post-synaptic noise. Noise recording at the post-synaptic terminal were taken at 
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1-min intervals, before PAD injection [Control, black dots] following 4 min [red dots] and 8 

min after PAD injection [green dots] as indicated). Spontaneous release is determined by 

synaptic noise power spectrum. Note the rapid increase in noise 4 min after microinjection, 

indicating higher spontaneous release followed by drastic reduction within a 4 min interval 

(reading taken at a 1/min rate). C) Time course of synaptic transmission changes following 

presynaptic microinjection of: i) htau 42 plus anti-PAD antibody TNT-1, which blocks the 

toxic effect of htau42 (blue rhombi), ii) htau 42 plus Tau5 antibody, which does not interfere 

with htau42 effect (green rhombi). D) Representative example of evoked responses to direct 

presynaptic stimulation in synapses coinjected with htau42 and TNT-1 left, or with Tau5 

antibodies right. E) Time course of synaptic transmission changes following presynaptic 

microinjection of: i) PAD peptide (blue triangles)—note a similar effect to that of full length 

tau [htau42], ii) scrambled PAD peptide producing no significant changes (red triangles) and 

iii) Fragments 3RC (yellow squares) or 2R (gray squares) also producing no significant 

synaptic block at the 60 min time point. F) Representative recordings of a synapse 

microinjected with PAD peptide, showing complete block at 55 min (indicated by blue 

arrow) and an example of a synapse injected with scrambled PAD peptide, showing no 

significant change in the pre or postsynaptic spikes (right).

Note: In figures C and E: Y axis identifies the percentage of change (interspike time between 

pre and postsynaptic) from the baseline (0%).
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Figure 3. Pathogenic events triggered by wild type htau42 at the presynaptic site
In disease state, wild type htau42 and/or phosphorylated tau at the synapse induce IP3 

receptor activity directly or indirectly (discontinuous arrows and red dots [IP3]) resulting in 

increased intracellular calcium release (blue dots) in close contact with presynaptic vesicles 

(SV). Phosphorylation of microinjected htau42 by Cdk5/p35 and/or GSK3 at the AT8 

epitope results in increased PAD domain exposure, which induces PP1 and consequently 

increased GSK3 activation. These events would then promote increased htau42 

phosphorylation and aggregation, which in turn would promote abnormalities in synaptic 

vesicle and exocytosis failure (indicated by X marked SV). Microinjected PAD (PAD 

injected) recreated htau 42 effects (htau42 injected). Note that the exact temporal 

relationship of these events, in particular after tau induced increased calcium, remains to be 

elucidated.

P= Phosphate group

ER: Endoplasmic Reticulum

PAD: Phosphatase-Activating Domain

SV: Synaptic vesicle

NT= Neurotransmitter
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Table 1

Target(s) of Interest EC50 IC50 Other Targets IC50

2-APB IP3Rs
10

*
μM[1]

42
#
μM[2]

SERCA
SOC Channels
TRP Channels

91μM[3]

15-20
*
μM[1]

10-15
+

μM[1]

Xestospongin C IP3Rs 358nM[4] SERCA
RyRs 67

&
μM[5]

>20μM[4]

Dantrolene RyRs 30.2μM[6] Bcl-2[7]
Phospholipase

A2[7]

IP3Rs ? [8]

ING-135 GSK-3 7nM[9] Other 22
kinases panel

>10μM[9]

SB216763 GSK-3 34.3nM[10] AMPK
GSK-3β
MAPK
PKA
PKBα
PKCα
SGK
And others

>10μM[10]

TFP-5 Cdk5 Blocks 90% of Cdk5-p35 

activity at 0.05 μM[11]

TNT-1 Tau Phosphatase-activating domain 
(PAD)

5.5ng/ml[12]

*
= DT40 cells

#
= Microsomal fraction of rat cerebellum

+
=HEK293 cells

&
=A7r5 smooth-muscle cells
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