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Vail G, Cheng A, Han YR, Zhao T, Du S, Loy MM, Herrup
K, Plummer MR. ATM protein is located on presynaptic vesicles
and its deficit leads to failures in synaptic plasticity. J Neuro-
physiol 116: 201–209, 2016. First published April 20, 2016;
doi:10.1152/jn.00006.2016.—Ataxia telangiectasia is a multisys-
temic disorder that includes a devastating neurodegeneration phe-
notype. The ATM (ataxia-telangiectasia mutated) protein is well-
known for its role in the DNA damage response, yet ATM is also
found in association with cytoplasmic vesicular structures: endo-
somes and lysosomes, as well as neuronal synaptic vesicles. In
keeping with this latter association, electrical stimulation of the
Schaffer collateral pathway in hippocampal slices from ATM-
deficient mice does not elicit normal long-term potentiation (LTP).
The current study was undertaken to assess the nature of this
deficit. Theta burst-induced LTP was reduced in Atm�/� animals,
with the reduction most pronounced at burst stimuli that included
6 or greater trains. To assess whether the deficit was associated
with a pre- or postsynaptic failure, we analyzed paired-pulse
facilitation and found that it too was significantly reduced in
Atm�/� mice. This indicates a deficit in presynaptic function. As
further evidence that these synaptic effects of ATM deficiency
were presynaptic, we used stochastic optical reconstruction mi-
croscopy. Three-dimensional reconstruction revealed that ATM is
significantly more closely associated with Piccolo (a presynaptic
marker) than with Homer1 (a postsynaptic marker). These results
underline how, in addition to its nuclear functions, ATM plays an
important functional role in the neuronal synapse where it partic-
ipates in the regulation of presynaptic vesicle physiology.

ATM; LTP; paired-pulse facilitation; presynaptic plasticity; synaptic
decay; storm super-resolution microscopy

NEW & NOTEWORTHY

Ataxia telangiectasia, which results from mutation of a
gene named ATM, is an autosomal recessive disorder
characterized by cerebellar degeneration and ataxia.
Although ATM is primarily studied for its role in the
DNA damage response, in neurons a substantial fraction
of ATM is cytoplasmic, where its function is not well
understood. In this study, we provide an important
insight into neuronal ATM by showing that its presence
is critical for full manifestation of presynaptic plasticity.

ATAXIA TELANGIECTASIA (AT) is an autosomal recessive disorder
that manifests at an early age and is characterized by diverse
features that range from increased incidence of tumors to ataxia
caused by cerebellar degeneration (Hoche et al. 2012). AT
results from mutation of a gene encoding a member of the
phosphoinositide 3-kinase (PI3-kinase) family, which has been
named ATM for ataxia-telangiectasia mutated. Although ATM
is generally located in the cell nucleus, in nerve cells substan-
tial amounts are also located in the cytoplasm (Li et al. 2009).
Whereas ATM has been shown to influence the response to
DNA damage (Marechal and Zou 2013; Shiloh and Ziv 2013)
and to contribute to the epigenetic configuration of the chro-
matin (Li et al. 2012, 2013), both of these activities are
primarily directed at events in the nucleus. Less obvious is how
cytoplasmic ATM orchestrates changes in cellular functions
that are not associated with changes in chromatin structure and
gene expression. Some hints can be found, however, in a
survey of potential binding partners (Matsuoka et al. 2007).
Of over 700 targets identified, two of particular interest are
the proteins synapsin I and VAMP2 (vesicle-associated
membrane protein 2, also known as synaptobrevin-2), both
involved in presynaptic release of neurotransmitter. This
relationship prompted us to investigate synaptic plasticity in
the hippocampus. We determined that basal vesicular re-
lease measured with the dye FM4-64 is reduced in Atm�/�

animals, and we identified a deficit in long-term potentiation
in the Schaffer collateral pathway along with otherwise
generally normal synaptic transmission (Li et al. 2009).

To gain insight into the locus of the alterations found in the
Atm�/� animals, we revisited the issue of theta-burst stimula-
tion (TBS)-induced long-term potentiation (LTP) with addi-
tional studies, including the examination of paired-pulse facil-
itation, synaptic decay during the TBS, and a high-resolution
study of the structural localization of ATM. We identified
presynaptic parameters that were reduced in the Atm�/� ani-
mals, and we further validated the presynaptic localization of
ATM protein using stochastic optical reconstruction micros-
copy (STORM). In the aggregate, the results suggest that in
addition to its nuclear functions, ATM functions in the neuro-
nal synapse where it modulates presynaptic vesicle physiology.

MATERIALS AND METHODS

Animals. The ATM mouse colony 129S6/SvEvTac-Atmtm1Awb/J
was purchased from Jackson Laboratory and maintained in the animal
facilities at Rutgers University. For LTP, 10- to 12-wk-old wild-type
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or homozygous mutant mice were chosen. The genotyping method
was modified from that published by the Jackson Laboratories. The
PCR primers used to determine each genotype were AwbWT.F,
5=-GTGGATATATGCCATGTCCTAGGTG-3=; Awb.F1, 5=-TAC-
CCGGTAGAATTGACCTGC-3=; and AwbWT.R, 5=-CCTGA-
ATCCGAATTTGCAGGAGTTGC-3=.

The Qiagen HotstarTaq Plus PCR Master Mix kit (catalog no.
203643) was used for the PCR reaction. The wild-type PCR product
is 201 bp, and the mutant product is 116 bp (Fig. 1). Wild-type and
homozygous mice were selected for recording. Heterozygous animals
were not used for this study. Procedures performed using mice were
approved by the Rutgers University Institutional Review Board for the
Use and Care of Animals. The animal facilities at Rutgers University
are fully AAALAC accredited.

Preparation of hippocampal brain slices. Mice of either sex were
decapitated under isoflurane anesthesia and the brains removed. Hip-
pocampal slices (400 �m) were prepared using a vibrating slicer
(Campden Instruments) and cut in a solution containing (in mM) 228
sucrose, 10 glucose, 24 NaHCO3, 2 CaCl2, 2 MgSO4, 3 KCl, and 1.25
NaH2PO4 that had been aerated for 30 min before use (95% O2-5%
CO2) at 4°C. After slicing, brain tissue was transferred to an aerated
(95% O2-5% CO2) holding chamber containing artificial cerebrospi-
nal fluid (ACSF) solution containing (in mM) 128 NaCl, 3.45 KCl, 2.5
CaCl2, 1.3 MgSO4, 1.25 NaH2PO4, 24 NaHCO3, and 10 glucose,
equilibrated with 95% O2-5% CO2 at room temperature. After at least
30 min of recovery, slices were transferred as needed to an interface
recording chamber where they were maintained at 28°C and perfused
with ACSF at 2 ml/min. Each slice was allowed to equilibrate to the
new temperature for 30–35 min before any recordings were made.

Field potential recording. Brain slices were placed in a tempera-
ture-controlled recording chamber kept at 28°C. Extracellular record-
ings of field excitatory postsynaptic potentials (fEPSPs) were made
with ACSF-filled glass electrodes (tip diameter 5–10 �m). Recordings
were digitized with a CED Power1401 interface using custom soft-
ware. The acquisition sampling period was 12 �s. Test stimuli (0.1
ms) were delivered with a bipolar platinum-iridium stimulating elec-
trode at 1-min intervals, except for specialized protocols that elicited
changes in synaptic strength (see below). For recordings of CA1
activation by Schaffer collateral stimulation, recording and stimulat-
ing electrodes were both placed in stratum radiatum. Each experiment
was begun by obtaining input-output relationships to establish the
strength of baseline synaptic transmission. A Grass S8800 stimulator
connected to a Grass PSIU6 photoelectric stimulus isolation unit was
used to deliver a series of increasing intensity constant-current pulses
(interstimulus interval 30 s). Current magnitude was adjusted to elicit

responses ranging from just suprathreshold to near maximal. Follow-
ing this, stimulus intensity was adjusted to evoke fEPSPs 30–40% of
maximum, typically 20–30 �A. To elicit LTP, theta burst stimulation
(TBS) was used. A typical TBS consists of 12 trains of 4 pulses at 100
Hz spaced 200 ms apart (12�TBS). However, for recordings in this
study we used a varying number of trains (4, 6, 8, 12) for scaling
purposes in LTP generation. Response magnitude was quantified
using the slope of the field potential. Field potential traces during the
TBS were saved, and the peak amplitude of fEPSP vs. stimulus
number was used to assess synaptic fatigue. The response to dual
pulse stimulation at different interpulse intervals (10, 25, 50, 100, 150,
200, and 300 ms) was used to measure paired-pulse facilitation (PPF).

Data analysis. For LTP experiments, data were analyzed by using
custom software to measure the slope of the field potential during the
baseline period and after the TBS stimulation. For the PPF study, the
slopes of the field potential from the two paired stimuli were mea-
sured, and the ratio (second/first) was calculated and then plotted
against the interpulse intervals. For the synaptic fatigue study, the
peak amplitude of the first pulse in each recorded burst from the
stimulation response traces in the TBS were measured, normalized to
the first response, and then plotted. Recordings that did not exhibit a
stable response or in which the field potential decreased to below
baseline level by the end of the 3-h testing period (�10% of record-
ings) were not used. Statistical comparisons using Student’s t-test
were made with Microsoft Excel. P � 0.05 was taken to indicate a
significant difference.

Cortical neuron culture. E16 wild-type mouse cortex was digested
with trypsin for 10–12 min at 37°C. Cells were plated on 18-mm
coverslips precoated with 0.5 mg/ml poly-L-lysine. The neurons were
cultured in Neurobasal medium at 37°C in a water-jacketed incubator
with 95% air-5% CO2. After 21 days of culture, neurons were fixed
with 4% paraformaldehyde (PFA) for 15–20 min and then washed 3
times with PBS and kept at 4°C with 0.1% PFA.

Two-color labeled sample preparation. Neurons were incubated on
coverslips with 10% donkey serum with 0.1% TritonX-100 for at least
2 h at room temperature. After blocking, we applied diluted (1:200)
anti-ATM primary antibody [2C1(1A1), ab78; Abcam] and (1:250)
anti-VAMP2 primary antibody (GW21451-50UG; Sigma), in block-
ing buffer, to the coverslips and then incubated them at 4°C overnight.
On the second day, neurons were washed five times with PBS and
then incubated with secondary antibodies (AlexaFluor 647 anti-
chicken for VAMP2 primary antibody and AlexaFluor 750 anti-
mouse for ATM antibody) at room temperature for 2 h. Cells were
then washed 10 times with PBS. Stained samples were then fixed with
3% PFA-0.05% glutaraldehyde after antibody labeling for 20 min.
Tris(2-carboxyethyl)phosphine (TCEP; 25 mM) was added to the
imaging buffer just before images were acquired.

STORM. Stochastic optical reconstruction microscopy (STORM) is
a new technique of optical super-resolution microscopy that can
achieve �20-nm resolution. Super-resolution images were acquired
with a home-built STORM system specially designed for the dual-
channel imaging of AlexaFluor647- and AlexaFluor750-immunola-
beled samples, as previously reported (Zhao et al. 2015). Each
super-resolution image was reconstructed from a movie containing
30,000 frames recorded at 33 Hz, during which time the dye
molecules briefly cycled from dark to bright and back again for
many iterations in TCEP-containing imaging buffer. This “wink-
ing” was used to calculate a two-dimensional (2D) Gaussian
distribution that was assumed to be centered on the location of a
single dye molecule. Moderate excitation laser intensities (4 kW/
cm2 at 656 nm for AlexaFluor647 and 4.5 kW/cm2 at 750 nm for
AlexaFluor750) were applied to minimize photobleaching during
imaging. The final resolution is determined to be �20 nm in both
channels based on average fitting error.

Active sample locking was used to stabilize the sample with 1 nm
accuracy during imaging. With over 4,000 photons emitting from both

Fig. 1. Genotyping Atm�/� mice. The PCR product for wild-type (WT)
animals (201 bp) can be clearly discerned from the mutant product (116 bp).
Examples for WT, heterozygous (HET), and homozygous (HO) animals are
shown.
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dyes, two-color super-resolution images of high quality were obtained
from the neuronal cultures.

To ensure the correct alignment of the two STORM channels, we
first used 20-nm fluorescent gold nanoparticles to do two-channel
alignment and achieved excellent registration (Fig. 2, A and B). The
intensity distribution of a single gold nanoparticle (Fig. 2A, inset,
bottom left) was fitted by double-peak Gaussian functions. The sep-
aration between the two peaks was less than 0.03 nm, which is
negligible compared with the size of the structure of interest. We next
used two-color STORM with two different secondary antibodies,
donkey anti-rabbit AlexaFluor 647 and donkey anti-rabbit Alexa
Fluor 750, against the same primary antibody (rabbit IgG anti-�-
tubulin) to test the postprocessing accuracy of STORM immunocy-
tochemistry, which proved satisfactory (Fig. 2C).

Quantification. To assess the synaptic distribution of ATM (green
channel) with respect to presynaptic marker Piccolo or postsynaptic
marker Homer1 (red channel), over 50 fields (1.2-�m squares) were
cropped and centered on the basis of their labeling of Piccolo or
Homer1. In each cropped image, custom software was used to calcu-
late an outline of the location for Piccolo or Homer1 (area 1),
determined by thresholding the red channel of the STORM image.
During the selection of area 1, the ATM channel was turned off. A

region outside of Piccolo or Homer1 labeling (area 2) was calculated
by doubling the dimensions of area 1. Since the quantity of a
molecule is in direct proportion to the number of localization counts
in STORM images, the degree of colocalization between ATM and
Piccolo or Homer1 can be represented by the ratio of counts in area
1 over the counts in area 2.

To determine the association of ATM and a known vesicle protein,
we constructed histograms of the intensity of the two colors in our
STORM images. To plot the histogram, a 20-nm-wide, 500-nm-long area
centered at each vesicle is selected; the number of localizations in each
channel that falls within this area is plotted into histograms with a 5-nm
bin size where the vesicle center is the zero position. The histograms of
VAMP2 (color in red) were further fitted by double-peak Gaussian
functions to measure the separation between two peaks.

RESULTS

ATM-deficient mice show reduced LTP. In agreement with
our earlier results, Schaffer collateral LTP elicited by a train of
12 bursts (12�TBS) was reduced in hippocampal slices from
Atm�/� compared with WT animals (Fig. 3, A and B). In WT

Fig. 3. Atm�/� animals have a deficit in TBS-induced, Schaffer collateral LTP. A: an example of traces from a WT (top) and an Atm�/� animal (bottom). Three
superimposed sweeps are shown, one from the baseline period, one from immediately after delivery of the TBS protocol (not labeled), and one from the end of
the recording (3 h post-TBS). B: plots of fEPSP slope, normalized to baseline, showing the responses of WT and Atm�/� to the 12�TBS induction protocol.
The average response of Atm�/� slices was significantly lower than that of WT slices (P � 0.01). C: input-output plot of fEPSP slope in response to single pulses
of increasing amplitude. Stimulus intensities of 10, 20, 40, 60, 80, 100, and 120 �A were tested. There was not a significant difference between WT and Atm�/�

animals (P � 0.7). **P � 0.01.

Fig. 2. Assessment of channel alignment. Before STORM imaging, fluorescent gold nanoparticles were used for regular 2-channel alignment. A: 20-nm gold
nanoparticles were excited by 2 lasers of STORM and emitted 2-color signals, 647 nm (green) and 750 nm (red). The image shows excellent colocalization of
the 2 signals from 2 channels. The scale bar at bottom right bottom is 500 nm, and that in the inset at bottom left is 50 nm. B: the intensity distribution of a single
gold nanoparticle was fitted by double-peak Gaussian functions. The separation between 2 peaks was �0.03 nm. C: 2-color STORM image taken with 2 different
secondary antibodies, donkey anti-rabbit AlexaFluor 647 (green) and donkey anti-rabbit AlexaFluor 750 (red), against the same primary antibody, rabbit IgG
anti-�-tubulin, to test the postprocessing accuracy of STORM immunocytochemistry. The 2 channels show good colocalization, which is in agreement with the
gold nanoparticle imaging.
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slices, the slope of the field potential following the 12�TBS
stimulus increased by �2.5-fold (263 � 14%, n � 8). In the
Atm�/� slices, by contrast, the increase was only slightly over
twofold (208 � 26%, n � 5), a statistically significant differ-
ence in the magnitude of the response (P � 0.01). This
difference persisted at 60 min post-TBS after shorter term
types of plasticity had decayed (WT: 206 � 5% vs. Atm�/�:
150 � 12%; P � 0.01). Even at 3 h post-TBS, a significant
difference between the WT and the Atm�/� animals was
maintained (199 � 8.1% vs. 145 � 13%, respectively; P �
0.01).

Unlike the response to the TBS, there was no significant
difference in the input-output (I-O) relationship. Constant-
current stimuli (0.1 ms) ranging from 10 to 120 �A pro-
duced comparable responses in the WT and Atm�/� animals
(Fig. 3C). The average slope of the field potentials ranged
from 0.14 � 0.03 to 1.7 � 0.17 mV/ms in WT animals and
from 0.19 � 0.04 to 1.6 � 0.13 mV/ms in Atm�/� animals,
values that were not significantly different from each other
(P � 0.5 at 120-�A stimulus current). The difference in
LTP between the two genotypes, therefore, cannot be attrib-
uted to a defect in baseline synaptic transmission.

TBS/LTP relationship is similar in WT and Atm�/� mice. To
investigate the overall responsiveness of the hippocampal cir-
cuitry in Atm�/� mice, we examined the LTP magnitude
produced in response to TBS with different numbers of trains
(Fig. 4). With a stimulus comprising four trains (4�TBS), the
magnitude of increase in the fEPSP slope was modest and not
obviously different between the two genotypes (Fig. 4A). In
WT animals, the fEPSP increased to 157 � 15% above
baseline, whereas the Atm�/� animals showed an increase of
125 � 6% above baseline. The two values were not signifi-
cantly different (P � 0.1). When the number of theta bursts
was increased to six, neither genotype showed a dramatic
difference from the response induced by 4�TBS (Fig. 4B). For

WT animals, 6�TBS caused the fEPSP to increase to 158 �
6% above baseline. For Atm�/� animals, the increase was
126 � 8% above baseline, and in this case the values were
significantly different between the two genotypes (P � 0.01).

With the number of theta bursts increased to eight, the
magnitude of LTP for the two genotypes increased further,
although not equally (Fig. 4C). For WT animals, the fEPSP
increased to 196 � 7% above baseline, whereas the Atm�/�

animals only showed an increase to 135 � 6% above baseline.
Increasing the stimulus train to 12�TBS (Fig. 3) did not
produce a further increase in the response of WT animals
(200 � 11%), suggesting that the effect was maximal. For
Atm�/� animals, 12�TBS caused the potentiation increase to
145 � 11% above baseline, somewhat greater than the re-
sponse to 8�TBS. The responses to 8 and 12 theta bursts were
significantly different between the two genotypes (P � 0.01).

To compare the relationship between the number of theta
bursts and LTP magnitude, particularly in the region with the
steepest slope, the responses for the two genotypes were scaled
according to their minima and maxima, normalized to the WT
maximum, and fitted with a Boltzmann function (Fig. 5).
Interestingly, the shapes of the two curves were similar. Al-
though the maximum reached was quite different, for both
genotypes the half-maximal response was seen at �7–8 theta
bursts and the maximum was reached with 12 theta bursts. This
finding suggests that mechanism of LTP induction for the two
genotypes is comparable but that the ability of the stimulus
train to elicit a larger response is lessened or that the degree of
LTP expression is in some way compromised.

Reduced paired-pulse facilitation in Atm�/� mice. To begin
to answer this question, we examined paired-pulse facilitation
(PPF). A presynaptic form of synaptic plasticity (Fioravante
and Regehr 2011), the degree of facilitation has been shown to
result from increased probability of vesicle release as conse-
quence of a calcium transiently remaining in a synaptic termi-

Fig. 4. Responses of WT and Atm�/� animals to stimulus
trains containing different numbers of theta bursts. A:
average responses to a stimulus train with 4 theta bursts.
WT and Atm�/� responses were relatively small and vari-
able and were not significantly different at 3 h (P � 0.1).
B: average responses to stimulus trains containing 6 theta
bursts. WT animals showed significantly greater response
magnitude at 3 h (P � 0.01). In addition, by this time, the
response magnitude had plateaued in WT animals, whereas it
was still decreasing in Atm�/� animals. C: average responses
to stimulus trains containing 8 theta bursts. The responses in
WT animals were dramatically larger than the responses to 6
theta bursts but were comparable to responses to 12 theta
bursts (see Fig. 3). As with 6 theta bursts, the WT responses
showed a stable plateau, whereas the Atm�/� animals did not.
D: plot of theta burst number vs. LTP magnitude as quantified
by the average amplitude during the last 5 min of the record-
ing. Despite differences in absolute amplitudes, the general
shape of the curves for the 2 genotypes were similar. **P �
0.01.
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nal following an action potential. To quantify PPF, pairs of
stimuli are given at different interstimulus intervals (ISIs) and
the ratio of the slopes of the two responses is measured. Shown
in Fig. 6A are examples of a recording from a WT (top) and
from an Atm�/� animal (bottom). Each stimulus pair (the
300-ms ISI is not shown) is superimposed to illustrate the fact
that PPF is more prominent in WT than in Atm�/� mice. This
difference was quantified by presenting each ISI three times to
assess the reproducibility of the response. Typically, the three
trials superimposed (Fig. 6B), suggesting that differences be-
tween genotypes would be reliable. When examined in several
recordings, the difference in PPF between the WT and Atm�/�

animals was highly significant (Fig. 6C, P � 0.01). The
amount of increase in slope was greatest at the 50-ms ISI and
was 1.3 � 0.02 vs. 1.2 � 0.02 for WT and Atm�/� animals,
respectively. From this we conclude that there is a deficit in
this presynaptic form of plasticity in ATM-deficient animals.

No significant difference in synaptic decay during TBS. To
complement our study of PPF, we also assessed synaptic
fatigue during the stimulus train containing 12 theta bursts
(Fig. 7). For this analysis, we quantified peak voltage rather
than slope to gauge the overall response, and we measured
bursts 1, 2, 6, 7, 11, and 12. In WT animals, there was an
expected decrease in synaptic efficacy within each burst and
between the first and twelfth bursts in the train (Fig. 7A, left).
For burst 1, there was an initial increase in the fEPSP for pulse
2. For pulses 3 and 4, the response declined precipitously. By
burst 6, the initial increase in the fEPSP was no longer seen
and the response to the pulses within the burst showed a
continuous decline. This was also true for bursts 7, 11, and
12, but in addition the amplitude of the response to the first
pulse was also smaller with each successive burst. The same
pattern was also observed in Atm�/� animals (Fig. 7A,
right). There was the initial increase in the response to pulse
2 in bursts 1 and 2, the lack of increase in bursts 6, 7, 11,
and 12, and the decreased response to pulse 1 in bursts 11
and 12. Quantitative analysis of bursts 1, 2, 6, 7, 11, and 12
supported this initial impression (Fig. 7B). Measurements
were normalized to the response to pulse 1 in burst 1, and
the data from WT and Atm�/� animals were compared. For
bursts 1 and 2, the responses for the two genotypes were
virtually identical, with the increase in the overall response
from pulse 1 to pulse 2. For the other analyzed bursts, there
was a clear trend for the Atm�/� animals to have a lower
response than the WT, but the differences, although suggestive,
were not statistically significant.

Presynaptic localization and vesicular association of ATM
protein. To determine ATM protein synaptic distribution di-
rectly, we used stochastic optical reconstruction microscopy
(STORM) to detect the localization of ATM in cultured corti-
cal neurons. Able to achieve resolution in the range of 20 nm,

Fig. 5. The TBS-LTP relationship differs in magnitude but not region of
maximal sensitivity. The relationship between the number of theta bursts and
the magnitude of LTP was compared for WT and Atm�/� mice. Data from Fig.
4 were scaled, normalized, and fit with Boltzmann distributions. The fit shows
that there is a significant difference in magnitude, but other parameters were
relatively similar between genotypes.

Fig. 6. PPF is significantly reduced in Atm�/� mice. A:
examples of traces showing responses to pairs of pulses.
Stimulus intensity was the same as test stimuli. Super-
imposed responses to 10-, 25-, 50-, 100-, 150-, and
200-ms ISI pairs are shown. The potentiation seen in WT
animals (top traces) is greater than that in Atm�/� ani-
mals (bottom traces). This can be judged by level of the
field potential above the dashed line, which indicates no
potentiation. B: in each recording where PPF was mea-
sured, the different pairs were given 3 times. Filled
circles show the 3 replicates for a recording from a WT
slice. Open circles show the replicates from a recording
from an Atm�/� slice. The plot shows that the responses
to different ISIs are reproducible. C: comparison of PPF
in WT and Atm�/� animals. Plots of average responses
show that PPF is reduced in Atm�/� compared with WT
animals (**P � 0.01).
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the STORM image (Fig. 8A, right) shows a much clearer
pattern of colocalized ATM and VAMP2 than that obtained
with conventional epifluorescence (Fig. 8A, left). It clearly
shows that the ATM protein in neuronal cultures and hip-
pocampal slices is found associated with vesicular structures
with a diameter of about 60 nm (Fig. 8B). We validated the
identity of these structures as synaptic vesicles by applying
two-color STORM with ATM plus VAMP2, a synaptic vesicle
protein involved in vesicle docking and fusion (Fig. 8B). The
colocalization of the two proteins clearly shows that the struc-
tures identified by the ATM are synaptic vesicles. By creating
intensity histograms from the STORM images (Fig. 8D), we
found that over 90% of the VAMP2 labeling formed a double-
peak distribution, with the peaks separated by about 40 nm, the
diameter of a synaptic vesicle. ATM labeling was consistently
found attached, and in some cases overlapping, with the
VAMP2 labeling (Fig. 8D). To verify that these vesicles were
located on the presynaptic side of synapse, we double-labeled
our preparations with ATM and either the presynaptic marker
Piccolo or the postsynaptic marker Homer1. Combining the
results from different fields obtained from three individual
cultures, we found that ATM colocalized with Piccolo but not
with Homer1 (Fig. 8C). We devised a simple method to
quantify this impression (see MATERIALS AND METHODS) and
found a close concordance of the localization of the ATM and
the presynaptic Piccolo protein, with little or no such relation-
ship between ATM and the postsynaptic Homer1 protein.
These data confirm the predominantly presynaptic localization
of the ATM protein (Fig. 8C) and are consistent with the
results of the electrophysiology.

DISCUSSION

In the present study, we provide new details concerning the
cytoplasmic localization of ATM and new mechanistic insights
into the functional consequences of its genetic deficiency.
Quite apart from its role in the cell nucleus as a part of the
cellular response to DNA damage, ATM has a significant
presence and increasingly recognized function(s) in the cyto-
plasm. By some estimates as much as 30% of the total ATM
protein is cytoplasmic (Yang et al. 2011). In the cytoplasm, it

plays a role in insulin signaling (Armata et al. 2010; Halaby et
al. 2008; Miles et al. 2007) as well as mitochondrial function
(Valentin-Vega et al. 2012), synaptic vesicle trafficking, and
the localization of histone deacetylase 4 (HDAC4) (Li et al.
2012). Our finding of a role for ATM in conjunction with
synaptic vesicle function is consistent with previous electron
microscopic immunolabeling studies in which ATM protein
was reported in association with peroxisomes (Watters et al.
1999), lysosomes (Barlow et al. 2000), endosomes (Kuljis et al.
1999), and vesicles of unspecified origin (Brown et al. 1997;
Watters et al. 1997). A role in endocytosis is suggested by the
finding that ATM binds to �-adaptin (Lim et al. 1998) as well
as to �-NAP, a �-adaptin-related protein that is found only in
the nervous system (Newman et al. 1995).

In the neuronal cytoplasm, ATM forms a complex with
VAMP2 and synapsin I, two synaptic vesicle proteins involved
in release of neurotransmitter (Li et al. 2009). This is correlated
with synaptic dysfunction because in Atm�/� mice, hippocam-
pal long-term potentiation is significantly reduced, and the rate
of basal spontaneous vesicular dye release measured with the
dye FM4-64 is also reduced. These data strongly suggest an
important synaptic function of cytoplasmic ATM; the current
work was designed to prove, both by localization and by
physiology, that this function originated at the presynaptic side
of the synapse.

We have replicated the earlier finding that ATM-deficient
mice show reduced LTP but no significant problems in the
basal I-O curves. This eliminates a defect in baseline synaptic
transmission. To determine whether the deficit in LTP repre-
sented a decrease in maximal response magnitude or a change
in the threshold for induction, we used the strategy of compar-
ing responses to theta bursts containing different numbers of
stimulus trains (Arai and Lynch 1992; Christie et al. 1995). The
results suggest that LTP threshold in Atm�/� mice remains
unchanged. For both WT and Atm�/� mice, the slope of the
relationship is greatest between 6�TBS and 8�TBS stimulus
trains. What differs is the response magnitude achieved, with
little indication that increasing the number of trains would
eventually produce comparable responsiveness in WT and
Atm�/� animals.

Fig. 7. Synaptic decay during the TBS is not significantly
different between WT and Atm�/� animals. A: example traces
of the fEPSP evoked by the first and twelfth bursts in the
stimulus train. Note the generally similar character of the
responses from WT (traces at left) and Atm�/� animals (traces
at right). For both genotypes, the response to the 4 pulses in
burst 1 shows an increase in amplitude followed by decay.
Burst 12, however, shows only a decaying response to the 4
pulses. B: plot of normalized peak amplitude vs. burst number
within a TBS train. For each of indicated bursts, the peak
response to each of the 4 pulses is compared. Although there
was clear trend for the fEPSP to show a greater decrease
during the train in Atm�/� animals (open symbols) compared
with WT animals (filled symbols), the differences within each
train were not statistically significant for any of the points
measured.
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In addition to the decrease in maximal LTP magnitude,
Atm�/� mice showed reduced PPF, a deficit in a presynaptic
form of synaptic plasticity. Having a role in both of these
phenomena is in accord with the binding of ATM to synapsin
I and VAMP2. The former has been associated with synaptic
vesicle mobilization (Pieribone et al. 1995; Rosahl et al. 1995)
and has been shown to be strongly phosphorylated following
induction of LTP (Fukunaga et al. 1995; Kushner et al. 2005;
Nayak et al. 1996). Although Schaffer collateral LTP is gen-
erally believed to be the result of postsynaptic AMPA receptor
trafficking, there is the possibility of presynaptic contributions,
perhaps elicited by retrograde signaling, that could be compro-
mised in Atm�/� animals (Bliss and Collingridge 2013). The
binding of ATM to VAMP2, however, is entirely consistent

with a role in PPF by participating in the regulation of release
probability that occurs as a consequence of residual calcium in
the presynaptic terminal. It is interesting to note that the
reduction of PPF is not related to a change in baseline
transmission in accord with the well-known inverse rela-
tionship between size of the fEPSP and magnitude of PPF
(Fioravante and Regehr 2011). This suggests that ATM may
be influencing the calcium sensor related to PPF rather than
modulating the release process itself. One might also imag-
ine that, because of its association with �-adaptin, ATM
deficiency leads to delays in the process of synaptic vesicle
recycling (Lim et al. 1998). Any of these possibilities would
explain the clear observations that ATM is predominately
presynaptic in its synaptic function.

Fig. 8. Two-color STORM imaging shows that ATM protein labels presynaptic vesicular structures. Cortical neuron cultures from WT mice were labeled with
2C1 anti-ATM and anti-VAMP2 primary antibodies. A, left: wide-field image at �1,000 magnification indicates the resolution limits of normal epifluorescence
microscopy. Scale bar, 1 �m. Right, the same field viewed with STORM imaging shows the colocalization of ATM with VAMP2-containing synaptic vesicles
(circles and square show examples). Scale bar, 1 �m. B, top: the appearance of ATM in synaptic regions. These vesicle-size staining patterns were repeatedly
seen in the synaptic areas of the neuronal cultures (left and middle) and hippocampal slices (right). Scale bars, 60 nm. Bottom, anti-ATM (green) and anti-VAMP2
(red) show consistent colocalization as illustrated by 3 representative structures from neuronal cultures (left and middle) and hippocampal slices (right). Scale
bars are 60 nm, and thus the size of the structures we are labeling is consistent with their identity as synaptic vesicles. C, top left: the image shows a typical field
from a double-labeled STORM preparation stained with ATM (green) and Piccolo (red). Note the high degree of colocalization of the 2 labels. Scale bar, 60
nm. Bottom left, the image shows a typical field double-labeled for ATM (green) and Homer1 (red). With the postsynaptic Homer1 marker, there is little obvious
colocalization with ATM. Scale bar, 60 nm. Right, quantification of ATM localization. There is a significant difference between the colocalization of ATM with
Piccolo compared with its colocalization with Homer1, indicating that ATM is found predominately on presynaptic vesicles (*P � 0.05). D: intensity histogram
from a 2-color STORM image labeled for ATM (green) and VAMP2 (red), showing the association of ATM and VAMP2 labeling (left). VAMP2 labeling forms
a double-peak distribution with peaks separated by about 40 nm (top right); dashed lines show Gaussian fits to the two components. ATM labeling forms a single
peak distribution localized at the center of the VAMP2 double peaks (bottom right); dashed lines show Gaussian fits to the individual components. Fits were
generated by OriginPro2015.

207ATM PRESYNAPTIC PHYSIOLOGY

J Neurophysiol • doi:10.1152/jn.00006.2016 • www.jn.org

 by guest on July 27, 2016
http://jn.physiology.org/

D
ow

nloaded from
 

http://jn.physiology.org/


Added to the physiological data, our STORM images rep-
resent the first use of advanced optical methods to localize
ATM in the neuronal cytoplasm. The resulting super-resolution
images further validate the presynaptic function of ATM by
emphasizing its asymmetric distribution at the synapse. It
should be remembered that STORM images such as those
shown in Fig. 8 are not actual photographs; they are calcula-
tions of the location of single dye molecules (Bates et al. 2007).
Nonetheless, the utility of this method for examining the
neuronal synapse has been well documented (Dani et al. 2010).
We found VAMP2 immunoreactivity on globular structures
measuring 60–70 nm along their longest axis. Analysis of the
intensity of these structures revealed two peaks separated by
about 40 nm, suggesting labeling of a vesicle membrane. These
estimates are consistent with the diameter of a synaptic vesicle,
estimated to be 40–50 nm from electron microscopy measure-
ments (Harris and Sultan 1995). ATM labeling in our STORM
images was found in 60- to 70-nm caplike structures associated
with the VAMP2 labeling. The size of the ATM protein itself
is �14 nm in the long axis (Llorca et al. 2003). Add to this the
dimensions of the primary antibody plus the dye-labeled sec-
ondary antibody used for detection (Labrijn et al. 2003), and a
60- to 70-nm structure would be the predicted image size in
STORM. The fact that ATM is detected in rat hippocampus at
presynaptic terminals by immunogold electron microscopy
(Siddoway et al. 2014) further validates our conclusion that
ATM associates with synaptic vesicles. Moreover, on limited
occasions we have examined sections of whole brain (Fig. 8B).
The images are not as crisp, but they are in full agreement with
those found from the in vitro material. The pattern is indistin-
guishable from the ATM-VAMP2 staining patterns seen in
cortical neuron culture.

Not only was the ATM immunoreactivity on a structure the
size of a synaptic vesicle, but its consistent colocalization with
VAMP2 immunolabeling increases the certainty that the struc-
tures labeled are indeed synaptic vesicles. VAMP2 is a 25-kDa
vSNARE protein that is inserted into the vesicle membrane and
participates in the process of vesicle fusion with the plasma
membrane. Although VAMP2 is found on the surface of other
vesicles, in the neuropil region of the dissociated neuronal
cultures we examined, it serves to identify synaptic vesicles.
One intriguing feature of the double-labeling experiments was
the position of the VAMP2 and ATM immunoreactivity rela-
tive to one another. In every case we examined, the two
proteins were found to be attached, and occasionally overlap-
ping or interdigitated. Consider that whereas tens of VAMP2
molecules are predicted to be present on each synaptic vesicle
(Mutch et al. 2011; Takamori et al. 2006), the ATM protein at
370 kDa is 25 times the mass of VAMP2. This makes it likely
that only one or a few ATM molecules would associate with a
single vesicle. The caplike structure seen in the STORM
images is consistent with this description, and this suggests
that, rather than coating the surface of the vesicle uniformly,
ATM binds to the vesicle in such a way that it imparts an
unexpected polarity to the synaptic vesicle. The appearance of
overlapping is most likely caused by the occasional vesicle-
bound ATM that is viewed on-end, as is shown more clearly in
the Supplemental Video. (Supplemental material for this article
is available online at the Journal of Neurophysiology website.)

The findings reported in this article are the most detailed
exploration to date on the participation of the ATM protein in

the function of the neuronal synapse. By multiple independent
physiological criteria, the functional consequences of neuronal
ATM deficiency are most prominent in the presynaptic region
of the neuron. Coupled with the strong bias of ATM protein
localization to VAMP2-containing vesicular structures, we
believe that this validates a critical role for ATM in the
regulation of presynaptic vesicular trafficking. Still left unan-
swered by our studies are questions regarding the specific
nature of the synaptic processes that are disrupted in ATM
deficiency. Of note in this regard are previous observations in
the Drosophila neuromuscular junction and the role of Tweek
in vesicle recycling (Verstreken et al. 2009). This suggests that
although previous studies reported on defects in spontaneous
vesicular release (Li et al. 2009), it is worth asking whether
vesicle recycling/formation itself might be the ultimate cause
of this deficiency. Finally, it is unclear whether a relationship
exists between the classical ATM pathways that function
primarily in the nucleus and those at work in cytoplasmic/
synaptic sites. We view a direct relationship as unlikely, given
the great distance between the cell body and the axon terminal,
but additional studies are needed to be certain. The close
association of ATM with the synapse and its function, how-
ever, offers great certainty that the complex neurological phe-
notypes of ataxia telangiectasia result from the failure of
synaptic physiological processes in addition to those involved
with DNA damage.
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