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An optogenetic method
for investigating presynaptic
molecular regulation

Yuni Kay* & Bruce E. Herring%2*

While efficient methods are well established for studying postsynaptic protein regulation of
glutamatergic synapses in the mammalian central nervous system, similarly efficient methods are
lacking for studying proteins regulating presynaptic function. In the present study, we introduce an
optical/electrophysiological method for investigating presynaptic molecular regulation. Here, using
an optogenetic approach, we selectively stimulate genetically modified presynaptic CA3 pyramidal
neurons in the hippocampus and measure optically-induced excitatory postsynaptic currents produced
in unmodified postsynaptic CA1 pyramidal neurons. While such use of optogenetics is not novel,
previous implementation methods do not allow basic quantification of the changes in synaptic
strength produced by genetic manipulations. We find that incorporating simultaneous recordings of
fiber volley amplitude provides a control for optical stimulation intensity and, as a result, creates a
metric of synaptic efficacy that can be compared across experimental conditions. In the present study,
we utilize our new method to demonstrate that inhibition of synaptotagmin 1 expression in CA3
pyramidal neurons leads to a significant reduction in Schaffer collateral synapse function, an effect
that is masked with conventional electrical stimulation. Our hope is that this method will expedite our
understanding of molecular regulatory pathways that govern presynaptic function.

Highly specific, efficient, and quantitative methods currently exist for studying the influence of postsynaptic
proteins on glutamatergic synapse function in the mammalian central nervous system. For example, viral and
biolistic approaches may be used to restrict genetic manipulations to postsynaptic neurons, and the conse-
quences of such manipulations may be measured by electrophysiological recordings from individual transduced/
transfected postsynaptic neurons during electrical stimulation of unmodified presynaptic neurons' . However,
comparable methods are sorely lacking for the study of proteins regulating presynaptic glutamatergic synapse
function. While viral methods may be used to restrict genetic manipulations to presynaptic neurons, the conse-
quences of such manipulations on synaptic function require electrophysiological recordings from postsynaptic
neurons. Even with high titer viruses, a mixed population of transduced/untransduced presynaptic neurons are
present. As a result, electrical stimulation of presynaptic axons in this preparation produces neurotransmitter
release from both genetically modified and unmodified neurons which precludes an accurate measurement of
the impact the presynaptic genetic modification has on synaptic efficacy in electrophysiological recordings from
postsynaptic neurons.

At present, the only way to ensure genetic modification of all presynaptic neurons is to engineer knockout/
knockin mouse lines. However, traditional germline approaches result in the genetic modification of both pre-
and postsynaptic neurons often making it difficult to separate potential pre- and postsynaptic roles for the
proteins being studied. To limit genetic modification to presynaptic neurons, conditional knockout/knockin
mice must be engineered and then crossed to specific driver lines. This approach can be extremely costly and
time-consuming, especially when paralogous proteins need to be considered.

Difficulty in studying the regulation of presynaptic function has motivated the recent development of new
methods to identify changes in presynaptic function. For example, optical tools have now been developed that
fluoresce upon binding to glutamate and may be expressed in either pre- or postsynaptic neurons®. While cer-
tainly useful in potentially detecting alterations in glutamate release, it can be difficult to determine the physi-
ological relevance of such changes (e.g. whether such changes ultimately produce measurable alterations in the
number of glutamate receptors that are activated postsynaptically). Recognizing our current lack of an efficient
and rigorous approach to study presynaptic protein function at native mammalian glutamatergic synapses in
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the CNS, we describe in the present study an optical/electrophysiological method for investigating presynaptic
molecular regulation.

In this study, we use an optogenetic approach to selectively stimulate presynaptic CA3 pyramidal neurons
expressing an RNAi against our protein of interest and measure optically-induced excitatory postsynaptic cur-
rents (0EPSCs) produced in unmodified postsynaptic CA1 pyramidal neurons using a conventional whole-cell
patch clamping technique. While such usage of optogenetics-driven genetic manipulation in presynaptic studies
is not novel”?, previous implementation methods do not allow basic quantification of the changes in synaptic
strength produced by the genetic manipulations. This is because in order to make meaningful comparisons of
synaptic strengths across experimental conditions, a quantitative measurement of stimulus strength is required
to ensure a comparable number of CA3 pyramidal neurons is stimulated in each condition. With our novel
method, we resolve this problem by simultaneously measuring fiber volleys from CA3 pyramidal neuron axons
(Schaffer collaterals) while recording from CA1 pyramidal neurons. Fiber volley amplitude is determined by
the number of CA3 pyramidal neurons firing action potentials. Thus, we are able to derive a metric of synaptic
efficacy for each recording that can be compared across conditions by obtaining a CA1-0EPSC/CA3-fiber volley
(FV) amplitude ratio.

To assess the accuracy of this approach, we determined whether changes in oEPSC/FV amplitude ratios
match increases in glutamatergic synapse density. By comparing hippocampal slices cultured from two differ-
ent developmental timepoints during a period of robust synaptogenesis, we observe a significant increase in
dendritic spine density with increased animal age. We find that our method accurately matches this change by
comparing NMDAR-oEPSC/FV amplitudes ratios between the two age groups. Additionally, the present study
utilizes the new method to study an important and readily studied presynaptic protein that has not previously
been studied at the CA3-CAl synapse: synaptotagmin 1. Using our method, we find that there is a significant
reduction in CA1 current amplitude following Sytl knockdown in CA3 pyramidal neurons. This phenotype is
masked when Schaffer collaterals are stimulated electrically. The significant reduction is only discernible using
optical stimulation, demonstrating the critical need for incorporating optogenetics in our approach. Thus, our
method of presynaptic interrogation represents a simple, cost-effective, and time-eflicient approach that does
not require generating new transgenic mouse lines for every protein of interest.

Results

Method Setup. Our method of presynaptic molecular interrogation combines optogenetics, postsynaptic
whole-cell patch clamping, and extracellular field recordings. The setup begins with the expression of channel-
rhodopsin (ChR2) in a population of presynaptic neurons. Here, to study the CA3-CA1 synapse, we injected an
AAV expressing ChR2 tagged with mCherry directly into the CA3 region of cultured rat hippocampal slices.
We verified successful viral transduction via mCherry epifluorescence in the CA3 region and particularly in the
Schaffer collaterals (Fig. 1A). We also biolistically transfected a CA1 pyramidal neuron with tdTomato in order
to visually demonstrate the hippocampal slice setup where the Schaffer collaterals expressing ChR2-mCherry
overlap with dendrites of CA1 pyramidal neurons (Fig. 1A,B). Schaffer collaterals expressing ChR2 were opti-
cally stimulated to evoke an AMPA receptor (AMPAR)-mediated oEPSC in CA1 pyramidal neurons. Whole-cell
recordings of a CA1 pyramidal neuron were made simultaneously with extracellular field recordings from Schaf-
fer collaterals (Fig. 1C). By aligning the optically-induced extracellular field recording trace with the AMPAR-
oEPSC, we verified that the postsynaptic responses (field EPSP and oEPSC) were aligned in time, and that we
could isolate the presynaptic fiber volley (Fig. 1D). Furthermore, we found that with increased optical stimula-
tion strength, there was a corresponding increase in both presynaptic fiber volley amplitude and AMPAR-0EPSC
amplitude, demonstrating that these measurements scale with light intensity (Fig. 1E). Fiber volley amplitude
represents the number of CA3 pyramidal neurons firing action potentials and, as a result, can be used as a read-
out of Schaffer collateral stimulation strength. To create a metric of synaptic efficacy, CA1-0EPSC amplitude was
then divided by fiber volley amplitude to generate a normalized CA1-oEPSC/CA3-FV amplitude ratio that pro-
vides the amount of postsynaptic current produced in a neuron by a given amount of presynaptic stimulation.

Method Validation 1: Increased NMDAR-0EPSC/FV amplitude ratio mirrors glutamatergic
synaptogenesis. Before commencing with presynaptic genetic manipulations, we first assessed whether
our method accurately reflects changes in glutamatergic neurotransmission. To this end, super-resolution
images of dendritic spines were obtained via Structured Illumination Microscopy, which revealed that there is a
2.5-fold increase in CA1 pyramidal neuron dendritic spine density in hippocampal slice cultures prepared from
postnatal day 8 (P8) pups vs. postnatal day 6 (P6) pups (Fig. 2A). This change in spine number reflects the high
level of synaptogenesis occurring in the brain during this time in postnatal development.

The vast majority of glutamatergic synapses are located on dendritic spines®!°. Given that glutamatergic
synapses can be silent (i.e. lacking AMPARs but expressing NMDARs)!"! and that presynaptic release probability
does not change between P6 and P8 slices based on paired-pulse ratios (Fig. 2B), we reasoned that by using our
new method we would resolve a fold change in NMDAR-mediated currents in P8 vs. P6 slices that was similar
to the change we observed in dendritic spine density. We first examined the oEPSC’s and the fiber volley ampli-
tudes over a range of light intensities to ensure that, with increasing light intensity, the fiber volley amplitudes
and oEPSCs did not change independently of one another. The collected range data consisted of at least 3 light
intensity levels per cell. We plotted the oEPSC’s as a function of fiber volley amplitudes and fit the measurements
from each cell with a linear regression line. Each linear fit represents a recording from a single neuron. In every
recording, we observed a linear relationship between oEPSC and FV amplitudes (Fig. 2C,F). We then averaged the
NMDAR-oEPSC/FV ratios in each condition and, remarkably, resolved a 2.5-fold increase in NMDAR-0EPSC/
FV amplitude ratio in the P8 slices compared to the P6 slices (Fig. 2E), a near perfect match to the increase in
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Figure 1. Method setup. (A) Image of rat hippocampal slice culture setup for recording CA1 pyramidal neuron
currents with optical stimulation of Schaffer collaterals. The CA3 region was injected with an AAV expressing
ChR2 tagged with mCherry, and mCherry fluorescence can be seen in both the CA3 pyramidal neuron cell
bodies and axons (Schaffer collaterals). A biolistically transfected CA1 pyramidal neuron is also visible by

its tdTomato fluorescence. (B) Schematic illustration of a CA3-CA1 synapse in our setup. ChR2-mCherry

is expressed in the presynaptic Schaffer collaterals via AAV virus, and biolistically-transfected tdTomato is
optionally expressed postsynaptically in the CA1 pyramidal neuron. (C) Schematic illustration of experimental
setup. Virally transduced CA3 pyramidal neurons expressing ChR2 are stimulated optically using 470 nm blue
light to evoke a postsynaptic response in CA1 pyramidal neurons. Whole-cell recordings of a CA1 pyramidal
neuron were made simultaneously with extracellular field recordings in the Schaffer Collaterals. (D) Optically-
induced extracellular field recording trace (blue) merged with postsynaptic whole-cell recording trace (red),
verifying that the two traces align in time and illustrating the presynaptic fiber volley. Scale bar: 20 ms. (E)
Presynaptic fiber volley amplitude and postsynaptic current amplitude scale with light stimulus intensity. Scale
bar: 20 ms.

dendritic spine number we observed (Fig. 2A). Furthermore, we assessed whether a single measurement of the
NMDAR-0oESPC/FV ratio at maximum optical stimulation (Max NMDAR-0oEPSC/FV ratio) was sufficient to
maintain the accuracy. For each of the recordings plotted in Fig. 2C, a single measurement of NMDAR-0EPSC
and FV amplitude was taken for each neuron at maximum optical stimulation and plotted as individual circles in
Fig. 2D. We also took Max NMDAR-0oEPSC/FV ratios from additional neurons where fewer than 3 light intensity
levels were assessed. These Max NMDAR-0EPSC/FV ratios were averaged for each condition, which resulted in
a 2.4-fold increase in P8 slices, comparable to the previous measurements (Fig. 2D,E). Such data demonstrate
that our method only requires a single oEPSC/FV amplitude ratio per neuron to maintain a high level of accu-
racy. Using the same approach, we also compared AMPAR-oEPSC/FV ratios in P6 and P8 slices and found a
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Figure 2. Increased NMDAR-oEPSC/FV amplitude ratio mirrors glutamatergic synaptogenesis. (A)
Hippocampal slice cultures from P8 rats have increased spine density compared to those from P6 rats. (Left)
Representative CA1 dendritic spine images in P6 vs. P8 slices, neurons transfected with GFP. (Right) Bar graph
showing averaged spine density in P6 vs. P8 slices normalized to P6 slices (P6: 0.12+0.019 spines/uM, n=11,
P8: 0.29+0.039 spines/uM, n=14, p=0.001, Student’s t test). For (B)-(H), Wilcoxon rank sum test was used;

* p<0.05. (B) Representative traces (left) and mean + SEM paired-pulse facilitation ratios for P6 and P8 CAl
pyramidal neurons (right) (P6: n=11; P8: n=7, p=1, n.s., not significant). (C) NMDAR-0EPSC’s plotted as a
function of fiber volley amplitude over a range of stimulation strengths (range=3 +light intensity levels per cell);
measurements from each cell were fitted with a linear regression line. Inset representative traces demonstrate
increasing fiber volley amplitude and increasing NMDAR-oEPSC amplitude. (D) Max NMDAR-oEPSC/FV
amplitude measurements, taken at maximum optical stimulation, for each cell in P6 and P8 slices. Each point
represents the Max NMDAR-oEPSC/FV amplitude of one cell. Measurements from each group (P6 vs. P8)
were fitted with a linear regression line. (E) (Left) Averaged and normalized NMDAR-0oEPSC/FV amplitude
ratio in P6 vs. P8 slices (P6: n=7, P8: n=8, p=0.02). (Right) Averaged and normalized Max NMDAR-0oEPSC/
FV ratio in P6 vs. P8 slices (P6: n=10, P8: n=13, p=0.035). The red dotted line shows fold change in dendritic
spine density in (A). (F) AMPAR-0EPSC'’s plotted as a function of fiber volley amplitude over a range of
stimulation strengths (range =3 +light intensity levels per cell). Measurements from each cell were fitted with a
linear regression line. Inset representative traces demonstrate increasing fiber volley amplitude and increasing
AMPAR-0EPSC amplitude. (G) Max AMPAR-0EPSC/FV amplitude measurements, taken at maximum optical
stimulation, for each cell in P6 and P8 slices. Each point represents the Max AMPAR-oEPSC/FV amplitude
ratio of one cell. Measurements from each group (P6 vs. P8) were fitted with a linear regression line. (H) (Left)
Averaged and normalized AMPAR-oEPSC/FV amplitude ratio in P6 vs. P8 slices (P6: n=10, P8: n=11,p =
0.00026). (Right) Averaged and normalized Max AMPAR-0oEPSC/FV ratio in P6 vs. P8 slices (P6: n=21, P8:
n=19, p=0.0005).

2.1-fold increase in P8 slices compared to the P6 slices (Fig. 2EH). Averaging only the Max AMPAR-oEPSC/FV
ratios from each cell instead of taking multiple measurements resulted in a 2.2-fold change (Fig. 2G,H), again
demonstrating that a single ratio measurement is sufficient for maintaining our method’s accuracy. The smaller
fold increase we observe in AMPAR-0oEPSC/FV ratio with respect to that of NMDAR:s is likely explained by
the presence of silent synapses. Taken together, the functional NMDAR-0oEPSC/FV ratio data from our method
were nearly identical to that of dendritic spine analysis and therefore demonstrate that our technique represents
a highly accurate method of measuring the strength of synaptic contact between neurons.

Method Validation 2: Synaptotagmin 1 knockdown. Next, to establish that this method allows
for a new and accurate approach to studying presynaptic genetic manipulations, we examined the effects of
knocking down (KD) synaptotagmin 1 (Sytl) in the CA3 pyramidal neurons. Sytl is a well-established calcium
sensor on presynaptic vesicles, involved in synchronous vesicular neurotransmitter release and rapid synaptic
transmission'?. The role of presynaptic Sytl in glutamatergic neurotransmission has been examined in dissoci-
ated cortical cultures'®', hippocampal cultures'®, dentate granule cell-basket cell synapses'®, and CA1-Subicu-
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lum synapses'>!”. Surprisingly, the role of Syt1 at the CA3-CA1 synapse, one of the most studied synapses in the
brain, has not yet been explored. Using an AAV co-expressing ChR2 and Sytl shRNA, we knocked down Syt1
expression in CA3 pyramidal neurons. An AAV expressing only ChR2 (control), as well as an AAV co-express-
ing ChR2 and a scrambled shRNA, were each injected into the CA3 region of the two control conditions. The
Sytl shRNA was previously validated'” and we verified via western blot that it significantly reduced Syt1 levels
in HEK293 cells compared to a scrambled shRNA (Fig. 3A and S1). To test if the optogenetic component was
necessary, as well as whether electrical stimulation of Schaffer collaterals would be sufficient to detect an altera-
tion in synaptic efficacy with Syt1 KD, we first electrically stimulated Schaffer collaterals (Fig. 3B) and found no
change in either Max AMPAR- or Max NMDAR-electrically evoked excitatory post synaptic current/fiber volley
(AMPAR- or NMDAR-eEPSC/FV) amplitude ratios between Sytl KD and control conditions (Fig. 3C,D). We
speculated that the indiscriminate electrical stimulation of Schaffer collaterals from both virally-transduced Syt1
KD and untransduced CA3 pyramidal neurons may have masked a change in synaptic transmission.

Using the same experimental setup, we then optically stimulated the Schaffer collaterals in order to selectively
stimulate CA3 pyramidal neurons co-expressing ChR2 and Syt1 shRNA (Fig. 4A). In marked contrast to electri-
cal stimulation, optical stimulation revealed a 60% reduction in the Max AMPAR-0EPSC/FV ratio and a 55%
reduction in the Max NMDAR-oEPSC/FV ratio in the Sytl KD condition compared to both the control and
the scrambled shRNA conditions (Fig. 4B,C). Comparable ranges of optical axonal stimulation were used in all
conditions as shown by similar average fiber volley amplitudes (Fig. 4B,C). The similar reductions we observe
in Max AMPAR- and NMDAR-oEPSC/FV ratios are consistent with reduced Syt1 expression in CA3 pyramidal
neurons inhibiting evoked glutamate release onto both glutamate receptor subtypes. We also examined whether
asynchronous release was affected by knocking down Syt1 in CA3 pyramidal neurons. It is generally believed
that Syt1 plays a selective role in fast, synchronous release, and that removing Syt1l does not interfere with nor-
mal asynchronous release!>”. As expected, we found no significant differences in the frequency or amplitude of
asynchronous release events with Sytl knockdown compared to the control condition (Fig. 4D). Altogether, our
results demonstrate that Sytl plays a significant role in synchronous glutamate release at CA3-CA1 synapses.
Furthermore, our side-by-side experiments comparing electrical vs. optical stimulation in the same setup dem-
onstrate the utility of our new method, given that electrical stimulation failed to resolve a change in glutamate
release following CA3 pyramidal neuron transduction with the Sytl RNAi.

Discussion

Historically, the ease of studying the contribution of presynaptic proteins to synaptic regulation has lagged
behind the study of synaptic regulation by postsynaptic proteins. Isolation of genetic manipulations to specific
populations of presynaptic neurons often comes with great cost, and precise methods of quantifying the effects
these manipulations have on synaptic efficacy are sorely lacking. Isolating the presynaptic function of a protein in
glutamatergic synapses has thus far been predominantly limited to two common approaches: dissociated neurons
in culture and transgenic mouse lines. Using dissociated neurons is a straightforward system for making genetic
manipulations, but its critical limitation stems from the fact that cultured neurons do not maintain their original,
endogenous synaptic circuitry. Instead, cultured neurons form indiscriminate synaptic connections regardless
of their endogenous connections or cell type. The hippocampus, for example, has discrete regions of neuronal
subtypes such as CA3 and CA1 pyramidal neurons and dentate granule neurons, and it has been increasingly
appreciated that there is pathway-specific regulation that functionally differentiates these synapses®'®-2!. Our
novel approach allows for keeping the endogenous circuitry of synapses intact by utilizing hippocampal slices.
In cultured hippocampal slice preparations, genetic manipulations can easily be targeted to the CA3 subregion,
and whole-cell recordings from CA1 pyramidal neurons allow the experimenter to assess the consequences of
the presynaptic manipulation at CA3-CA1 synapses with a high level of confidence.

Currently the most sophisticated approach for studying presynaptic regulation requires generating knockout
mouse lines. Generation of such mouse lines is not a trivial process and can come at great cost in terms of both
money and time. However, one potential problem with using this approach is that global knockout models limit
the ability to discern whether any observed phenotype is due to a pre- or postsynaptic role of the protein. In
order to conclusively identify the presynaptic function of a protein in transgenic mice, the genetic manipulation
must be limited to a specific population of presynaptic neurons. For example, to study the presynaptic function
of synaptotagmin 1 using transgenic mice in CA3-CA1 synapses, the genetic manipulation must be limited to
CA3 pyramidal neurons. This isolated manipulation is especially important given that canonical presynaptic
proteins such as synaptotagmins have also been shown to play postsynaptic roles in synaptic regulation?’. Fur-
thermore, germline knockout models can be lethal. Even if the mouse is viable, the protein is absent throughout
development, and this can lead to compensatory mechanisms and downstream effects that hinder our ability to
isolate the specific role the protein plays at the synapse. Our approach not only allows for a more efficient way
of selectively manipulating presynaptic neurons genetically, but also allows the observation of the immediate
consequences of the genetic manipulation which reduces the likelihood of compensatory mechanisms occluding
changes in phenotype.

In the present study we validated our novel method by accurately matching results from dendritic spine
analysis comparing cultured hippocampal slices from P6 and P8 rat pups. During this period of rapid synap-
togenesis, there was a significant increase in spine density, which our metric mirrored remarkably well. We
then utilized the method to study the presynaptic role of Sytl in the CA3-CA1 synapse for the first time. Based
on previous literature, we speculated that knocking down expression of Sytl in CA3 pyramidal neurons would
disrupt transmission in the CA3-CA1 synapses, and indeed we found a significant reduction in the oEPSC/FV
ratios for both AMPAR- and NMDAR-mediated currents. A complete absence of synchronous release, how-
ever, has been reported in Sytl knockout models at other synapses. The remaining synchronous release we
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Figure 3. Deficits in CA3-CA1 excitatory synaptic transmission following Sytl knockdown in CA3 pyramidal
neurons are not observed with electrical stimulation. (A) Western blot showing knockdown of Syt1 with Syt1
shRNA in HEK293 cells. Top: probed for Sytl, bottom: probed for f3- Actin. The same blot was used to probe
for both proteins. Images have been cropped for clarity. Full-length blots are presented in Supplementary Fig. 1.
(B) Schematic illustration of recording setup using electrical stimulation. AAV expressing either ChR2 only
(control) or ChR2 with Syt shRNA were injected into CA3 pyramidal neurons, and Schaffer collaterals were
electrically stimulated with an electrode. Schaffer collateral field recordings and whole-cell patch recordings of
CA1 pyramidal neurons were simultaneously acquired. In (C,D), Wilcoxon rank sum test was used. * p <0.05,
n.s., not significant. (C) (Left) Max AMPAR-eEPSC/FV ratios per cell in control vs. Sytl shRNA conditions
following electrical stimulation. Each point represents the Max AMPAR-eEPSC/FV amplitude ratio of one

cell; measurements from each condition were fitted with a linear regression line. Insets show representative
traces from control (black) and Syt1 shRNA (gray) conditions with stimulation artifacts removed. (Center)
Averaged and normalized Max AMPAR-eEPSC/FV amplitude ratio in control vs. Syt1 shRNA conditions
following electrical stimulation (control n=14, Sytl shRNA n=14, p=0.31). (Right) Averaged fiber volley
amplitudes in control vs. Sytl shRNA conditions (control n=14, Sytl shRNA n=14, p=0.51). (D) (Left) Max
NMDAR-eEPSC/FV ratios per cell in control vs. Sytl shRNA conditions following electrical stimulation. Each
point represents the Max NMDAR-eEPSC/FV amplitude ratio of one cell; measurements from each condition
were fitted with a linear regression line. Insets show representative traces from control (black) and Sytl shRNA
(gray) conditions with stimulation artifacts removed. (Center) Averaged and normalized Max NMDAR-eEPSC/
FV amplitude ratio in control vs. Sytl shRNA conditions following electrical stimulation (control n=12, Syt1
shRNA n=11, p=0.12). (Right) Averaged fiber volley amplitudes in control vs. Sytl shRNA conditions (control
n=12, Sytl shRNA n=11, p=0.79).

observe at CA3-CAl synapses following Sytl knockdown may be supported by either residual Sytl protein
or additional synaptotagmin-related proteins. While we used an RNAi to influence protein expression in the
present study, it is important to note that our method can be used with other forms of genetic modification that
lead to complete elimination of protein expression (e.g. CRISPR-based strategies, CRE/lox mouse lines, etc.).
In our study we found a similar level of reduction in both AMPAR- and NMDAR-mediated currents following
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Figure 4. Sytl knockdown diminishes CA3-CA1 excitatory synaptic transmission with optical stimulation

of CA3 pyramidal neurons. (A) Schematic illustration of recording setup using optogenetic stimulation.

AAV expressing: (1) ChR2 only (control), (2) ChR2 with scrambled shRNA (scrambled shRNA), or (3) ChR2
with Sytl shRNA were injected into the CA3 region of hippocampal slices. Schaffer collaterals were optically
stimulated with blue light. Schaffer collateral field recordings and whole-cell patch recordings of CA1 pyramidal
neurons were simultaneously acquired. For (B)-(D), Wilcoxon rank sum test was used. * p<0.05, n.s., not
significant. (B) (Left) Max AMPAR-0oEPSC/FYV ratios per cell in control, scrambled shRNA & Sytl shRNA
conditions following optical stimulation. Each point represents the maximum AMPAR-oEPSC/FV amplitude
ratio of one cell; measurements from each condition were fitted with a linear regression line. Insets show
representative traces from control (black) and Sytl shRNA (red) conditions. (Center) Averaged and normalized
Max AMPAR-0EPSC/FV amplitude ratio in control, scrambled shRNA & Sytl shRNA conditions (n=6, 8, 7
respectively, control vs. Sytl shRNA p=0.007, scrambled vs. Sytl shRNA p=0.0037). (Right) Averaged fiber
volley amplitudes in control, scrambled shRNA & Sytl shRNA conditions (control n=6, scrambled shRNA
n=38, Sytl shRNA n=7, control vs. Sytl shRNA p=0.63, scrambled vs. Sytl shRNA p=0.46). (C) (Left)
Maximum NMDAR-oEPSC/FV ratios per cell in control, scrambled shRNA & Syt1 shRNA conditions. Insets
show representative traces from control (black) and Sytl shRNA (red) conditions. (Center) Averaged and
normalized NMDAR-oEPSC/FV amplitude ratio in control, scrambled shRNA & Syt1 shRNA conditions (n=8,
7,7 respectively, control vs. Sytl shRNA p=0.022, scrambled vs. Sytl shRNA p=0.0023). (Right) Averaged fiber
volley amplitudes in control, scrambled shRNA & Sytl shRNA conditions (n=8, 7, 7 respectively, control vs.
Sytl shRNA p=0.46, scrambled vs. Sytl shRNA p=0.12). (D) Asynchronous release following optically-induced
synchronous release in control (black) vs. Sytl shRNA (red) conditions. (Left, Top) Representative traces, 10
sweeps of release events merged to show individual release events. (Left, Bottom) Proportion of release events
over one second following initial optical stimulus. (Right) Frequency and amplitudes of asynchronous release
events in control vs. Sytl shRNA conditions (n= 6 each condition, both frequency and amplitude, p=0.9372 and
0.4848 respectively).

presynaptic knockdown of Sytl, which would be expected from a synapse where glutamate release is inhibited.
Consistent with previous reports'*!”, we also find no change in asynchronous release properties with reduced
Sytl expression. In future experiments using our new method, it will be interesting to explore the roles of other
synaptotagmin isoforms at CA3-CAL1 synapses.

A time- and cost-effective approach to rigorously study the molecular regulation of presynaptic function
within a native mammalian synapse had yet to exist prior to this study. Our hope is that this novel approach
will lead to rapid advancements in understanding molecular regulation of presynaptic function. Furthermore,
the utility of our method can be expanded by incorporating biolistic transfection of postsynaptic neurons for
simultaneous pre- and postsynaptic genetic control (Fig. 1A). By genetically controlling each side of the synapse
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independently, this combination of methods will open doors for a new line of synaptic studies such as investi-
gating the roles of specific isoform combinations of transsynaptic adhesion molecules. Transsynaptic adhesion
molecules regulate synapse development, as well as play a role in synaptic transmission and plasticity®. In
the hippocampus, postsynaptic dendritic spines with larger PSDs and higher surface AMPAR expression have
corresponding presynaptic terminals with larger active zones and more docked vesicles. Such findings dem-
onstrate the importance of pre- and postsynaptic coordination, most likely mediated by trans-synaptic adhe-
sion molecules®>°. These proteins, which include cadherins, ephrins, neuroligins, and neurexins, are especially
important to investigate given that many have been strongly implicated in cognitive disorders such as autism
and schizophrenia®®-*. However, these proteins are difficult to efficiently study because they have multiple iso-
forms, with neurexin alone having thousands of potential splice variants®®*!. Our new method can circumvent
existing methods’ limitations, expedite the exploration of these proteins, and ultimately lead to enhancing our
understanding of the synapse.

Methods

Experimental constructs. pAAV.CAG.hChR2(H134R)-mCherry.WPRE.SV40 and the AAV9 viral par-
ticles produced from the plasmid were a gift from Karl Deisseroth (Addgene viral prep #100,054-AAV9). Sytl
shRNA target sequence 5-GAGCAAATCCAGAAAGTGCAA-3* was previously determined and validated"”.
PAAV.H1.Syt1shRNA.CAG.hChR2(H134R)-mCherry was constructed and packaged by VectorBuilder by
modifying the original h(ChR2 pAAV plasmid to include the Sytl shRNA behind an H1 promoter (Vector ID
VB170324-1065bbv).

PAAV.H1.scrambledshRNA.CAG.hChR2(H134R)-mCherry was also constructed and packaged by Vector-
Builder by modifying the Sytl shRNA AAV plasmid to instead express a scrambled shRNA (Vector ID VB191113-
1716anp). Rat synaptotagmin 1 in pcDNA3.1*/C-(K)DYK was acquired from GenScript (NM_001033680.2).
pFUGW-GFP was used to identify transfected neurons in spine density analysis.

Slice virus injection and electrophysiology. All experimental procedures were carried out in accord-
ance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and
approved by the University of Southern California Institutional Animal Care and Use Committee. This study
was carried out in compliance with the ARRIVE guidelines. 400 pm rat organotypic hippocampal slice cul-
tures were prepared from both male and female P6 to P8 Sprague Dawley rats as previously described®-**.
AAV9 viral particles from pAAV plasmids expressing channelrhodopsin (ChR2(H134R)-mCherry only, Sytl
shRNA + ChR2(H134R)-mCherry, or scramble shRNA + ChR2(H134R)-mCherry) were injected into the CA3
pyramidal layer of the organotypic hippocampal slice cultures on DIV1 using a Nanoject II device (Drummond
Scientific). Successful viral transduction was later verified by mCherry epifluorescence in the CA3 region and
particularly in the Schaffer collaterals (Fig. 1A). Culture media was exchanged every other day until recording on
DIV12-13. During recordings, slices were maintained in room-temperature artificial cerebrospinal fluid (aCSF)
external solution containing (in mM): 119 NaCl, 2.5 KCl, 1 NaH,PO,, 26.2 NaHCO; 11 glucose, 4 CaCl,, and 4
MgSO,. 5 uM 2-chloroadenosine and 0.1 mM picrotoxin were also added to the aCSF to dampen epileptiform
activity and block GABA, receptor activity, respectively. Osmolarity was adjusted to 310-315 mOsm. aCSF
was saturated with 95% O,/5% CO, throughout recording. Borosilicate extracellular field recording electrodes
were filled with the same aCSF external solution. Borosilicate whole-cell recording electrodes were filled with
an internal, whole-cell recording solution containing (in mM): 135 CsMeSO,, 8 NaCl, 10 HEPES, 0.3 EGTA,
5 QX-314, 4 Mg-ATP, and 0.3 Na-GTP. The internal solution was adjusted to pH 7.3-7.4 and osmolarity of
290-295 mOsm.

Virally transduced Schaffer collaterals were either electrically stimulated with a monopolar glass electrode
filled with aCSF or optically stimulated with blue light to evoke a postsynaptic response in CA1 pyramidal
neurons. Whole-cell recordings of a CA1 pyramidal neuron’s AMPAR- and NMDAR-mediated current ampli-
tudes were made simultaneously with extracellular field recordings in the Schaffer collaterals (Fig. 1C). Synaptic
responses were acquired using a Multiclamp 700B amplifier (Molecular Devices). AMPAR-mediated EPSCs were
measured at -70 mV. NMDAR-mediated EPSCs were measured at +40 mV, temporally isolated from AMPAR
currents by measuring amplitudes 250 ms after stimulus onset. In most cases, AMPAR- and NMDAR-mediated
currents were recorded from the same neuron by changing the membrane potential. Optically-induced extra-
cellular field recording trace was merged with the postsynaptic whole-cell recording trace to verify that the
postsynaptic responses (field EPSP and oEPSC) were aligned in time and also to isolate the presynaptic fiber
volley (Fig. 1D). It was demonstrated that with increased optical stimulation strength, there was a corresponding
increase in both presynaptic fiber volley amplitude and postsynaptic current amplitude (Fig. 1E). No more than
one simultaneous recording was performed on any given hippocampal slice. To assess asynchronous release,
asynchronous EPSCs with an amplitude of >5 pA and a rate of rise of > 4pA/ms were automatically detected and
analyzed with customized IGOR software™.

Immunoblotting. To validate the Sytl shRNA construct, HEK293 cells were co-transfected with a rat Syt1
construct and pAAV.H1.Syt1shRNA.CAG.hChR2(H134R)-mCherry using Lipofectamine 2000. Sytl co-trans-
fected with pAAV.H1.ScrambleshRNA.CAG.hChR2(H134R)-mCherry was used as the control. Lysates were
prepared 72 h post transfection and lysed in RIPA buffer containing protease inhibitor mix (Thermo Scientific,
Halt Protease Inhibitor Cocktail). Proteins were resolved by SDS-PAGE and analyzed by western blot with anti-
bodies against rat synaptotagmin 1 (1:1000, Synaptic Systems Cat#105 011) and p-actin (1:1000, Cell Signaling
Technology Cat#4970). Secondary antibodies used were anti-mouse and anti-rabbit IgG, HRP-linked antibod-
ies, respectively (1:10,000, Cell Signaling Technology Cat#7076/7074).
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Spine density analysis. CAI pyramidal neurons in cultured hippocampal slices prepared from P6 and P8
rat pups were biolistically transfected with a pFUGW-GFP construct on DIV1. On DIV7, slices were fixed in
4%PFA/4% sucrose in PBS, washed 3 times in PBS, and cleared using an abbreviated SeeDB-based protocol®®.
Images were acquired using super-resolution microscopy (Elyra Microscope System, Zeiss), blinded to condi-
tion, with an oil-immersion 100 x objective lens. Image acquisition and analysis were carried out as described
previously>*.

Statistical analysis. Electrophysiological recordings of normalized EPSC amplitudes/FV amplitudes,
paired pulse facilitation, and asynchronous release were analyzed using a Wilcoxon Rank Sum Test. Data analy-
sis was performed using Igor Pro (Wavemetrics). Spine density data was analyzed using unpaired Student’s ¢-test.
P-value 0of <0.05 was considered statistically significant. Error bars represent standard error of the mean meas-
urement. Sample sizes in the present study are similar to those reported in the literature®”*.

Data availability
All data generated and analyzed during this study are available from the corresponding author upon reasonable
request.

Received: 19 March 2021; Accepted: 7 May 2021
Published online: 31 May 2021

References

1. Shipman, S. L. & Nicoll, R. A. A subtype-specific function for the extracellular domain of neuroligin 1 in hippocampal LTP. Neuron
76, 309-316. https://doi.org/10.1016/j.neuron.2012.07.024 (2012).

2. Sadybekov, A., Tian, C., Arnesano, C., Katritch, V. & Herring, B. E. An autism spectrum disorder-related de novo mutation hotspot
discovered in the GEF1 domain of Trio. Nat. Commun. 8, 601. https://doi.org/10.1038/s41467-017-00472-0 (2017).

3. Paskus, J. D. et al. Synaptic Kalirin-7 and trio interactomes reveal a GEF protein-dependent neuroligin-1 mechanism of action.
Cell Rep. 29, 2944-2952. https://doi.org/10.1016/j.celrep.2019.10.115 (2019).

4. Tian, C. et al. An intellectual disability-related missense mutation in racl prevents LTP induction. Front. Mol. Neurosci. 11, 223.
https://doi.org/10.3389/fnmol.2018.00223 (2018).

5. Rao, S., Kay, Y. & Herring, B. E. Tiam1 is critical for glutamatergic synapse structure and function in the hippocampus. J. Neurosci.
39, 9306-9315. https://doi.org/10.1523/J]NEUROSCI.1566-19.2019 (2019).

6. Marvin, J. S. et al. An optimized fluorescent probe for visualizing glutamate neurotransmission. Nat. Methods 10, 162-170. https://
doi.org/10.1038/nmeth.2333 (2013).

7. Jackman, S. L., Turecek, J., Belinsky, J. E. & Regehr, W. G. The calcium sensor synaptotagmin 7 is required for synaptic facilitation.
Nature 529, 88-91. https://doi.org/10.1038/nature16507 (2016).

8. Turecek, J. & Regehr, W. G. Neuronal regulation of fast synaptotagmin isoforms controls the relative contributions of synchronous
and asynchronous release. Neuron 101, 938-949. https://doi.org/10.1016/j.neuron.2019.01.013 (2019).

9. Bourne, J. N. & Harris, K. M. Balancing structure and function at hippocampal dendritic spines. Annu. Rev. Neurosci. 31, 47-67.
https://doi.org/10.1146/annurev.neuro.31.060407.125646 (2008).

10. Gray, E. G. Electron microscopy of synaptic contacts on dendrite spines of the cerebral cortex. Nature 183, 1592-1593. https://
doi.org/10.1038/1831592a0 (1959).

11. Kerchner, G. A. & Nicoll, R. A. Silent synapses and the emergence of a postsynaptic mechanism for LTP. Nat. Rev. Neurosci. 9,
813-825. https://doi.org/10.1038/nrn2501 (2008).

12. Geppert, M. et al. Synaptotagmin I: A major Ca2+ sensor for transmitter release at a central synapse. Cell 79, 717-727 (1994).

13. Maximov, A. & Sudhof, T. C. Autonomous function of synaptotagmin 1 in triggering synchronous release independent of asyn-
chronous release. Neuron 48, 547-554. https://doi.org/10.1016/j.neuron.2005.09.006 (2005).

14. Xu, J., Mashimo, T. & Sudhof, T. C. Synaptotagmin-1, -2, and -9: Ca(2+) sensors for fast release that specify distinct presynaptic
properties in subsets of neurons. Neuron 54, 567-581. https://doi.org/10.1016/j.neuron.2007.05.004 (2007).

15. Bacaj, T. et al. Synaptotagmin-1 and synaptotagmin-7 trigger synchronous and asynchronous phases of neurotransmitter release.
Neuron 80, 947-959. https://doi.org/10.1016/j.neuron.2013.10.026 (2013).

16. Kerr, A. M., Reisinger, E. & Jonas, P. Differential dependence of phasic transmitter release on synaptotagmin 1 at GABAergic and
glutamatergic hippocampal synapses. Proc. Natl. Acad. Sci. USA 105, 15581-15586. https://doi.org/10.1073/pnas.0800621105
(2008).

17. Xu, W. et al. Distinct neuronal coding schemes in memory revealed by selective erasure of fast synchronous synaptic transmission.
Neuron 73, 990-1001. https://doi.org/10.1016/j.neuron.2011.12.036 (2012).

18. Siddiqui, T.]. et al. An LRRTM4-HSPG complex mediates excitatory synapse development on dentate gyrus granule cells. Neuron
79, 680-695. https://doi.org/10.1016/j.neuron.2013.06.029 (2013).

19. Farris, S. et al. Hippocampal subregions express distinct dendritic transcriptomes that reveal differences in mitochondrial function
in CA2. Cell Rep. 29, 522-539. https://doi.org/10.1016/j.celrep.2019.08.093 (2019).

20. Alkadhi, K. A. Cellular and molecular differences between area CA1 and the dentate gyrus of the hippocampus. Mol. Neurobiol.
56, 6566-6580. https://doi.org/10.1007/s12035-019-1541-2 (2019).

21. Zhu, F et al. Architecture of the mouse brain synaptome. Neuron 99, 781-799. https://doi.org/10.1016/j.neuron.2018.07.007 (2018).

22. Hussain, S. et al. The calcium sensor synaptotagmin 1 is expressed and regulated in hippocampal postsynaptic spines. Hippocampus
27,1168-1177. https://doi.org/10.1002/hipo.22761 (2017).

23. Jang, S., Lee, H. & Kim, E. Synaptic adhesion molecules and excitatory synaptic transmission. Curr. Opin. Neurobiol. 45, 45-50.
https://doi.org/10.1016/j.conb.2017.03.005 (2017).

24. Rudenko, G. Dynamic control of synaptic adhesion and organizing molecules in synaptic plasticity. Neural. Plast. 2017, 6526151.
https://doi.org/10.1155/2017/6526151 (2017).

25. Kilinc, D. The emerging role of mechanics in synapse formation and plasticity. Front. Cell Neurosci. 12, 483. https://doi.org/10.
3389/fncel.2018.00483 (2018).

26. Sudhof, T. C. Neuroligins and neurexins link synaptic function to cognitive disease. Nature 455, 903-911. https://doi.org/10.1038/
nature07456 (2008).

27. Zhang, B,, Gokce, O., Hale, W. D., Brose, N. & Sudhof, T. C. Autism-associated neuroligin-4 mutation selectively impairs glycinergic
synaptic transmission in mouse brainstem synapses. J. Exp. Med. 215, 1543-1553. https://doi.org/10.1084/jem.20172162 (2018).

28. Reichelt, A. C., Rodgers, R. J. & Clapcote, S. J. The role of neurexins in schizophrenia and autistic spectrum disorder. Neurophar-
macology 62, 1519-1526. https://doi.org/10.1016/j.neuropharm.2011.01.024 (2012).

Scientific Reports |

(2021) 11:11329 | https://doi.org/10.1038/s41598-021-90244-0 nature portfolio


https://doi.org/10.1016/j.neuron.2012.07.024
https://doi.org/10.1038/s41467-017-00472-0
https://doi.org/10.1016/j.celrep.2019.10.115
https://doi.org/10.3389/fnmol.2018.00223
https://doi.org/10.1523/JNEUROSCI.1566-19.2019
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nature16507
https://doi.org/10.1016/j.neuron.2019.01.013
https://doi.org/10.1146/annurev.neuro.31.060407.125646
https://doi.org/10.1038/1831592a0
https://doi.org/10.1038/1831592a0
https://doi.org/10.1038/nrn2501
https://doi.org/10.1016/j.neuron.2005.09.006
https://doi.org/10.1016/j.neuron.2007.05.004
https://doi.org/10.1016/j.neuron.2013.10.026
https://doi.org/10.1073/pnas.0800621105
https://doi.org/10.1016/j.neuron.2011.12.036
https://doi.org/10.1016/j.neuron.2013.06.029
https://doi.org/10.1016/j.celrep.2019.08.093
https://doi.org/10.1007/s12035-019-1541-2
https://doi.org/10.1016/j.neuron.2018.07.007
https://doi.org/10.1002/hipo.22761
https://doi.org/10.1016/j.conb.2017.03.005
https://doi.org/10.1155/2017/6526151
https://doi.org/10.3389/fncel.2018.00483
https://doi.org/10.3389/fncel.2018.00483
https://doi.org/10.1038/nature07456
https://doi.org/10.1038/nature07456
https://doi.org/10.1084/jem.20172162
https://doi.org/10.1016/j.neuropharm.2011.01.024

www.nature.com/scientificreports/

29. Guang, S. et al. Synaptopathology involved in autism spectrum disorder. Front. Cell Neurosci. 12, 470. https://doi.org/10.3389/
fncel.2018.00470 (2018).

30. Ullrich, B., Ushkaryov, Y. A. & Sudhof, T. C. Cartography of neurexins: more than 1000 isoforms generated by alternative splicing
and expressed in distinct subsets of neurons. Neuron 14, 497-507. https://doi.org/10.1016/0896-6273(95)90306-2 (1995).

31. Treutlein, B., Gokce, O., Quake, S. R. & Sudhof, T. C. Cartography of neurexin alternative splicing mapped by single-molecule
long-read mRNA sequencing. Proc. Natl. Acad. Sci. USA 111, E1291-1299. https://doi.org/10.1073/pnas.1403244111 (2014).

32. Bonnici, B. & Kapthammer, J. P. Modulators of signal transduction pathways can promote axonal regeneration in entorhino-
hippocampal slice cultures. Eur. J. Pharmacol. 612, 35-40. https://doi.org/10.1016/j.ejphar.2009.04.007 (2009).

33. Prang, P, Del Turco, D. & Kapfhammer, J. P. Regeneration of entorhinal fibers in mouse slice cultures is age dependent and can
be stimulated by NT-4, GDNE and modulators of G-proteins and protein kinase C. Exp. Neurol. 169, 135-147. https://doi.org/10.
1006/exnr.2001.7648 (2001).

34. Stoppini, L., Buchs, P. A. & Muller, D. A simple method for organotypic cultures of nervous tissue. J. Neurosci. Methods 37, 173-182.
https://doi.org/10.1016/0165-0270(91)90128-m (1991).

35. Herring, B. E. et al. Cornichon proteins determine the subunit composition of synaptic AMPA receptors. Neuron 77, 1083-1096.
https://doi.org/10.1016/j.neuron.2013.01.017 (2013).

36. Ke, M. T, Fujimoto, S. & Imai, T. SeeDB: A simple and morphology-preserving optical clearing agent for neuronal circuit recon-
struction. Nat. Neurosci. 16, 1154-1161. https://doi.org/10.1038/nn.3447 (2013).

37. Incontro, S. et al. The CaMKII/NMDA receptor complex controls hippocampal synaptic transmission by kinase-dependent and
independent mechanisms. Nat. Commun. 9, 2069. https://doi.org/10.1038/s41467-018-04439-7 (2018).

38. Herring, B. E. & Nicoll, R. A. Kalirin and Trio proteins serve critical roles in excitatory synaptic transmission and LTP. Proc. Natl.
Acad. Sci. USA 113, 2264-2269. https://doi.org/10.1073/pnas.1600179113 (2016).

Acknowledgements

We thank members of the Herring lab for helpful comments and feedback during the study. We also thank
Manuel Cerpas for expert technical assistance. Research was supported by the National Institute of Mental Health
(MH103398 to B.E.H.), the National Institute of Neurological Disoders and Stroke (NS112480 to B.E.H.) and
the Simons and McKnight Foundations (to B.E.H.).

Author contributions
Y.K. and B.E.H. designed the project. Y.K. collected and analyzed the data. Y.K. and B.E.H. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-90244-0.

Correspondence and requests for materials should be addressed to B.E.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11329 | https://doi.org/10.1038/s41598-021-90244-0 nature portfolio


https://doi.org/10.3389/fncel.2018.00470
https://doi.org/10.3389/fncel.2018.00470
https://doi.org/10.1016/0896-6273(95)90306-2
https://doi.org/10.1073/pnas.1403244111
https://doi.org/10.1016/j.ejphar.2009.04.007
https://doi.org/10.1006/exnr.2001.7648
https://doi.org/10.1006/exnr.2001.7648
https://doi.org/10.1016/0165-0270(91)90128-m
https://doi.org/10.1016/j.neuron.2013.01.017
https://doi.org/10.1038/nn.3447
https://doi.org/10.1038/s41467-018-04439-7
https://doi.org/10.1073/pnas.1600179113
https://doi.org/10.1038/s41598-021-90244-0
https://doi.org/10.1038/s41598-021-90244-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An optogenetic method for investigating presynaptic molecular regulation
	Results
	Method Setup. 
	Method Validation 1: Increased NMDAR-oEPSCFV amplitude ratio mirrors glutamatergic synaptogenesis. 
	Method Validation 2: Synaptotagmin 1 knockdown. 

	Discussion
	Methods
	Experimental constructs. 
	Slice virus injection and electrophysiology. 
	Immunoblotting. 
	Spine density analysis. 
	Statistical analysis. 

	References
	Acknowledgements


