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2. ABSTRACT

Homeostatic synaptic plasticity (HSP) is a diverse group of slow compensatory
mechanisms allowing neurons to regulate their synaptic inputs according to
network activity and is believed {o contribute to the stabilization of Hebbian forms
of synaptic plasticity (i.e., LTP, LTD). We previously described a form of HSP that
develops between 5 to 13 hours after slicing rat hippocampus and is presumably
triggered by the decrease in circuit activity due to deafferentation. To assess the
mechanism of HSP, we investigated a possible role of CaMKI| and its interaction
with the glutamatergic NMDA receptor (NMDAR). CaMKII/NMDAR interaction has
been exiensively investigated in the context of LTP and may be a potential
orchestrator of HSP. We show that after a pharmacological disassembly of this
complex and transient inhibition of CaMKII, postsynaptic adaptations do not occur
on time. Additionally, this form of HSP may be occurring in a context of altered
hippocampal connectivity, as evoked excitatory postsynaptic current (EPSC)
displayed polyphasic shapes, which may reflect the increased polysynaptic
activity commonly observed in other models of neuronal deafferentation. In the
presence of high concentrations of divalent cations used to isolate monophasic
EPSC, we obtained preliminary evidence indicating that this HSP process
preserves the AMPAR/NMDAR transmission and the GluNZBIGluNgA-NMDAR
subunits ratio, indicating that this HSP process does not alter the information
content of synapses. Finally, we tested whether this process involves the insertion

of GluA1-homomeric AMPARSs into synapses, which has been previously related




to some rapid forms of HSP. However, we did not found evidence supporting this

possibility.




3. INTRODUCTION

Synaptic plasticity is the most widely studied candidate mechanism underlying
learning and memory (Stuchlik, 2014, Takeuchi et al., 2014). One of the most
well-known forms of synaptic plasticity is Hebbian plasticity, a group of correlation-
based mechanisms that modify synapses in a specific manner, e.g. fong-ferm
potentiation (LTP) and long-term depression (L.TD) (Bliss and Collingridge, 1993},
However, Hebbian forms of plasticity may destabilize neuronal networks by an
inherent positive feedback component (Miller and MacKay, 1994; for a review see
Turrigiano, 2008). Conversely, other forms of synaptic plasticity, known as
homeostatic synaptic plasticity (HSP), have been reporied and proposed to
counteract the destabilizing effects of Hebbian interactions, allowing neurons fo
maintain synaptic transmission within a physiologically suitable range that
preserves network excitability (Turrigiano and Nelson, 2000, 2004; Turrigiano,
2008). In contrast to LTP and LTD, which can be induced in a short time scale
(seconds), HSP forms are slow compensatory adaptations (mostly detected after
several hours and up to days of altered excitability) that adjust cell excitability up
or down, maintaining circuit stability (Turrigiano and Nelson, 2000, 2004;
Turrigiano, 2008). HSP phenomena have been described in different contexts of
altered excitability: after pharmacological blockade of action potentials or synaptic
transmission in neuronal and organotypic cultures (O’'Brien et al., 1998; Turrigiano
et al., 1998; Kilman et al., 2002) and in vivo in the hippocampus (Echegoyen et

al., 2007); in slices from primary visual and somatosensory cortices of light




deprived rats (Goel et al.,, 2006); and also in a context of deafferentation in
organotypic hippocampal slices (Vlachos et al., 2012). Interestingly, we recently
observed that a relatively fast form of HSP occurs few hours afier fresh

hippocampal slice preparation (Vergara, 2018).

HSP has usually been studied by measuring the miniature postsynaptic
currents (minis) generated by the spontaneous release of neurotransmitter from
unitary vesicles. Changes in minis amplitude suggest postsynaptic adjustments,
whereas frequency variations are commonly interpreted as changes in the
neurotransmitter release probability, implicating a presynaptic locus of HSP.
Under some circumstances, HSP may involve a process of synaptic scaling, a
cell-wide synaptic process in which each synapse scales up or down
proportionally to its original synaptic weight (Turrigiano et al.,, 1998). Synaptic
scaling may allow keeping synaptic transmission in a dynamics range without
interfering with the relative strength of the synapses, preserving in this way the
relative differences produced by previous LTP or LTD episodes. A process of
synaptic scaling may be relevant to avoid the corruption of information in neural
circuits, particularly in regions where Hebbian interactions are widely present,
such as the hippocampus. HSP and synaptic scaling have been mainly reported
in organotypic and cell cultures subjected to pharmacological manipulations
{O’'Brien et al., 1998; Turrigiano et al., 1998; Kilman et al., 2002). In contrast, the
rapid HSP modification observed by us in hippocampal slices occurs in the

absence of pharmacological manipulation and develops in the first 13 hours after




brain dissection. This homeostatic phenomenon is expressed as a rise in the
frequency of mEPSC over time and a multiplicative scaling of their amplitudes and
is presumably triggered by the decrease in circuit activity due to slicing (Vergara,
2016). This HSP form may be of particular interest to HSP phenomena, in
particular, because.it may take place in the first hours after stroke and other forms
of traumatic brain injury. in this work, we studied the mechanism behind this HSP

process,

3.1. A possible role of CaMKII and NMDAR in HSP.

Ca?'/calmodulin-dependent kinase 1l (CaMKIl) is a major component of
glutamatergic synapses and has been related to both, Hebbian and homeostatic
forms of synaptic plasticity (Lisman et al., 2002; Wang et al., 2011, 2013; Ranson
et al.,, 2012; Shin et al., 2012). CaMKIl, as a holoenzyme is formed of 6—12
subunits in variable ratios of the 52 kDa a isoform and the 60 kDa B isoform
(Bennett et al., 1983). CaMKII may be a potential orchestrator of HSP, as a and
B subunits are inversely regulated by neuronal activity in hippocampal cultures,
defining their subcellular location and affinity for calcium, and thus their capability
to interact with a diverse number of proteins at the postsynaptic densities
(Thiagarajan et al., 2002). The intracellular location of CaMKI] has a critical effect
on synaptic transmission, as active CaMKII is translocated to synapses in an
activity-dependent manner, increasing its enrichment in the postsynaptic density.

CaMKIl binds directly to the NMDAR, placing it in a suitable site to control synaptic

strength (Shen and Meyer, 1999; Shen et al., 2000; Bayer et al., 2001; Lisman et




al., 2b02). Moreover, this interaction may be a maijor factor in the maintenance of
synaptic strength (Sanhueza et al., 2011), as synaptic depression is observed

when the complex is disrupted but not when the activity of CaMKII is inhibited.

Given the evidence mentioned above, we studied the function of the
CaMKII/NMDAR complex in the expression of HSP. To address the particular role
of the CaMKII/NMDAR interaction on HSP, we pharmacologically disassembled
the complex by using the CN21 peptide, a 21 amino-acid sequence derived from
the CaMKIIN protein, which is a specific endogenous inhibitor of CaMKIl {Chang
et al., 1998; Vest et al., 2007). The CN21 peptide retains CaMKIIN specificity and
inhibitory potency (Vest et al., 2007), which at 20 uM concenirations can
disassemble CaMKII/NMDAR and has been previously used as a tool to study
this interaction (Sanhueza et al., 2011; Barcomb et al., 2016). The CN21 peptide
was fused to the cell-permeating peptide faf (Vivés et al., 1997), which allows

CN21 to cross the plasmatic membrane.

3.2. Changes in neurotransmitter release probability: proposed
mechanism for the increase in mEPSC frequency in acute slices.

The HSP process in hippocampal slices was expressed in part through a
strong increase in the frequency of mEPSC (Vergara, 2016). This change may be
due to presynaptic changes involving an increased neurotransmitter release
probability. Other interpretations, such as the conversion of previously silent into
functional synapses and an increase in the total number of synaptic contacts, are

also possible. To address if this process is due to an increase in neurotransmitter



release probability, we evaluated changes in the paired-pulse facilitation (PPF)
ratio with time (Branco and Staras, 2009). PPF is inversely related to the

neurotransmitter release probability.

3.3. Does HSP preserve the metaplastic properties of synapses?

Metaplasticity makes reference io how susceptible are synapses to be
modified (i.e. the plasticity of synaptic plasticity) (Abraham and Bear, 1996). The
HSP process that we previously reported operates through a synaptic scaling
mechanism of quantal amplitudes. This indicates that the HSP adaptations
occurring after dissection in acute slices adjust the average transmission while
preserving the relative differences between synapses weights. This might
safeguard that HSP processes can normalize activity without fundamentally
altering the relative information content of synapses. However, this information
not only depends on the relative difference between synaptic weights but also on
the metaplastic properties of the circuit. Interestingly, the properties of the
synapses that mediate metaplasticity are preserved in many cases of HSP. For
example, the proportion of NMDAR/AMPAR-mediated fransmission and of
GluN2B/GIuN2A subunits of NMDARSs are usually preserved in HSP (Umemiya et
al., 1999; Gil and Amitai, 2000; Watt et al., 2000) and both may affect the
threshold for LTP induction, and thus the metaplastic properties of synapses.
Considering this, we examined whether the HSP adaptations occurring in acute
slice also preserve the NMDAR/AMPAR transmission and GIuN2B/GIuN2A

subunits ratio. The GIuN2B/GIUN2A subunits ratio defines the decay kinetics of




NMDAR-mediated currents, as receptors presenting the GIuUN2A subunit display
faster-decaying kinetics than those presenting GIuN2B subunit (Anantharam et

al., 1992).

3.4. GluAt-homomeric AMPAR: a candidate for the rapid expression of
HSP.

Although HSP phenomena were formerly observed after days of altered
excitability (O’'Brien et al., 1998; Turrigiano et al., 1998; Kilman et al., 2002),
subsequent studies have reported relatively faster homeostatic adaptations
occurring in a rapid temporal scale (~4 hours) (Sutton et al., 2006; Ibata et al.,
2008, Vlachos et al., 2012), similarly as occurring in our model of HSP (Vergara,

2016).

NMDAR mediated transmission may be relevant in the temporal expression of
some forms of HSP. In fact, its blockade, along with action potential inhibition,
produces a rapid increase (~3 hours) in quantal amplitudes (Sutton et al., 2006).
This particular case is mediated by local dendritic regulations and is
mechanistically different to more typical slow forms of HSP (i.e. Turrigiano et al.,
1998). Another interesting characteristic is that it occurs by a rapid surface
expression of GluA1-homomeric AMPARSs (or GluA2-lacking AMPAR) (Sutton et
al., 2006, Wang et al., 2011), which presents increased inward rectification (a non-

linear relation between channel current and membrane potential).

The reduced synaptic activity might be a key factor in our HSP model, since

acute slices show smaller and less frequent mEPSC in comparison to cultures




(De Simoni et al., 2003; Szczot et al., 2010), which may mimic the effects of
blocking NMDAR transmission in cultures. Taking this into account, it is possible
that our HSP model operates through a similar mechanism. We addressed this
possibility by measuring the amount of inward rectification of evoked excitatory

postsynaptic currents (EPSC). EPSC rectification is associated with the

proportion of GluA1-homomeric AMPARSs.




4. HYPOTHESIS

The homeostatic adaptations occurring spontaneously in acute hippocampal
slices require the CaMKII/NMDAR interaction for its proper expression, involve an
increase in the neurotransmitter release probability, preserve the
NMDAR/AMPAR transmission and GIUN2B/GIUN2A subunits ratio and are

caused by the insertion of GluA1-homomeric AMPARS.

5. OBJECTIVES

General objective:

In relation to the HSP process in acute hippocampat slices:

To study the role of the CaMKII/NMDAR interaction in HSP in acute hippocampal
slices and to evaluate possible changes in the neurofransmitier release
probability, the NMDAR/AMPAR and GIuN2B/GIUN2A ratio and proportion of
GluA1-homomeric AMPARS.

Specifics objective:

1. To evaluate mEPSC alterations with time after pharmacological
disassemble of the NMDAR/CaMKI] complex.

2. To evaluate changes in the neurotransmitter release probability with time.
3. To evaluate variations in the NMDAR/AMPAR dependent synaptic
transmission and GIUN2B/GIUNZA subunits ratio with time.

4. To evaluate changes in the proportion of GluA1-homomeric AMPARSs with

time.




6. MATERIALS AND METHODS

6.1. Hippocampal slice preparations and animal treatments.

Animal care was in accordance to the institutional guidelines of the Bioethics
Committee of the Faculty of Sciences, University of Chile. Transverse
Hippocampal slices (350 ym) from 18- to 22-days old male Sprague-Dawley rats
were prepared. For this, animals were anesthetized with diethyl ether and later
decapitated. The brain was removed and placed in an ice-cold dissection solution
containing (in mM): 125 NaCl, 2.6 KCi, 10 MgClz, 0.5 CaClz, 26 NaHCOs, 1.23
NaH2PQ4, and 10 D-glucose (equilibrated with 95% Oz and 5% CO2), pH 7.3.
Slices were prepared using a vibratome (1000 plus, Vibratome®) and the CA3
area was removed. Subsequently, the slices were allowed to recover for a
minimum of one hour at 30°C in an inverted interface chamber (tissue inserts,
8um) maintained in an atmosphere saturated with 95% Oz and 5% CO:, Each
insert held 2-3 slices submerged in a drop of 200 pL of artificial cerebrospinal fluid
(ACSF) containing (in mM): 125 NaCl, 26 NaHCQOs, 1 NaH:PO4, 2.6 KCI, 2
CaClz,1 MgClz, and 10 D-glucose. In experiments in which the slices were
preincubated with the peptides, after one hour of recovering, the drop of solution
bathing slices was carefully removed and replaced by freshly oxygenated ACSF
containing 20 puM of tat-CN21 (test) peptide or scrambled control peptide
(tat-SCR). Slices were incubated for 2 hours with these peptides, and then the
solution was replaced by regular oxygenated ACSF and maintained for at least

two hours before recordings. In experiments that did not involve peptides, regular
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ACSF was used after recovering and maintained until the end of incubation (see

7.1 section).

6.2. Electrophysiological recordings.

For recordings, the slices were transferred fo a submersion-type recording
chamber mounted on an upright microscope (Nikon EG00FN or Olympus BX51Wi)
equipped with differential interference contrast microscopy (DIC). The slices were
continuously superfused (2—4 mL/min) with ACSF (same composition that in slice
incubation) bubbled with 95% 02 and 5% COx2. A total volume of 100 mL. of ACSF
was recirculated during each experiment using a two-way pump. The experiments
were conducted at 30-31°C. Whole-cell patch-clamp recordings were performed
with electrodes (2-5 MQ) fabricated from borosilicate glass capillary tubing (0.8 -
1.10 x 100 mm; Kimble Glass Inc) using a horizontal puller (Flaming/Brown P- 97,
Sutter Instrument Co). Voltage-clamp recordings were performed with an EPC-10
patch-clamp amplifier (Heka, Heidelberg, Germany); data were filtered with a
4-pole Besselfilter at 2.9 kHz and acquired at 20 kHz using the Heka PatchMaster
software. All recordings were done in the presence of 100 UM picrotoxin (PTX;
y-aminobutyric acid fype A receptor (GABAA receptor) blocker) except when
otherwise specified and, in presences of 1 uM tetrodotoxin, for the mEPSC
recordings, (TTX; voltage-dependent Na* channel blocker). Internal pipeite
solution was (in mL): 115 Cs methane sulfonate, 20 CsCl, 10 HEPES, 0.6 EGTA,
0.4 Na-GTP, 4 Na2-ATP, 2.5 MgCl, and 10 Naz-phosphocreatine, pH 7.25 (293

mOsm). Liquid junction potential was ~12 mV and was not corrected. mEPSC
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were measured during 400 seconds at -60 mV. EPSC were evoked by stimulating
the Schaffer-collateral pathway via a stimulation electrode placed at 100-200 ym
from cell body layer. Stimulation intensity was adjusted to induce 50-150 pA
EPSC at -70 mV. Series and input resistance were monitored throughout each
experiment, and only those recording with a series résistance less than 31 MQ
(Vlachos et al., 2012). Cells with holding currents below -100 pA or input
resistance above 90 MQ were not considered in the analysis (typical input
resistance of the recorded neurons is ~60 MQ). A holding current below -100 pA
is indicative of a depolarized resting potential, which is proper of CA1 interneurons

(Rudy et al.,, 2011).

6.3. Data analysis and statistical methods'.

EPSC and mEPSC detection and analysis, and random permutation statistical
analysis were done using a custom-built algorithm designed in IgorPro 6.03.
Statistical tests were done with GraphPad Prism 7 and IgorPro 6.03. The
requirement for the statistical test used (variance and normality of the samples)

were assessed for each case using the Brown-Forsythe and the Shapiro-Wilk

normality test, using an a value of 0.05.




7. RESULTS

7.1. Role of the CaMKII/NMDAR complex in the expression of HSP,

7.1.1. Experimental condifions.

We evaluated the role of the CaMKII/NMDAR interaction on HSP by
measuring mEPSC after pharmacologically disassembling CaMKII/NMDAR
complex using the tat-CN21 peptide. Because we are interested in studying this
interaction without permanently inhibiting CaMKII, hippocampal slices were
incubated with the tat-CN21 peptide for the time needed to disassemble the
CaMKI/NMDAR complex (2 k), after which the peptide solution was washed
away. Washing out the peptide potentially restores CaMKII activity but does not
revert the CaMKII/NMDAR disassembling effect (Sanhueza et al., 2011; Barcomb
et al,, 2016). This method allowed us to study synaptic transmission after
disassembling the CaMKII/NMDAR complex while kinase activity was potentially

functional (Fig. 1).

HSP maodifications were evaluated by recording cells in two intervals, 5 to 8
hours after slicing (T1) and 9 to 12 hours after slicing {T2). Time-dependent
adaptations were evaluated in two different conditions: a test condition where
slices were preincubated with the tat-CN21 peptide and a control condition where
a scrambled version of tat-CN21 (tat-SCR, inactive version of tat-CN21) was used

instead.

12
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Figure 1. Experimental design used to evaluate CaMKII/NMDAR role on HSP. Hippocampal
slices were prepared from 18-22 days old rats. CA3 area was removed, and slices were placed
on an inverted interface chamber. Slices preparation denotes time 0. Slices were covered by a
drop of ACSF, which after 1 hour of recuperation was gently replaced by another drop containing
tat-SCR or tat-CN21 peptide in ACSF. Slices were incubated for two hours with these peptides,
and then the covering solution was washout and replaced by freshly oxygenated ACSF. mEPSC
recordings were done in two incubation time intervals; the first one 5 to 8 hours after slicing (T1)
and the second one 9 to 12 hours after slicing (T2). Incubation and recordings were done at 30°C.
See Material and Method for a detailed description.

7.1.2. Discarding non-specific effects associated with tat-SCR (control) peptide

treatment.

First, we analyzed whether preincubation with tat-SCR peptide affects the
HSP process that we previously reported (Vergara, 2016). Homeostatic
adaptations taking place after slicing are expressed through a scaling up of
quantal amplitudes and an increase in mMEPSC frequency. Therefore, we would
expect a similar dynamics with time for tat-SCR-pretreated slices. To evaluate
this, we compared the mEPSC from neurons recorded in the T1 and T2 intervals

in slices preincubated with the control peptide (Fig. 2). Fig. 2A shows a
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representative current frace from each time interval. From these recordings, it is
apparent an increase in mEPSC frequency and the appearance of a population
of comparatively much larger events at later times. To evaluate if the amplitude,
frequency or kinetics of the mEPSC are significantly different between the studied
time intervals, we compared the average values of these parameters obtained for
each cell recorded during the T1 and T2 intervals (Fig. 2B-E). Average amplitude
(T1=0.33%0.34 pA, T2=12.27+0.35 pA, P <0.05) and frequency (T1=0.38+0.05
Hz, T2=2.431£0.51 Hz, P <0.0001) but not rise (T1=2.5840.10 ms, T2=2.32+0.11
ms, P>0.05) or decay time (T1=7.24+0.65 ms, T2=6.7510.26, P>0.05) were
significantly different (Student t-test with Welch’s correction for unequal variances,
n=9 for T1 and T2) (Fig. 2). These results are in agreement with our previous

observation (Vergara, 2016), suggesting that tat-SCR transient incubation does

not affect the HSP process.
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Figure 2. Effect of the tat-SCR peptide on HSP. (A) A representative recording from the T1
and T2 intervals. Two different time scales are shown for each condition. Yellow circles indicate
detected events (B) Effect of time on mEPSC average amplitude in slice preincubated with the tat-
SCR peptide. The hollow orange circles correspond to the recording shown in (A) (same for
Figures C, D, and E). (C) Effect of time on mEPSC average frequency in slice preincubated with
the tat-SCR peptide. Data were transformed to its log10 form. (D) Effect of time on mEPSC
average rise time in slice preincubated with the tat-SCR peptide. (E) Effect of time on mEPSC
average decay time in slice preincubated with the tat-SCR peptide. (*=P <0.05, ***=P <0.0001,
Student t-test with Welch's correction for unequal variances. Horizontal bars denote mean and
error bars standard error of the mean (SEM)).
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Although the average mEPSC amplitudes increase with time, the question of
how the distribution of events is changing requires further analysis. Our previous
observations indicated that this HSP process operates through a multiplicative
scaling-up rule. To test if tat-SCR pretreatment interferes with this dynamic, we
compared the complete distribution of quantal amplitudes. Fig. 3A shows
superimposed the cumulative probability plot of the amplitude distribution of each
celi recorded during T1 and T2 intervals (gray and black curves, respectively).
That plot suggests not only that the average amplitude increased with time, but
that the entire distribution of MEPSC amplitudes shifted to the right, indicating a
general tendency and further suggesting a HSP phenomenon. To evaluate
whether the mEPSC amplitudes from the cells recorded during T1 and T2 interval
are significantly different, we used a previously described random permutation
statistical test (also known as Monte Carlo test) (Vergara, 2016). As expected,
mEPSC amplitude distributions from both data samples are significantly different
(random permutation test, P=1-10%) (Fig. 3A), supporting that tat-SCR

preincubation does not affect the ongoing HSP adaptations.

To test whether mEPSC amplitudes follow a scaling-up rule a commonly used
approach was employed (Turrigiano et al., 1998). First, 45 events were randomly
chosén from each cell and grouped into a single distribution used to represent the
time intervals T1 and T2. Next, the events were rank ordered. To avoid outliers,

data above 99% of the distribution was discarded (Kim and Alger, 2010; Sweait,

2016). Finally, the distribution representing the interval T2 was plotted against the
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distribution representing the interval T1 (Fig. 3B). If mEPSC amplitude increases
through a synaptic scaling rule, then the relationship between the paired points
must be well-represented by a linear function with slope larger than 1 (Turrigiano
et al.,, 1998). Accordingly, paired data virtually overlapped with the linear fit
y=1.81-x-4.56 (r=0.89), and if the T2 representing distribution is
reverse-transformed using the parameters of the above linear equation,
differences with the T1 representing distribution become not significant
(two-sample Kolmogorov Smirnov (KS), P=0.99), validating the representation of
the data by this fit. These results support a process of multiplicative synaptic
scaling. However, it should be noted that we are describing the mEPSC amplitude
relationship through a linear function that includes a multiplicative (the slope) and
an additive factor (the y-axis intercept). A proportional increase in mEPSC
amplitudes must not involve additive modifications, yet the intercept reflects those
events that fall below the detection threshold (~5 pA) producing a wrong pairing
of the distributions (Turrigiano et al., 1998; for a detailed description of this

problem see Kim et al., 2012).

To discard the possibility of a HSP process involving additive modifications
of quantal amplitudes, an alternative approach was additionally used (Kim et al.,
2012; Soares et al., 2013; Vergara, 2016). If the mEPSC amplitude increases
following a scaling-up rule, then a scaling factor must exist that, multiplying by it

one distribution produces non-significant differences with the other. To evaluate

this, we tested several scaling factors to determine the one producing the highest
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P-value between interval | and Ill representing distributions (Fig. 3C). As we
cannot create new events appearing above the detection threshold after
upscaling, downscaling was performed instead, removing those events that fall
below the detection threshold (defined as the smallest recorded mEPSC
amplitude) (Kim et al, 2012) (Fig. 3C). A multiplicative factor of 1.43 was
determined as the best possible scaling factor, as it yielded the highest P-value
in the comparison between the amplitude distributions representing T1 interval
and the downscaled amplitude distribution representing T2 interval (two-sample

KS, P=0.31) (Fig. 3D).

Finally, we tested whether this scaling factor produces statistically
indistinguishable sets of curves, considering the complete distribution of events
in each cell instead of a small fixed random sample (Fig. 3E). When the events
from each cell recorded during the T2 interval were downscaled by this factor, the
corresponding cumulative probability plots were not significantly different to the
plots from the T1 interval (random permutation test, P=0.25). This dynamics is
consistent with a process of multiplicative synaptic scaling of quantal amplitudes,
and hence to our previous observations in untreated slices (Vergara, 2016),
corroborating that preincubation with tat-SCR peptide does not have any effect on

HSP.
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Figure 3. mEPSC amplitude from slices incubated with the control peptide increases in
time following a scaling-up rule. (A) Cumulative probability plot of the mEPSC amplitude
distribution of each cell recorded in the T1 (gray) and T2 (black) intervals. (B) A representing
distribution for T2 interval was created by grouping 45 randomly selected events from each cell.
Resulting distribution was plotted against its equivalent from the T1 interval (black points). Red
line is a linear fit described by the equation y=1.87-x-4.56 (r=0.99). Unity line is a linear function
with slope=1 representing the expected plot for two equal distributions. (C) Different scaling factors
were tested to obtain the one producing the highest P-value after downscaling the distribution
representing T2 interval and comparing it with the one for T1 interval through a two-sample KS
(the best scaling factor obtained is 1.43). (D) Cumulative probability plot of the representing
distribution for a T2 interval after being downscaled by the factor 1.43 plotted superimposed with
the representing distribution for the T1 interval. (E) Cumulative probability plots of the mEPSC
amplitude distribution of each cell recorded during T1 (gray) and of each cell recorded during T2
after being downscaled by the factor 1.43 (black).

7.1.3. Tat-CN21 preincubation effect on HSP.

Having confirmed that the tat-SCR peptide does not alter HSP, we compared the

mEPSC amplitude distribution from neurons recorded during the T1 and T2
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intervals in slices preincubated with the tat-CN21 peptide (Fig. 4). Fig. 4A shows
a representative current trace from each interval. An increase in mEPSC
frequency is evident in the T2 recording, but, and in contrast to control peptide
treatment, a rise in amplitude is not evident, suggesting that a postsynaptic locus
of HSP is not expressed after tat-CN21 preincubation. Accordingly, only the
average frequency (T1=0.54:+0.12 Hz, T2=2.69£0.26 Hz, P<0.0001), but not the
average amplitude (T1=11.01+£0.40 pA, T2=10.5610.33 pA, P>0.05) or kinetics
(rise: T1=2.35+£0.10 ms, T2=2.3710.09 ms, P>0.05. Decay: T1=6.33£0.40 ms,
T2=6.59+0.42 ms, P>0.05) were significanily different between groups (Student
t-test with Welch's correction for unequal variances). Accordingly, when we
compared the cumulative probability plot of the amplitude distribution of each cell
recorded during T1 and T2 intervals (Fig. 5, light red and bold red curves,
respectively), plots virtually overlapped and the differences between data sets
were not significant (random permutation test; P=0.875). These results indicate
that the postsynaptic HSP adaptations previously reported do not occur after
tat-CN21 preincubation, which is related to the fransient inactivation of CaMKI|

and the disassembly of the NMDAR/CaMKIl complex.
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Figure 4. Effect of tat-CN21 peptide preincubation on HSP. (A) Representative recording at
T1 and T2. Two different time scales are shown for each condition. (B) Effect of time on mEPSC
average amplitude in cells from slices preincubated with the tat-CN21 peptide. The hollow orange
circles correspond to the recording shown in (A) (same for Figures C, D, and E). (C) Effect of time
on mEPSC average frequency in slice preincubated with the tat-CN21 peptide. Data were
transformed to its log10 form. (D) Effect of time on mEPSC average rise time in slice preincubated
with the tat-CN21 peptide. (E) Effect of time on mEPSC average decay time in slice preincubated
with the tat-CN21 peptide. (***=P <0.0001, Student t-test with Welch's correction for unequal
variances. Horizontal bars denote mean and its SEM, n =15 and 9 for T1 and T2, respectively).
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Figure 5. No amplitude increase of mEPSC occurs after transient incubation with the
tat-CN21 peptide. Cumulative probability plots of the mEPSC amplitude distribution of each cell
recorded during T1 (light red) and T2 (bold red).
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7.2. Analysis of evoked EPSC.

7.2.1. Setting up of experimental conditions.

We performed whole-cell patch clamp recording to measure evoked
postsynaptic currents (PSCs) in neurons from the CA1 pyramidal layer. For the
analysis of PSCs, two groups of cells were recorded: on group 5 to 8 hours
post-slicing (T1) and another 9 fo 12 hours post-slicing (T2). Experimental
conditions were the same as mentioned in section 7.1 (Fig. 1), but without peptide

treatment.

First, to determine the optimal experimental conditions, we evaluated the
average evoked current obtained at different holding potentials for one cell
recorded during the T1 interval (Fig. 6). The reversal potential of the evoked
current (~-28 mV) was different from zero, indicating that this response is not
exclusively glutamatergic. This non-zero reversal potential can be due to the
recruitment of inhibitory inputs along with Shaffer collaterals. To test this
possibility, we evaluated the evoked responses after the perfusion of the GABAa
receptor antagonist picrotoxin (PTX) (Fig. 7A). Evoked response at +40 mV and -
70 mV were drastically reduced after PTX bath application (Fig. 7B), indicating

that the evoked response previously recorded were primarily GABAergic.
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Figure 6. The reversal potential of the evoked currents is different from zero. (A) Average
response of 10 evoked PSC at increasing holding potential from one cell recorded during the T1
interval. (B) The peaks of the traces shown in (A) were plotted against their respective holding
potential. The reversal potential of the evoked response is ~-28 mV.
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Figure 7. lIsolation of EPSC after bath application of PTX. (A) Ten consecutive evoked PSC
at +40 mV holding potential. The interval between stimulations was 25 seconds. After five
consecutive PSCs, PTX was added to the bath (indicated by a black arrow). Evoked responses
after PTX application are drastically reduced in the following 75 seconds. (B) Evoked response at
-70 mV before and after PTX treatment (red and blue trace respectively).

However, although excitatory postsynaptic currents (EPSCs) were isolated
in the presence of PTX, evoked responses displayed an irregular shape when
compared with EPSCs from slices incubated in submersion chambers (Fig. 8A).
This complex dynamics probably reflects a polysynaptic response caused by the

sprouting of recurrent axons as a consequence of axonal deafferentation, a
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process that has been reported to occur following axonal lesions in the cortex
(Mckinney et al., 1997). Moreover, polysynaptic responses have been reported in
some cases in the CA1 region of rat hippocampal slices after PTX treatment
(Crépel et al., 1997). Another possible explanation is that this complex profile

reflects asynchronous neurotransmitter release (Kaeser and Regehr, 2014).
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Figure 8. Irregular shapes of EPSC from slices incubated in interface chambers. (A)
Representative evoked responses to different stimulation intensities in neurons from slices
incubated in a submersion chamber (blue traces) or interface chamber (red traces). Evoked
responses in neurons from interface chamber-incubated slices display a complex profile. (B) Ten
consecutive evoked EPSC. The interval between stimulations was 25 seconds. After five
consecutive EPSC, Ca?* and Mg?* was added to the bath up to a final concentration of 4mM
(indicated by a black arrow). Evoked response in the following two minutes displayed a
monophasic profile.

The complex profile of the evoked EPSCs makes analysis unfeasible. To deal

with this issue, we evaluated evoked responses under high divalent concentration
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(4 mM Ca?* and Mg?*), a strategy that has been previously used to isolate a
monophasic response (Crépel et al., 1997; Liao and Walters, 2002;
Sivaramakrishnan et al., 2013). Increases in the concentration of divalent cations
raise the firing threshold by enhancing the surface charge (Hille et al., 1975),
which is thought to prevent polysynaptic inputs from reaching firing threshold
(Sivaramakrishnan et al., 2013). Accordingly, when the concentration of divalent
cations in the bath was raised to 4 mM, the polyphasic responses were abolished
(Fig. 8B). In light of this, an extracellular solution containing 4 mM of Ca?* and
Mg?* was used to record EPSCs (only during recording but no during incubation,
most of the time slices were kept in normal Ca? and Mg?* concentrations).
However, it is crucial to emphasize that this condition will not be entirely
comparable to our previous results (Verga.ra, 2016), as an increase in
extracellular calcium and magnesium may have a substantial effect on our
measurements, even if it is on[y'modiﬁed during the recordings. Therefore, the
following results must be considered only as preliminary and by no means

conclusive.

7.2.2. Paired Pulse facilitation analysis.

Previous results revealed a significant increase in mEPSC frequency (Vergara,
2016). This could be explained by a presynaptic locus of HSP involving changes
in neurotransmitte.r release probability. To evaluate this, we compared the paired-
pulse facilitation (PPF) ratio of the group of cell recorded during T1 and the group

of cell from T2 intervals (Branco and Staras, 2009). Schaffer collaterals were
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consecutively stimulated with a 50 ms interval, and PPF was estimated as the
quotient between the peak amplitude of the second and the first EPSC (Fig. 9).
No significant differences were found between T1 and T2 groups (Median PPF:
T1=2.045; T2=2.025. Mann-Whitney test, P=0.89). Thus, no evidence supporting
modifications in the probability of neurotransmitter release was obtained in the

current conditions.
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Figure 9. No evidence supporting that HSP involves changes in neurotransmitter release
probability was found. (A) Average PPF current trace of the cells recorded at T1 and T2. Current
traces are normalized relative to the peak of the first evoked current. The response in each cell
was calculated by averaging ten repetitions. (B) Paired-pulse facilitation of each of the cells
recorded during T1 and T2 intervals (N.S: P=0.89, Mann-Whitney test. Horizontal lines denote
median. N=9 and 13 for T1 and T2, respectively).

7.2.3. Analysis of the NMDAR decay time and the NMDAR/AMPAR transmission

ratio.

Under some circumstances, HSP may regulate average transmission without
interfering with the information content of synapses. This depends on synaptic

scaling but also on the metaplasticity properties of synapses (i.e., changes in the
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susceptibility of synapses to undergo plastic modifications). Metaplasticity is
related to NMDAR transmission and NMDAR subunit composition (Abraham and
Bear, 1996; Yashiro and Philpot, 2008). We addressed whether the HSP form that
we described also preserves NMDAR subunit composition and NMDAR/AMPAR
ratio. To evaluate modifications in the proportion of GIuN2A and GIuN2B subunits,
we measured the decay time constant of the evoked responses at +40 mV (Fig.
10). As previously described, NMDAR decay time constant was estimated by
fitting a double exponential function (Anantharam et al.,, 1992). No changes in
NMDA kinetics were observed between the different post-slicing intervals (median
NMDAR decay t: T1=109.8 ms; T2=113.3 ms. Mann-Whitney test, P=0.744),

which suggests that NMDAR subunit proportion is preserved in HSP.
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Figure 10. HSP would not involve changes in NMDAR subunit composition. (A) Average
normalized EPSC of the cells recorded at T1 and T2. The response in each cell was calculated
by averaging ten repetitions. (B) NMDAR decay 1 of the cells recorded during the T1 and the T2
intervals. (N.S: P=0.744, Mann-Whitney test. Horizontal lines denote median. N=9 and 13 for T1
and T2, respectively.
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Next, we evaluated whether AMPAR and NMDAR-mediated transmission
are scaled proportionally. To explore possible changes in the proportion of
NMDAR and AMPAR constituents of the evoked EPSCs, we measured the ratio
between the late component of the evoked response at +40 mV and the peak of
the evoked response at -70 mV (Fig. 11). No differences were seen in the
NMDAR/AMPAR ratio (median NMDAR/AMPAR ratio: T1=0.293; T2=0.254.
Mann-Whitney test, P=0.39), suggesting that if AMPARs and NMDARSs are being

inserted into synapses, they do it in a similar proportion.
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Figure 11. HSP would not involve changes in NMDAR/AMPAR transmission ratio. (A)
Average evoked response at -70 and 40 mV from the cells recorded in the T1 and T2 intervals.
Current traces were normalized relative to the peak of the evoked current at -70 mV.
NMDAR/AMPAR ratio was calculated by measuring the ratio between the late component of the
evoked response at +40 mV (80 ms after the stimulus artifact, denoted by arrows) and the peak
of the evoked response at -70 mV. The response in each cell was calculated by averaging ten
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repetitions. (B) NMDAR/AMPAR ratio of the recorded cells. (N.S: P=0.39, Mann-Whitney test.
Horizontal lines denote median. N=9 and 13 for T1 and T2, respectively).

7.2.4. Analysis of the EPSC rectification.

Some forms of fast HSP involve the insertion of AMPARSs carrying GIuA1
homomers (Sutton et al., 2006). Given that GluA1 homomers increase inward
rectification of AMPARSs, we evaluated this possibility by estimating the magnitude
of rectification in the cells recorded during the T1 and T2 intervals. Rectification
was estimated as the ratio between the peak of the EPSC at -70 and +40 mV (Fig.
12). No significant difference in the magnitude of rectification was observed
(Median rectification: T1=1.607, T2=1.502. Mann-Whitney test, P=0.948).
Suggesting that the proportion of GIuA1 homomers is preserved in these

conditions.

It is important to mention that we are evaluating AMPAR rectification without
blocking the NMDAR component of transmission at +40 mV. However, our results
indicate that the NMDAR/AMPAR ratio is not modified either, meaning that any
modification in the early component of the evoked response at +40 mV will reflect

the AMPAR component of transmission.
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Figure 12. HSP would not involve changes in EPSC rectification. (A) Average evoked
response at -70 and 40 mV from cells recorded during T1 and T2 intervals. Current traces were
normalized relative to the peak of the evoked current at -70 mV. The response in each cell was
calculated by averaging ten repetitions. (B) Rectification of the cells recorded during T1 and T2
intervals (N.S: P=0.948, Mann-Whitney test. Horizontal lines denote median. N=9 and 13 for T1
and T2, respectively).




8. DISCUSSION

In this work we studied the mechanisms behind the HSP adaptations occurring
without pharmacological manipulation in acute hippocampal slices. We studied
the role of CaMKIl and its interaction with the NMDAR receptor in this process,
given that CaMKII/NMDAR complex may be a potential sensor of activity and
orchestrator of synaptic function. Additionally, we also studied whether the
increase in mEPSC frequency occurring with time is due to an increase in
neurotransmitter release probability. Additionally, the preservation of the
metaplastic properties of synapses in this HSP process was studied as changes
in AMPA/NMDAR ratio and NMDAR kinetics. Finally, we evaluated if the
postsynaptic modifications that we previously reported occur through the insertion

of homomeric-GluA1 AMPARSs.

8.1. Role of the CaMKII/NMDAR complex in the expression of HSP.

We studied the role of CaMKII/NMDAR interaction in our model of HSP using the
CaMKIIN-derived peptide tat-CN21 and tat-SCR. First, we corroborate that
tat-SCR peptide has no unspecific effect on HSP (e.g. by an indirect effect of the
tat sequence), and therefore can be used as a control condition. This is important
because, for instance, other cell permeating proteins like ant/penetratin

compromise CaMKIl-selectivity by direct binding to CaM (Buard et al., 2010).
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8.1.1. Tal-SCR peptide {control) treatment has no incidental effect on HSP

Our results indicate there is no effect of peptide treatment on HSP, since
transient incubation with tat-SCR peptide did not affect the homeostatic
adaptations that we previously observed (Vergara, 2016). Accordingly, when
comparing the mEPSC from the cells recorded during the T1 and T2 intervals,
mEPSC amplitude and frequency rose with time, and their amplitude increase

was in agreement with a synaptic scaling dynamics.

8.1.2. Tat-CN21 effect on HSP.

Our data indicate that transient incubation with tat-CN21 prevents the synaptic
adaptations occurring with time, at least in the time interval studied. We conclude
this because the average amplitudes and the cumulative probability plots of the
mEPSC amplitude distribution from the cells recorded during the T1 interval were
no significantly different to their equivalent at T2. Given that tat-CN21 treatment
disassembles the CaMKII/NMDAR complex, one possible interpretation is that
CaMKII/NMDAR interaction is necessary for the proper expression of HSP. This
is consistent with the possibility that CaMKII/NMDAR may act as a synaptic
strength orchestrator. However, it could also be that the synaptic adaptation
occurring in time were prevented by a transient inhibition of the CaMKI| kinase
activity. One potential experiment to distinguish between these two possibilities

may be to incubate slices with a lower peptide concentration (i.e. 5 uM), which is
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enough to inhibit CaMKII activity but does not interfere with the CaMKII/NMDAR

complex (Sanhueza et al., 2011).

Previous works have associated two effects for tat-CN21 peptide over synaptic
transmission; one associated with the inhibition of CaMKIl and another associated
to the disassembly of the CaMKII/NMDAR complex (Sanhueza et al., 2011).
Interestingly, the evidence suggests that CaMKII inhibition effect does not persist
in time after washing the peptide, while the effect related to CaMKII/NMDAR
disassembly endures for at least three hours (and probably more) (Sanhueza et
al., 2011, Barcomb et al., 2016). This means that at least at the beginning of T1
interval the CaMKIIl catalytic activity is functional, but the CaMKII/NMDAR
complex has not been reassembled, which argues in favor of the hypothesis that
it is the CaMKII/NMDAR complex disassembly what prevents the expression of

the postsynaptic locus of HSP.

Overall, our data demonstrate that after tat-CN21 transient incubation,
which is related to the disruption of the CaMKII/NMDAR complex and transient

CaMKI! inhibition, the postsynaptic expression of HSP does not occur.

8.2. Evoked EPSC.

Stimulation of the Shaffer collaterals produced evoked currents with complex
profiles (evoked currents with polyphasic shape, see section 7.2.1). Considering
the deafferentation context, this probably results from polysynaptic activity.

However, this could also be caused by events induced by asynchronous release
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of neurotransmitter. To obtain a monophasic EPSC, we increased the
extracellular concertation of divalent cations, an approach that is commonly used
to isolate the monosynaptic components from polysynaptic evoked currents
(Crépel et al.,, 1997; Liao and Walters, 2002; Sivaramakrishnan et al., 2013).
Polysynaptic activity is a reasonable possibility, considering our experimental
conditions it is feasible that axonal lesions during slice preparation induced a
process of axonal sprouting, which may increase recurrent activity in the CA1
layer of the hippocampus (Deller and Frotscher, 1997; Mckinney et al., 1997;
Verbich et al., 2016), leading to polysynaptic activity (Mckinney et al., 1997).
Importantly, recurrent activity exists in the CA1 layer of the hippocampus,
although not as prominent as in the CA3 layer (Crépel et al., 1997). CA1 recurrent
activity may be enhanced in our experimental conditions. These results suggest
that the modifications occurring in our HSP model are similar to those usually
observed after deafferentation in vivo and in vitro (Deller and Frotscher, 1997:
Vlachos et al., 2012), where polysynaptic activity is usual. Moreover, these results
further validate our HSP model as a potential tool to study deafferentation-induced
synaptic plasticity, since it integrates many of the phenotypes following neural

lesions in vivo (Deller and Frotscher, 1997).

To address the questions proposed in this work and to make the analysis
feasible, we used a higher concentration of divalent cations during the recordings.
However, this approach has its drawbacks, because it makes our results less

comparable with our previous observations (Vergara, 2016). Still, this
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approximation may be useful as a preliminary approach to evaluate potential

modifications occurring with time.

Previously, we reported that mEPSC frequency increase with time after slicing
(Vergara, 2016), which may be explained by an increase in the probability of
neurotransmitter release. However, we did not observe changes in the PPF ratio.
This discrepancy may be due to the high divalent cation concentration used, which
may hinder ongoing presynaptic homeostatic modifications. In particular, divalent
cation concentrations can importantly affect neurotransmitter release probability
(Bennett et al., 1989). Thus, we cannot rule out that this HSP process involves

changes in neurotransmitter release probability.

We also wondered whether this HSP process alters the metaplastic properties
of the circuit. The NMDAR subunit composition and the proportion of NMDAR-
and AMPAR-mediated transmission can importantly affect metaplasticity
(Abraham and Bear, 1996; Yashiro and Philpot, 2008). We evaluated if these two
properties are being modified in this HSP process. Changes in NDMAR subunit
composition were addressed by measuring the decaying time of the evoked
response at +40 mV (which is related to NMDAR subunit composition, see above).
We did not observe significant variations in any of these two parameters with time.
This is in agreement with previous reports, as neither NMDAR decaying time or
NMDAR/AMPAR transmission ratio is usually modified in other HSP models
(Umemiya et al., 1999; Gil and Amitai, 2000; Watt et al., 2000). Overall, these

results are consistent with the idea that HSP preserves the information content of
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the synapses. However, further approaches are required to corroborate these
observations, given that we have altered the divalent cation extracellular

concentrations during recordings.

Finally, we determined whether the rise in mEPSC amplitude that we
previously reported is occurring through the insertion of GluA1-homomeric
AMPARSs, which is related to the expression of some rapid forms of HSP (Sutton
et al., 2006). We addressed this possibility by evaluating changes in the amount
of rectification of EPSCs (GluA1-homomeric AMPARSs are inward rectifiers, see
above). Our results indicate that the magnitude of EPSC rectification is preserved
in time, suggesting that this HSP form probably operates through a different
mechanism. In agreement, other mechanisms for rapid HSP have been reported.
For example, a fast scaling of quantal amplitudes that does not involve an
increase in the proportion of AMPARs carrying GluA1 homomers has been
described in optimized culture conditions, for example, including a bed of glia
below neurons (Ibata et al., 2008). To further validate these results, we are also
evaluating possible changes in the proportion of AMPARs subunits using

immunoblotting techniques.

Overall, although our observations regarding NMDAR kinetics,
NMDAR/AMPAR ratio and EPSC rectification are only suggestive, results are
consistent with previous reports. In the case of PPF, variations with time may have
been obscured by the increased divalent cation concentration. Additionally, we

can conclude that the HSP process occurring in acute hippocampal slices takes
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place in a context of altered synaptic function given the complex profile of the

EPSC observed with a low concentration of divalent cations.
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9. CONCLUSIONS

The postsynaptic homeostatic adaptations do not occur in slices preincubated
with tat-CN21 peptide, and thus, after CaMKIl transient inhibition and the

disassembly of the CaMKII/NMDAR complex.

In a context of high divalent cations concentration during recording, no
changes in the probability of neurotransmitter release, NMDAR decaying kinetics,
NMDAR/AMPAR transmission ratio, or glutamatergic rectification are observed

within the first 12 hours after hippocampus slicing
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