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Abstract

Many neurodevelopmental and neuropsychiatric disorders have an imbalance between excitation
(E) and inhibition (1) caused by synaptic alterations. The proper E/I balance is especially critical in
CAL1 pyramidal cells because they control hippocampal output. Activation of Schaffer collateral
axons causes direct excitation of CA1 pyramidal cells, quickly followed by disynaptic feed-
forward inhibition, stemming from synaptically induced firing of GABAergic interneurons. Both
excitatory and inhibitory synapses are modulated by short-term plasticity, potentially causing
dynamic tuning of the E/I ratio. However, the effects of short-term plasticity on the E/I ratio in
CAL pyramidal cells are not yet known. To determine this we recorded disynaptic IPSCs and E/I
ratio in CA1 pyramidal cells in acute hippocampal slices from juvenile mice. We find that while
inhibitory synapses have paired-pulse depression, disynaptic inhibition instead expresses paired-
pulse facilitation (< 200 ms intervals), caused by increased recruitment of feed-forward
interneurons. Although enhanced disynaptic inhibition helps constrain paired-pulse facilitation of
excitation, the E/I ratio is still larger on the second pulse, increasing pyramidal cell spiking.
Surprisingly, this occurs without compromising the precision of spike timing. The E/I balance
regulates the temporal spike integration window from multiple inputs; here we show that paired-
pulse stimulation can broaden the spike integration window. Together, we find that the combined
effects of short-term plasticity of disynaptic inhibition and monosynaptic excitation alter the E/I
balance onto CA1 pyramidal cells, leading to dynamic modulation of spike probability and spike
integration window. Short-term plasticity is therefore an important mechanism for modulating
signal processing of hippocampal output.
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Introduction

Proper circuit function relies on the correct balance between excitatory and inhibitory
synaptic transmission; alterations in this balance can cause circuit dysfunction and disease
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(Fernandez et al., 2007; Kehrer et al., 2008; Gogolla et al., 2009). However, the ratio of
excitatory and inhibitory synaptic transmission (E/I ratio) is not static, but can be modulated
by synaptic plasticity. Short-term plasticity causes the strength of both excitatory and
inhibitory synapses to be regulated by the temporal pattern of activation (Davies et al., 1990;
Zucker & Regehr, 2002). Short-term plasticity also modulates the strength of inputs onto
inhibitory interneurons (Wierenga & Wadman, 2003; Sun et al., 2005; Bartley et al., 2008),
potentially altering inhibition through changes in interneuron recruitment (Bartos & Elgueta,
2012; Kispersky et al., 2012). The regulation of the E/I ratio by short-term plasticity is
therefore complex. Short-term plasticity alters the E/I ratio in cortex (Galarreta & Hestrin,
1998), yet maintains the E/I ratio in the CA3 region of hippocampus (Torborg et al., 2010).
The effects of short-term plasticity on the E/I ratio in CAL pyramidal cells, the main output
of hippocampus, are not yet known.

The E/I ratio is important for regulating the overall level of activity in postsynaptic neurons
(Carvalho & Buonomano, 2009). It controls the timing of action potentials and regulates the
integration of multiple inputs (Wehr & Zador, 2003; Pouille et al., 2009; Isaacson &
Scanziani, 2011). The narrow time window during which CA1 pyramidal cells can integrate
two sub-threshold inputs to produce spiking becomes extremely broad when inhibition is
blocked (Pouille & Scanziani, 2001). Long-term plasticity has been shown to broaden the
spike integration window by increasing the strength of excitation relative to inhibition
(Lamsa et al., 2005). It remains to be determined whether short-term plasticity can also
modulate the spike integration window.

Schaffer collateral excitatory synapses onto CA1 pyramidal cells express robust short-term
facilitation (Dobrunz et al., 1997; Dittman et al., 2000). Conversely, monosynaptic IPSCs
onto CA1 pyramidal cells have paired-pulse depression (Davies et al., 1990; Klyachko &
Stevens, 2006). However, EPSCs onto most CAL interneurons have short-term facilitation in
response to Schaffer collateral stimulation (Wierenga & Wadman, 2003; Sun et al., 2005;
Sun et al., 2009), potentially leading to enhanced synaptically evoked spiking and
recruitment of interneurons. Short-term plasticity of disynaptic inhibition onto CAl
pyramidal cells has not been studied in depth.

Here we studied the effects of short-term plasticity on disynaptic inhibition, the E/I ratio,
and spiking of CA1 pyramidal cells. We find that Schaffer collateral evoked disynaptic
IPSCs onto CA1 pyramidal cells have paired-pulse facilitation, caused by increased
recruitment of feed-forward interneurons. However, the E/I ratio onto CA1 pyramidal cells
is also increased by paired-pulse stimulation, causing an increase in spike probability in
CAL1 pyramidal cells on the second pulse. Importantly, the enhanced E/I ratio broadens the
spike integration window at a short paired-pulse interval. Because short-term plasticity is a
ubiquitous feature of synapses that continuously modulates synaptic strength, this is an
important mechanism that contributes to frequency-dependent signal processing in
hippocampus.

Eur J Neurosci. Author manuscript; available in PMC 2016 February 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bartley and Dobrunz Page 3

Materials and Methods

Ethical Approval and Slice preparation

Approval was obtained for all experimental protocols from the University of Alabama at
Birmingham Institutional Animal Care and Use Committee. All experiments were conducted
in compliance with the Guide for the Care and Use of Laboratory Animals adopted by the
U.S. National Institute of Health. Postnatal day 14 to P20 C57B6/J or FVB mice of either
gender were anesthetized with isoflurane, decapitated, and brains rapidly removed. 400 um
thick coronal slices of hippocampus were cut on a vibrating microtome (VT1000S; Leica,
Bannockburn, IL) using standard methods (Sun et al., 2005; Sun & Dobrunz, 2006; Sun et
al., 2009). Slicing and dissection of the hippocampi were done in ice-cold (1-3 °C)
dissecting solution containing the following (in mM): 120 NaCl, 3.5 KCl, 0.75 CaCl,, 4.0
MgCl,, 1.25 NaH,PQOy4, 26 NaHCO3, and 10 glucose, bubbled with 95% 0,/5% CO», pH
7.35-7.45. Slices were stored at room temperature in a holding chamber containing the
dissecting solution and bubbled with 95% O,-5% CO, for = 1 h before recording.

Electrophysiology

During experiments, slices were held in a submersion recording chamber perfused (2.5-3.5
mLs/min) with external recording solution (ERS). ERS has a similar composition as the
dissection solution except for the following (in mM): 2.5 CaCl, and 1.3 MgCl,. The ERS
contained 50 UM D-APV to block NMDA receptor-mediated currents and prevent long-term
potentiation and long-term depression. Because some of our experiments involved recording
from cells held at 0 mV, the external solution contained 1 uM AM 251 to block CB1
endocannabinoid receptors (De-May & Ali, 2013), in order to prevent changes in the
strength of inhibition caused by depolarization induced suppression of inhibition (Pitler &
Alger, 1994; Kreitzer & Regehr, 2001; Wilson & Nicoll, 2001). The ERS also contained 10
UM CGP 55845 to block GABAGR receptors and prevent activity dependent reduction in
glutamate release from presynaptically localized receptors at Schaffer collateral synapses
(Speed & Dobrunz, 2008). Where noted, bicuculline (20 pM) or picrotoxin (1.5 pM or 100
UM) was added to the ERS to reduce or block inhibitory postsynaptic currents (IPSCs)
mediated by GABA, receptors, or 10 uM NBQX was added to the ERS to block excitatory
synapses and isolate monosynaptic IPSCs. All experiments were performed between 25°C to
26.5°C.

In all experiments, extracellular stimulation was elicited using a bipolar tungsten
microelectrode (FHC, Bowdoinham, ME) placed in s. radiatum. Stimulation was generated
from a DS8000 digital stimulator (WPI, Sarasota, FL) and applied with a BSI-2 biphasic
stimulus isolator (BAK Electronics, Mount Airy, MD). Stimulation was applied as pairs of
pulses in a pseudo-random sequence every 10 s; 100 ps duration.

Field Potential Recording

Two field potential recording electrodes were placed in s. pyramidale; one less than 75 um
from the stimulation electrode site (Near Stimulation Site) and the other at least 250 pm
away from stimulation site (Far from Stimulation Site). The stimulation intensity ranged
from 5 PA to 100 pA. The population spike amplitude was calculated by measuring the
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amplitude of the negative peak and adding it to the average response size obtained from two
positive peaks, as previously described (Marder & Buonomano, 2003).

Pyramidal Whole-Cell Recording

CAL1 pyramidal cells were blindly patched on a Nikon (New York, NY) Optiphot-2 upright
microscope. Neurons were patched in the voltage-clamp configuration and recorded at
various holding potentials (0 mV, —40 mV, and —-55 mV) using a Multiclamp 700A
amplifier (Molecular Devices, Union City, CA). Patch electrodes (4—-6 M) were filled with
internal solution composed of the following (in mM): 125 Cs-Gluconate, 0.6 EGTA, 10 Cs-
BAPTA, 1.0 MgCl,, 3 MgSOQy, 25 HEPES, 2 QX-314, 10 Na-ATP, 0.3 GTP, 5
phospocreatine, pH was adjusted to 7.2 with CsSOH. The predicted reversal potential for
GABAA receptors is —58.3 mV (Bormann et al., 1987; Zhang et al., 1991). QX-314 was
used to improve space clamp and reduce nonlinear effects caused by voltage-gated channels
in dendrites (Colling & Wheal, 1994). Because some of the experiments involved recording
from cells held at 0 mV, the internal contained a high concentration (10 mM) of BAPTA to
prevent endocannabinoid release (Isokawa & Alger, 2005). The access resistance and
holding current (< 200 pA) were monitored continuously. Recordings were rejected if either
increased > 30% during the experiment. Postsynaptic currents (PSCs) were recorded in
response to extracellular stimulation with the stimulating electrode positioned 250 to 400 pm
away from the recording electrode. The stimulation intensity ranged from 8 pA to 55 pA. All
of the first pulse measurements were based off the long paired-pulse intervals (500 ms and
1000 ms). In order to isolate the second pulse, for accurate calculation of the paired-pulse
ratio, a template of the averaged first pulse was generated and subtracted from the short
paired-pulse traces (Figure 1A).

Disynaptic IPSCs and monosynaptic IPSCs were recorded at 0 mV. To limit the amount of
monosynaptic contamination in the disynaptic inhibitory responses, the stimulation electrode
was placed at least 250-300 um from the pyramidal cell of interest. Monosynaptic
inhibition, measured in the presence of NBQX, made up 13.8 + 2.8% (n=18) of the total
inhibitory current measured at 0 mV, on par with the amount shown in Pouille and Scanziani
(2001; Figure 2A, inset). Monosynaptic inhibition was subtracted from the total inhibitory
current to obtain a pure disynaptic inhibitory response. Compound PSCs, which contain both
excitatory and inhibitory responses, were recorded between —45 mV to -40 mV, which is an
intermediate potential between the reversal potential of excitation and inhibition and is close
to the action potential firing threshold. In a subset of experiments, after recording the
compound PSCs, monosynaptic IPSCs were measured in the presence of NBQX at the
holding potential used for the compound PSCs (20.1 + 6.9% of the total inhibitory current,
n=4). The monosynaptic IPSC traces from each interval were averaged together to develop a
template. The template monosynaptic IPSC trace was scaled to 20% of the peak of
inhibitory component of the compound PSC and then subtracted from the compound PSC to
generate a compound PSC that was “free” of monosynaptic IPSC contamination
(“monosynaptic-free compound PSC”). The average EPSC was measured in the presence of
bicuculline at the same holding potential as the compound PSC, and is referred to as the
“underlying EPSC trace”. The underlying EPSC trace is subtracted from the monosynaptic-
free compound PSC to obtain the “underlying disynaptic IPSC” trace. The peaks and
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charges were measured from the monosynaptic-free compound PS”, the underlying EPSC,
and the underlying disynaptic IPSC traces to obtain the paired-pulse ratio and excitation to
inhibition (E/1) ratio. The latency of responses is measured from the stimulus artifact.

Pyramidal and Interneuron Cell-Attached Recording

Cell-attached recordings were made from either CA1 pyramidal cells or s. radiatum
interneurons in the voltage-clamp mode following the establishment of high-resistance seal.
The observance of unclamped action currents, which were easily detected, indicated action
potential firing. Patch electrodes (5—-7 M) were filled with internal solution composed of
the following (in mM): 130 K-gluconate, 0.1 EGTA, 3 NaCl, 6 KCI, 10 HEPES, 10 Na-
ATP, and 0.3 GTP, pH was adjusted to 7.3 with KOH. Interneurons were identified visually
in the CAL s. radiatum using infrared differential inference contrast optics on a Nikon (New
York, NY) E600FN upright microscope. For cell-attached interneuron recordings, the
stimulating electrode was position 75 to 125 um away from the identified interneuron. The
stimulus strength was adjusted to generate an action potential firing probability between
0.25 and 0.45.

Cell-attached pyramidal cell recording were used to measure the effects of short-term
plasticity on spike probability and spike timing. Cell-attached pyramidal cell recording were
also used to measure the spike integration window, as previously described (Pouille &
Scanziani, 2001). The spiking integration experiments were performed by stimulating two
independent Schaffer collateral pathways subthreshold to action potential firing at various
delays (inms: £ 0, 2, 5, 10, 20, 30, and 50). Paired-pulse stimulation (in ms: 100 or 1000)
was applied in conjunction with the various delay intervals. Stimulation on both sides of the
cell was to activate different sets of Schaffer collaterals. Independence of the pathways was
tested by stimulating a single pulse for each pathway and then testing the two pathways 50
ms apart. If the pathways are independent, then an increase in the spike probability should
not be seen when they are stimulated 50 ms apart; if the two electrodes were in the same
pathway this would cause an increase in the spike probability of the second pathway due to
short-term plasticity. When stimulated alone the pathways had a spike probability of 0.06 +
0.02 and 0.06 £ 0.03, respectively. When the two pathways were 50 ms apart the spike
probability of pathway 1 was 0.07 £ 0.02 and pathway 2 was 0.09 = 0.02. There was no
significant enhancement of the spike probability for either pathway (Paired t-test, Pathway 1
P=0.57, Pathway 2 P=0.22), indicating that they were independent. The spike probability
was calculated after the recording for both s. radiatum interneurons and CA1 pyramidal
cells. In CA1 pyramidal cells, only the spikes from the integrated pulse (second pulse in the
sequence) were used for analysis. Latencies were defined as the time between the stimulus
artifact and onset of the action potential. The jitter was calculated as the standard deviation
of the latency within each cell (Torborg et al., 2010).

Simulation of compound PSCs and E/I ratio

The simulated compound PSC trace was generated from the linear summation of underlying
EPSC and IPSC traces obtained during compound PSC recordings, as described above. In
order to generate compound PSCs that have paired-pulse depression of disynaptic inhibition,
the second pulse in the underlying IPSC trace was scaled to fit the paired-pulse ratio of
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monosynaptic inhibition (measured at —45 mV). In a subset of simulations, the latency of the
second pulse from the underlying IPSC was altered to match the value seen on the first
pulse, thereby removing the delay.

Statistical analysis

Results

All statistics were performed using Origin software (Origin Lab Corporation, 2002) and
statistical significance was p < 0.05. All asterisks indicate a p-value less than 0.05. Data are
presented as mean + standard error of the mean and sample number (n) refers to cell

number. Statistical comparisons for electrophysiological data were made using the Student’s
t-test or paired t-test as appropriate or one-way ANOVA followed by Fisher posthoc
analysis for multiple comparisons. For the spike integration experiment, a Gaussian fit of the
data was performed and the width was used for statistical analysis (Pouille & Scanziani,
2001). The exact P-values are provided in the text for non-significant comparisons.

Schaffer collateral evoked feed-forward inhibition onto CA1 pyramidal cells shows

facilitation

Here we determined the overall effect of short-term plasticity on disynaptic feed-forward
inhibition in response to Schaffer collateral stimulation. We found that short-term plasticity
of disynaptic inhibition onto CA1 pyramidal cells is different from that of monosynaptic
inhibition across a range of paired-pulse intervals (Figure 1A-B). Disynaptic and
monosynaptic IPSCs were generated in response to stimulation in s. radiatum, with and
without 10 uM NBQX, respectively (Figure 1A). The peak response of monosynaptic IPSCs
has paired-pulse depression across a range of inter-pulse intervals (Figure 1B). In contrast,
the disynaptic IPSCs have robust paired-pulse facilitation of the peaks at intervals up to 200
ms (ANOVA, Fq 169=4.17, P<0.002). Interestingly, disynaptic IPSCs express slight paired-
pulse depression at the 1000 ms interval (Student’s t-test, P<0.05), as do monosynaptic
IPSCs. Similar effects were seen on the charge transfers of monosynaptic and disynaptic
IPSCs (data not shown) (ANOVA, Fq 169=5.59, P<0.001, n=16, 18). Schaffer collateral
evoked IPSCs were sensitive to blockade of AMPARs using NBQX (87.2 + 2.8% blocked,
n=18), and had a longer latency than monosynaptic IPSCs by approximately 3 ms (8.1 + 0.9
ms vs. 5.4 + 0.4 ms, Student’s t-test, P<0.05), confirming that they are primarily disynaptic.
There were no differences in the overall kinetics between monosynaptic and disynaptic
IPSCs (Student’s t-test, P=0.50; Table 1). Moreover, there was no difference in the kinetics
of the IPSCs between the first and second pulses for either disynaptic IPSCs (ANOVA,
F4,650=0.88, P=0.48; Table 2) or monosynaptic IPSCs (data not shown) (ANOVA,
F4,70=1.00, P=0.42, n=16). However, there was a small increase in latency of the disynaptic
IPSC on the second pulse (Paired t-test, P<0.05; Table 2).

One possible explanation for the difference in short-term plasticity is that Schaffer-collateral
evoked disynaptic IPSCs were generated by a different population of interneurons than those
recorded for monosynaptic IPSCs. Extracellular stimulation of Schaffer collateral axons is
known to activate a wide variety of interneuron types whose dendrites extend into s.
radiatum (Kajiwara et al., 2008; Katona et al., 2011). Although monosynaptic IPSCs have
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generally been shown to have paired-pulse depression (Davies et al., 1990; Klyachko &
Stevens, 2006) , previous studies have raised the possibility of subtype-specific differences
in short-term plasticity of inhibitory synapses from CAL interneurons onto pyramidal cells
(Jiang et al., 2000; Maccaferri et al., 2000; Bertrand & Lacaille, 2001). Although unlikely, it
is possible that the interneurons recruited by Schaffer collateral stimulation to generate
disynaptic IPSCs could always express paired-pulse facilitation at their inhibitory synapses
onto CA1 pyramidal cells. Therefore, we measured monosynaptic IPSCs from proximal
Schaffer collateral stimulation (stimulation near the pyramidal layer) and distal Schaffer
collateral stimulation (stimulation near s. lacunosum-moleculare) to see if facilitating
responses could be observed. Placement of the stimulus near the pyramidal layer mainly
activates somatic inhibitory synapses, whereas stimulation near s. lacunosum-moleculare
targets dendritic inhibitory synapses. We found that both somatic and dendritic targeting
inhibitory synapses expressed paired-pulse depression and not paired-pulse facilitation
(ANOVA, Fg gp=1.12, P=0.36; Figure 1C-D). The overall kinetics of the monosynaptic
IPSCs from proximal and distal dendritic stimulation were not significantly different (data
not shown; Student’s t-test, P = 0.39; n=10, 8) (Karnup & Stelzer, 1999). Our data suggests
that the paired-pulse facilitation of disynaptic inhibition in response to stimulation in the
center of s. radiatum is unlikely to be due to incorporation of inhibitory synapses located
more proximally or more distally that only express paired-pulse facilitation.

Short-term plasticity allows for increased recruitment of stratum radiatum feed-forward
interneurons on the second pulse

Short-term facilitation of disynaptic feed-forward inhibition could be caused either by short-
term facilitation of the inhibitory synapses or by frequency dependent increases in the
probability of interneuron spiking in response to Schaffer collateral stimulation. Since
monosynaptic IPSCs onto CA1 pyramidal cells have paired-pulse depression, the paired-
pulse facilitation of disynaptic IPSCs onto CA1 pyramidal cells must be caused by an
increase in the firing probability of interneurons, and possibly recruitment of additional
interneurons that fire at specific frequencies. To test this possibility, we performed cell-
attached recordings onto s. radiatum interneurons and measured the spike probability during
paired-pulse stimulation (Figure 1E-F). The stimulation intensity was set to generate a spike
probability between 25 to 45% on the first pulse (29.9% + 5.2%, n=11, Figure 1F). The
average spike latency of the first pulse was 6.5 £ 1.0 ms, consistent with the delay seen in
the latency of disynaptic IPSCs as compared to monosynaptic IPSCs (Table 1), although it
was highly variable in different cells, ranging from 2 ms to 10.7 ms. The spike timing was
precise (jitter 2.1 £ 0.6 ms). An increase in the probability of generating a synaptically
driven action potential was seen on the second pulse at all intervals tested (ANOVA,
F4,50=4.84, P<0.003; Figure 1F) . The effect was robust at short intervals (spike probability
was enhanced 2-fold at 20-100 ms). However, there was no significant difference in spike
latency on the second pulse (6.7 £ 0.9 ms, Student’s t-test, P=0.9) or jitter (2.2 £ 0.9 ms,
Student’s t-test, P = 0.9). Our data suggest that facilitation of disynaptic inhibition onto CA1
pyramidal cells is due to enhanced firing probability of s. radiatum interneurons. This is
likely to be driven by short-term facilitation of their excitatory inputs (Wierenga &
Wadman, 2003; Sun et al., 2005; Sun & Dobrunz, 2006).
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In addition to feed-forward inhibition evoked by Schaffer collateral activation, CAl
pyramidal cells also receive feedback inhibition from interneurons excited by local axon
collaterals from CA1 pyramidal cells (Takacs et al., 2012). Because many feed-forward
interneurons can also participate in feedback inhibition (Freund & Buzsaki, 1996;
Klausberger & Somogyi, 2008; Bezaire & Soltesz, 2013), feedback inputs from neighboring
CAZ1 pyramidal cells could potentially contribute to activation of interneurons and thus
enhance the IPSCs evoked by Schaffer collateral stimulation. We determined the level of
action potential firing from pyramidal cells during paired-pulse stimulation under our
recording conditions, using field potential recordings in the s. pyramidale at two different
locations (Figure S1A). We determined that spiking of CA1 pyramidal cells occurs near the
stimulating electrode (within 75 um) if the stimulation is extremely strong, or at moderate
stimulation with short paired-pulse intervals (Figure S1B1). However, little or no spiking
was observed for the recording site far from the stimulating electrode (300 to 400 pm away)
(Figure S1By). This suggests that only CA1 pyramidal cells located near the stimulation
electrode are likely to fire, and therefore potentially contribute to recruitment of feedback
interneurons, during stimulation conditions used to measure disynaptic IPSCs.

Feedback interneurons activated by CA1 pyramidal cells located near the stimulation site
potentially have inhibitory synapses targeting the CA1 pyramidal cells being recorded due to
axons that project long distances (Freund & Buzsaki, 1996). To determine if feedback
inhibition augments paired-pulse facilitation of disynaptic IPSCs, we prevented the ability of
Schaffer collateral stimulation to activate nearby CA1 pyramidal cells by placing a small
horizontal cut in the slice (McQuiston, 2008) directly below the s. pyramidale (Figure S1C).
We found that the short-term plasticity of the disynaptic inhibition with reduced feedback
inhibition was not significantly different from slices that had intact feedback inhibition,
either for the peak (data not shown; ANOVA, Fq 145=3.74, P=0.06), the charge (Figure S1D,
ANOVA, Fg 145=1.44, P=0.23), or the kinetics (data not shown, Student’s t-test, P = 0.43;
n=18, 13). Together, these data suggest that feedback inhibition plays at most a minor role in
paired-pulse facilitation of disynaptic IPSCs in response to Schaffer collateral stimulation.
Similarly, short-term plasticity of mossy fiber evoked IPSCs in CA3 has been shown to be
largely independent of feedback inhibition (Torborg et al., 2010). It is possible that
activation of feedback inhibition onto CA1 pyramidal cells plays a larger role in response to
longer trains or bursts (Elfant et al., 2008).

Short-term plasticity alters the ratio of excitation to disynaptic inhibition in CA1 pyramidal
cells in response to Schaffer collateral stimulation

Schaffer collateral excitatory synapses onto CA1 pyramidal cells have robust paired-pulse
facilitation (Dobrunz et al., 1997; Dittman et al., 2000; Sun et al., 2005; Christie & Jahr,
2006). Here we have shown that disynaptic IPSCs also have strong paired-pulse facilitation
in response to Schaffer collateral stimulation. We next tested what the overall effect of
short-term plasticity is on the E/I ratio by measuring compound postsynaptic currents
(compound PSCs) from CA1 pyramidal cells. While short-term plasticity of EPSCs and
IPSCs have been studied separately (Klyachko & Stevens, 2006; Torborg et al., 2010;
Farisello et al., 2012), these experiments directly measure the E/I ratio and interactions
between excitation and inhibition. We measured compound PSCs at a holding potential near
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the threshold for action potential generation (between —45 mV and —-40 mV), which
generates a trace with both an EPSC and subsequent IPSC (Figure 2A inset). The excitatory
and inhibitory components of the compound PSC were blocked by NBQX (97.7 £ 1.3%,
79.9 £ 6.9%, respectively), indicating that the inhibitory component was primarily a
disynaptic response (Pouille & Scanziani, 2001). Both the excitatory and inhibitory
components of the compound PSC showed short-term plasticity (Figure 2A). However, the
paired-pulse ratio for the excitatory component was much greater than the paired-pulse ratio
of the inhibitory component, causing the E/I ratio to be enhanced across a wide range of
paired-pulse intervals when assessed by the peaks (ANOVA, Fg 91=3.27, P<0.006; Figure
2B) or the charge transfer (ANOVA, Fg 91=2.77, P<0.05; Figure S2A) of the compound
PSC. Surprisingly, the E/I ratio was still greatly enhanced at intervals as long as 1000 ms.
Although paired-pulse facilitation of the excitatory component is relatively small at the 1000
ms interval (Student’s t-test, P<0.0002), the inhibitory component expresses a small amount
of paired-pulse depression (Student’s t-test, P<0.03), allowing the E/I ratio to remain
enhanced. The enhancement of the E/I ratio on the second pulse was confirmed in separate
experiments that measured the peaks of the maximal excitatory and inhibitory responses (at
the reversal potentials for GABA and glutamate, respectively), and used these to compute
the E/I ratio (ANOVA, F3 »4=9.09, P<0.0004; Figure S2B) (Torborg et al., 2010). We also
tested the effects of short term plasticity on the E/I ratio in the absence of blockers of
NMDA receptors, CB1 receptors, and GABAg receptors, and found that the responses were
not different from the responses measured in the presence of these antagonists for the first
pulse or second pulses (ANOVA, F7 3,=0.55, P=0.79; Figure S2C). In addition, there was
no difference in the E/I ratio (at any of the intervals) caused by blocking only NMDA
receptors (ANOVA, F724=0.23, P=0.97; Figure S2D), consistent with a previous study
(Zhang et al., 2011). While this does not rule out a possible role for NMDA receptors, CB1
receptors, or GABAg receptors in regulating the E/I ratio in CA1 pyramidal cells under
some conditions (e.g. longer trains, (Dubruc et al., 2013; Zachariou et al., 2013), it indicates
that paired-pulse facilitation of the E/I ratio is not dependent upon blocking these receptors,
and occurs under more physiological conditions. Together, these data show that although
disynaptic IPSCs are enhanced in response to short-term plasticity, the E/I ratio onto CAl
pyramidal cells during the second pulse is still larger than the E/I ratio obtained on the first
pulse. This is the first direct demonstration that short-term plasticity alters the ratio of
excitation to inhibition of the compound PSC in CAL.

We measured the underlying EPSCs of the compound PSCs by blocking GABA receptors
with bicuculline (Figure 2C). We also calculated the underlying IPSCs by subtracting the
EPSC (measured in bicuculline) from the compound PSC (Pouille & Scanziani, 2001;
Gabernet et al., 2005). The paired-pulse ratio of the excitatory component of the compound
PSC (Figure 2A) was greater than that of the underlying EPSC (ANOVA, F11 60=3.79,
P<0.0004; Figure 2D), indicating that interactions between inhibition and excitation
enhances short-term facilitation of Schaffer collateral excitatory inputs to CA1 pyramidal
cells, consistent with a previous study (Klyachko & Stevens, 2006). However, our results
suggest that this is not caused by paired-pulse depression of inhibition, because disynaptic
IPSCs have paired-pulse facilitation (Figures 1B, 2D). In contrast to excitation, the
magnitude of paired-pulse facilitation of the inhibitory component (Figure 2A) is similar to
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that of the underlying disynaptic inhibition (ANOVA, F11 60=1.98, P=0.12; Figure 2D),
indicating that interactions with excitation do not alter the short-term plasticity of inhibition.
Additionally, the latency of the underlying IPSC was greater on the second pulse compared
to the first pulse at short intervals (ANOVA, Fg 35=3.56, P<0.008; Figure 2E).

The underlying EPSC indicates the maximum amount of excitation generated onto the
pyramidal cell in response to that particular Schaffer collateral stimulation. Because the
excitatory peak of the compound PSC is less than the maximum EPSC, we calculated the
percentage of the underlying EPSC that is transmitted during the compound PSC by dividing
the amplitude of the compound excitatory component by the peak of the underlying EPSC.
On the first pulse approximately 75% of the underlying EPSC was transmitted in the
compound PSC (dash-dotted line in Figure S2E). This was increased to nearly 95% on the
second pulse at short intervals (Figure S2E). This interaction between excitation and
inhibition enhances the paired-pulse ratio of the excitatory component of the compound PSC
compared to the underlying EPSC.

The excitatory components of compound PSCs are the synaptic inputs necessary to generate
action potential firing, and the summation of several excitatory synaptic responses is
necessary to reach the spike threshold for CA1 pyramidal cells (Otmakhov et al., 1993). The
length of time that the compound PSC is depolarizing (excitatory) is dependent upon the
onset and strength of the hyperpolarizing (inhibitory) component (Gabernet et al., 2005;
Chittajallu et al., 2012). We find that the excitation window (the time window during which
the compound PSC is depolarizing (excitatory), as shown in Figure 2C by line ‘a’) is
broader for the second pulse of the compound PSCs across a wide range of paired-pulse
intervals (ANOVA, Fg 91=3.30, P<0.006; Figure 2F). These data show that short-term
plasticity modulates several aspects of the compound PSC, including the E/I ratio and the
excitation window.

Simulated compound PSCs estimate the extent to which paired-pulse facilitation of
inhibition restrains the enhancement of the E/l ratio and excitation window

We estimated how short-term plasticity would alter the E/I ratio if disynaptic inhibition
expressed paired-pulse depression and not facilitation, using summation of recorded EPSC
traces and modified IPSC traces. Figure 3A shows the control compound PSC averaged
from 6 experiments at the 100 ms interval; the disynaptic IPSC had both paired-pulse
facilitation of inhibition and a longer latency on the second pulse (Control (PPF)). Figure 3A
also shows the average of simulated traces generated from the average underlying EPSC and
IPSC traces from the same experiments, but with the amplitude of the IPSC on the second
pulse scaled to give a paired-pulse ratio of 0.77 (PPD of inhibition). Scaling the underlying
IPSC to have paired-pulse depression causes a reduction of the inhibitory peak of the
simulated compound PSCs on the second pulse. This results in a 7-fold increase in the E/I
ratio on the second pulse at 100 ms, which is much larger than the 2-fold increase observed
experimentally (Student’s t-test, P<0.05; Figure 3B, Control (PPF)). Paired-pulse depression
of inhibition also greatly enhances the duration that the compound PSC is excitatory
(excitation window, Student’s t-test, P<0.05; Figure 3C), and increases the amount of
paired-pulse facilitation of the excitatory component of the compound PSC (Student’s t-test,
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P<0.05; Figure 3D). The fact that disynaptic inhibition has paired-pulse facilitation, rather
than paired-pulse depression as occurs with monosynaptic inhibition, is important for
constraining the increase in E/I ratio and excitation window on the second pulse.

We next used simulations to test the effect of the longer latency of disynaptic inhibition
(delay) on the second pulse by generating simulated compound PSCs using underlying
IPSCs that had the same observed amount of paired-pulse facilitation but were shifted to
remove the delay on the second pulse (PPF of inhibition no delay, Figure 3E). Removing the
delay on the second pulse of disynaptic inhibition decreased the paired-pulse facilitation of
the excitatory component of the compound PSCs (Student’s t-test, P<0.05; Figure 3H)
without altering the E/I ratio or excitation window (Student’s t-test, P>0.18; Figure 3F,G).
The latency in the onset of inhibition regulates the amount of excitation that is transmitted in
the compound PSC; the increase in latency (delay) of inhibition on the second pulse causes
the paired-pulse ratio of the excitatory component to be larger than that of the underlying
EPSC. These results suggest that the differences observed between disynaptic and
monosynaptic inhibition (paired-pulse facilitation, longer latency on second pulse) are
important to constrain the increases in E/I ratio and the excitation window, while increasing
the paired-pulse ratio of the excitatory component.

Short-term plasticity enhances spiking and alters spike jitter

We next tested the effects of short-term plasticity on pyramidal cell spiking in response to
paired-pulse stimulation of Schaffer collateral axons. Since short-term plasticity of
excitation and disynaptic inhibition onto CA1 pyramidal cells are not equivalent and the E/I
ratio is enhanced at short paired-pulse intervals, we predicted that short-term plasticity
would increase the spike output of CA1 pyramidal cells. Experiments using cell attached
recordings from CA1 pyramidal cells (Figure 4A) showed that paired-pulse facilitation of
the E/I ratio caused the spike probability on the second pulse to more than double at a short
(100 ms) paired-pulse interval (ANOVA, F; 30=48.05, P<0.006; Figure 4B). Furthermore,
the spike probability was still increased in response to short term plasticity when the second
pulse was 1000 ms later than the first pulse, consistent with the enhanced E/I ratio at this
interval (Figure 2B). The enhanced spiking was accompanied by a small decrease in spike
latency at the 100 ms interval but not the 1000 ms interval (ANOVA, F; 30=3.91, P<0.04;
Figure 4C). Together, these data indicate that the effect of short-term plasticity to increase
the E/I ratio can greatly increase CA1 output across a wide range of intervals, a wider range
than has been previously investigated (Leung & Fu, 1994).

Previous studies have shown that enhanced spiking caused by increasing the E/I ratio is
accompanied by a decrease in the precision of spike timing, seen as an increase in spike
jitter (Pouille & Scanziani, 2001; Lamsa et al., 2005). Surprisingly, the increase in spiking
caused by short-term plasticity was instead accompanied by a decrease in spike jitter on the
second pulse at 100 ms, with no significant change in spike jitter observed on the second
pulse at 1000 ms (ANOVA, F; 30=4.86, P<0.02; Figure 4D). Because the E/I ratio is
enhanced at both intervals, this shows that increasing the E/I ratio does not always cause an
increase in spike jitter. The fact that the spike jitter was actually reduced on the second pulse
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(despite the increase in the spike probability), suggests that paired-pulse facilitation of
disynaptic inhibition helps maintain the precision of spike timing.

To further test this, we blocked inhibition using 100 uM picrotoxin, which increased the
spike probability on the first pulse to 0.90 £ 0.06 (n=4) and greatly enhanced the spike jitter
compared to stimulating at the same intensity with inhibition intact (Student’s t-test, P<0.05;
Figure 4E). The increased spike jitter was not simply a result of the larger spike probability,
because a similarly high spike jitter was seen when the stimulus intensity was reduced to
return the spike probability back to its initial level (0.42 + 0.04, n=4) (Figure 4E). These
data are consistent with the known importance of inhibition for regulating spike timing
(Pouille & Scanziani, 2001). We then tested the effects of blocking inhibition (at the reduced
stimulus intensity) on pyramidal cell spiking during paired-pulse stimulation. With
inhibition completely blocked, the spike probability was enhanced on the second pulse at
both 100 ms and 1000 ms intervals (ANOVA, F;, 9=12.42, P<0.003; Figure 4F) to a similar
degree as when inhibition was intact (Figure 4B). There was also a small decrease in spike
latency on the second pulse at 100 ms (Paired t-test, P<0.05; Figure 4G). However, the spike
jitter was the same on pulse 1 and pulse 2 (ANOVA, F; ¢=0.09, P=0.91; Figure 4H),
indicating that paired-pulse facilitation of EPSCs alone does not modulate spike jitter.

With inhibition intact, the E/I ratio (Figure 2B) and spike probability (Figure 4B) were about
twice as large on the second pulse at 100 ms compared to the first pulse. We tested the effect
of doubling the size of the E/I ratio by partially blocking inhibition. Dose response
experiments determined that 1.5 UM picrotoxin caused approximately a 50% block of
inhibition (Figure 4l). Using 1.5 uM picrotoxin to increase the E/I ratio caused a similar
increase in the probability of spiking (Paired t-test, P<0.05; Figure 4J) as had been observed
on the second pulse at 100 ms with inhibition intact (Figure 4B). However, increasing the
E/I ratio by reducing inhibition caused a large increase in spike jitter (Paired t-test, P<0.05;
Figure 4K), rather than a decrease as was seen with short-term plasticity. Together, these
results show that spike jitter is not controlled strictly by the E/I ratio, but also by the strength
of inhibition. As a result, paired-pulse facilitation of disynaptic inhibition helps to maintain
the precision of spike timing even though short-term plasticity increases the E/I ratio and
enhances spike output.

Short-term plasticity alters the spiking integration window

Finally, we tested whether short-term plasticity of feed-forward inhibition could influence
the time window over which CA1 pyramidal cells can integrate multiple sub-threshold
inputs to produce an action potential. This window has been shown to be critically
dependent upon the strength of feed-forward inhibition (Pouille & Scanziani, 2001; Lamsa
et al., 2005; Tsukada et al., 2005). We recorded from CA1 pyramidal cells in cell-attached
mode and measured the spike integration window using two stimulation electrodes
stimulated either simultaneously (0 ms delay) or with delays of + 2 to 50 ms. Example traces
are shown in Figure 5B. Stimulation electrodes were placed in s. radiatum approximately
300 to 400 um on either side of the neuron (Figure 5A) to activate independent sets of
Schaffer collateral axons. Stimulation intensity was set so that when the two Schaffer
collateral pathways were simultaneously stimulated the pyramidal cell fired an action
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potential on the first pulse 30 to 50% of the time (Figure 5C, stimulus intensity 20.6 + 2.3
UA). Each pathway stimulated separately was sub-threshold for firing action potentials on
the first pulse, although not always on the second pulse (data not shown).

We found that the spike probability was greatly enhanced on the second pulse compared to
the first pulse at both the 100 ms paired-pulse interval and 1000 ms interval when both
stimulations were simultaneous (anova, F2.25=17.1, p<0.0005; Figure 5C), consistent with
the results from Figure 4B. This was accompanied by a decrease in spike latency and jitter
on the second pulse at 100 ms (Paired t-test, P<0.05) but not 1000 ms (Paired t-test, P=0.48)
(Figure 5E). The spike probability was also enhanced by paired-pulse stimulation over a
wide range of delays at both paired-pulse intervals (Figure 5D), with the effect being larger
at the 100 ms interval (Figure 5D4). Finally, we tested for effects of short-term plasticity on
the spike integration window by plotting the data from Figure 5D normalized to the
maximum spike probability at 0 ms delay (Figure 5F) (Pouille & Scanziani, 2001). At the
100 ms paired-pulse interval the spike integration window was broader on the second pulse
compared to the first, based on a Gaussian fit of the data (anova, F2,25=5.62, p<0.01;
Figure 5G). However, at the 1000 ms paired-pulse interval the spike integration window
remained the same between the first and second pulse (anova, F225=5.62, p<0.01; Figure
5G). Enhancing the spike probability and altering the spike integration window will
fundamentally alter how information is processed as a function of frequency. This is a new
role for short-term plasticity in regulating circuit function.

Discussion

Here we show that short-term plasticity regulates the strength of disynaptic inhibition and
the E/I ratio in CA1 of hippocampus. While monosynaptic IPSCs have paired-pulse
depression, short-term plasticity enhances disynaptic inhibition, resulting in facilitation of
feed-forward inhibition on the second pulse at intervals < 200 ms. Paired-pulse facilitation
of disynaptic inhibition is primarily due to increased recruitment of feed-forward
interneurons and not incorporation of feedback inhibition on the second pulse. The
facilitation of disynaptic inhibition is less than that of excitation, resulting in an overall
increase in the E/I ratio in CA1 pyramidal cells. The enhanced E/I ratio leads to an increase
in action potential firing of pyramidal cells on the second pulse and slightly broadens the
integration window while still being able to maintain spike precision.

Short-term plasticity of excitation and inhibition, and the interaction between the two,
causes the E/I ratio onto CA1 pyramidal cells to be dynamically enhanced across a wide
range of paired-pulse intervals, although the role of disynaptic inhibition in this effect is
different at long intervals. At short paired-pulse intervals, paired-pulse facilitation of both
excitation and inhibition are robust, but facilitation of excitation is greater, resulting in a
larger E/I ratio and enhanced spiking. In this case, paired-pulse facilitation of inhibition
helps constrains the increase in E/I ratio that would otherwise result from facilitation of
excitation. Simulations suggest that the E/I ratio would be more than three times larger at the
100 ms interval if disynaptic inhibition had paired-pulse depression instead of paired-pulse
facilitation. If there was paired-pulse depression of inhibition at short intervals, it would
greatly increase the E/I ratio and cause higher frequency firing that could possibly saturate

Eur J Neurosci. Author manuscript; available in PMC 2016 February 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bartley and Dobrunz

Page 14

hippocampal output. Surprisingly, the E/I ratio in CA1 pyramidal cells is still elevated on
the second pulse at the 1000 ms interval. Although paired-pulse facilitation of the excitatory
component of the compound PSC is only slightly facilitated, the disynaptic inhibitory
component now expresses paired-pulse depression. Together, this causes facilitation of the
E/I ratio at this interval. Short-term plasticity (paired-pulse depression) of disynaptic
inhibition contributes to, rather than opposes, the increase in E/I ratio on the second pulse at
the 1000 ms interval.

The increase in the E/I ratio in CAL by short-term plasticity differs from the CA3 region,
where the E/I ratio from mossy-fiber synapses onto CA3 pyramidal cells remains constant
during short-term plasticity (Torborg et al., 2010). However, longer trains of high frequency
stimulation have been shown to increase the ratio of E/I onto pyramidal cells in CA3
(Thompson & Gahwiler, 1989) and in somatosensory cortex (Gabernet et al., 2005). The E/I
ratio can also decrease during high frequency stimulation in cortex (Galarreta & Hestrin,
1998; Varela et al., 1999). The effects of short-term plasticity on the E/I ratio are therefore
highly specialized, being both input dependent and region dependent. These specializations
enable differential tuning of neurons for specific functions based on the relative effects of
short-term plasticity on excitation and inhibition.

It has previously been shown that changes in the E/I ratio caused by long-term plasticity can
modulate spike output (Lamsa et al., 2005; Carvalho & Buonomano, 2009). Here we find
that modulation of the E/I ratio by short-term plasticity enhances the spike probability in
CAL pyramidal cells on the second pulse at both short and long paired-pulse intervals.
Although short-term plasticity increases the spiking of CA1 pyramidal cells in hippocampus
(Leung & Fu, 1994), in cortex the frequency-dependent decrease in E/I instead reduces
spiking and stabilizes the network during periods of high activity (Galarreta & Hestrin,
1998; Varela et al., 1999). Additionally, matched short-term plasticity of excitation and
inhibition in hippocampal CA3 pyramidal cells (Torborg et al., 2010) helps maintain the
rhythmic firing necessary for oscillation generation and transferring information (Atallah &
Scanziani, 2009; Economo & White, 2012; Zemankovics et al., 2013). By altering the
effectiveness of inhibition to regulate CA1 output, short-term plasticity may be an important
mechanism that tunes CA1 cells to fire at specific frequencies (Sasaki et al., 2006), or
encode order selectivity of neural responses (Goudar & Buonomano, 2014).

Feed-forward inhibition strongly regulates the temporal window needed to summate
synaptic activity (Pouille & Scanziani, 2001; Lamsa et al., 2005; Luna & Schoppa, 2008).
Here we show for the first time that short-term plasticity can regulate the spike integration
window in CA1 pyramidal cells. The spike integration window is wider at the 100 ms
interval, but not the 1000 ms interval, indicating that the effect is frequency-dependent. The
broadening of the spike integration window allows multiple inputs that are less coincident to
trigger action potentials in CA1 pyramidal cells. A slight broadening of the integration
window during paired-pulse stimulation therefore helps CA1 pyramidal cells to function
more effectively as integrators. However, the spike integration window in response to short-
term plasticity is still much narrower than when inhibition is completely abolished (Pouille
& Scanziani, 2001). The fact that disynaptic feed-forward inhibition onto CA1 pyramidal
cells has paired-pulse facilitation should help to constrain the increase in the E/I ratio on the
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second pulse (Figure 3B), which should prevent a much larger broadening of the spike
integration window that could potentially compromise circuit function. Instead, the effects
of short-term plasticity on the E/I balance may dynamically shift the function of the CA1
pyramidal cell between integration and coincidence detection depending on the input
frequency.

Feed-forward inhibition can regulate the precision of spike timing. Blocking inhibition
increases the spike jitter, thereby reducing the temporal precision of spiking (Pouille &
Scanziani, 2001). Increasing the E/I ratio through long-term plasticity also reduces the
fidelity of spike timing (Lamsa et al., 2005). However, short-term plasticity does not
compromise the precision of spike timing when the E/I ratio is altered by paired-pulse
stimulation, and actually reduces spike jitter on the second pulse at 100 ms (Figure 4D, 5E).
This indicates that the broadening of the spike integration window does not always
compromise spike fidelity. One difference is that in the previous studies the magnitude of
inhibition was reduced (Lamsa et al., 2005) or completely blocked (Pouille & Scanziani,
2001). Consistent with this, we see a large increase in spike jitter when inhibition is
completely blocked (Figure 4E, H). Furthermore, when the E/I ratio was increased by low
dose picrotoxin to a similar extent (e.g. 2 fold) as was observed with paired-pulse
stimulation, this also caused an increase in spike jitter (Figure 4K). This indicates that spike
precision is not regulated solely by the E/I ratio, but also by the magnitude of inhibition.
Together our results suggest that facilitation of disynaptic feed-forward inhibition is
important for maintaining spike precision in CA1 pyramidal cells, which is important for
regulating long-term synaptic strength through spike timing dependent plasticity.

Our results indicate that short-term plasticity of disynaptic inhibition is not determined by
the dynamics of the inhibitory synapses themselves. Although it is often assumed that all
CAL feed-forward interneurons are reliably recruited to fire by their excitatory inputs, as
shown for CA3 interneurons (Miles, 1990), we show here, and others have demonstrated
(e.g. Maccaferri & Dingledine, 2002), that stimulation of Schaffer collateral axons does not
always cause action potential firing of s. radiatum interneurons. As a result, their firing
probability can be dynamically modulated by short-term plasticity. The frequency-
dependent increases in the recruitment of feed-forward interneurons can counteract the
short-term depression of their inhibitory outputs, causing paired-pulse facilitation. We show
that disynaptic inhibition is facilitated at intervals up to 200 ms. Consistent with this, spiking
of inhibitory interneurons is also facilitated at intervals up to 200 ms. However, at longer
paired-pulse intervals, disynaptic inhibition has paired-pulse depression, similar to that of
monosynaptic inhibition, consistent with the idea that there is no longer enhanced
recruitment of interneurons on the second pulse. We and others have previously shown that
most interneurons in s. radiatum have paired-pulse facilitation of their Schaffer collateral
inputs (Wierenga & Wadman, 2003; Sun et al., 2005; Sun et al., 2009), which most likely
underlies the paired-pulse facilitation of their spiking seen at shorter intervals. This does not
rule out possible contributions of a change in EPSP-spike coupling on the second pulse
and/or reduced inhibition onto the interneurons. The role of short-term plasticity in
regulating the E/I ratio onto interneurons remains to be explored.
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Different classes of interneurons have been shown to be activated at various frequencies
(Klausberger & Somogyi, 2008). We observed an increase in the latency of disynaptic
inhibition, but not monosynaptic inhibition, on the second pulse. However, we did not see an
increase in the latency of spiking of s. radiatum inhibitory interneurons on the second pulse,
although the variability was large. This could indicate that a different population of
interneurons is being recruited on the second pulse. One limitation of our study is that it was
not possible to determine the molecular identity of the interneurons that contributed to
Schaffer collateral evoked disynaptic inhibition. S. radiatum interneurons are a diverse
population of primarily dendritic targeting interneurons (Freund & Buzsaki, 1996;
Klausberger, 2009; Bezaire & Soltesz, 2013), most of which express paired-pulse
facilitation with Schaffer collateral inputs (Wierenga & Wadman, 2003; Sun et al., 2005;
Sun et al., 2009), leading to increased spiking. As a result, the strength of dendritic
inhibition is likely to be larger on the second pulse. Schaffer collateral stimulation also
evokes firing of parvalbumin and cholecystokinin basket cells in s. pyramidale that provide
perisomatic inhibition to CA1 pyramidal cells (Wierenga & Wadman, 2003; Glickfeld &
Scanziani, 2006; Owen et al., 2013). However, increases in basket cell recruitment are not
likely to contribute to the observed paired-pulse facilitation of disynaptic inhibition because
parvalbumin basket cells fire reliably, while the firing of cholecystokinin basket cells should
decrease on the second pulse (Pouille et al., 2009; Bartos & Elgueta, 2012; Campanac et al.,
2013), leading to a decrease in somatic inhibition. A weakening of somatic inhibition and
strengthening of dendritic inhibition during periods of high activity has been previously
shown for feedback inhibition onto CA1 pyramidal cells (Pouille & Scanziani, 2004) and for
feed-forward inhibition onto dentate gyrus interneurons (Liu et al., 2014). A similar activity
dependent shift between somatic and dendritic inhibition may occur for feed-forward
inhibition onto CA1 pyramidal cells.

Somatic recordings are known to underestimate the size of synaptic currents due to the
difficulty of maintaining a constant voltage clamp in the dendrites. Because excitatory
synapses are on the dendrites, while inhibitory synapses are on the soma and dendrites,
space clamp errors are likely to cause an underestimation of the E/I ratio (Williams &
Mitchell, 2008). The effects are likely to be largest on the second pulse during short paired-
pulse intervals, where large paired-pulse facilitation of excitation could depolarize the
dendrites despite voltage clamp at the soma. As a result, the E/I ratio might actually be more
frequency-dependent than was observed. In addition, the enhanced E/I ratio at 1000 ms
causes enhanced spiking of CA1 pyramidal cells even when inhibition is completely
blocked. This suggests that there is still paired-pulse facilitation of excitation at the 1000 ms
interval, although that was not observed in paired-pulse somatic voltage clamp recordings of
EPSCs. Therefore, it is likely that we are underestimating the paired-pulse facilitation of
excitation due to space clamp errors (Williams & Mitchell, 2008).

Although we looked at simple forms of short-term plasticity, Schaffer collateral synapses in
vivo receive longer spike trains that are very temporally complex (Fenton & Muller, 1998).
It has previously been shown that multiple forms of short-term plasticity interact to cause

large rapid changes in synaptic strength during behaviorally salient input patterns (Dobrunz
& Stevens, 1999; Ohliger-Frerking et al., 2003; Dekay et al., 2006) As a result, the E/I ratio
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onto CA1 pyramidal cells is likely to continually change depending upon stimulus frequency
(Klyachko & Stevens, 2006), which could cause dynamic changes to spike probability and
the spike integration window.

In this study we investigated the effects of short-term plasticity on the E/I ratio in CAl
pyramidal cells from slices taken from juvenile mice. However, it is possible that the effects
of short-term plasticity on the E/I ratio are developmentally regulated. Developmental
changes have been shown to occur in short-term plasticity of many excitatory synapses
(Ramoa & Sur, 1996; Feldmeyer & Radnikow, 2009; Chen & Buonomano, 2012), including
excitatory inputs to CAL pyramidal cells (Hussain & Carpenter, 2001; Dekay et al., 2006;
Speed & Dobrunz, 2008; 2009). Less is known about possible developmental changes in
short-term plasticity of excitatory inputs onto interneurons, or short-term plasticity of
inhibitory synapses (Ingram et al., 2008; Grantyn et al., 2011; Venkataraman & Bartlett,
2013). All of these factors could potentially result in developmental changes in short-term
plasticity of the E/I balance onto CA1 pyramidal cells, as has been observed for mossy fiber
inputs onto CA3 pyramidal cells (Torborg et al., 2010). It remains to be determined if there
are developmental changes in short-term plasticity of the E/I balance of Schaffer collateral
evoked inputs onto CA1 pyramidal cells.

In summary, we have shown that at short intervals, paired-pulse modulation of the E/I ratio
increases the spike probability and broadens the spike integration window on the second
pulse. Short-term plasticity causes facilitation of disynaptic feed-forward inhibition onto
CA1 pyramidal cells, which helps to constrain the increase in the E/I ratio that occurs from
robust paired-pulse facilitation of excitation. The enhancement of feed-forward inhibition
also maintains spiking precision of CA1 pyramidal cells. At longer intervals, paired-pulse
depression of inhibition helps to enhance the E/I ratio and increase spiking even though
paired-pulse facilitation of excitation is small. However, the increase in the E/I ratio does
not change the spike integration window at longer intervals. As a result, short-term plasticity
can enhance the output of CA1 pyramidal cells while controlling the extent to which they act
as integrators or coincidence detectors at various frequencies.
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Figure 1. Disynaptic inhibition shows paired-pulse facilitation due to recruitment of
interneurons

A, Schematics for recordings of disynaptic inhibition (left) and monosynaptic inhibition
(right), with interneurons as circles and pyramidal neurons as triangles.

B, Group results for paired-pulse ratios of IPSCs plotted against the paired-pulse interval
show that disynaptic inhibition facilitates (n=18) while monosynaptic inhibition depresses
(n=16). The line and * over a subset of data points indicates the values that are significantly
different from monosynaptic inhibition and from baseline. The + over the 1000 ms interval
of disynaptic inhibition indicates that the value is significantly different from baseline and
expresses slight paired-pulse depression. Inset: Example traces of disynaptic (left) and
monosynaptic (right) IPSCs recorded from pyramidal neurons held at 0 mV to remove the
AMPA receptor component and isolate the inhibitory current. Disynaptic inhibition is
blocked by application of 10 pM NBQX (flat line on the left insert). Solid lines are original
traces and dashed lines are the traces after subtraction of the first pulse. Scale Bars: 20 ms,
50 pA (top), 50 pA (bottom).

C, Schematic for recordings of monosynaptic inhibiton from proximal and distal
stimulation.

D, Group results for paired-pulse ratios of monosynaptic IPSCs plotted against the paired-
pulse interval for proximal (open triangle, n=11) and distal (closed diamond, n=8)
stimulation. No significant difference was seen. Inset: Example traces of proximal (left) and
distal (right) monosynaptic IPSCs. Scale Bars: 20 ms, 25 pA
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E, Left: Schematic of the cell-attached recording of s. radiatum interneurons. Right:
Example traces from cell-attached recording onto an interneuron in s. radiatum during
paired-pulse stimulation at 100 ms interval show responses with spikes and no spike.
Stimulus artifacts have been removed. Traces are in chronological order, but are not
sequential, because trials cycled through a series of paired-pulse intervals, so there were
intervening trials at different intervals (not shown). Scale Bars: 20 ms, 5 pA.

F, Group results for the spike probability plotted against the paired-pulse interval (n=11).
The spike probability is enhanced 2-fold at the shorter paired-pulse intervals compared to
the spike probability on the first pulse. The line and * over the data points indicates the
values that are significantly different from pulse 1.
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Figure 2. The E/I ratio is dynamically enhanced by short-term plasticity
A, Group results for the paired-pulse ratios of the peaks of the excitatory and inhibitory

components of the compound PSC (n=14). Inset: Example trace of the compound PSC in a
CAL pyramidal cell held at -45 mV. Scale Bars: 50 ms, 50 pA.

B, Group results for the E/I ratio determined from the peak of the compound PSC (n=14).
The line and * over the data points indicates the values that are significantly different from

pulse 1.
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C, Example trace of a single compound PSC (solid line), the underlying excitatory response
(in bicuculline, dashed line), and the underlying inhibitory response (obtained through
subtraction of the underlying excitatory response from the compound PSC, dotted line). The
latency of inhibition is measured as the time from the stimulus artifact until the onset of
inhibition, as is depicted by line a. The excitation window was determined by the width of
the excitatory component of the compound at the points that it crosses 0 pA, as depicted by
line b (Chittajallu et al., 2012). Scale Bars: 10 ms, 125 pA.

D, Group results for the paired-pulse ratio of the underlying excitatory and inhibitory
responses, based on peak values (n=6). Insets: Left, example trace of the underlying EPSC
response obtained from the wash in of the GABAAR antagonist bicuculline. Right, example
trace of the underlying IPSC response obtained from subtraction of the bicuculline trace
from the compound trace. Scale Bars: 25ms, 250 pA (left), 150 pA (right).

E, The delay for inhibition is calculated from the subtracted underlying inhibitory traces, the
region is depicted in C by line a. The group results show that inhibition is delayed dependent
on the paired-pulse interval (n=6). The line and * over the data points indicates the values
that are significantly different from pulse 1.

F, Group results for the time window for excitation available during the compound PSC
(n=14), measured as shown in C. The line and * over the data points indicates the values that
are significantly different from pulse 1.
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Figure 3. Simulated compound PSCs predict greatly enhanced E/I ratio if inhibition had paired-
pulse depression instead of facilitation

A, The simulated compound trace is generated from the average of individual experiments
based on the summation of the underlying EPSC and IPSC traces at a paired-pulse interval
of 100 ms. The simulated compound trace is shown from summation of the underlying
EPSC with either a facilitating IPSC (control) or depressing IPSC (PPD of inhibition). The
paired-paired pulse ratio of the underlying IPSC was 0.77 for the simulated PSC with
paired-pulse depression of inhibition, similar to the average paired-pulse ratios of
monosynaptic inhibition measured at —45 mV. Scale Bars: 10 ms, 125 pA.

B, The E/I ratio on the second pulse of the simulated compound PSCs (as in Figure 4A) with
PPF of inhibition or PPD of inhibition, shown as a percent of the E/I ratio from the first
pulse (n=6).

C, The duration of the excitation window on the second pulse of the simulated compound
PSCs with PPF of inhibition or PPD of inhibition, shown as a percent of the excitation
window on the first pulse (n=6).

D, The PPF of the excitatory component of the simulated compound PSCs with PPF of
inhibition or PPD of inhibition, shown as a percent of the paired-pulse ratio of the
underlying EPSC.
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E, The simulated compound trace is generated from the average of individual experiments
based on the summation of the underlying EPSC and IPSC traces at a paired-pulse interval
of 100 ms. The timing of the underlying IPSC on the second pulse was shifted to match the
onset of the first pulse, thereby generating compound PSCs with no delay in inhibition, but
maintaining the facilitation of inhibition (PPF of inhibition with no delay). Scale Bars: 10
ms, 125 pA.

F, The E/I ratio on the second pulse of the simulated compound PSCs from Figure 4E
without or with a delay in the onset of inhibition, shown as a percent of the E/I ratio from
the first pulse.

G, The duration of the excitation window on the second pulse of the simulated compound
PSCs without or with a delay in the onset of inhibition, shown as a percent of the excitation
window on the first pulse.

H, The PPF of excitation of the simulated compound PSCs without or with a delay in the
onset of inhibition, shown as a percent of the paired-pulse ratio of the underlying EPSC.
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Figure 4. Short-term plasticity modulates spiking of CA1 pyramidal cells
A, Example traces from cell-attached recordings demonstrating that paired-pulse stimulation

decreased the jitter of CA1 pyramidal cell spiking at the 100 ms interval. Note the break in
the x axis. Scale bars: 2 ms, 50 pA.

B, Group results for the spike probability of pulse 1 and pulse 2 at 100 ms and 1000 ms
paired-pulse intervals (n=11). * indicates difference from pulse 1. The line and * indicates
difference between the second pulse intervals.

C, Group results for the spike latency of pulse 1 and pulse 2 at 100 ms and 1000 ms paired-
pulse intervals (n=11). * indicates difference from pulse 1 and pulse 2 at 1000 ms.

D, Group results for the spike jitter of pulse 1 and pulse 2 at 100 ms and 1000 ms paired-
pulse intervals (n=11). * indicates difference from pulse 1 and pulse 2 at 1000 ms.

E, Group results of spike jitter on pulse 1 of experiments in 100 uM picrotoxin, at same
stimulus intensity as with no picrotoxin (spike probability = 0.85) and with stimulation
strength reduced (spike probability 0.4), as a percentage of jitter with no picrotoxin (n=4). *
indicates difference from no picrotoxin.

F-H, Same as B-D, except with 100 uM picrotoxin and stimulation strength reduced to
produce same spike probability on pulse 1 as without picrotoxin (B) (n=4).
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I, Dose response curve for disynaptic IPSC amplitude at different concentrations of
picrotoxin (n=4).

J, Spike probability on pulse 1 with 1.5 uM picrotoxin (inhibition 50%) and no picrotoxin
(inhibition intact) at same stimulus intensity (n=5). * indicates difference from inhibition
intact.

K, Spike jitter on pulse 1 with 1.5 uM picrotoxin (inhibition 50%) and no picrotoxin
(inhibition intact) at same stimulus intensity (n=5). * indicates difference from inhibition
intact.
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A, Schematic of the two independent Schaffer collateral stimulation pathways used to
determine the spike integration of a CA1 pyramidal cell.
B, Example traces from cell-attached recordings at a paired-pulse interval of 100 ms. The
lines at the top of each column indicate the stimulation timing in each Schaffer collateral
pathway. On the left are traces in which both pathways are simultaneously stimulated (0 ms
delay). On the right are traces in which the delay between the two Schaffer collateral
pathways is 10 ms. Scale bars: 25 ms, 15 pA.
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C, Group results for the spike probability of pulse 1 and pulse 2 at 100 ms and 1000 ms
when both pathways are simultaneously stimulated. * indicates difference from pulse 1

D, Group results for the spike probability plotted against the delay of the second stimulus
show that short-term plasticity enhances the spike probability of second pulse compared to
the first pulse. D, compares the first pulse (h=14) and the second pulse at 100 ms (n=8). D,
compares the first pulse and the second pulse at 2000 ms (n=6).

E, Group results for spike latency and jitter on pulse 2 as a percentage of pulse 1 for
stimulation of the two pathways with 0 ms delay. * indicates difference from pulse 1.

F, Group results for the normalized spike probability plotted against the delay for the 100
ms interval (F1) and the 1000 ms interval (F»).

G, Group results for the Gaussian fit width of pulse 1 and pulse 2 at 100 ms and 1000 ms.
This indicates that the integration window is broader on the second pulse at the 100 ms
interval but not the 1000 ms interval. * indicates difference from pulse 1 and pulse 2 at 1000
ms interval.
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Properties of Schaffer collateral evoked disynaptic IPSCs vs monosynaptic IPSCs on pulse 1

Table 1

Disynaptic IPSC

Monosynaptic IPSC

(n=18) (n=16
IPSC Amplitude (pA) 103.9+24.6 53.1 + 14.2
Charge 5325 + 1283 2788 £ 713
Latency (ms) 8.12+0.91 5.38 + 0.44*
Time to Peak (ms) 12.11+0.98 11.46 +0.53
20% to 80% Rise Time (ms) 4.96 +0.47 4.42+0.27
Tau Decay (ms) 36.29 + 3.40 39.19 £ 2.99
Half-Width (ms) 39.36 £3.23 40.42 £2.53

Eur J Neurosci. Author manuscript; available in PMC 2016 February 25.

Page 33



Page 34

Bartley and Dobrunz

Author Manuscript

*as|nd 18414 WOLY JUBIBHIP APURDIIUBIS S31RIIPUI YSLIBISY

'$DSd| andeuAsip 1o) spuels S "S|189 [epiwieiAd ST JO [210] B WOJS PaulRIqo 3I9M Blep ay |

ETEFEYLE | CTVFSE6E | 0SS Fevey | TS9FOroy | SELFTvey [ (SW)UIPIA-HEH
WTFSCLE | SSYFVGEE | SOLTEEY | 966FOTLy | SrZTFTE0S | (sw)Awssgnel
e50T86Y | SS0TE6Y | 950%Z8Y | SSOTIEY | 65005 | nonmerombios
STTFEYTT | YITF8Yel | TCTF8GCT | SETFE8CT | 29TFeeer | (Sw)>ead ojawil
0807108 | 180Ferg | 807098 | 680% .8 | 160%ST6 |  (sw) housren
Swo0oT suigoz swigot suigg suioy
e zasndsa | e zesindsa | lezesindsa | 1ezesindsa | rezesindsa

Aonsed wisl-11oys 01 asuodsal ul sOSd| andeuAsip paxons [e1a1e]|09 Jajeyds Jo santadold

¢ ?dlqel

Author Manuscript

Author Manuscript

Author Manuscript

Eur J Neurosci. Author manuscript; available in PMC 2016 February 25.



