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Abstract

Background: Previous reports of inhibition in the neocortex suggest that inhibition is mediated
predominantly through GABA, receptors exhibiting fast kinetics. Within the hippocampus, it has
been shown that GABA, responses can take the form of either fast or slow response kinetics. Our
findings indicate, for the first time, that the neocortex displays synaptic responses with slow
GABA , receptor mediated inhibitory postsynaptic currents (IPSCs). These IPSCs are kinetically and
pharmacologically similar to responses found in the hippocampus, although the anatomical
specificity of evoked responses is unique from hippocampus. Spontaneous slow GABA, IPSCs were
recorded from both pyramidal and inhibitory neurons in rat visual cortex.

Results: GABA, slow IPSCs were significantly different from fast responses with respect to rise
times and decay time constants, but not amplitudes. Spontaneously occurring GABA, slow IPSCs
were nearly 100 times less frequent than fast sIPSCs and both were completely abolished by the
chloride channel blocker, picrotoxin. The GABA, subunit-specific antagonist, furosemide,
depressed spontaneous and evoked GABA, fast IPSCs, but not slow GABA,-mediated IPSCs.
Anatomical specificity was evident using minimal stimulation: IPSCs with slow kinetics were evoked
predominantly through stimulation of layer 1/2 apical dendritic zones of layer 4 pyramidal neurons
and across their basal dendrites, while GABA, fast IPSCs were evoked through stimulation
throughout the dendritic arborization. Many evoked IPSCs were also composed of a combination
of fast and slow IPSC components.

Conclusion: GABA, slow IPSCs displayed durations that were approximately 4 fold longer than
typical GABA, fast IPSCs, but shorter than GABA;-mediated inhibition. The anatomical and
pharmacological specificity of evoked slow IPSCs suggests a unique origin of synaptic input.
Incorporating GABA , slow IPSCs into computational models of cortical function will help improve
our understanding of cortical information processing.

Background alters visual cortical receptive field properties [7-9].
Inhibition plays an important role in visual cortical = Understanding the kinetics of synaptic currents that give
processing for receptive field formation and stimulus spe-  rise to inhibitory responses will be necessary to describe

cificity at the local [1-3] and global network level [4-6]. In  cortical network function and dynamics [10-13].
vivo pharmacological manipulation of inhibitory neurons
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Within the neocortex y-aminobutyric acid (GABA,) is the
primary inhibitory neurotransmitter [14-21]. GABA,
kinetics are known to be faster than GABA; by roughly 10-
fold [14,22]. There is variability in GABA, subunit compo-
sition across different interneuron subtypes but the func-
tional consequences of this subunit variability are not
well known [23,24]. Different combinations of GABA,
receptor subunits have been shown to contribute to
unique inhibitory phasic and tonic response kinetics
[23,25-27].

The present study of inhibition in neocortex was moti-
vated by reports of two forms of GABA,-mediated inhibi-
tion in the hippocampus [28]. GABA, receptor mediated
IPSCs in the hippocampus have fast (3-8 ms) and slow
(30-70 ms) kinetic forms [28-33]. In the hippocampus, it
has been shown that slow TTX insensitive spontaneous
IPSCs exist, albeit infrequently, and that they can be
evoked by focal electrical stimulation in the CA1 apical
and basal dendritic zones, but not in the cell body layer.
In contrast, fast IPSCs occur spontaneously at a high rate,
but can only be evoked by micro-stimulation in the cell
body layer [28,30]. Fast IPSCs are depressed by the sub-
type-specific GABA, antagonist, furosemide [34-37],
while slow IPSCs are insensitive to furosemide [28,31,38].
The anatomical and pharmacological specificity argues for
functionally distinct forms of GABA, receptor subunit
combinations mediating fast and slow IPSCs.

We demonstrate here, for the first time, that GABA, slow
currents occur both spontaneously and as evoked
responses in the neocortex. Cortical GABA, slow
responses are both quantitatively and pharmacologically
distinct from GABA, fast responses and are evoked from
anatomically distinct regions in the cortical columns.

Results

In order to study a homogeneous population of neurons,
our study focused primarily on excitatory layer 4 pyrami-
dal neurons of visual cortex. Slow GABA, spontaneous
synaptic currents were observed in most pyramidal neu-
rons (35 out of 47) as well as a subset of histologically
identified inteneurons (3 out of 5). Fast IPSCs were
observed in all pyramidal neurons and inhibitory
interneurons.

Spontaneous IPSCs were recorded in rat visual cortical
neurons perfused with room temperature ACSF contain-
ing 2 mM Ca?+ and Mg?* (see Methods) to limit the occur-
rence of IPSC bursts, allowing the distinction of isolated
events (Salin, 1996; Bacci, 2004). IPSCs were isolated
from EPSCs through bath application of CNQX/APV (see
Methods) to block glutamate-mediated events. The chlo-
ride channel blocker, picrotoxin (150 pM) completely
abolished both slow and fast GABA, IPSCs. Across the
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entire population and within any single recording, sIPSCs
were observed with a wide range of kinetics and ampli-
tudes (Figure 1).

Spontaneous IPSC parametric analysis

In order to quantify the amplitude and temporal charac-
teristics of the spontaneously occurring IPSCs in our pop-
ulation of cells, single isolated IPSCs were sorted from our
recordings (see Methods). All sorted IPSCs (slow and fast)
were then individually analyzed to determine their ampli-
tude from baseline and rise time (10 to 90% of peak
amplitude from baseline). The decaying slope of each

Figure |

Representative whole-cell voltage-clamp recording of spontaneous activity
of a neocortical pyramidal cell. A) Current recording of spontaneous
IPSCs from a single cell with asterisks indicating a representative slow and
fast isolated IPSC and the slow IPSC highlighted in gray. B) Overlay view of
the isolated IPSCs indicated by asterisks in A. The horizontal dashed line
represents the baseline current. C) Representative large amplitude sponta-
neous currents, showing both slow and fast events with matched ampli-
tudes from the same cell. Dashed horizontal line represents the baseline
current. The dashed line along the decaying slope represents empirical fits
to the data. D) IPSC isolated events were quantified by estimating the peak
amplitude from baseline, as well as the rise time and decay time constant
(t)). Rise times were estimated as the time between 10 and 90% of the
peak amplitude (t, and t, respectively). Decay time constants were esti-
mated from empirical fits with a double exponential equation. The expo-
nential time constants (t, and t,) were used as estimates of the decay time
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IPSC was fitted with a double exponential equation to
determine the temporal properties of the decay to base-
line (see Methods section and Figure 1D).

Across the population of sorted isolated IPSCs (n = 954),
a parametric comparison of kinetic properties revealed
two distinct populations. Rise time (> 3 ms) and decay
time (t; > 20 ms) limits were used to segment the popula-
tion into fast (n = 714) and slow (n = 240,) events (Figure
2A, gray and black points respectively). IPSCs with slow
kinetics occurred far less frequently than fast events (0.01
Hz vs. 2.2 Hz, respectively). For events that displayed an
observable second component to their decaying slope (n
= 319), there was also clustering into two groups (see
Methods, |A,| > 10 pA, Figure 2B). IPSC kinetics were not
correlated with amplitude for either rise time or decay
time (Figure 2C-D).

For a representative neuron, all IPSC events (n = 574)
were sorted and analyzed to determine the quantitative
kinetics and amplitudes of all events for a given cell (see
Additional file 1). The mean (geometric) amplitude (53 +
45 pA) rise time (1.1 + 0.9 ms) and decay time constant
(7.3 + 3.1 ms) for the representative neuron was not sta-
tistically different (p > 0.05, Wilcoxon signed-rank test)
from the estimates for our randomly sampled fast popula-
tion (n = 714, see Table 1).

In order to test for possible space clamp artifacts, sponta-
neous IPSCs were recorded using a CsCl-based internal
electrode solution (see methods), to block potassium leak
currents. On average, both rise times and decay times for-
slow spontaneous IPSCs recorded using a CsCl-based
internal solution remained within the ranges of record-
ings made using a KCl-based internal solution: 12.5 + 6
ms for average slow event (n = 8) rise times and 44 + 22
ms for slow event (n = 10) decay time constants. A ran-
dom sample (n = 100) of spontaneous events recorded
using CsCl-based internal solution also revealed kinetics
that were similar to those recorded with KCl-based inter-
nal solution for fast spontaneous IPSCs: 1.8 + 0.8 ms rise
time and 10.4 + 5 ms decay time constant.

To compare spontaneous IPSC events statistically, slow
and fast events were quantitatively analyzed as separate
populations (open and gray bars respectively, Figure 3).
Fast and slow IPSC events (see Figure 3A) were separated
based on rise time and decay time constant clustering as
in Figure 2. Decay time constants (t,) for both fast and
slow IPSCs were skewed on a linear scale and were well fit-
ted by a Gaussian distribution on a logarithmic scale
(solid and dashed lines respectively, Figure 3B). There was
significant separation of the population mean (u indicates
geometric mean, Figure 3) for the decay time constants of
fast and slow events, t, (Table 1). Rise time estimates for
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fast and slow events also showed significant separation
between the two populations (Table 1, Figure 3C). Similar
separation was observed for IPSC duration (defined as rise
time + decay time constant) (Figure 3D). However, ampli-
tude estimates for fast and slow events were not signifi-
cantly different across the population (Table 1, Figure 3E).

For events with an observable second component to the
decaying slope of the IPSC (n =319, |A,| > 10 pA), the sec-
ond time constants (t,) were log Gaussian distributed for
fast (n = 277) and slow (n = 42) events (Figure 3F). There
was significant separation between the mean population
1, for fast and slow events (Table 1).

Anatomical specificity of evoked GABA, IPSCs
Extracellularly evoked IPSCs were characterized based on
the anatomical locus of stimulation in a sample of pyram-
idal cells (Figure 4A). Bipolar stimulating electrodes were
positioned close to the dendrites of the recorded pyrami-
dal neurons near (100-300 pm) the distal apical (Figure
4A, n = 18 cells), proximal apical (n = 21 cells) and basal
(n = 22 cells) regions. Distal apical stimulating electrodes
were placed in layer I/II directly above the dendritic axis of
the cell. Basal stimulating electrodes were placed below (>
150 um, toward the white matter) the cell body (+ 100 pm
from the dendritic axis). Proximal apical dendrite stimu-
lating electrodes were placed roughly half-way between
the soma and the pia off axis (100-300 pm).

Evoked IPSCs were recorded in the presence of CNQX/
APV (see Methods) and the holding potential was set at
rest (mean = -62 + 4 mV). Averaged IPSCs (up to 10
repeats per cell with failures removed) were characterized
for rise time, decay time and duration (Figure 4 and Table
2). Evoked responses were recorded from two locations
per cell (two fixed stimulating electrodes positioned in
either the proximal, distal or basal regions) in 60% of the
cells and a single anatomical per cell in the remaining
40%. Slow evoked ISPCs (rise time > 3 ms and decay time,
7, > 20 ms) were found predominantly in responses
evoked from stimulation near the basal (9 out of 18) and
distal apical dendrites (16 out of 21). Evoked IPSCs result-
ing from stimulation near the proximal apical dendrites
(n = 22) were all fast IPSCs (rise time < 3 ms and decay
time, 1, < 20 ms).

IPSC rise times (10 to 90% of peak amplitude) estimates
were smallest for evoked responses elicited from stimula-
tion near the proximal dendrites (median = 2.6 ms, Figure
4B). Responses evoked through stimulation in the region
near the distal apical dendrites displayed rise times
(median = 4.6 ms) that were significantly greater than
those near the proximal dendritic region (p = 0.009,
Tukey-Kramer test, ANOVA, Table 2). Evoked responses
from stimulation near the basal dendrites displayed a

Page 3 of 14

(page number not for citation purposes)



BMC Neuroscience 2008, 9:8 http://www.biomedcentral.com/1471-2202/9/8

A

3
- 128 " e — 128
E 64 '?- E 64
[} bo
= 32 E’.: s _qé 32 50
% 16 . S 20ms % 16
- 4 (n = 954) - 4
) T2
2551 2 4 8 1632 255 1 2 4 8 1632
B rise time (ms) rise time (ms)
= 512 - e 512
% 256 ‘ . s .. é 256
g8 . et o 128 20
> 64 A = 64
3 . A %
8 32 . S 32
© IR ®
S 16 Pt (o519 © 16
8 L e 8
2551 2 4 8 1632 255 1 2 4 8 1632
C rise time (ms) rise time (ms)
-~ 16 _. 16
£ j g 8 35
o o 4
E 2 £ o
g 1 g
5 = 5
.25 .25
8 32 128 512 2048 8 32 128 512 2048
D IPSC amplitude (pA) IPSC amplitude (pA)
. 256
@ —
o ~ 64 35
£ [}
= g 3
> > 16
(1] [
[$) O 8
(3] (5}
© © 4
=5 e 2
8 32 128 5122048 8 32 128 512 2048
IPSC amplitude (pA) IPSC amplitude (pA)

Figure 2

Quantitative population analysis of spontaneous isolated IPSCs. Trends in the properties of isolated IPSC amplitudes and kinetics (rise and decay time)
were determined by comparing these parameters across the entire population of measured isolated IPSCs (n = 954). A) Isolated IPSC decay time con-
stants are shown plotted vs. rise times. Two distinct populations are revealed by a correlation between rise time and decay time constants (t, first com-
ponent of the double exponential). Fast IPSCs are shown in gray and slow IPSCs are shown in black. Dashed lines represent the estimated demarcation
between populations, based on a slow rise time > 3 ms and decay time > 20 ms. Smoothed density plots are shown to the right. The color-coded density
plots indicate that the population is bimodal with separate fast and slow sub-populations that are correlated along rise and decay (t,) times. B) For those
events with a significant second exponential component (|A,| > 10 pA, n = 319), 1, (second decay time constant) are shown vs. rise time. Smoothed density
profile to the right reveals that these parameters are correlated and cluster into two groups (fast and slow). C-D) Rise time and decay time are shown
plotted against event amplitude with smoothed density profile to the right. Neither rise time nor decay time (t,) was correlated with amplitude. The den-
sity profiles indicate bimodality along rise time that is uncorrelated with amplitude.
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Table I: Statistical summary of spontaneous IPSC kinetics and
amplitudes.

fast § slowt p-value*

rise time 1.3£0.7ms 9.0+ 25ms p <0.001
decay timet}

T 10 + 44 ms 36+ 19ms p <0.001

T, 30+42ms 120 £ 58 ms p <0.001

amplitude 57 £ 100 pA 79 £ 194 pA p > 0.05

duration Il £5ms 43 £ 22 ms p <0.001

Tdecay time constants from double exponential fit

}standard deviation of the mean

*Student's t-test

Decay time constants T, and T, are shown for double exponential fits
to the data. 1, is shown for all IPSCs in the sample population (n =
954) and 1, for responses with a significant second exponential (n =
319).

range of rise times (median = 3.8 ms) that overlapped
those from stimulation near the proximal dendritic
region.

The decay time constant (t;) was also characterized
according to the anatomical origins of evoked stimulation
(Figure 4C). Stimulation sites near the distal apical den-
dritic region and the basal region evoked IPSCs with decay
time constants (median = 22 ms and 32 ms respectively)
that were significantly slower than those evoked in the
proximal apical dendritic region (median = 14 ms, p =
0.0045, Tukey-Kramer test, ANOVA, Table 2). Variability
was greatest for stimulation near the distal apical and
basal dendritic regions (first and third quartiles = 20 ms,
27 ms and 14 ms, 37 ms respectively) and lowest in the
proximal dendritic region (first and third quartile = 12 ms
and 18 ms).

Estimates of the IPSC total duration (rise time + decay
time constant) were dominated by the decay time con-
stant (t,) and followed similar trends (Figure 4D). Both
the distal apical and basal dendritic region stimulation
estimates of duration (median = 27 ms and 24 ms respec-
tively) were significantly longer than estimates from prox-
imal apical dendritic region stimulation (median = 18 ms,
p = 0.005, Tukey-Kramer test, ANOVA, Table 2). The distal
apical and basal dendritic region stimulation estimates
displayed greater range and variability (first and third
quartiles = 23 ms, 35 ms and 17 ms, 41 ms respectively).
Proximal apical dendritic stimulation sites produced
IPSCs with the least variability (first and third quartile =
13, 22 ms).

Slow evoked IPSCs were observed concurrently with fast
and slow sIPSCs (n = 5 cells). During periods of evoked
stimulation with pulses delivered near the distal den-
drites, fast and slow sIPSCs were observed (Figure 5).
Evoked IPSCs and sIPSCs did not appear to interact dur-
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ing distal dendritic region stimulation. Fast and slow sIP-
SCs were observed within the period immediately
preceding and following evoked stimulation, as well as
overlapping evoked IPSCs (Figure 5). Neocortical evoked
slow IPSCs do not appear to suppress sIPSCs with either
slow or fast kinetics.

Furosemide action on GABA,-mediated IPSCs
Furosemide, the subunit selective GABA, receptor blocker,
selectively depresses GABA, fast IPSCs in the hippocam-
pus, while leaving GABA, slow responses unaffected
[28,31,32,38]. The effects of furosemide were tested on
spontaneous currents from layer 4 cortical pyramidal neu-
rons (Figure 6A). Furosemide (1 mM) had no significant
effect on the amplitude of slow IPSCs compared to con-
trol (mean = 42 + 12 pA, mean = 40 = 9 pA, control and
treated conditions respectively) observed in our sample
population (p > 0.05, Wilcoxon test, n = 5, Figure 6B). In
contrast, the amplitude of fast IPSCs was significantly
reduced (65%) in the presence of furosemide (mean = 45
+ 1.9 pA, mean = 16 + 0.7 pA, control and treated respec-
tively) compared to control (p < 0.01, Wilcoxon signed-
rank test, Figure 6B). IPSC frequency was not significantly
reduced in the presence of furosemide for either fast
(mean = 2.2 + 3.7 Hz, mean = 1.4 + 2.6 Hz control and
treated respectively) or slow events (mean = 0.012 + 0.004
Hz, mean = 0.019 + 0.0034 Hz control and treated respec-
tively, see Figure 6D&E).

Evoked responses were recorded from extracellular stimu-
lation of the distal and proximal apical as well as the basal
dendritic region of pyramidal cells in control and furo-
semide (1 mM) treated conditions (n = 29, Table 3, Figure
7). Furosemide significantly depressed (p < 0.01,
MANOVA, Table 4) evoked fast IPSC responses from stim-
ulation sites originating in the proximal apical dendritic
region (median = 114 pA and 28 pA for control and furo-
semide condition respectively; Table 3, Figure 7A).
Responses evoked from stimulation near the basal den-
dritic region showed a trend toward depression from
application of furosemide (median = 95 pA and 39 pA,
control and furosemide respectively). Furosemide did not
significantly alter evoked response amplitudes (median =
68 pA and 113 pA, control and furosemide respectively)
originating in the distal apical dendrites (p = 0.05, Table
4, Figure 7A).

Treatment with furosemide resulted in prolonged rise
times for evoked IPSCs for responses evoked from stimu-
lation of the basal (median = 2.8 ms and 10.2 ms, control
and furosemide respectively, Table 3) and proximal apical
(median = 3.3 ms and 5.3 ms, control and furosemide
respectively) dendritic regions (Table 3, Figure 7B). The
rise times were not significantly (p > 0.05, ANOVA facto-
rial) altered for responses evoked through stimulation of
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Figure 3

Population analysis (u indicates geometric mean) of spontaneous isolated IPSC kinetics. The population of spontaneous isolated IPSCs was divided into
two sub-populations based on the bimodal clustering in the correlation scatter plot of rise and decay time (t,) (see Figure 2A). A) Representative current
recording of a pyramidal neuron. Asterisk indicates the identified slow IPSC event and the vertical arrows indicate the randomly selected events. B) Popu-
lation histograms and Gaussian fits of the decay time constant (t,) estimates for fast (open, solid, 1 = 10 ms) and slow (gray, dashed, u = 36 ms) event sub-
populations are shown plotted on the same axis. Inset plot shows cumulative distribution for the fast and slow populations (solid and dashed lines respec-
tively). C) Population histograms of rise times for both fast (open, n = 714) and slow (gray, n = 240) events. Solid and dashed curves (fast and slow respec-
tively) represent Gaussian fits to the distributions on a log scale (1 = 1.3 ms and 9.0 ms respectively, p < 0.01). D) Duration estimates (rise time + decay
time (t,) or rise time + decay time (t,) for cases where |A,| > 10pA) are shown for fast (open, u = || ms) and slow (gray, p = 45 ms) populations. Popu-
lation distributions and the cumulative distributions (inset) show minimal overlap. E) IPSC amplitudes are shown for fast (open, n = 714) and slow (gray, n
= 240) events. Amplitudes for the fast and slow event groups show considerable overlap (1 = 57 pA, 79 pA respectively). F) For events with significant sec-
ond decay components (JA,| > 10 pA), the second decay time distributions are shown for the fast (open, n = 277) and slow (gray, n = 42) events. Smooth
curves are Gaussian fits to the fast (solid, p = 30 ms) and slow (dashed, p = 120 ms) population distributions.
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Statistical summary of anatomically classified evoked synaptic responses. A) Representative IPSC trace averages (n = |0 repeats) are shown based on the
location of stimulating electrode placement: distal apical (top and second from top), proximal apical (third from top) and basal (bottom). B) Box plots show
the first and third quartiles around the median with the notch signifying 95% of the median for each sample population (distal apical, n = |8; proximal apical,
n = 21; basal, n = 22) and dashed lines indicate the whiskers (1.5% inter-quartile range) and crosses indicate outliers. Rise time estimates are shown sum-
marized by the box plot for distal (median = 4.6 ms), proximal (median = 2.6 ms) and basal (median = 3.8 ms) responses. C) Decay time (t,) estimates

from the double-exponential fits to the IPSCs evoked from stimulation distally (median = 22 ms), proximally (median = 14 ms) or basally (median = 21 ms).
D) Population summary of the total duration (rise time + decay time (t,)) estimates are shown for responses evoked distally (median = 27 ms), proximally
(median = 7.7 ms) and basally (median = 24 ms). Proximal stimulation produced short duration IPSCs, while distal and basal IPSCs contained a mixture of
slow and fast IPSCs with greater range and variability (quartile difference (third-first) = 12 ms, 9 ms and 24 ms for distal, proximal and basal respectively).

the distal apical dendritic regions (median = 6.6 ms and
6.0 ms, control and furosemide respectively, Table 3).

Evoked IPSCs displayed increased decay time constants in
the presence of furosemide for stimulation sites originat-
ing near the basal and proximal apical dendritic regions
(Figure 7C, Table 3). Decay time constants were signifi-
cantly longer (p < 0.01, ANOVA factorial) in the presence
furosemide (median = 47.2 ms) versus control (median =
18.5 ms) for stimulation sites located near the basal den-
drites (Figure 7C, Table 3). Evoked IPSC responses
showed a trend toward increased decay time constant
duration in the presence of furosemide (median = 31.1

ms) compared to control (median = 13.8 ms) for stimula-
tion sites near the proximal apical dendrites (Figure 7C,
Table 3). Stimulation sites located near the distal apical
dendrites produced IPSCs with no significant difference
(p > 0.05, ANOVA factorial, MANOVA, Table 4) in the
median decay time constants in control or furosemide
treated condtions (median = 28.1 ms and 39.3 ms, con-
trol and furosemide respectively).

Furosemide only partially depressed many of the evoked
responses and the residual components often displayed
slower kinetics than the control condition. In other cases
furosemide completely suppressed the evoked response.
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Table 2: Statistical summary of evoked IPSC kinetics across anatomical origin of stimulation.

rise time (ms){

decay time, T, (ms)t

duration (ms)}

distal apical 5806 25225 31,0+ 3.1

proximal apical 3.0+0.6 155 +24 18.6 £ 3.0

basal 50+07 269 2.7 320+33

fmean * standard error

ANOVA Tablet SS df (error) df MS F Prob>F
rise time 85.5 58 2 42.7 5.12 0.0089
decay time, T, 1574 58 2 787 5.95 0.0045
duration 2327 58 2 1163 5.85 0.0049

Teach parameter compared across 3 groups (distal apical, proximal apical, basal)

} Tukey-Kramer post hoc test

Evoked IPSC were collected for stimulating electrodes placed in either the distal apical (n = 22), proximal apical (n = 18) or basal (n = 21) dendritic

regions of excitatory pyramidal cells.

Increasing the stimulus intensity in the presence of furo-
semide revealed an evoked IPSC with slow kinetics even
in cases (n = 8) where the responses were completely sup-
pressed (prior to stimulus intensity increase). Picrotoxin
(150 uM) completely suppressed all evoked responses.
Furosemide appeared to selectively depress the fast com-
ponent of responses, revealing a slow IPSC that contrib-
uted to most evoked responses. This occurred for
responses evoked through distal and proximal apical den-
dritic and basal dendritic region stimulation.

Discussion

Our study shows that both evoked and spontaneous
GABA,-mediated slow IPSCs occur in neocortex. Slow
GABA,-mediated IPSCs display quantitatively similar
kinetics properties for rise time and decay time (t,) as
those observed in the hippocampus [28,29,31,32,38-40].

evoked

slow

Figure 5

Evoked IPSCs do not inhibit the occurrence of spontaneous IPSCs Repre-
sentative IPSC recording of a pyramidal cell evoked through stimulation of
the input fibers within the distal apical dendrites. Slow IPSCs were evoked
with | s separation (30 consecutive repeats). Fast spontaneous IPSCs
occurred immediately before, during or following evoked ISPC stimula-
tion. Arrows indicate specific spontaneous fast and slow events. The kinet-
ics of the slow spontaneous events was consistent with the evoked
responses. Vertical arrow marks the electrically evoked response.

Spontaneous GABA, slow IPSCs in the neocortex occurred
infrequently compared to GABA, fast events. The low fre-
quency of occurrence of spontaneous slow GABA,-medi-
ated IPSCs could explain the lack of previous reports of
this slow synaptic inhibition in neocortex.

Inhibitory interneurons within the neocortex form a
highly interconnected and heterogeneous population of
cells that appear to segregate into unique groups both
morphologically and functionally [1,20,23,24,41-43].
Two well described neocortical interneuron subtypes, fast-
spiking (FS) and low-threshold-spiking (LTS) cells, can be
distinguished by their unique synaptic kinetics
[25,27,41,42,44,45]. The IPSCs from FS and LTS cells
have fast synaptic current rise times, but LTS cells have
slower decay time constants. The slow GABA,-mediated
currents presented here display even slower rise times and
decay time constants than the IPSCs reported for FS and
LTS cells. Perhaps GABA, slow IPSCs also arise from of a
unique subtype of interneuron.

It is unlikely that slow GABA, IPSCs are merely a result of
filtering from the cable properties of dendrites. We have
shown here that pure fast as well as slow GABA,-mediated
IPSCs were preferentially evoked through electrical stimu-
lation of the distal apical dendritic zones (superficial layer
1/2) of layer 4 pyramidal neurons. Previous reports have
shown that, unlike EPSCs, IPSCs evoked in distal apical
dendrites of pyramidal neurons show little effects of
kinetic slowing from dendritic cable properties [28,40,46-
50]. Also we have observed similar time constants of
IPSCs recorded with either CsCl or KCl internal solutions.
CsCl is known to block K+ channels and increase the sig-
nal to noise ratio for distal IPSCs. In addition, furosemide
failed to block distally evoked evens, suggesting a distinct
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Furosemide selectively depressed GABA, fast spontaneous events. Popu-
lation (n = 5 cells) summary for spontaneous IPSCs in control and furo-
semide treated conditions. A) Representative recording or spontaneous
events in control and furosemide treated conditions. B) The average
amplitude of slow sIPSCs was not significantly different between control
and furosemide treated conditions (mean =43 + |2 pAand mean =40 + 9
pA respectively). C) The amplitude of sIPSCs was significantly reduced
(mean control = 45 pA, mean treated = 16 pA) with treatment of furo-
semide (** indicates p < 0.001, Wilcoxon signed-rank test). D-E) The fre-
quency of spontaneous IPSCs in the presence of furosemide was not
significantly reduced for fast (mean = 2.2 £ 3.7 Hz, mean = 1.4 + 2.6 Hz,
control and treated respectively) or slow events (mean = 0.012 + 0.004
Hz, mean = 0.019 + 0.0034 Hz, control and treated respectively).
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Figure 7

Effects of furosemide on evoked IPSCs based on anatomical origins of
stimulation. Controls vs. furosemide treated (I mM) conditions are shown
in box plot form. Furosemide responses are shown in gray and control
groups as open boxes. Evoked IPSC response amplitude, rise time and
decay time constants are shown for stimulation of the basal (basal, n = 9),
proximal apical (apical, n = 12) and distal apical (distal, n = 8) dendritic
regions. Significance (p < 0.01) is indicated by ** (MANOVA and ANOVA
factorial, see Table 4). Boxes span the first and third quartiles with medi-
ans indicated by thick center line and notch. A) Evoked IPSC amplitudes
were reduced in the presence of furosemide compared to control for the
stimulation sites in the region of the basal and proximal apical dendrites,
but not the distal apical dendrites (see Table 3 for quantification). B) Rise
time estimates were greater in the presence of furosemide for stimulation
sites near the basal and proximal apical dendrites but not the distal apical
dendrites. C) On average, the decay time constants (t,) for evoked IPSCs
were significantly greater with furosemide treatment than control condi-
tions for stimulation sites near the basal dendrites. Decay time constants
were not significantly different for responses evoked through stimulation
of the distal apical dendrites in the presence of furosemide compared to
control.
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Table 3: Summary of furosemide effects on synaptic responses
vs. anatomical location of stimulation site.

control furosemide n
amplitude
basal 95 (71, 203) pA 39 (34, 66) pA 9
apical 114 (73, 181) pA 28 (20, 58) pA 12
distal 68 (60, 85) pA 113 (85, 133) pA 8
rise time
basal 2.8 (2.7,4.5) ms 10.2 (6.9, 10.4) ms 9
apical 33(24,41) ms 53(4.1,7.8) ms 12
distal 6.6 (4.3,9.2) ms 6.0 (5.1,82) ms 8
decay time
constant, T,
basal 18.5 (13.5, 31.0) ms 47.2 (40.0, 73.0) ms 9
apical 13.8 (12.5, 17.0) ms 31.1 (20.4, 34.7) ms 12
distal 28.1 (21.6, 39.7) ms 39.3 (28.5, 59.5) ms 8

Median values for control and furosemide groups are shown with the
first and third quartiles indicated in parentheses. Stimulation sites
were grouped according to their proximity to the basal (basal),
proximal apical (apical), or the distal apical (distal) dendritic region of
each pyramidal neuron. The decay time constants were estimated
from the double exponential fits to the IPSC decaying response phase.

pharmacological action based on the anatomical origin of
stimulation.

Slow GABA,-mediated IPSCs observed in the neocortex
are pharmacologically distinct from fast GABA, IPSCs. A
GABA, subtype-specific antagonist, furosemide [34-37],
did not alter GABA, slow IPSCs, while it markedly attenu-
ated spontaneous GABA, fast responses amplitudes
(~90%). GABA,-mediated IPSCs observed within the hip-
pocampus show similar furosemide selectivity [28]. The
differential sensitivity of fast and slow components to
furosemide suggests that slow and fast responses in neo-
cortex have unique GABA, receptor subunit composi-
tions. GABA receptors containing either a1 or o4 subunits
display the fastest decay time constants [51,52]. GABA
receptors containing either a2 [51], a3 [53], or a5 [52]
have slower decay kinetics than either a1 or a4. Further-

Table 4: MANOVA: Furosemide effects vs. stimulation site.

dfw dfB  dfT A p
basal 16 | 17 0.46 0.009+*
proximal apical 22 | 23 0.45 0.001%*
distal 14 I 15 052  0.05

One-way multivariate analysis of variance (MANOVA) table for the
effects of furosemide on evoked synaptic responses resulting from
stimulation at sites near the basal, proximal apical, and distal apical
dendritic regions. Degrees of freedom are shown for each stimulation
category for within-group sum of squares and cross-products (dfW),
between-group sum of squares and cross-products (dfB) and the total
sum of squares and cross-products (dfT). Wilk's A test statistics are
shown for each stimulation category along with the resulting p-value
(** indicates significance < 0.01).
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more, furosemide has a 50-fold greater selectivity at a4fy2
GABA, receptors, which have fast kinetics, compared to
other isoforms [54]. Blocking these fast-decaying recep-
tors would yield a pool of slower (a2, a3, a5) or similarly
slow decaying (a.1) receptors.

It has been shown previously that furosemide nonspecifi-
cally blocks the K*/Cl- cotransporters NKCC1 and KCC2
[55-57]. Blocking Cl- cotransporters would increase inter-
nal Cl- concentrations and likely decrease the time con-
stants of IPSCs by increasing membrane resistance.
However, we observed a time constant increase in the
presence of furosemide. Nonspecific effects on CI- cotrans-
porters are also unlikely to affect synaptic responses in our
preparation, because the chloride gradient was already
reversed with a KCl-based internal solution (see Meth-
ods).

Some evoked and spontaneous responses were composed
of a combination of slow and fast components. Similar
combined fast and slow components of GABA,-mediated
IPSCs have also been observed in piriform cortex [58]. The
slower second components of evoked IPSCs were pro-
posed to result from activation of GABAa slow receptors.
However, spontaneously occurring slow IPSCs have not
been shown in piriform cortex.

At least one-third of spontaneous events in our study con-
tained a significant slow second component decay time
constant as revealed with double-exponential fits. Appli-
cation of furosemide revealed a residual response compo-
nent with slow kinetics in evoked IPSCs for many cells.
The decay time constants (t,) of the residual currents were
consistent with GABA, slow currents.

Anatomical comparison revealed that IPSC responses
with purely slow components were evoked in layer 4
pyramidal neurons through microstimulation of either
the distal apical (layers 1/2) or basal (layers 5 or 6) den-
drites but not the proximal apical dendrites. In contrast,
fast IPSC responses were evoked with near-threshold stim-
ulation throughout the dendritic arbor. In the presence of
furosemide, slow IPSCs were revealed in otherwise fast
IPSC evoked responses at all locations of dendritic stimu-
lation (distal, proximal and basal). IPSCs evoked through
stimulation of distal apical dendrites were also not
depressed by furosemide. The presence of slow IPSC com-
ponents in the evoked responses at proximal apical den-
drites with application of furosemide suggests that GABA,,
slow responses occur throughout the dendritic length but
are masked by stronger fast responses. This might result
from a higher density of GABA, receptor subtypes respon-
sible for fast responses at these locations. The exact loca-
tion of synapses evoked through our stimulation might
not correspond to our stimulation sites. Because the syn-
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apses of any particular stimulation site might terminate
some distance from the origin of stimulation, our ana-
tomical classification cannot distinguish between the
location of cell bodies versus synaptic inputs.

Slow spontaneous IPSCs might result from a unique pop-
ulation of inhibitory synapses containing GABA, recep-
tors composed of subunits with only slow kinetics
[26,28,39]. Another possibility is that perisynaptic tonic
receptors are activated by spillover of GABA from nearby
fast phasic synapses without activating GABA, receptors
that contribute to fast responses [29,33,39,59]. The low
frequency of occurrence of these slow spontaneous events
might result from the unique anatomical arrangement
required for such an event to occur. Both mechanisms
have been suggested previously to explain GABA, slow
responses observed in the hippocampus [28,31,32,59]. At
this time, it is not possible to distinguish between activa-
tion of synapses with purely slow GABA, receptors versus
spillover. Selective agonists and antagonists for both types
of receptors or specific knockout/knockin genetic models
will be needed for future studies [26].

The results presented here focused primarily on inhibitory
synaptic inputs to excitatory pyramidal neurons. How-
ever, we observed spontaneous slow GABA, IPSCs in neo-
cortical interneurons as well. Because of the diversity of
subtypes of inhibitory neurons, a systematic analysis of
each subtype will be required to make meaningful statisti-
cal arguments for each subtype and is beyond the scope of
this study [23,24]. GABA, slow IPSC responses evoked in
inhibitory neurons may provide a fruitful direction for
future investigations.

Conclusion

Inhibitory synaptic inputs of neocortical neurons are an
important component of feedforward and feedback
processing [1-3,9,60]. It has been shown that visual
evoked field potentials display differential sensitivity to
GABA, and GABAj blockade for afferent feedforward
components versus long-range feedback interactions [6].
It will be important to determine what role slow GABA
responses have in specific aspects of visual feedforward or
feedback processing. New genetic and molecular tools
will be necessary to study these mechanisms in vivo.

Intrinsic network oscillations also appear to be controlled
by inhibitory inputs [38,61]. GABA, slow IPSCs displayed
durations ranging from 30 to 125 ms; therefore, slow
GABA,-mediated IPSCs might play a role in controlling
alpha or beta thythm (8 to 30 Hz) activity [25,62-65].
Incorporating GABA, slow IPSCs into computational
models of cortical function will help improve our under-
standing of cortical information processing.

http://www.biomedcentral.com/1471-2202/9/8

Methods

Electrophysiology

All procedures and protocols were approved by the Insti-
tutional Animal Care Committee at Stanford University
and adhered to guidelines published by the National
Institutes of Health. All experiments were performed on
rat brain slices dissected from the visual cortex of young
(P16-P28) male Long-Evans rats (Charles River Laborato-
ries, Wilmington, MA). The preparation of rat neocortical
brain slices was identical to that described in Sceniak and
Maclver [66].

Briefly, parasagittal brain slices were cut in cold (4°C)
oxygenated (95% O,, 5% CO,) artificial cerebral spinal
fluid (ACSF) into 350 pum thick sections. The brain slices
were then placed in room temperature ACSF containing
the following: NaCl, KCl, MgSO,, NaH,PO, NaCHO,,
dextrose and CaCl, in the following mM concentrations:
124, 3.5, 2, 1.25, 26, 10 and 2 [25,66,67]. All recordings
were conducted at room temperature with the same ACSF.
Slices were visualized with an upright microscope (Zeiss
Axioskop, Germany), using a water immersion objective
(40x, Zeiss) with near infrared illumination and a CCD
camera (COHU, San Diego, CA).

Whole-cell patch clamp recordings were amplified with a
Multiclamp 700A patch clamp amplifier (Axon Instru-
ments, Foster City, CA). Voltage and current traces were
sampled at 10 kHz. Data acquisition was controlled using
the commercially available software package, pCLAMP
9.0 (Axon Instruments, Foster City, CA). Recording elec-
trodes were filled with a KCl-based internal solution con-
taining, in mM 100 KCl, 10 EGTA, 40 HEPES, 5 MgCl,, 2
Na,ATP and 1.5 Na,GTP (pH 7.3 and osmolarity
290-295 mOsm).

In a subset of cells (n = 4), artifacts from space clamp were
tested by recording spontaneous IPSCs with a CsCl-based
internal electrode solution. Internal patch pipette solu-
tion contained, in mM, 140 CsCl, 2 MgCl,, 40 HEPES, 10
EGTA, 2 Na,ATP, 1.5 Na,GTP (pH 7.3 with CsOH and
290-295 mOsM).

Synaptically evoked responses were elicited using bipolar
stimulating electrodes fabricated with either theta-glass
pipettes or pairs of epoxy-coated tungsten microelectrodes
encased in a single barrel glass pipette (Harvard Appara-
tus, Holliston, MA). Stimulating electrodes of either theta-
glass or tungsten (10-30 um or 5 MQ tips respectively)
were positioned near the dendritic field of targeted pyram-
idal cells (100-300 um from the dendritic axis). Stimulus
intensity was optimized for each cell to produce monosy-
naptic near-threshold amplitude IPSCs (0.005 mA to 1.0
mA, 0.1 ms pulse). Minimal responses were determined
to be near-threshold level when decreasing the stimulus
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intensity resulted in failures < 50% of the time and the
response no longer decreased in amplitude. Minimally
evoked responses also displayed amplitudes that were
similar to spontaneously occurring events. Synaptically
evoked IPSC responses were recorded with the cell
clamped at its resting membrane potential (-65 + 5 mV)
to avoid imposing additional leak currents within the cell.

All EPSCs were blocked by bath application of (#)-2-
amino-5-phosphonopentanoic acid (APV) (100 uM) and
6-cyano-7-nitro-quinoxaline-2, 3-dione (CNQX) (17.2
puM) to block NMDA and AMPA receptor-mediated synap-
tic currents respectively. Spontaneous IPSCs were
recorded with each cell voltage-clamped at its resting
membrane potential using KCl-based internal solution
that reversed the driving force of the chloride currents and
increased the amplitude of small IPSCs.

Drug treatment with furosemide (1 mM) and picrotoxin
(150 uM) were always preceded by data collection of at
least five runs with 10 repeats over a 20 m period to deter-
mine baseline response. Drugs were allowed to perfuse
into the tissue for at least 15 m with responses monitored
during this period, in order to determine response stabil-
ity. Next, drug responses were collected with a minimum
of 5 runs with 10 repeats over 15 m for each condition.
Responses were analyzed for the last 3 runs (10 repeats
each) of each condition during the most stable periods of
drug perfusion and control conditions.

Data collection and analysis

Average electrode series resistance ranged from 10-20 MQ
after break in. Whole-cell recording seal impedance
ranged from 1-3 GQ. Average resting membrane poten-
tials were -65 + 5 mV. Recordings with seals less than 1 GQ
or resting membrane potentials greater than -55 mV were
not included in the analysis. In voltage-clamp experi-
ments, access resistance was monitored using a 20 ms
voltage step deviation from the holding potential and
repeated throughout the duration of the recording.

Spontaneous current recordings were collected and digit-
ally stored (30 s long continuous current recording, 10
repeats or more, 10 kHz sampling). IPSC events were
automatically detected through a computer algorithm
(custom routines written in MATLAB) that identified
peaks that were negatively shifted at least 2 standard devi-
ations from the baseline. Mean baseline noise floor was
12 + 5 pA. Slow events were selected initially based on vis-
ual inspection. A control group of IPSCs was randomly
selected from all recordings to compare to the sampled
slow IPSC population. The control IPSC events were ran-
domly selected from the recordings that contained the vis-
ually identified slow IPSCs as well as from randomly
selected recordings that lacked slow IPSCs.

http://www.biomedcentral.com/1471-2202/9/8

For a representative neuron all events (greater than 2 SD
above baseline) were analyzed and the kinetics compared
with our random sample of events from all cells. The
kinetic and amplitude properties were quantitatively sim-
ilar for the single cell estimates with all events included
and the random sample population across all cells (see
Results).

Isolated spontaneous and evoked IPSCs were fitted with a
double exponential equation to determine the decay time
constant after the IPSC peak. The double exponential
empirical function was of the following form:

y=Ae ™0+ A e

The parameters A, and A, represent the amplitude of the
two components. The equation was fitted to the data
using a constrained nonlinear least squares optimization
routine (fmincon, Matlab). Nonlinear constraints were
used such that t, was greater than 1. Rise times were esti-
mated as the time from 10 to 90% of the peak amplitude
(t, and t, respectively) from baseline (see Figure 1). For
fast events the rise times show binning at the sampling
rate (see Figure 2A), because the estimates were not fitted
or interpolated.

IPSC events were classified as slow or fast based on the rise
time and decay time kinetics [47]. Correlations of rise
time and decay time revealed a clustering into two unique
populations. The demarcation between the fast and slow
population was determined from the local minimum in
the intensity plot of the correlation between rise time and
decay time. Slow events were defined as IPSCs with rise
times greater than 3 ms and decay time constants greater
than 20 ms. Events that were beyond the constraints of the
slow classification were considered fast events (see Figure
2A).

All data analysis and statistical tests were performed using
MATLAB Release 12 (Mathworks, Natick, MA). All statis-
tics are expressed as the mean + standard deviation unless
otherwise stated. Statistical significance of data from con-
trol and drug treated groups was determined using the
Student's ¢ test or Wilcoxon signed-rank test, for cases
where the data was not normal on a linear scale. One-way
multivariate analysis of variance (MANOVA) was used to
compare differences across groups of multivariate data.
Multi-way factorial ANOVA was used to compare differ-
ences from three or more independent groups. Time
locked current and voltage traces were averaged in Matlab
to produce mean evoked IPSCs.

Histology
Excitatory pyramidal neurons were targeted for all record-
ings. However, histological reconstructions revealed that a
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subset of the cells (5 out of 52) were inhibitory aspiny
interneurons. All electrically evoked synaptic responses
were recorded from excitatory layer 4 pyramidal neurons.
In some cases the histological analysis was not successful
and therefore, it is possible that layer 4 and 5 neurons
have been combined. Cell body morphology and spiking
responses were consistent across all pyramidal cells.

In order to perform histological reconstructions the inter-
nal solution contained 0.5% to 1% neurobiotin (Vector
Laboratories, Burlingame, CA). Slices were processed with
the Elite VectaStain ABC kit (Vector Laboratories, Burlin-
game, CA) according to the protocol described by Hamam
and Kennedy [68]. Stained slices were mounted wet with
Vectashield mounting medium (Vector Laboratories, Bur-
lingame, CA). Digital images were reconstructed using
Adobe Photoshop (Adobe Systems Incorporated, San
Jose, CA) to determine cell morphology and the presence
of dendritic spines.

Animals/Chemicals

All rats were obtained from Charles Rivers Laboratories
(Wilmington, MA). Chemicals for the ACSF were reagent
grade or better and obtained from J. T. Baker (Philadel-
phia, PA) or Sigma-Aldrich (St. Louis, MO).

Additional material

Additional file 1

IPSC analysis of all events for a representative cell. For a representative
neuron, all isolated IPSC events (n = 461) were sampled and fitted to
determine the amplitude, rise time and decay time. The vertical arrows
indicate the population geometric mean for the amplitude (52.6 + 44.6
pA) rise time (1.1 + 0.9 ms) and the decay time constant (7.3 + 3.1 ms).
The average rate was 1.9 Hz across all sampled events (30 s long data
records, 8 repeats, 240 s total). These measures are quantitatively similar
to our random sample of fast IPSC events.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2202-9-8-S1.eps]
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Sceniak MP, Sabo SL. Modulation of firing rate by background
synaptic noise statistics in rat visual cortical neurons. J Neuro-
physiol 104: 2792-2805, 2010. First published August 25, 2010;
doi:10.1152/jn.00023.2010. It has been shown previously that back-
ground synaptic noise modulates the response gain of neocortical
neurons. However, the role of the statistical properties of the noise in
modulating firing rate is not known. Here, the dependence of firing
rate on the statistical properties of the excitatory to inhibitory balance
(EI) in cortical pyramidal neurons was studied. Excitatory glutama-
tergic and inhibitory GABAergic synaptic conductances were simu-
lated as two stochastic processes and injected into individual neurons
in vitro through use of the dynamic-clamp system. Response gain was
significantly modulated as a function of the statistical interactions be-
tween excitatory and inhibitory synaptic conductances. Firing rates were
compared for noisy synaptic conductance steps by varying either the EI
correlation or the relative delay between correlated E and 1. When
inhibitory synaptic conductances exhibited a short temporal delay (5
ms) relative to correlated excitatory synaptic conductances, the re-
sponse gain was increased compared with noise with no temporal
delay but with an equivalent degree of correlation. The dependence of
neuronal firing rate on the EI delay of the noisy background synaptic
conductance suggests that individual excitatory pyramidal neurons are
sensitive to the EI balance of the synaptic conductance. Therefore the
statistical EI interactions encoded within the synaptic subthreshold
membrane fluctuations are able to modulate neuronal firing properties.

INTRODUCTION

Interactions of excitatory and inhibitory (EI) synaptic inputs
are crucial for cortical circuit function. EI interactions have
been shown to play a crucial role in regulating and establishing
cortical receptive field properties (Borg-Graham et al. 1998;
Connors et al. 1988; Douglas and Martin 2004; Douglas et al.
1991; Ferster and Jagadeesh 1992; Hirsch and Martinez 2006;
Ozeki et al. 2009). Recent studies have suggested that EI
balance, or the ratio of excitatory to inhibitory synaptic inputs,
is one form of EI interaction that helps establish the intrinsic
excitability of the cortex (Leger et al. 2005; Maffei et al. 2004;
Trevelyan and Watkinson 2005; Xing and Gerstein 1996). It
has been shown that correlated activity within the cortical
network critically influences the response of individual neurons
within the network (de la Rocha et al. 2007; Destexhe et al.
2001; Fellous et al. 2003; Nirenberg and Latham 2003; Pillow
et al. 2008; Rauch et al. 2003). Besides the EI balance, other
possible EI interactions exist within the cortical network that
might regulate neuronal information processing such as the
correlated firing and relative timing of excitation and inhibi-
tion. Such interactions have implications for neuronal process-

Address for reprint requests and other correspondence: M. P. Sceniak, Case
Western Reserve Univ., Dept. of Pharmacology, Wood Bldg. W343, 2109
Adelbert Rd., Cleveland, OH 44106 (E-mail: michael.sceniak @case.edu).
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ing where global network activity seems to modulate receptive
field properties of individual neurons (Sceniak et al. 1999;
Series et al. 2003).

Recent studies have shown that noisy background synaptic
activity modulates the responsiveness of cortical neurons rel-
ative to a quiescent state (Chance et al. 2002; Fellous et al.
2003; Higgs et al. 2006; Mitchell and Silver 2003; Prescott and
De Koninck 2003). Noisy background synaptic activity com-
posed of excitatory and inhibitory synaptic conductances, sim-
ulated using the dynamic-clamp technique, have been shown to
modulate response firing rate gain. Whether individual neurons
are capable of detecting particular EI statistical interactions
embedded within the noisy background signals has not been
addressed previously.

A given excitatory pyramidal cortical neuron receives thou-
sands of synaptic inputs from many neurons within the circuit
(Douglas and Martin 1991, 2004; Thomson et al. 2002b). The
pattern of activity converging on a given pyramidal neuron
contains the sum of these synaptic inputs. Background synaptic
activity can originate from either feed-forward or recurrent
feedback drive from either excitatory or inhibitory neurons or
a combination of these sources (Douglas and Martin 2004;
Stepanyants et al. 2009). By simulating the pattern of activity
converging on a given neuron, the interactions and statistics of
excitatory and inhibitory synaptic conductance inputs can be
controlled to determine their effects on firing rate. Such pat-
terns of activity represent the relative correlation and syn-
chrony of excitation and inhibition.

This study addresses to what extent the firing rate encoding
of individual neurons is modulated by the EI interactions that
define the background synaptic noise conductance. The EI
interactions tested include the degree of correlation between
excitation and inhibition and the relative temporal delay or
phase between correlated excitation and inhibition. Using the
dynamic-clamp system and a stochastic model to simulate in
vivo-like synaptic conductances (Destexhe et al. 2001, 2003;
Fellous et al. 2003), we were able to design particular synaptic
conductance stimuli that isolated the effects of these particular
El interactions. Synaptic noise signals with identical mean, SD,
and EI correlation were generated that differed in whether there
was a relative delay between excitation and inhibition.

Understanding the effects of global network activity on the
information processing of individual neurons is a necessary
component to determining how network states contribute to
perception and sensation (Fregnac 2003; de la Rocha et al.
2007; El Boustani et al. 2009). Classifying the population of
synaptic inputs from the cortical network according to the
statistical interactions between the excitatory and inhibitory
synaptic inputs that make up the network allows us to deter-
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mine the response modulation from network activity in a
reduced model system. Given the complexity of cortical net-
works, this allows one to reduce the problem to manageable
comparisons and more straightforward interpretations. Our
results indicate that neurons are sensitive to these subtle sta-
tistical interactions between excitation and inhibition and need
to be considered in models of cortical function.

METHODS

All procedures and protocols used in this study adhere to published
guidelines of the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee at Case Western Reserve
University. Rat brain slices were cut from dissected visual cortex of
young adult (28-32 days postnatal) Long-Evans rats (Charles River
Laboratories, Wilmington, MA). Animals used for the data in Figs. 6 and
7 were 14-21 days old. Initially, rats were anesthetized with isoflurane
(4%). The brain was dissected and temporarily (<30 s) placed in ice-cold
(1-4°C) oxygenated (95% 0,-5% CO,) artificial cerebral spinal fluid
(ACSF), composed of the following (in mM): 126 NaCl, 1 NaH,PO,, 25
NaHCOs;, 25 dextrose, 3 KCI, 2 MgSO,, and 2 CaCl,. Brain slices were
cut in oxygenated ice-cold ASCF into 350-um slices and placed in a
holding chamber with 30-35°C ACSF that gradually (<30 min) equil-
ibrated to room temperature (25°C).

Brain slices were transferred from the holding chamber after 1-2 h
and placed in a submersion-recording chamber with a heated water
jacket (Warner Instruments, Hamden, CT). Slices were perfused with
oxygenated 30-35°C gravity-fed ACSF (2—4 ml/min). ASCF temper-
ature was maintained with a ThermoClamp-1 (Automate Scientific,
Berkeley, CA) inline heater and temperature controller. Neurons were
visualized with an Olympus BX51WI microscope (Olympus America,
Central Valley, PA) equipped with a water immersion objective (20X,
with 2X after magnification) with near-infrared wavelength illumina-
tion, differential interference contrast optics (DIC), and a CCD cam-
era (OLY-150, Olympus America) with contrast enhancement.

Electrophysiology

Membrane potentials and currents were collected using a Multi-clamp
700B patch clamp amplifier (Axon Instruments, Foster City, CA) and
digitized with a Digidata 1440A analog to digital converter that was
controlled by the pClamp 10.2 software package (Axon Instruments).
Recording electrodes were filled with a K-gluconate—based internal so-
lution composed of the following (in mM): 100 K-gluconate, 20 KCl, 10
phosphocreatine, 5 MgCl,, 10 HEPES, 4 Na-ATP, and 0.3 Na-GTP (pH
7.3 and 290-300 mOsm). Some experiments (Figs. 6 and 7) were
performed with the following internal electrode solution (in mM): 100
K-gluconate, 1 EGTA, 5 MgCl,, 40 HEPES, 2 Na-ATP, and 0.3 Na-GTP
(pH 7.3 and 290-300 mOsm). Electrode resistance ranged from 4 to 8
M(Q), and whole cell patch recordings were made with seal resistances of
1-3 GQ. Successful whole cell recordings had resting membrane poten-
tials of —57 mV or more negative. Average electrode series resistance
ranged from 10 to 30 MQ after whole cell patching. Recordings with
seals <1 G() or resting potentials greater than —57 mV were not
included in the analysis.

Excitatory pyramidal neurons were selected from within rat pri-
mary visual cortical layer 5. Pyramidal neurons were selected to
establish the most homogeneous population possible. Pyramidal neu-
rons were selected initially based on spiking and intrinsic electrical
membrane properties and confirmed through histological reconstruc-
tions using biocytin fills (Sceniak and Maciver 2006, 2008).

Dynamic clamp

Conductance injection was accomplished through use of a computer-
based dynamic-clamp system. The computer contained an Intel-based
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motherboard running the real-time Linux operating system (RTAI,
www.rtai.org), with an open source data acquisition hardware driver
(COMEDI, www.comedi.org) and open source dynamic-clamp soft-
ware (RTXI; Dorval et al. 2001). Data acquisition and control was
accomplished through a National Instruments data acquisition board
(PCI-6251, Austin, TX) and interface breakout box (BNC-2090, Na-
tional Instruments). The dynamic-clamp system sampled voltage mea-
sures at 15 kHz. The computer used for the dynamic-clamp system
contained a dual microprocessor-based motherboard (Intel, Core 2
Duo, Santa Clara, CA) running at 2.53 GHz. Stimuli were constructed
and delivered via custom written RTXI modules according to the
equations described below.

Point conductance model

The synaptic conductance injected into the soma of each cell was
generated from the point conductance model to simulate noisy back-
ground synaptic activity (Destexhe et al. 2001, 2003; Fellous et al.
2003). Excitatory and inhibitory synaptic conductances were com-
bined by Ohm’s law and Kirchhoff’s current law to produce a total
synaptic current to drive individual neurons to produce action poten-
tials (Fig. 1). The total synaptic current, I, was calculated in real time
from the instantaneous membrane potential measure, V,, and the time
dependent excitatory, g.(7), and inhibitory, g;(f) synaptic conductances

Lyn = 8e(1) (Vi — E) + &(1) (Vi — E) 1)

The reversal potential for glutamatergic excitation and GABAergic inhi-
bition were £, = 0 mV and E, = —75 mV, respectively (Fig. 1),
consistent with previous reports (Chance et al. 2002; Fellous et al. 2003).

The excitatory and inhibitory conductances used to simulate noisy
background synaptic activity were defined by two stochastic processes
based on the Ornstein-Uhlenbeck process originally introduced to
describe Brownian motion (Destexhe et al. 2001). The time-dependent
equations for these two processes for excitation, g.(f), and inhibition,
g.(), were as follows

*—[ge(t) 2eo] + \/Dexi (1) (2a)

= —[g (1) = gi0] + \/Dixa(1) (2b)

The stochastic processes for excitation and inhibition were defined by the
mean conductances, g., and g,. the time constants, 7, and 7;, and the
noise diffusion coefficients, D, and D;. The stochastic process for
excitation and inhibition also contained a Gaussian white noise ran-
dom variable, y,(#) and x,(?), respectively, each with zero mean and
unit SD. The SD of these stochastic processes is known analytically
(Destexhe et al. 2001; Gillespie 1996)

DTt
o= 3

Throughout all experiments, the SD of excitation, o, and inhibition,
a;, were matched (o, = o). The inhibitory mean, u,;, was greater than
o;. The time constants for excitation, 7., and inhibition, 7;, were 2.7
and 10.5 ms, respectively. The mean excitatory conductance, u., and
E and I SD (o, = o) were varied during the experiments to elicit
action potential discharge (Fig. 1). These parameters (w, o, and o;)
were optimized for each cell to achieve a range of firing rates.

The degree of correlation between the stochastic processes for
excitation and inhibition was defined by taking the matrix product of
a Gaussian random number, x,(#), and the Cholesky factorization (C =
LLT) of the correlation matrix, X. The correlation matrix for gener-
ating two noise signals with a correlation of 0.5 is given by
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synaptic conductance membrane potential

gy = ge(Vm-Ee) + gi(vm-Ei)

syn
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FIG. . Statistical interaction between excitation and inhibition. The synaptic current, /,,, was calculated in real time based on the instantaneous membrane potential
recoding and the time sampled conductances for excitation and inhibition (top box). Simulated synaptic noise based on the O-U stochastic processes allowed for the
independent control of the excitatory and inhibitory mean (., and ;) and SD (o, and ;). Excitation and inhibition were combined such that they were either uncorrelated
(data not shown), (A) correlated, (B) partially correlated with no excitatory to inhibitory balance (EI) delay, or (C) correlated with an EI delay. The degree of correlation
between excitation and inhibition scales the peak of the cross-correlogram (A and B, bottom). Before temporally shifting the inhibitory synaptic array to generate an EI
delay, the correlation between excitation and inhibition, or the predelay correlation (pdc), is 1.0. The EI delay (5 ms) causes the cross-correlation peak to shift from 0
(C, bottom). (D) Plot of correlation as a function of delay to determine the transformation from EI delay to correlation. Conductances defined by a temporal delay between
excitation and inhibition display a corresponding correlation, which corresponds to the cross-correlation at time shift zero (vertical dashed line in C, see inset for
expansion of the region around 0). Negative delay values indicate conditions where inhibition preceded excitation (enlarged in E), whereas positive delay values represent
the condition where inhibition followed excitation (enlarged in F). The solid gray curve in D shows the correlation resulting from the simulation of excitatory and
inhibitory conductances with corresponding delays for a single 2 s-long noise trace. The solid black curves in D—F are the average correlation over 20 repeats of the
simulation, with unique random sequences for each repeat. Vertical dashed line indicates 0 delay in D. Exponential equations (dashed curves in E and F) were fitted
separately to each tail of the normalized correlation transformation function. The fitted parameters of the exponential were used to determine the correlation for a given
excitatory to inhibitory relative delay. The thick gray lines indicate the delay value at a correlation of 0.5.

| L 05 @ xX2=C-xi (&)

05 1 To introduce a time delay, At, between excitation and inhibition, x,(f)
) ' was shifted Af time samples to produce a new random variable y,(¢ +
Therefore a new random variable, x,(7), was generated with a defined  Ar). The corresponding excitatory and inhibitory random variables,

degree of correlation between excitation and inhibition X1 (1) and x,(t +Ar), were used to solve for g and g; respectively. The
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predelay correlation (pdc) is the degree of correlation before a time
shift. The time shift decreases the correlation (at time = 0) in a
manner that depends on Az: larger delays decrease the correlation
more than smaller delays. Therefore the new EI correlation was
calculated for excitatory and inhibitory conductances, g.(f) and g,(?),
after the imposed time shift. This calculation yields the correlation
with an EI delay (see REsuLTs and Fig. 1) and permits comparison to
unshifted input conductances (i.e., EI synaptic conductances with no
delay).

Data analysis

All data analyses were performed using custom-written functions in
Matlab R2009a (The Mathworks, Natick, MA) and functions written
in C++ under Linux. All statistics are expressed as the median unless
otherwise stated. Statistical significance was determined using the Wilcoxon
signed rank sum test and analysis of covariance (ANCOVA) where appro-
priate. Time-locked voltage responses were analyzed to determine
spike rates correlated to their corresponding conductance injections.
Spikes were analyzed off-line by determining voltage deflections
above a threshold (> —10 mV). The correlation, cross-correlation,
autocorrelation, and power spectra were calculated using Matlab
functions.

Sigmoid, Michaelis-Menten, functions were fitted to the firing rate
responses, using nonlinear constrained optimization (fmincon, Matlab
function). For response functions where there was a response decrease
with an increase in the sampled parameter, x (normalized correlation),
or an increase in the sampled parameter, y (conductance), the follow-
ing sigmoid functions were used

xﬂ

R(x) = Ripax — Rmaxﬁ +b (6)
) (2" + )
and
o
R(y) = Rmuxﬁ )
O o)

respectively. The parameters R, ., 11, b, and ¢, represent the maximal
firing rate, acceleration rate exponent, response offset rate, and the
value of x or y that produces one half the maximal response, respec-
tively. The offset, b, was set to the spontaneous firing rate (0 in all
cases). The maximal response, R, .., Was constrained to within =50%
of the empirical maximum response. The half-saturation value, cs,
was constrained to the maximum of the sampled parameters, x. The
acceleration exponent, n, was constrained to be between 0.1 and 10.
The slope of the sigmoid function was calculated as the first derivative
of the sigmoid function evaluated at the half-maximal value, c5,, or

Rn
slope = — (8)
4C50

Conductance-based model neuron

Neuron model simulations were performed using the Matlab soft-
ware package (Mathworks, Natick, MA). Differential equations for
the Hodgkin-Huxley—like model were solved numerically using
fourth-order Runge-Kutta. The differential equations were solved for
each time step (0.01 ms, 100 kHz) for 2 s of total time. The differential
equation used to describe the neuron total current was as follows

dv,,

Cm? = Isyn - gleak(vm - Eleak) - INa - IK - IM - IA -

Iy = Inep
)

where the membrane capacitance, C,, = 1.3 nF, the leak conductance,
Zreak = 0.01 uS, and the leak reversal potential, E,.,, = —70 mV. The
synaptic current /., was defined by

syn?
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Isyn =~ & (Vm - Ee) - gisyn(vm - El) (10)

syn
where the excitatory, g., and inhibitory, g;, conductances were defined by
the point conductance model describe above with excitatory synaptic
reversal potential, £, = 0 mV and inhibitory synaptic equilibrium po-
tential, £, = —80 mV. The Na® and K™ reversal potentials were
calculated through the Nernst equation, where the internal and external
concentrations for Na* and K* were (in mM) 20, 150, 100, and 6,
respectively, and the temperature was equal to 30°C.

Action potentials

The spike Na™ and K™ currents were defined as

INa = EN&(Vm - ENJ.) : m?\la : hNa 1
I = gx(Vin = Ex) - mix (12)
where the maximal conductance gy, = 50 wS, sodium reversal Ey, =
50 mV, gx = 5 uS, and Ex = —72 mV. The activation and
inactivation dynamics were modeled as first order processes, where
dm
Tm(vm)z =mo(Vy) —m (13)
and
dh
(V) = (Vi) = (14

The steady-state activation (m.,) and inactivation (/..) equations and
the time constants, 7,,, and 7, were defined by Winograd et al. (2008).

Spike-frequency adaptation

The spike-frequency adaptation current 7, was defined as

hi=3u P (Vi — Ex) I5)
where

dp

i (P —p)/7)(Vin) (16)

with g\, = 0.13 uS. The steady-state activation (p..) equation for
the Iy, current and the time constant, 7,(7,,.« = 1.1 s), were defined
by Winograd et al. (2008).

The Connors-Stevens current /, was defined as follows

Iy=3x-m* h-(Vy — Ey) 17)

where g, = 0.5 uS, and the activation and inactivation dynamics
were modeled as first-order processes as described above (Egs. 13 and
14), using the steady-state activation (m.) and inactivation (%..)
equations defined by Dayan and Abott (2005).

Hyperpolarization-activated current

The hyperpolarization-activated cationic current /;; was defined as follows
IH=§H'm’(Vm_EH) 18)

where g,; = 0.03 uS and E;; = —43 mV. The activation dynamics were

modeled as first-order processes as above (Eq. 13) using the steady-state

(m.,) equation defined by Huguenard and McCormick (1992).
Persistent sodium conductance

INaPngaP'm'hP'(VmiENﬂ) (19)

where gy.p = 1.1 uS and Ey, was defined as above. The activation
dynamics were modeled as above (Eg. 13) and the steady-state (m.,
and h..,) equations were as defined by Wu et al. (2005).
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RESULTS

Construction of in vivo—like synaptic noise barrages with
defined statistical properties

To determine the extent to which EI synaptic interactions
modulate neuronal response output, we studied neuronal firing
rate output in excitatory cortical pyramidal neurons as a func-
tion of the statistical interaction between excitatory and inhib-
itory synaptic inputs, using a dynamic-clamp system (Fig. 1).
Noisy synaptic conductances for excitation and inhibition were
generated based on the Ornstein-Uhlenbeck (O-U) stochastic
point conductance model (see METHODS).

In vivo, neurons receive a variety of inputs from both
excitatory and inhibitory neurons, and the correlation between
these inputs depends on the circuitry. Correlations are sensitive
to both the synchrony and the timing of the inputs. Therefore
we examined how neurons respond to correlations between
excitatory and inhibitory synaptic conductances using two
approaches to vary correlation between E and 1. Correlations
caused by synchrony of E and I can be simulated using
Cholesky factorization to empirically define the degree of
correlation (see METHODS). Using this approach, synaptic noise
signals were generated that ranged from conditions where
excitatory and inhibitory synaptic conductances were com-
pletely uncorrelated (corr = 0.0, data not shown) to conditions
where excitation and inhibition were completely correlated
(corr = 1.0; Fig. 1A). Figure 1B shows an intermediate level of
correlation between excitation and inhibition (corr = 0.5).

To simulate correlations between excitation and inhibition
that depend on the relative timing of E and I, correlated
excitatory and inhibitory conductance arrays were time shifted
relative to each other to produce a given temporal delay (EI
delay; Fig. 1C). In all cases, excitatory and inhibitory noise
used to produce synaptic noise with an EI delay were initially
generated with a correlation of 1.0 before time shifting the
inhibitory noise array to produce the EI delay. We refer to this
initial correlation as the predelay correlation (pdc = 1.0). The
delay causes the correlation between E and I to be reduced
(Fig. 1C). EI delays ranged from 0 to 200 ms. With the
exception of Fig. 1, D and E, inhibition always followed
excitation. For conditions where excitation and inhibition were
correlated (Fig. 1B) or correlated with an EI delay (Fig. 10),
the means and SD of the synaptic conductances were held
constant across conditions. This allowed us to isolate the
effects of correlation and temporal-delay on firing rate respon-
siveness independent of EI input statistics.

To directly compare firing rate responses for noise that is
systematically varied in EI correlation with no EI delay (e.g.,
as in Fig. 1, A and B) to noise with a fixed correlation but with
a varying El delay (e.g., as in Fig. 1C), it is necessary to match
the responses for actual correlation. For a given temporal delay
between excitatory and inhibitory synaptic noise conductances,
there is a corresponding correlation measure that depends on
the magnitude of the delay (Fig. 1D): increasing the EI delay
decreases the degree of correlation. To determine the degree of
ElI correlation in the presence of the EI delay, the cross-
correlation of the noise conductances (20 kHz, 2 s; pdc = 1.0)
was calculated at a range of EI delays. These EI delays appear
as a horizontal shift in the cross-correlation peak (Fig. 1C,
bottom). The correlation for each EI delay corresponds to the

M. P. SCENIAK AND S. L. SABO

cross-correlation of the two time-shifted signals at time = 0
(Fig. 1, A-O).

To create a transformation from EI delay to correlation,
correlation was plotted as a function of EI delay (gray curve,
Fig. 1D). The average delay versus correlation function was
estimated as the mean correlation for 20 repeats (black curve,
Fig. 1D). Fitting separate exponential functions (dashed curve,
Fig. 1 E and F) to the average correlation values (solid black
curve, Fig. 1D) as a function of negative EI delays (inhibition
before excitation, Fig. 1E) and positive EI delays (inhibition
after excitation, Fig. 1 F) provided a complete description of the
transformation from EI delay to correlation. This transforma-
tion could be used to determine the correlation of any two noise
signals (pdc = 1.0) that contained an EI delay. For example, a
5-ms EI delay between excitatory and inhibitory noise signals
yields a correlation of 0.5 (with inhibition following excita-
tion). The values obtained from this transformation then al-
lowed direct comparison of neuronal spike rate responses for
two different noise signals with equivalent correlations defined
by either 7) EI delay or 2) Cholesky factorization without an EI
delay.

Effects of EI correlation and timing on neuronal firing rates

To determine whether neurons can detect the EI noise
balance statistics between the stimuli constructed as described
above, synaptic noise signals were generated and introduced
into pyramidal neurons in layer 5 of visual cortical slices using
the dynamic-clamp technique, and the resulting neuronal spik-
ing responses were recorded. For a given noise conductance
step composed of a combination of excitation and inhibition,
conditions where excitation and inhibition were correlated by
varying degrees (corr = 0—1) were compared with conditions
where excitation and inhibition were completely correlated
(pdc = 1.0) but were offset by an EI delay (delay = 0-50 ms)
such that inhibition lagged excitation (Fig. 2). The mean and
SD of excitation and inhibition were optimized for each re-
corded neuron to produce a moderate firing rate (7-30 Hz)
when excitation and inhibition were uncorrelated with no time
delay (corr = 0.0). Each conductance step (2 s, 15-kHz sample
rate) was repeated two times, and the firing rates were aver-
aged. Representative mean firing rate responses are shown for
three neurons (Fig. 2). Firing rate responses showed a clear
dependence on both EI correlation (Fig. 2, A/-A3) and EI
temporal delay (Fig. 2, B/I-B3). Response rates were con-
sistently reduced when E and I noise conductances were
correlated and contained little temporal delay. Similar de-
pendence on EI correlation and response enhancement for
noise containing an EI delay were observed when intracel-
lular calcium was buffered with EGTA in the patch pipette
(Supplementary Fig. S1).!

To directly compare firing rates for noise steps with and
without EI delays, the degree of EI correlation was estimated
for EI noise with a temporal delay using the exponential fits of
correlation shown in Fig. 1F. Neuronal mean firing rate re-
sponses for noise with correlations defined by EI delay were
plotted as a function of correlation (Fig. 2, CI-C3, black). For
comparison, spiking responses for noise with equivalent EI
correlations but no delay (gray) were overlaid on the delay

! The online version of this article contains supplemental data.
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FIG. 2. Background synaptic noise statis-
tics modulate response gain. Representative
firing rate response (mean rate) curves as a
function of EI synaptic noise statistics are
shown for 3 representative neurons (1-3).
Conductance injection was a step function of
combined excitation and inhibition with either
a given EI correlation (corr = 0.0-1.0, gray
curves) or a given El delay (delay = 0—50 ms,
black curves). A/-A3: firing rate responses
(spikes/s) are shown as a function of the de-
gree of EI correlation for correlations defined
empirically by Cholesky factorization, as illus-
trated in Fig. 1, A and B. BI-B3: responses for
the same neurons in A to varied EI temporal
delays are shown in the center column. Inhi-
bition followed excitation, as shown in Fig. 1,
Cand F. C1-C3: responses to both types of EI
noise (i.e., with or without temporal delay) are
shown as a function of their corresponding EI

correlation. The EI correlation for synaptic
noise steps with a temporal delay were esti-
mated from the delay to correlation relation-
ship in Fig. 1D. The response gain was greater
for synaptic noise signals that contain a tem-
poral delay between excitation and inhibition
(black) compared with those with equivalent
predefined correlations between excitation and
inhibition but no temporal delay (gray).
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plots (Fig. 2, CI-C3, gray). The change in mean firing rate
response as a function of correlation was steeper for noise
containing an EI delay and elevated for small EI temporal
delay values (<10 ms; Fig. 2, CI-C3). Thus in the presence of
an EI delay, the response gain was increased at high EI
correlations, and responses saturated and stabilized at a high
firing rate over a wide range of low EI correlations. In contrast,
in the absence of EI delay, responses appeared more linear over
the entire range of EI correlations.

Firing rate response curves were fitted with empirical func-
tions. Fits for the same three neurons as shown in Fig. 2 are
shown in Fig. 3, AI-A3. For EI noise with a temporal delay,
firing rate responses as a function of EI correlation were
sigmoid shaped and fitted with a sigmoidal, Michaelis-Menten
equation (black curves, Fig. 3, AI-A3). However, firing rate
responses as a function of EI correlation without an EI tem-
poral delay were well fit by a linear regression (gray curves,
Fig. 3, AI-A3). To make statistical comparisons across the
population, parameters were extracted from the fits. For delay
data, the maximum response, linear region (cs,), and slope of
the response function in the linear region were estimated from
the sigmoidal fits (see METHODS). For EI noise responses with-
out a temporal delay, comparable measures were extracted
from the linear fits.

Across the population of recorded neurons (n = 29), the
parameters of the sigmoid fits to the response versus EI delay
noise steps were compared with the linear fits of the response
versus no EI delay steps (Fig. 4). Although the no delay EI

steps produced responses that were linear over the range of EI
correlations tested, the EI delay responses displayed responses
that were linear only near the higher EI correlation values
(median c5, = 0.79; Fig. 4A). For very low correlation EI noise
(corr = 0.1), the firing rate responses to EI noise with a
temporal delay and without an EI delay (Fig. 4, B and C) were
not significantly different [#* = 0.95, median response %
difference (delay — no delay) = 2.9, P > 0.05, Wilcoxon rank
sum test]. For EI noise steps with moderately correlated EI
noise (corr = 0.75; Fig. 4, D and E), firing rate responses were
significantly greater [r* = 0.97, median response % difference
(delay — no delay) = 17.5, P = 2.8 X 10~ °, Wilcoxon rank
sum test], across the population, for EI noise steps with a
temporal delay than with no delay. Therefore on average,
response enhancement resulting from EI temporal delay tends
to occur from correlated noise (corr = 0.75) rather than
essentially uncorrelated noise (corr = 0.1), and the responses
are not significantly different for very low correlation EI noise.

The slope of the response versus correlation tuning curves
was compared for EI noise with an EI temporal delay (esti-
mated at the cs, value, or linear region, for sigmoid fits, see
METHODS) to EI noise steps with no delay (linear fits; Fig. 4, F
and G). On average, the slopes were uncorrelated (r* = 0.53)
and significantly greater for EI noise steps with a temporal
delay [median slope % difference (delay — no delay) = —61.6,
P = 38 X 10~° Wilcoxon rank sum test]. Overall, there is
much greater sensitivity (spike rate per corr, slope) to change
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in firing rate as a function of EI correlation when an EI
temporal delay is present.

The extent to which the SD of the dynamic clamp command
current, I, might be responsible for differences in the firing
rate observed with and without an EI temporal delay was also
examined (Figs. 3, B/-B3, and 5). To test this, firing rate
responses for stimuli with and without an EI temporal delay
were plotted versus the SD of the current injected into each
neuron from the combined E and I conductances (I, see
METHODS; Fig. 3, BI-B3). Responses for representative neurons
are shown next to their corresponding firing rate versus corre-
lation curves (Fig. 3, right and left columns, respectively). The
mean firing rates for EI noise with a delay (black, Fig. 3,
B1-B3) were consistently greater compared with responses for
stimuli with no EI delay (gray, Fig. 3, BI-B3), even for
matched [, SD. To make statistical comparisons across the
population of neurons, firing rates as a function of the SD of
Ly, were fitted with linear regressions (Fig. 3, B/-B3). To
determine how well the linear model accounts for the data, the
best fit 7% estimate was calculated and compared for both delay
and no delay responses (Fig. 5A). The responses resulting from
correlated EI noise without a delay were well fit with a linear
regression, because the goodness of fit was typically high
(>0.9) for responses with no EI delay. However, responses
with an EI delay were not fit well by a linear model. The
goodness of fit was significantly lower when an EI delay was
present [median r* % difference (delay — no delay) = —13,
P = 1.12 X 107'° Wilcoxcon rank sum test; Fig. 5B]. The
slopes of both linear regressions were compared. Across the

l,,, standard deviation (pA)

population, the slopes of the linear regression for firing rate
versus /4 were also not correlated for responses resulting from
noise steps with a temporal delay versus with no EI delay (+* =
0.23, P = 0.68, Wilcoxon rank sum test; Fig. 5). Because the
firing rate responses as a function SD of [, were significantly
different between noise steps with an EI temporal delay and
with no EI temporal delay, the SD of the command current,
I, is not sufficient to explain the differences in response.

syn>

Effects of EI balance on neuronal firing rates

To determine the effects of synaptic EI noise statistics across
a range of EI balances (defined as the ratio of mean excitation
to inhibition, w./p,), we sampled a range of excitatory mean
conductances, p., for a given excitatory SD, o, and a fixed
level of mean inhibition, w;, with SD, o; (3 repeats of each
excitatory mean conductance amplitude; 1-s step at 15 kHz).
The response gain function (spike rate vs. mean excitatory
conductance) was estimated for conductance steps with no
noise (o, = 0nS, w; = 15 nS, g, = 0 nS), noise with a defined
correlation between excitation and inhibition (corr = 0.5,
delay = O ms; o, = 15 nS, w; = 15 nS, g; = 15 nS) and noise
(o, = 15nS, w; = 15 nS, o, = 15 nS) with an EI delay (delay =
5 ms, corr = 0.5; Fig. 6, A and B). The correlations of the two
random processes were identical (corr = 0.5; see Fig. 1D).

Conductance steps with noise that contained an EI delay (O)
and with no EI delay (@) were compared with conductance
steps (with the same mean conductance) with no noise (Fig. 6,
C-F). Response functions resulting from conductance steps
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FIG. 4. Population analysis of response vs.

EI correlation tuning curves. A: for EI noise

with a temporal delay, the correlation that pro-

duced a half-maximal response, cs,, was ex-

tracted from the sigmoidal function fits and is

shown across the population of cells (median =

5 0.79, n = 29). B and C: the mean firing rate
responses are shown for noise steps with a
temporal delay vs. without an EI temporal

corr = 0.1
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delay, estimated from the sigmoid and linear
regression fits, respectively, at a low EI corre-
lation (corr = 0.1). The responses are highly
correlated (7 = 0.95) and are not significantly
different from one another [median response
% difference (delay — no delay) = 2.9]. Ver-
tical arrow indicates the median in C. D and
E: fitted response estimates are shown for high
EI correlation (corr = 0.75). The mean firing
rates with and without delay are correlated
(* = 0.97), and responses are significantly
greater (P = 2.8 X 10™°, Wilcoxon rank sum
5 test) for noise steps with an EI temporal delay
[median response % difference (delay — no
delay) = 17.5]. For scatter plots in B and D,
firing rate responses are shown as spikes/s. F
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with EI noise regardless of the presence of an EI delay (dashed
and gray, Fig. 6, A and B) were shifted to the left and yielded
higher firing rates for the same mean conductance compared
with conductance steps with no noise (black curve, Fig. 6, A
and B). Across the population (n = 11; Fig. 5C), there was a
significant increase in responsiveness for noise steps both with
no EI delay and with an EI delay [median R, % change
(noise — no noise) = 7 and 14%; P = 0.005 and P = 0.005,
Wilcoxon signed rank sum test, respectively]. For noise con-
ductance steps with an EI delay, there was a significant left-
ward shift of the response versus conductance function [me-
dian c5, % change (noise — no noise) = —10%, P = 0.04,

-50 0 50
‘. slope % difference (delay — no delay)

Wilcoxon signed rank sum test] and an increase in the slope
[median slope % change (noise — no noise) = 8%, P = 0.01,
Wilcoxon signed rank sum test] compared with noiseless
conductance steps (Fig. 6, D and F).

Synaptic noise composed of correlated excitation and inhi-
bition with an EI delay (delay = 5 ms, corr = 0.5) was
compared with correlated noise with no EI delay (corr = 0.5,
delay = 0 ms; Figs. 6, A and B, and 7). Note that these two
noise signals have identical EI correlations (corr = 0.5; Fig. 1).
Gain response functions with identical correlation, but with or
without an EI delay, showed differences in their firing rate
responses (dashed vs. gray curve, Fig. 6, A and B). Across the
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FIG. 5. Population analysis of response vs. command current SD. A: across
the population of cells (n = 31), the response vs. command current SD was
fitted with a linear regression. The 7 goodness of fit was estimated for each
curve on a cell by cell basis. Responses resulting from noise steps with no EI
delay were well fitted by a linear regression (+* > 0.9, vertical line), but the
majority of responses from noise steps with an EI temporal delay were poorly
fitted with a linear regression (r2 < 0.9, horizontal line). B: on average, the
responses from noise steps with an EI delay produced lower > values [median
? % difference (delay — no delay) = —13, vertical arrow]. C: the slopes of the
linear regressions for firing rate vs. command current SD are shown. The
slopes for responses resulting from noise steps with an EI delay were not
significantly correlated (©* = 0.23) with slopes for responses resulting from
noise steps with no EI delay.

population of sampled neurons (n = 11), the slope (as calcu-
lated at the cs, value) of the firing rate versus conductance
response was significantly higher for noise that contained an EI
delay [median slope % change (delay — no delay) = 10.1%,
P = 0.013, Wilcoxon signed rank sum test; Fig. 7D]. EI

M. P. SCENIAK AND S. L. SABO

synaptic noise conductance temporal delay also resulted in a
slight but significant change in the maximum response [median
R,,.x % change (delay — no delay) = 7%, P = 0.02, Wilcoxon
signed rank sum test; Fig. 7A] and significant leftward shifts in
the response functions [median cs, % change (delay — no
delay) = —4%, P = 0.014, Wilcoxon signed rank sum test;
Fig. 7C]. Therefore an EI delay with equivalent correlation
produced response functions that were shifted leftward with an
increase in absolute response, causing an increase in response
gain or slope (Fig. 7D).

Synaptic noise in a Hodgkin-Huxley—like model neuron

To study whether the effects of EI interactions described
above can be accounted for by spike currents and/or slow
spike-frequency adaptation currents, the responses to back-
ground synaptic noise were examined using a conductance-
based, Hodgkin-Huxley-like model neuron (see METHODS and
Fig. 8). As with the dynamic-clamp recordings, the noisy
synaptic conductances for excitation and inhibition were gen-
erated using the stochastic O-U model (see METHODS). The
model neuron contained Na* and K™ action potential conduc-
tances, a leak conductance, spike frequency adaptation con-
ductances (I, and 1,), the hyperpolarization-activated conduc-
tance (Iy;), and a persistent sodium conductance (Iy,p), With
conductance values chosen from estimates of cortical pyrami-
dal neurons in the literature (see METHODS).

Analogous to the patch-clamp experiments, the firing rate of
the conductance-based model neuron was quantified for con-
ductance steps where excitatory and inhibitory synaptic con-
ductances were correlated by varying degrees (corr = 0.0-1.0;
Fig. 8A) to conductance steps where excitatory and inhibitory
synaptic conductances were correlated (pdc = 1.0) but con-
tained varying degrees of EI delay (0—-200 ms, inhibition
follows excitation; Fig. 8B). The correlation of EI noise steps
containing an EI delay was estimated as described above in
Fig. 1, D and F, and mean firing rates were plotted as a
function of correlation. Firing rate responses resulting from
stimulation with noise steps with an EI temporal delay were
enhanced (black points, Fig. 8C) for moderately correlated
noise (corr = 0.4—0.6) compared with noise with no EI delay
(gray points, Fig. 8C).

Next, the data were fitted as described above for neuronal
recordings. The response as a function of correlation was linear
for noise with no EI delay (gray curve, Fig. 8C) and saturating
for noise with an EI delay (black curve, Fig. 8C), similar to that
observed from neuronal recordings. However, when the firing
rate was plotted as a function of command current, Isyn, SD,
the response enhancement was no longer observed (Fig.
8D). The linear regression fits of firing rate versus the SD of
Iy, were statistically identical (P > 0.05, ANCOVA).
Therefore unlike the neuronal recordings, the difference in
response between noise steps with an EI delay and with no
delay can be accounted for by differences in the SD of the
synaptic current that result from the summed EI conduc-
tances. These modeled conductances are therefore insuffi-
cient to account for the observed firing rate properties in the
presence of delayed inhibition. These results suggest that
there are at least two mechanisms that contribute to neuronal
responses to correlated E-I noise with a delay: one mecha-
nism that is sensitive to the SD of the synaptic currents and
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FIG. 6. Noise modulates the response
gain as a function of the statistical balance
between excitation and inhibition. A and
B: the firing rate (Hz) response as a function
of injected conductance mean is shown for 2
representative neurons. Black curves indi-
cate conductance steps with no noise. Gray
® curves indicate conductance steps with the
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can be generated by activation of conductances present in
the model and a second mechanism that depends on addi-
tional channels or properties.

DISCUSSION

Previous studies have shown that barrages of synaptic ac-
tivity shape the time constants and integrative properties of
neocortical neurons (Borg-Graham et al. 1998; Destexhe et al.
2003; Leger et al. 2005; Shu et al. 2003; Wehr and Zador 2003;
Zsiros and Hestrin 2005). The effects of barrages of synaptic
conductances have been observed both in vitro and in response
to visual stimulation in vivo (Destexhe et al. 2003; Douglas
and Martin 2004; Leger et al. 2005; Shu et al. 2003). Therefore
subthreshold synaptic conductances play a crucial nonlinear
role in synaptic integration and in shaping network behavior by
affecting response properties of individual neurons.

0.0 1.1 2.2

slope (noise)

Diverse effects have been reported for the modulation of
firing rate from the combination of DC steps and noisy back-
ground synaptic input conductances delivered through the
dynamic-clamp system. Some have reported a divisive effect
from background synaptic noise (Chance et al. 2002; Mitchell
and Silver 2003; Prescott and De Koninck 2003), whereas
others have shown either a multiplicative effect or a mixture of
effects across cell types (Higgs et al. 2006; Murphy and Miller
2003). Barrages of synaptic activity as seen in vivo would
induce conductance changes without additional DC current steps
(Graham and Schramm 2009). Therefore we measured the re-
sponse gain resulting from noisy conductance steps without an
additional DC step to simulate biologically realistic synaptic stim-
ulation. We found that noise has a multiplicative rather than
divisive effect on response gain, consistent with observations by
Higgs et al. (2006) from neocortical pyramidal cells in vitro, as
well as model results (Murphy and Miller 2003).
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The results presented here showed that the firing rates of
individual excitatory pyramidal cortical neurons are modulated
by the statistical properties of the synaptic noise conductance
that they receive. Specifically, individual neurons showed
response gain enhancement for synaptic noise conductance
steps where inhibition was delayed relative to excitation for
correlated O-U processes compared with noisy conductance
steps where excitation and inhibition have a comparable degree
of correlation but lacked an EI delay. Comparing firing rate as
a function of EI delay indicated that such responsiveness
enhancement occurs when correlated (corr = 1.0) inhibition

follows excitation within the range of 1-10 ms. These temporal
delays are consistent with EI temporal interactions as short as
a single monosynaptic delay. Such delays might result from
either feed-forward inhibition or recurrent lateral interactions
and have been observed during spontaneous activity (Douglas
and Martin 2004; Okun and Lampl 2008; Thomson et al.
2002a).

Firing rate responses to noise steps with an EI delay showed
enhanced firing rates relative to no EI delay even when plotted
as a function of the SD of the dynamic clamp command, I,

Firing rate as a function of /,, SD was linear over the range of
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FIG. 8. Effects of synaptic noise in a conductance-based model simulation.

A-C: firing rate responses are shown as a function of the EI correlation for
noise conductance steps. Responses were averaged over 10 repeats.Firing rate
is shown as a function of the EI correlation (A) and as a function of EI temporal
delay (B). C: the firing rate responses for EI noise with a temporal delay (black
points) are elevated relative to responses with no EI temporal delay (gray
points). The solid black and gray curves represent sigmoid and linear fits to the
data, respectively. D: the firing rate response from C are shown plotted as a
function of the SD of the model current drive, I ,. Unlike the neuron
recordings, both the responses from the noise steps with a temporal delay
(black points) and with no delay (gray points) are well fit by the same linear
regression (ANCOVA).

EI correlations (0-1), whereas the same relation was not well
fit by a linear regression when an EI temporal delay was
present. The slope of the linear regression for the response
versus Iy, SD was also not correlated between the delay and
no delay step responses. Therefore the firing rate response
enhancement resulting from the presence of an EI temporal
delay was not explained by the command current, /,, SD.

Near spike threshold for these neurons (approximately —40

mV), the combined EI synaptic noise current [/, = g.(Vy,

of the autocorrelation function (Supplementary Fig. S24) and
power spectrum (Supplementary Fig. S2B) for noise with an EI
delay (5 ms, black traces) compared with no EI delay (gray
traces). The power spectrum of the combined EI noise indi-
cated that high-frequency oscillations were present when an EI
delay was present (Supplementary Fig. S2B). Previous reports
have shown that neurons are able to track transients =200 Hz
with no attenuation, well above that predicted from the cut-off
from passive membrane properties (Kondgen et al. 2008).
Therefore it is possible that such oscillations were responsible
for the response gain enhancement observed with noise con-
taining an EI delay. The oscillation frequencies were within the
range of cortical oscillations induced by cortical network
activity observed in vivo (Fries et al. 2007).

The statistical interactions between excitation and inhibition
used to define the fluctuating synaptic conductances in our
study correspond to biologically realistic circuitry. We used the
0O-U model to simulate the summed activity of a barrage of
either glutamatergic or GABAergic synaptic inputs. The cor-
relation between the excitatory and inhibitory inputs simulated
the circuitry behind the converging synaptic inputs of a given
recorded neuron. Uncorrelated EI synaptic noise would corre-
spond to independent excitation and inhibition, whereas corre-
lated EI noise would correspond to circuitry with a common
input for excitation and inhibition (Fig. 9). EI noise with
delayed inhibition could result from disynaptic (or polysynap-
tic) inhibition from a common input source. Such canonical
circuits have been described for neocortical pyramidal neurons
and therefore reflect realistic and plausible synaptic drive
(Douglas and Martin 2004; Ferster and Miller 2000; Wehr and
Zador 2003).

Cortical responses in vivo are driven by dynamic changes in
the balance of excitation to inhibition. In vivo whole cell
recordings of visually evoked activity have shown that the ratio
of excitation to inhibition depends on the visual stimulus and
the level of network activity (Azouz and Gray 2008; Monier et
al. 2008). Stimulus selective spiking arises through changes in
the EI balance, relative timing, and degree of synchrony for
optimal and nonoptimal stimuli (Anderson et al. 2001; Azouz
and Gray 2008; Borg-Graham et al. 1998; Monier et al. 2008).
Although it is well established that the relative strength and
timing of E and I vary during visual stimulation, it is not clear
how EI timing and synchrony control the firing rates. Spatially

E.) — g(V,, — E;] used in our study shows distinct properties extended visual stimuli induce a reduction in spike rates
corr=0 corr=0.5 corr =1 corr = 0.5 with delay
from from from from
sensory sensory sensory sensory|
input input input input

—

W&
\

o

p4F

A

FIG. 9. Correlation statistics and corre-
sponding circuit models. The degree of cor-
relation between excitation and inhibition
depends in part on whether excitation and
inhibition have a common input. Excitation
with no common input, partial common in-
put, or complete common input would cor-
respond to corr = 0.0, 0.5, and 1.0, respec-
tively. Correlated excitation and inhibition
with a temporal delay would result from
disynaptic inhibition with a common input.

-~
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through surround suppression (Anderson et al. 2001; Sceniak
et al. 1999). This spike rate reduction results from a concom-
itant increase in synaptically driven inhibition and decrease in
excitation (Anderson et al. 2001). During spontaneous high-
conductance UP-states in vivo, it has also been shown that the
balance of excitation to inhibition varies throughout the UP
state (Haider et al. 2006; Rudolph et al. 2007).

Not only is the excitatory to inhibitory balance dynamically
modulated by stimulus drive, the history of this activity alters
the circuit through plasticity. For example, the balance between
excitation and inhibition is dynamically shifted by differential
sensitivity of excitation and inhibition to synaptic depression,
adaptation, and homeostatic plasticity (Heiss et al. 2008;
Maffei et al. 2006; Varela et al. 1999). In addition, plasticity
could alter the relative EI timing and correlation through
activity-dependent changes in local circuitry. In somatosensory
cortex, trains of stimuli induce adaption of feedforward con-
nections from the thalamus but do not alter intracortical syn-
aptic responses (Chung et al. 2002). In other experiments, it
has been shown that, although depression of EPSCs in feed-
forward and feedback pathways within the cortex exhibit
similar dependencies on the frequency of stimulation, inhibi-
tory synapses from feedback pathways are more depressed than
those from feedforward pathways when stimulated at high
frequencies (Dong et al. 2004).

Our results indicate that an EI noise temporal delay modu-
lates response gain for a single excitatory pyramidal neuron.
More complex models will need to be tested that take into
account the spatial arrangement of synaptic inputs as well as
synaptic plasticity (Azouz 2005). It will be important to exam-
ine whether the effects observed here are present in other types
of cortical neurons, such as various classes of inhibitory
neurons, because different cell types likely have unique statis-
tical patterns of synaptic input for excitation and inhibition. In
addition, a recent study showed that subthreshold membrane
potential fluctuations from synaptic inputs reflect the sensory
drive and degree of network correlation (El Boustani et al.
2009). Further studies will be needed to measure the full range
of synaptic input statistics present in vivo. In particular, deter-
mining the impact of synaptic patterns that arise from specific
visual stimuli will be important for characterizing the relevance
of neuronal sensitivity to EI temporal interactions to visual
processing.

Understanding the modulatory effects of synaptic back-
ground noise on response properties of neocortical neurons is
a necessary component to decoding cortical processing. It will
be essential to consider these effects to form accurate models
of cortical function. Not only is our understanding of the
effects of EI interactions on cortical responses important for
the understanding of normal cortical function, it is also ex-
pected to provide insight into the mechanisms of diseases
linked to cortical dysfunction (Uhlhaas and Singer 2006).
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Abstract:

It has been shown previously that background synaptic noise modulates the response gain of
neocortical neurons. However, the role of the statistical properties of the noise in modulating firing rate
is not known. Here, the dependence of firing rate on the statistical properties of the excitatory to
inhibitory balance (EI) in cortical pyramidal neurons was investigated. Excitatory glutamatergic and
inhibitory GABA-ergic synaptic conductances were simulated as two stochastic processes and injected
into individual neurons in vitro through use of the dynamic-clamp system. Response gain was
significantly modulated as a function of the statistical interactions between excitatory and inhibitory
synaptic conductances. Firing rates were compared for noisy synaptic conductance steps by varying
either the EI correlation or the relative delay between correlated E and I. When inhibitory synaptic
conductances exhibited a short temporal delay (5 ms) relative to correlated excitatory synaptic
conductances, the response gain was increased compared to noise with no temporal delay but with an
equivalent degree of correlation. The dependence of neuronal firing rate on the EI delay of the noisy
background synaptic conductance suggests that individual excitatory pyramidal neurons are sensitive to
the EI balance of the synaptic conductance. Therefore, the statistical EI interactions encoded within the

synaptic subthreshold membrane fluctuations are able to modulate neuronal firing properties.

keywords: visual cortex, correlation, synapse, GABA, glutamate, dynamic-clamp, whole-cell patch

clamp, in vitro, neocortex, firing rate, action potential, spikes.
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INTRODUCTION:

Interactions of excitatory and inhibitory (EI) synaptic inputs are crucial for cortical circuit function.
EI interactions have been shown to play a crucial role in regulating and establishing cortical receptive
field properties (Borg-Graham et al. 1998; Connors et al. 1988; Douglas and Martin 2004; Douglas et
al. 1991; Ferster and Jagadeesh 1992; Hirsch and Martinez 2006; Ozeki et al. 2009). Recent studies
have suggested that EI balance, or the ratio of excitatory to inhibitory synaptic inputs, is one form of EI
interaction that helps establish the intrinsic excitability of the cortex (Leger et al. 2005; Maffei et al.
2004; Trevelyan and Watkinson 2005; Xing and Gerstein 1996). It has been shown that correlated
activity within the cortical network critically influences the response of individual neurons within the
network (de la Rocha et al. 2007; Destexhe et al. 2001; Fellous et al. 2003; Nirenberg and Latham
2003; Pillow et al. 2008; Rauch et al. 2003). Besides the EI balance, other possible EI interactions exist
within the cortical network that might regulate neuronal information processing such as the correlated
firing and relative timing of excitation and inhibition. Such interactions have implications for neuronal
processing where global network activity appears to modulate receptive field properties of individual
neurons (Sceniak et al. 1999; Series et al. 2003).

Recent studies have shown that noisy background synaptic activity modulates the responsiveness of
cortical neurons relative to a quiescent state (Chance et al. 2002; Fellous et al. 2003; Higgs et al. 2006;
Mitchell and Silver 2003; Prescott and De Koninck 2003). Noisy background synaptic activity
composed of excitatory and inhibitory synaptic conductances, simulated using the dynamic-clamp
technique, have been shown to modulate response firing rate gain. Whether or not individual neurons
are capable of detecting particular EI statistical interactions embedded within the noisy background
signals has not been addressed previously.

A given excitatory pyramidal cortical neuron receives thousands of synaptic inputs from many
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neurons within the circuit (Douglas and Martin 1991; 2004; Thomson et al. 2002b). The pattern of
activity converging on a given pyramidal neuron contains the sum of these synaptic inputs. Background
synaptic activity can originate from either feed-forward or recurrent feedback drive from either
excitatory or inhibitory neurons or a combination of these sources (Douglas and Martin 2004;
Stepanyants et al. 2009). By simulating the pattern of activity converging on a given neuron, the
interactions and statistics of excitatory and inhibitory synaptic conductance inputs can be controlled to
determine their effects on firing rate. Such patterns of activity represent the relative correlation and
synchrony of excitation and inhibition.

This study addresses to what extent the firing rate encoding of individual neurons is modulated by
the EI interactions which define the background synaptic noise conductance. The EI interactions tested
include the degree of correlation between excitation and inhibition and the relative temporal delay or
phase between correlated excitation and inhibition. Using the dynamic-clamp system and a stochastic
model to simulate in vivo-like synaptic conductances (Destexhe et al. 2001; Destexhe et al. 2003;
Fellous et al. 2003), we were able to design particular synaptic conductance stimuli which isolated the
effects of these particular EI interactions. Synaptic noise signals with identical mean, standard
deviation and EI correlation were generated that differed in whether there was a relative delay between
excitation and inhibition.

Understanding the effects of global network activity on the information processing of individual
neurons is a necessary component to determining how network states contribute to perception and
sensation (Fregnac, 2003; de la Rocha, 2007; EI Boustani, 2009). Classifying the population of
synaptic inputs from the cortical network according to the statistical interactions between the excitatory
and inhibitory synaptic inputs that make up the network allows us to determine the response

modulation from network activity in a reduced model system. Given the complexity of cortical
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networks, this allows one to reduce the problem to manageable comparisons and more straight-forward
interpretations. Our results indicate that neurons are sensitive to these subtle statistical interactions

between excitation and inhibition and need to be considered in models of cortical function.
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METHODS:

All procedures and protocols used in this study adhere to published guidelines of the National Institutes
of Health and were approved by the Institutional Animal Care and Use Committee at Case Western
Reserve University. Rat brain slices were cut from dissected visual cortex of young adult (28-32 days
postnatal) Long-Evans rats (Charles River Laboratories, Wilmington, MA). Animals used for the data
in Figures 6 & 7were 14-21 days old. Initially, rats were anesthetized with isoflurane (4%). The brain
was dissected and temporarily (< 30 s) placed in ice-cold (1-4 °C) oxygenated (95% O,, 5% CO,)
artificial cerebral spinal fluid (ACSF), composed of the following (in mM): 126 NaCl, 1 NaH,POy, 25
NaHCO;3, 25 dextrose, 3 KCI, 2 MgSO4 and 2 CaCl,. Brain slices were cut in oxygenated ice-cold
ASCF into 350 pm slices and placed in a holding chamber with 30-35 °C ACSF that gradually (<30
min) equilibrated to room temperature (25 °C).

Brain slices were transferred from the holding chamber after 1-2 hrs and placed in a submersion-
recording chamber with a heated water jacket (Warner Instruments, Hamden, CT). Slices were perfused
with oxygenated 30-35 °C gravity-fed ACSF (2-4 ml/min). ASCF temperature was maintained with a
ThermoClamp-1 (Automate Scientific, Berkeley, CA) inline heater and temperature controller. Neurons
were visualized with an Olympus BX51WI microscope (Olympus America, Central Valley, PA)
equipped with a water immersion objective (20X with 2X post magnification) with near-infrared
wavelength illumination, differential interference contrast optics (DIC) and a CCD camera (OLY-150,

Olympus America, Central Valley, PA ) with contrast enhancement.

Electrophysiology:

Membrane potentials and currents were collected using a Multi-clamp 700B patch clamp amplifier



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

(Axon Instruments, Foster City, CA) and digitized with a Digidata 1440A analog to digital converter
which was controlled by the pClamp 10.2 software package (Axon Instruments). Recording electrodes
were filled with a K-gluconate-based internal solution composed of the following (in mM): 100 K-
gluconate, 20 KCl, 10 phosphocreatine, 5 MgCl,, 10 HEPES, 4 Na-ATP, 0.3 Na-GTP (pH 7.3 and 290-
300 mOsm). Some experiments (Figures 6 & 7) were performed with the following internal electrode
solution (in mM): 100 K-gluconate, 1 EGTA, 5 MgCl,, 40 HEPES, 2 Na-ATP, 0.3 Na-GTP (pH 7.3 and
290-300 mOsm). Electrode resistance ranged from 4-8 MQ and whole-cell patch recordings were made
with seal resistances of 1-3 GQ. Successful whole-cell recordings had resting membrane potentials of -
57 mV or more negative. Average electrode series resistance ranged from 10-30 MQ after whole-cell
patching. Recordings with seals < 1GQ or resting potentials greater than -57 mV were not included in
the analysis.

Excitatory pyramidal neurons were selected from within rat primary visual cortical layer 5.
Pyramidal neurons were selected to establish the most homogeneous population possible. Pyramidal
neurons were selected initially based on spiking and intrinsic electrical membrane properties and

confirmed through histological reconstructions using biocytin fills (Sceniak and Maciver 2006; 2008).

Dynamic Clamp:

Conductance injection was accomplished through use of a computer-based dynamic-clamp system.
The computer contained an Intel-based motherboard running the real-time Linux operating system
(RTAI www.rtai.org), with an open source data acquisition hardware driver (COMEDI,
www.comedi.org) and open source dynamic-clamp software (RTXI, (Dorval et al. 2001)). Data
acquisition and control was accomplished through a National Instruments data acquisition board (PCI-

6251, Austin, TX) and interface breakout box (BNC-2090, National Instruments). The dynamic-clamp



168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

system sampled voltage measures at 15 kHz. The computer used for the dynamic-clamp system
contained a dual microprocessor-based motherboard (Intel, Core 2 Duo; Santa Clara, CA) running at
2.53 GHz. Stimuli were constructed and delivered via custom written RTXI modules according to the
equations described below.

Point conductance model:

The synaptic conductance injected into the soma of each cell was generated from the point
conductance model to simulate noisy background synaptic activity (Destexhe et al. 2001; Destexhe et
al. 2003; Fellous et al. 2003). Excitatory and inhibitory synaptic conductances were combined by
Ohm's law and Kirchhoff's current law to produce a total synaptic current to drive individual neurons to
produce action potentials (Figure 1). The total synaptic current, /;,,, was calculated in real-time from
the instantaneous membrane potential measure, V,,, and the time dependent excitatory, g.(z), and
inhibitory, g,(¢) synaptic conductances.

Lsyn = ge(O Wi — Ee) + :(O)(Vin — Ey) (1)
The reversal potential for glutamatergic excitation and GABAergic inhibition were £, = 0 mV and E; =
-75 mV respectively (Figure 1), consistent with previous reports (Chance et al., 2002; Fellous et al.,
2003).

The excitatory and inhibitory conductances used to simulate noisy background synaptic activity
were defined by two stochastic processes based on the Ornstein-Uhlenbeck process originally
introduced to describe Brownian motion (Destexhe et al. 2001). The time-dependent equations for

these two processes for excitation, g.(¢), and inhibition, g;(z), were as follows:
dge(t 1
Wl = 21900 = geol + JDera(® (22)

d%(t)= [ gi(®) = gio] + Dix2(t) . (2b)

Ti
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The stochastic processes for excitation and inhibition were defined by the mean conductances, g,y and
gio, the time constants, 7. and t;, and the noise ‘diffusion’ coefficients, D, and D;. The stochastic
process for excitation and inhibition also contained a Gaussian white noise random variable, y;(t) and
12(t) respectively, each with zero mean and unit standard deviation. The standard deviation of these

stochastic processes is known analytically (Destexhe et al. 2001; Gillespie 1996):

o? =2 3)

Throughout all experiments, the standard deviation of excitation, 6., and inhibition, c;, were matched
(0e=0i). The inhibitory mean, p;, was greater than o;. The time constants for excitation, 1., and
inhibition, 1;, were 2.7 ms and 10.5 ms, respectively. The mean excitatory conductance, ., and E and I
standard deviations (c. - 6i) were varied during the experiments to elicit action potential discharge
(Figure 1). These parameters (L., 6. and o;) were optimized for each cell to achieve a range of firing
rates.

The degree of correlation between the stochastic processes for excitation and inhibition was defined
by taking the matrix product of a Gaussian random number, y;(t), and the Cholesky factorization (C =
LL") of the correlation matrix, X. The correlation matrix for generating two noise signals with a

correlation of 0.5 is given by:

4)
Therefore, a new random variable, y»(t), was generated with a defined degree of correlation between
excitation and inhibition:

X2 =C-x1. (5)
In order to introduce a time delay, At, between excitation and inhibition, y,(t), was shifted At time

samples to produce a new random variable y(t +At). The corresponding excitatory and inhibitory
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random variables, y;(t) and y(t +At), were then used to solve for g, and g; respectively. The pre-delay
correlation (pdc) is the degree of correlation before a time shift. The time shift then decreases the
correlation (at time = 0) in a manner that depends on At: larger delays decrease the correlation more
than smaller delays. Therefore, the new EI correlation was calculated for excitatory and inhibitory
conductances, g.(?) and g;(t), after the imposed time shift. This calculation yields the correlation with an
EI delay (see Results and Figure 1) and permits comparison to unshifted input conductances (i.e. EI
synaptic conductances with no delay).
Data Analysis:
All data analyses were performed using custom-written functions in Matlab R2009a (The Mathworks,
Natick, MA) and functions written in C++ under Linux. All statistics are expressed as the median
unless otherwise stated. Statistical significance was determined using the Wilcoxon signed rank sum
test and analysis of covariance (ANOCOVA) where appropriate. Time-locked voltage responses were
analyzed to determine spike rates correlated to their corresponding conductance injections. Spikes were
analyzed offline by determining voltage deflections above a threshold (> -10 mV). The correlation,
cross-correlation, autocorrelation and power spectra were calculated using Matlab functions.

Sigmoid, Michaelis-Menten, functions were fitted to the firing rate responses, using nonlinear
constrained optimization (fmincon, Matlab function). For response functions where there was a
response decrease with an increase in the sampled parameter, x (normalized correlation), or an increase

in the sampled parameter, y (conductance), the following sigmoid functions were used:

R(x) = Rypgy — Ripay ———+ b, (6)

max
(x™+c50™)

n

R(y) = Rmax m +b, (7

respectively. The parameters Ry, 1, b and csp represent the maximal firing rate, acceleration rate
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exponent, response offset rate, and the value of x or y which produces half the maximal response,
respectively. The offset, b, was set to the spontaneous firing rate (0 in all cases). The maximal response,
Ronax, was constrained to within £50% of the empirical maximum response. The half-saturation value,
cs0, was constrained to the maximum of the sampled parameters, x. The acceleration exponent, n, was
constrained to be between 0.1 and 10. The slope of the sigmoid function was calculated as the first

derivative of the sigmoid function evaluated at the half-maximal value, cs, or

slope = R (8)

4C50

Conductance-based model neuron:

Neuron model simulations were performed using the Matlab software package (Mathworks, Natick,
MA). Differential equations for the Hodgkin-Huxley-like model were solved numerically using 4™
order Runge-Kutta. The differential equations were solved for each time step (0.01 ms, 100 kHz) for 2

s of total time. The differential equation used to describe the neuron total current was as follows:

AV
Cn—p = Isyn = Gieak(Vin = Erear) = Ina = Ik = Iv = Ia = It = Inap, ©)

where the membrane capacitance, C,, = 1.3 nF, the leak conductance, gj..x = 0.01 uS and the leak
reversal potential, Ej.x = -70 mV. The synaptic current /,,, was defined by

Iyn = ~GegynVin = Eo) = g1y Vi = ED) (10)
where the excitatory, g., and inhibitory, g;, conductances were defined by the point conductance model
describe above with excitatory synaptic reversal potential, £, = 0 mV and inhibitory synaptic
equilibrium potential, £; = -80 mV. The Na " and K reversal potentials were calculated through the
Nernst equation where the internal and external concentrations for Na™ and K~ were (in mM) 20, 150,
100 and 6 (respectively) and the temperature was equal to 30 °C.

Action Potentials:
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The spike Na+ and K+ currents were defined as
Ina = Gna(Vm — Ena) " Mva® * hwva (11)
Iy = gx(Vm — Ex) -mg* (12)
where the maximal conductance gy,= 50 uS, sodium reversal Ey, =50 mV, gx =5 uS and Ex =-72

mV. The activation and inactivation dynamics were modeled as first order processes, where

Tm(Vm) C;_T = moo(Vm) —m (13)
and
T3 (V) 5 = hoo (V) — . (14)

The steady-state activation (m.) and inactivation (%) equations and the time constants, 7, and 7y,
were defined by Winograd and colleagues (Winograd et al. 2008).
Spike-frequency adaptation:
The spike-frequency adaptation current /), was defined as
Iy = gu-p- (Vim— Ex) (15)

where

L = (Per = P)/7p V), (16)
with gy= 0.13 puS. The steady-state activation (p.) equation for the /), current and the time constant, z,,
(Tpmax = 1.1s), were defined by Winograd and colleagues (Winograd et al. 2008).
The Connors-Stevens current /, was defined as follows:
Iy=ga-m* h-V—Ey) (17)
where g,= 0.5 uS and the activation and inactivation dynamics were modeled as first order processes

as described above (eqgs. 13-14), using the steady-state activation (m.,) and inactivation (/4.) equations

defined by Dayan and Abott (Dayan and Abbott 2005).
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Hyperpolarization-activated current:
The hyperpolarization-activated cationic current /i was defined as follows:

Iy = gy -m- (Vin — En), (18)
where gy = 0.03 uS and £y = -43 mV. The activation dynamics were modeled as first order processes
as above (eq. 13) using the steady-state (m.,) equation defined by Huguenard and McCormick (1992).

Persistent sodium conductance:
Inap = Gnagp - M - hp *(Vm — Eng) » (19)
where gyqp=1.1 uS and Ey, was defined as above. The activation dynamics were modeled as above

(eq. 13) and the steady state (m. and /) equations were as defined by Wu et al. (2005).
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RESULTS:

Construction of in vivo-like synaptic noise barrages with defined statistical properties.

In order to determine the extent to which EI synaptic interactions modulate neuronal response
output, we investigated neuronal firing rate output in excitatory cortical pyramidal neurons as a
function of the statistical interaction between excitatory and inhibitory synaptic inputs, using a
dynamic-clamp system (Figure 1). Noisy synaptic conductances for excitation and inhibition were
generated based on the Ornstein-Uhlenbeck (O-U) stochastic point conductance model (see Methods).

In vivo, neurons receive a variety of inputs from both excitatory and inhibitory neurons, and the
correlation between these inputs depends on the circuitry. Correlations are sensitive to both the
synchrony and the timing of the inputs. Therefore, we examined how neurons respond to correlations
between excitatory and inhibitory synaptic conductances using two approaches to vary correlation
between E and 1. Correlations due to synchrony of E and I can be simulated using Cholesky
factorization to empirically define the degree of correlation (see Methods). Using this approach,
synaptic noise signals were generated that ranged from conditions where excitatory and inhibitory
synaptic conductances were completely uncorrelated (corr = 0.0, not shown) to conditions where
excitation and inhibition were completely correlated (corr = 1.0, Figure 1A). Figure 1B shows an
intermediate level of correlation between excitation and inhibition (corr = 0.5).

To simulate correlations between excitation and inhibition that depend on the relative timing of E
and I, correlated excitatory and inhibitory conductance arrays were time shifted relative to each other to
produce a given temporal delay (EI delay, Figure 1C). In all cases, excitatory and inhibitory noise used
to produce synaptic noise with an EI delay were initially generated with a correlation of 1.0 prior to

time shifting the inhibitory noise array to produce the EI delay. We refer to this initial correlation as the
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pre-delay correlation (pdc = 1.0). The delay causes the correlation between E and I to be reduced
(Figure 1C). EI delays ranged from 0 ms to 200 ms. With the exception of Figure 1D & E, inhibition
always followed excitation. For conditions where excitation and inhibition were correlated (Figure 1B)
or correlated with an EI delay (Figure 1C), the means and standard deviations of the synaptic
conductances were held constant across conditions. This allowed us to isolate the effects of correlation
and temporal-delay on firing rate responsiveness independent of EI input statistics.

In order to directly compare firing rate responses for noise which is systematically varied in EI
correlation with no EI delay (e.g. as in Figure 1A&B) to noise with a fixed correlation but with a
varying EI delay (e.g. as in Figure 1C), it is necessary to match the responses for actual correlation. For
a given temporal delay between excitatory and inhibitory synaptic noise conductances, there is a
corresponding correlation measure that depends on the magnitude of the delay (Figure 1D): increasing
the EI delay decreases the degree of correlation. To determine the degree of EI correlation in the
presence of the EI delay, the cross-correlation of the noise conductances (20 kHz, 2 s; pdc = 1.0) was
calculated at a range of EI delays. These EI delays appear as a horizontal shift in the cross-correlation
peak (Figure 1C, bottom panel). The correlation for each EI delay then corresponds to the cross-
correlation of the two time-shifted signals at time = 0 (Figure 1A-C).

To create a transformation from EI delay to correlation, correlation was plotted as a function of EI
delay (gray curve, Figure 1D). The average delay versus correlation function was estimated as the
mean correlation for 20 repeats (black curve, Figure 1D). Fitting separate exponential functions
(dashed curve, Figure 1E&F) to the average correlation values (solid black curve, Figure 1D) as a
function of negative EI delays (inhibition before excitation, Figure 1E) and positive EI delays
(inhibition after excitation, Figure 1F) provided a complete description of the transformation from EI

delay to correlation. This transformation could then be used to determine the correlation of any two
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noise signals (pdc = 1.0) that contained an EI delay. For example, a 5 ms EI delay between excitatory
and inhibitory noise signals yields a correlation of 0.5 (with inhibition following excitation). The
values obtained from this transformation then allowed direct comparison of neuronal spike rate
responses for two different noise signals with equivalent correlations defined by either (i) EI delay or

(i1) Cholesky factorization without an EI delay.

Effects of EI correlation and timing on neuronal firing rates.

To determine whether neurons can detect the EI noise balance statistics between the stimuli
constructed as described above, synaptic noise signals were generated and introduced into pyramidal
neurons in layer 5 of visual cortical slices using the dynamic-clamp technique and the resulting
neuronal spiking responses were recorded. For a given noise conductance step composed of a
combination of excitation and inhibition, conditions where excitation and inhibition were correlated by
varying degrees (corr = 0 to 1) were compared to conditions where excitation and inhibition were
completely correlated (pdc = 1.0) but were offset by an EI delay (delay = 0 to 50 ms) such that
inhibition lagged excitation (Figure 2). The mean and standard deviation of excitation and inhibition
were optimized for each recorded neuron to produce a moderate firing rate (7 to 30 Hz) when
excitation and inhibition were uncorrelated with no time delay (corr = 0.0). Each conductance step (2
s, 15 kHz sample rate) was repeated 2 times, and the firing rates were averaged. Representative mean
firing rate responses are shown for three neurons (Figure 2). Firing rate responses showed a clear
dependence on both EI correlation (Figure 2A1-A3) and EI temporal delay (Figure 2B1-B3). Response
rates were consistently reduced when E and I noise conductances were correlated and contained little
temporal delay. Similar dependence on EI correlation and response enhancement for noise containing

an EI delay were observed when intracellular calcium was buffered with EGTA in the patch pipette
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(Supplementary Figure 1).

In order to directly compare firing rates for noise steps with and without EI delays, the degree of EI
correlation was estimated for EI noise with a temporal delay using the exponential fits of correlation
shown in Figure 1F. Neuronal mean firing rate responses for noise with correlations defined by EI
delay were then plotted as a function of correlation (Figure 2C1-3, black). For comparison, spiking
responses for noise with equivalent EI correlations but no delay (grey) were overlaid on the delay plots
(Figure 2C1-3, grey). The change in mean firing rate response as a function of correlation was steeper
for noise containing an EI delay and elevated for small EI temporal delay values (< 10 ms, Figure 2C1-
3). Thus, in the presence of an EI delay, the response gain was increased at high EI correlations, and
responses saturated and stabilized at a high firing rate over a wide range of low EI correlations. In
contrast, in the absence of EI delay, responses appeared more linear over the entire range of EI
correlations.

Firing rate response curves were then fitted with empirical functions. Fits for the same 3 neurons as
shown in Figure 2 are illustrated in Figure 3A1-3. For EI noise with a temporal delay, firing rate
responses as a function of EI correlation were sigmoid shaped and fitted with a sigmoidal, Michaelis—
Menten equation (black curves, Figure 3A1-3). However, firing rate responses as a function of EI
correlation without an EI temporal delay were well fit by a linear regression (gray curves, Figure 3A1-
3). In order to make statistical comparisons across the population, parameters were extracted from the
fits. For delay data, the maximum response, linear region (csp), and slope of the response function in
the linear region were estimated from the sigmoidal fits (see Methods). For EI noise responses without
a temporal delay, comparable measures were extracted from the linear fits.

Across the population of recorded neurons (n = 29), the parameters of the sigmoid fits to the

response vs. EI delay noise steps were compared to the linear fits of the response vs. no EI delay steps
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(Figure 4). While the no delay EI steps produced responses that were linear over the range of EI
correlations tested, the EI delay responses displayed responses that were linear only near the higher EI
correlation values (median csp = 0.79, Figure 4A). For very low correlation EI noise (corr = 0.1), the
firing rate responses to EI noise with a temporal delay and without an EI delay (Figure 4B,C) were not
significantly different (r* = 0.95, median response % difference (delay — no delay) = 2.9, p > 0.05,
Wilcoxon rank sum test). For EI noise steps with moderately correlated EI noise (corr = 0.75, Figure
4D,E), firing rate responses were significantly greater (r* = 0.97, median response % difference (delay
—no delay) = 17.5, p = 2.8e-6, Wilcoxon rank sum test), across the population, for EI noise steps with a
temporal delay than with no delay. Therefore, on average, response enhancement resulting from EI
temporal delay tends to occur from correlated noise (corr = 0.75) rather than essentially uncorrelated
noise (corr = 0.1), and the responses are not significantly different for very low correlation EI noise.

The slope of the response vs. correlation tuning curves was compared for EI noise with an EI
temporal delay (estimated at the cso value, or linear region, for sigmoid fits, see Methods) to EI noise
steps with no delay (linear fits, Figure 4F,G). On average, the slopes were uncorrelated (r* = 0.53) and
significantly greater for EI noise steps with a temporal delay (median slope % difference (delay — no
delay) =-61.6, p = 3e-6, Wilcoxon rank sum test). Overall, there is much greater sensitivity (spike rate
per corr, slope) to change in firing rate as a function of EI correlation when an EI temporal delay is
present.

The extent to which the standard deviation of the dynamic clamp command current, /,,,, might be
responsible for differences in the firing rate observed with and without an EI temporal delay was also
examined (Figure 3B1-3 & Figure 5). To test this, firing rate responses for stimuli with and without an
EI temporal delay were plotted vs. the standard deviation of the current injected into each neuron from

the combined E and I conductances (Z,,,, see Methods; Figure 3B1-3). Responses for representative
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neurons are shown next to their corresponding firing rate vs. correlation curves (Figure 3 right and left
columns, respectively). The mean firing rates for EI noise with a delay (black, Figure 3B1-3) were
consistently greater when compared to responses for stimuli with no EI delay (grey, Figure 3B1-3),
even for matched /j,, standard deviations. In order to make statistical comparisons across the
population of neurons, firing rates as a function the standard deviation of [y, were fitted with linear
regressions (Figure 3B1-3). To determine how well the linear model accounts for the data, the best fit r-
squared estimate was calculated and compared for both delay and no delay responses (Figure 5A). The
responses resulting from correlated EI noise without a delay were well fit with a linear regression, since
the goodness of fit was typically high (> 0.9) for responses with no EI delay. However, responses with
an EI delay were not fit well by a linear model. The goodness of fit was significantly lower when an EI
delay was present (median r-squared % difference (delay —no delay) =-13, p = 1.12e-10, Wilcoxcon
rank sum test, Figure 5B). The slopes of both linear regressions were then compared. Across the
population, the slopes of the linear regression for firing rate vs. /,,; were also not correlated for
responses resulting from noise steps with a temporal delay vs. with no EI delay (r* = 0.23, p = 0.68,
Wilcoxon rank sum test, Figure 5). Because the firing rate responses as a function standard deviation
of I, were significantly different between noise steps with an EI temporal delay and with no EI
temporal delay, the standard deviation of the command current, /,,, is not sufficient to explain the

differences in response.

Effects of EI balance on neuronal firing rates.

In order to determine the effects of synaptic EI noise statistics across a range of EI balances (defined
as the ratio of mean excitation to inhibition, p/pi), we sampled a range of excitatory mean

conductances, [Le, for a given excitatory standard deviation, c., and a fixed level of mean inhibition, p;,
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with standard deviation, o; (3 repeats of each excitatory mean conductance amplitude; 1 s step at 15
kHz),. The response gain function (spike rate vs. mean excitatory conductance) was estimated for
conductance steps with no noise (e = 0 nS, p; = 15 nS, o; = 0 nS), noise with a defined correlation
between excitation and inhibition (corr = 0.5, delay = 0 ms ; 6. = 15 nS, p; = 15 nS, o; = 15 nS) and
noise (ce = 15 nS, ;=15 nS, 6; = 15 nS) with an EI delay (delay = 5 ms, corr = 0.5; Figure 6A-B).
The correlations of the two random processes were identical (corr = 0.5; see Figure 1D).

Conductance steps with noise that contained an EI delay (open circles) and with no EI delay (closed
circles) were compared to conductance steps (with the same mean conductance) with no noise (Figure
6C-F). Response functions resulting from conductance steps with EI noise regardless of the presence of
an EI delay (dashed and gray, Figure 6A,B) were shifted to the left and yielded higher firing rates for
the same mean conductance when compared to conductance steps with no noise (black curve, Figure
6A-B). Across the population (n = 11, Figure 5C), there was a significant increase in responsiveness for
noise steps both with no EI delay and with an EI delay (median R, % change [noise — no noise] = 7%
and 14%; p = 0.005 and p = 0.005, Wilcoxon signed rank sum test, respectively). For noise
conductance steps with an EI delay, there was a significant leftward shift of the response versus
conductance function (median cs9 % change [noise — no noise] =-10 %, p = 0.04, Wilcoxon signed
rank sum test) and an increase in the slope (median slope % change [noise — no noise] = 8%, p = 0.01,
Wilcoxon signed rank sum test) compared to noiseless conductance steps (Figure 6D&F).

Synaptic noise composed of correlated excitation and inhibition with an EI delay (delay = 5 ms, corr
= (0.5) was compared to correlated noise with no EI delay (corr = 0.5, delay = 0 ms; Figure 6A-B and
7). Note that these two noise signals have identical EI correlations (corr = 0.5, Figure 1). Gain response
functions with identical correlation, but with or without an EI delay, showed differences in their firing

rate responses (dashed vs. gray curve, Figure 6A-B). Across the population of sampled neurons (n =
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11), the slope (as calculated at the csy value) of the firing rate vs. conductance response was
significantly higher for noise that contained an EI delay (median slope % change [delay - no delay] =
10.1 %, p = 0.013, Wilcoxon signed rank sum test; Figure 7D). EI synaptic noise conductance temporal
delay also resulted in a slight but significant change in the maximum response (median R, % change
[delay - no delay] = 7%, p = 0.02, Wilcoxon signed rank sum test; Figure 7A) and significant leftward
shifts in the response functions (median csp % change [delay - no delay] = -4%, p = 0.014, Wilcoxon
signed rank sum test; Figure 7C). Therefore an EI delay with equivalent correlation produced response
functions that were shifted leftward with an increase in absolute response, causing an increase in
response gain or slope (Figure 7D).

Svynaptic noise in a Hodgkin-Huxley-like model neuron.

To investigate whether the effects of EI interactions described above can be accounted for by spike
currents and/or slow spike-frequency adaptation currents, the responses to background synaptic noise
were examined using a conductance-based, Hodgkin-Huxley-like model neuron (see Methods, Figure
8). As with the dynamic-clamp recordings, the noisy synaptic conductances for excitation and
inhibition were generated using the stochastic Ornstein-Uhlenbeck model (see Methods). The model
neuron contained Na+ and K+ action-potential conductances, a leak conductance, spike-frequency-
adaptation conductances (/)s and 1), the hyperpolarization-activated conductance (/x), and a persistent
sodium conductance (Iy,p), with conductance values chosen from estimates of cortical pyramidal
neurons in the literature (see Methods).

Analogous to the patch-clamp experiments, the firing rate of the conductance-based model neuron
was quantified for conductance steps where excitatory and inhibitory synaptic conductances were
correlated by varying degrees (corr = 0.0 to 1.0; Figure 8 A) to conductance steps where excitatory and

inhibitory synaptic conductances were correlated (pdc = 1.0) but contained varying degrees of EI delay
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(0 to 200 ms, inhibition follows excitation; Figure 8B). The correlation of EI noise steps containing an
EI delay was estimated as described above in Figure 1D and F then mean firing rates were plotted as a
function of correlation. Firing rate responses resulting from stimulation with noise steps with an EI
temporal delay were enhanced (black points, Figure 8C) for moderately correlated noise (corr = 0.4-
0.6) compared to noise with no EI delay (gray points, Figure 8C).

Next, the data were fitted as described above for neuronal recordings. The response as a function of
correlation was linear for noise with no EI delay (gray curve, Figure 8C) and saturating for noise with
an EI delay (black curve, Figure 8C), similar to that observed from neuronal recordings. However,
when the firing rate was plotted as a function of command current, Iy, standard deviation, the response
enhancement was no longer observed (Figure 8D). The linear regression fits of firing rate vs. the
standard deviation of Ly, were statistically identical (p > 0.05, ANACOVA). Therefore, unlike the
neuronal recordings, the difference in response between noise steps with an EI delay and with no delay
can be accounted for by differences in the standard deviation of the synaptic current that result from the
summed EI conductances. These modeled conductances are therefore insufficient to account for the
observed firing rate properties in the presence of delayed inhibition. These results suggest that there are
at least two mechanisms that contribute to neuronal responses to correlated E-I noise with a delay: one
mechanism is a sensitive to the standard deviation of the synaptic currents and can be generated by
activation of conductances present in the model, and a second mechanism that depends on additional

channels or properties.
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DISCUSSION:

Previous studies have shown that barrages of synaptic activity shape the time constants and
integrative properties of neocortical neurons (Borg-Graham et al. 1998; Destexhe et al. 2003; Leger et
al. 2005; Shu et al. 2003; Wehr and Zador 2003; Zsiros and Hestrin 2005). The effects of barrages of
synaptic conductances have been observed both in vifro and in response to visual stimulation in vivo
(Destexhe et al. 2003; Douglas and Martin 2004; Leger et al. 2005; Shu et al. 2003). Therefore,
subthreshold synaptic conductances play a crucial non-linear role in synaptic integration and in shaping
network behavior by affecting response properties of individual neurons.

Diverse effects have been reported for the modulation of firing rate from the combination of DC
steps and noisy background synaptic input conductances delivered through the dynamic-clamp system.
Some have reported a divisive effect from background synaptic noise (Chance et al. 2002; Mitchell and
Silver 2003; Prescott and De Koninck 2003), while others have shown either a multiplicative effect or a
mixture of effects across cell types (Higgs et al. 2006; Murphy and Miller 2003). Barrages of synaptic
activity as seen in vivo would induce conductance changes without additional DC current steps
(Graham and Schramm 2009). Therefore, we measured the response gain resulting from noisy
conductance steps without an additional DC step to simulate biologically realistic synaptic stimulation.
We find that noise has a multiplicative rather than divisive effect on response gain, consistent with
observations by Higgs and colleagues (Higgs et al. 2006) from neocortical pyramidal cells in vitro as
well as model results (Murphy and Miller 2003).

The results presented here demonstrate that the firing rates of individual excitatory pyramidal
cortical neurons are modulated by the statistical properties of the synaptic noise conductance that they
receive. Specifically, individual neurons showed response gain enhancement for synaptic noise

conductance steps where inhibition was delayed relative to excitation for correlated O-U processes
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compared to noisy conductance steps where excitation and inhibition have a comparable degree of
correlation, but lacked an EI delay. Comparing firing rate as a function of EI delay indicated that such
responsiveness enhancement occurs when correlated (corr = 1.0) inhibition follows excitation within
the range of 1 to 10 ms. These temporal delays are consistent with EI temporal interactions as short as a
single monosynaptic delay. Such delays might result from either feed-forward inhibition or recurrent
lateral interactions and have been observed during spontaneous activity (Douglas and Martin 2004;
Okun and Lampl 2008; Thomson et al. 2002a).

Firing rate responses to noise steps with an EI delay showed enhanced firing rates relative to no EI
delay even when plotted as a function of the standard deviation of the dynamic clamp command, Iy
Firing rate as a function of I, standard deviation was linear over the range of EI correlations (0-1),
while the same relation was not well fit by a linear regression when an EI temporal delay was present.
The slope of the linear regression for the response vs. Iy, standard deviation was also not correlated
between the delay and no delay step responses. Therefore, the firing rate response enhancement
resulting from the presence of an EI temporal delay was not explained by the command current, Iy,
standard deviation.

Near spike threshold for these neurons (approximately -40mV), the combined EI synaptic noise
current (L, = ge(V-E.)-giV-E:)) used in our study shows distinct properties of the autocorrelation
function (Supplementary Figure 2A) and power spectrum (Supplementary Figure2B) for noise with an
EI delay (5 ms, black traces) compared to no EI delay (gray traces). The power spectrum of the
combined EI noise indicated that high frequency oscillations were present when an EI delay was
present (Supplementary Figure 2B). Previous reports have shown that neurons are able to track
transients up to 200 Hz with no attenuation, well above that predicted from the cut-off from passive

membrane properties (Kondgen et al. 2008). Therefore, it is possible that such oscillations were
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responsible for the response gain enhancement observed with noise containing an EI delay. The
oscillation frequencies were within the range of cortical oscillations induced by cortical network
activity observed in vivo (Fries et al. 2007).

The statistical interactions between excitation and inhibition used to define the fluctuating synaptic
conductances in our study correspond to biologically realistic circuitry. We used the O-U model to
simulate the summed activity of a barrage of either glutamatergic or GABAergic synaptic inputs. The
correlation between the excitatory and inhibitory inputs simulated the circuitry behind the converging
synaptic inputs of a given recorded neuron. Uncorrelated EI synaptic noise would correspond to
independent excitation and inhibition, while correlated EI noise would correspond to circuitry with a
common input for excitation and inhibition (Figure 9). EI noise with delayed inhibition could result
from disynaptic (or polysynaptic) inhibition from a common input source. Such canonical circuits have
been described for neocortical pyramidal neurons and therefore reflect realistic and plausible synaptic
drive (Douglas and Martin 2004; Ferster and Miller 2000; Wehr and Zador 2003).

Cortical responses in vivo are driven by dynamic changes in the balance of excitation to inhibition.
In vivo whole-cell recordings of visually evoked activity have shown that the ratio of excitation to
inhibition depends on the visual stimulus and the level of network activity (Azouz and Gray 2008;
Monier et al. 2008). Stimulus selective spiking arises through changes in the EI balance, relative timing
and degree of synchrony for optimal and non-optimal stimuli (Anderson et al. 2001; Azouz and Gray
2008; Borg-Graham et al. 1998; Monier et al. 2008). Although it is well established that the relative
strength and timing of E and I vary during visual stimulation, it is not clear how EI timing and
synchrony control the firing rates. Spatially extended visual stimuli induce a reduction in spike rates
through surround suppression (Anderson et al. 2001; Sceniak et al. 1999). This spike rate reduction

results from a concomitant increase in synaptically driven inhibition and decrease in excitation
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(Anderson et al. 2001). During spontaneous high-conductance UP-states in vivo, it has also been shown
that the balance of excitation to inhibition varies throughout the UP state (Haider et al. 2006; Rudolph
et al. 2007).

Not only is the excitatory to inhibitory balance dynamically modulated by stimulus drive, the
history of this activity alters the circuit through plasticity. For example, the balance between excitation
and inhibition is dynamically shifted by differential sensitivity of excitation and inhibition to synaptic
depression, adaptation, and homeostatic plasticity (Heiss et al. 2008; Maffei et al. 2006; Varela et al.
1999). In addition, plasticity could alter the relative EI timing and correlation through activity
dependent changes in local circuitry. In somatosensory cortex, trains of stimuli induce adaption of
feedforward connections from the thalamus but do not alter intracortical synaptic responses (Chung et
al. 2002). In other experiments, it has been shown that while depression of EPSCs in feedforward and
feedback pathways within the cortex exhibit similar dependencies on the frequency of stimulation,
inhibitory synapses from feedback pathways are more depressed than those from feedforward pathways
when stimulated at high frequencies (Dong et al. 2004).

Our results indicate that an EI noise temporal delay modulates response gain for a single excitatory
pyramidal neuron. More complex models will need to be tested that take into account the spatial
arrangement of synaptic inputs as well as synaptic plasticity (Azouz 2005). It will be important to
examine whether the effects observed here are present in other types of cortical neurons, such as
various classes of inhibitory neurons, since different cell types likely have unique statistical patterns of
synaptic input for excitation and inhibition. In addition, a recent study demonstrated that subthreshold
membrane potential fluctuations from synaptic inputs reflect the sensory drive and degree of network
correlation (EI Boustani et al. 2009). Further studies will be needed to measure the full range of

synaptic input statistics present in vivo. In particular, determining the impact of synaptic patterns that
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arise from specific visual stimuli will be important for characterizing the relevance of neuronal
sensitivity to EI temporal interactions to visual processing.

Understanding the modulatory effects of synaptic background noise on response properties of
neocortical neurons is a necessary component to decoding cortical processing. It will be essential to
consider these effects in order to form accurate models of cortical function. Not only is our
understanding of the effects of EI interactions on cortical responses important for the understanding of
normal cortical function, it is also expected to provide insight into the mechanisms of diseases linked to

cortical dysfunction (Uhlhaas and Singer 2006).



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

27

FIGURE LEGENDS:

Figure 1:

Statistical interaction between excitation and inhibition. The synaptic current, Iy, was calculated in
real-time based on the instantaneous membrane potential recoding and the time sampled conductances
for excitation and inhibition (fop box). Simulated synaptic noise based on the O-U stochastic processes
allowed for the independent control of the excitatory and inhibitory mean (p and p;) and standard
deviation (o and o;). Excitation and inhibition were combined such that they were either uncorrelated
(not shown), (A) correlated, (B) partially correlated with no EI delay, or (C) correlated with an EI
delay. The degree of correlation between excitation and inhibition scales the peak of the cross-
correlogram (A-B, bottom). Prior to temporally shifting the inhibitory synaptic array to generate an EI
delay, the correlation between excitation and inhibition, or the pre-delay correlation (pdc), is 1.0. The
EI delay (5 ms) causes the cross correlation peak to shift from zero (C, bottom). (D) Plot of correlation
as a function of delay to determine the transformation from EI delay to correlation. Conductances
defined by a temporal delay between excitation and inhibition display a corresponding correlation,
which corresponds to the cross-correlation at time shift zero (vertical dashed line in C, see inset for
expansion of the region around zero). Negative delay values indicate conditions where inhibition
preceded excitation (enlarged in E) while positive delay values represent the condition where inhibition
followed excitation (enlarged in F). The solid gray curve in (D) illustrates the correlation resulting from
the simulation of excitatory and inhibitory conductances with corresponding delays for a single 2s long
noise trace. The solid black curves in (D-F) are the average correlation over 20 repeats of the
simulation, with unique random sequences for each repeat. Vertical dashed line indicates zero delay in

(D). Exponential equations (dashed curves in E&F) were fitted separately to each tail of the
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normalized correlation transformation function. The fitted parameters of the exponential were used to
determine the correlation for a given excitatory to inhibitory relative delay. The thick gray lines

indicate the delay value at a correlation of 0.5.

Figure 2:

Background synaptic noise statistics modulate response gain. Representative firing rate response (mean
rate) curves as a function of EI synaptic noise statistics are shown for three representative neurons (1-3.
Conductance injection was a step function of combined excitation and inhibition with either a given EI
correlation (corr = 0.0-1.0, gray curves) or a given El delay (delay = 0-50 ms, black curves). (A1-3)
Firing rate responses (spikes/s) are shown as a function of the degree of EI correlation for correlations
defined empirically by Cholesky factorization, as illustrated in Fig. 1A&B. (B1-3) Responses for the
same neurons in (A) to varied EI temporal delays are shown in the center column. Inhibition followed
excitation, as illustrated in Fig. 1C&F. (C1-3) Responses to both types of EI noise (i.e. with or without
temporal delay) are shown as a function of their corresponding EI correlation. The EI correlation for
synaptic noise steps with a temporal delay were estimated from the delay to correlation relationship in
Figure 1D. The response gain was greater for synaptic noise signals that contain a temporal delay
between excitation and inhibition (black) compared to those with equivalent predefined correlations

between excitation and inhibition but no temporal delay (gray).

Figure 3:
Representative response vs. EI correlation tuning curves. (A1-3) Three representative neurons (same
cells as in Figure 3) are shown with mean firing rate responses fitted to empirical functions. Response

curves evoked with EI noise conductance steps with no EI temporal delay (gray curve) were well fitted
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with a linear regression. EI delay noise steps were fitted with sigmoidal functions (black curve). (B1-3)
Firing rate responses are shown as a function of the standard deviation of the dynamic-clamp command
current, Ly, for noise steps with a temporal delay (black) and without an EI temporal delay (gray) next
to the corresponding response vs. correlation plots. Gray line is the linear regression of the response vs.

Isyn standard deviation for the no EI delay condition.

Figure 4:

Population analysis of response vs. EI correlation tuning curves. (A) For EI noise with a temporal
delay, the correlation that produced a half-maximal response, cs9, was extracted from the sigmoidal
function fits and is shown across the population of cells (median = 0.79, n = 29). (B, C) The mean
firing rate responses are shown for noise steps with a temporal delay vs. without an EI temporal delay,
estimated from the sigmoid and linear regression fits, respectively, at a low EI correlation (corr = 0.1).
The responses are highly correlated (r* = 0.95) and are not significantly different from one another
(median response % difference (delay — no delay) = 2.9). Vertical arrow indicates the median in (C).
(D, E) Fitted response estimates are shown for high EI correlation (corr = 0.75). The mean firing rates
with and without delay are correlated (r* = 0.97), and responses are significantly greater (p = 2.8¢-6,
Wilcoxon rank sum test) for noise steps with an EI temporal delay (median response % difference
(delay — no delay) = 17.5). For scatter plots in (B) and (D), firing rate responses are shown as spikes/s.
(F, G) The response vs. EI noise correlation slopes are shown for noise input with an EI temporal delay
vs. no EI delay. The response slopes were estimated from the sigmoid fits and linear regressions,
respectively. On average, the response vs. EI correlation slopes were significantly less (p = 3e-6,
Wilcoxon rank sum test) for noise steps lacking an EI delay (median slope % difference (delay — no

delay) = -61.6) and were not significantly correlated (* = 0.53).
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Figure 5:

Population analysis of response vs. command current standard deviation. (A) Across the population of
cells (n =31) the response vs. command current standard deviation was fitted with a linear regression.
The r-squared goodness of fit was estimated for each curve on a cell by cell basis. Responses resulting
from noise steps with no EI delay were well fitted by a linear regression (r* > 0.9, vertical line), but the
majority of responses from noise steps with an EI temporal delay were poorly fitted with a linear
regression (r* < 0.9, horizontal line). (B) On average, the responses from noise steps with an EI delay
produced lower r-squared values (median r-squared % difference (delay — no delay) = -13, vertical
arrow). (C) The slopes of the linear regressions for firing rate vs. command current standard deviation
are shown. The slopes for responses resulting from noise steps with an EI delay were not significantly

correlated (r* = 0.23) with slopes for responses resulting from noise steps with no EI delay.

Figure 6:

Noise modulates the response gain as a function of the statistical balance between excitation and
inhibition. (A-B) The firing rate (Hz) response as a function of injected conductance mean is shown for
two representative neurons. Black curves indicate conductance steps with no noise. Gray curves
indicate conductance steps with the same mean conductance as the corresponding black curve with the
addition of a synaptic noise (6. = 15 nS, 6i = 15 nS, p; = 15 nS, pe = conductance step) composed of
excitatory and inhibitory conductances with correlation of 0.5 and no EI delay. Dashed curves indicate
response functions with mean conductance equal to the corresponding black curve with the addition of
a synaptic noise (6. = 15 nS, 6; =15 nS, p; = 15 nS and p. = conductance step) composed of excitatory

and inhibitory synaptic conductances with a correlation of 0.5 (pdc = 1.0, delay = 5 ms, see Figure 1).
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(C-F) Across the population (n = 11), synaptic noise increased the firing rate responsiveness. Individual
function fitted parameters (see Methods), Ry, 7 and c¢sy and the calculated slope were compared for
conductance injection steps with noise vs. no noise. Open circles represent parameter estimates from
response curves with no noise compared to conductance steps with synaptic noise composed of EI
conductances with an EI delay (5 ms) and a correlation of 0.5. Solid points represent estimates from
response curves with no noise compared to conductance steps with synaptic noise composed of EI

conductances with no EI delay and a correlation of 0.5.

Figure 7:

Population analysis of modulation of response gain by EI balance noise statistics. Correlated excitation
and inhibition which contained a temporal delay (inhibition lagging excitation) had a greater effect of
increasing response gain than noise with an equivalent correlation (corr = 0.5) which lacked a temporal
delay. Individual sigmoid function fitted parameters (see Methods), R4y, # and csy and the calculated
slope were compared. Parameters for response rate vs. injected mean conductance curves for cases
where the injected conductance contained synaptic noise defined by correlated excitatory and
inhibitory synaptic conductances with a temporal delay (delay = 5 ms, corr = 0.5) to those with an
equivalent correlation (corr = 0.5) and no temporal delay. Vertical arrow indicates parameter median.
Response slope and maximal response, R, showed significantly greater values for conditions where
there is a temporal delay compared to no delay (p = 0.02 and 0.014 respectively, Wilcoxon signed rank

sum test).

Figure 8:

Effects of synaptic noise in a conductance-based model simulation. (A-C) Firing rate responses are
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shown as a function of the EI correlation for noise conductance steps. Responses were averaged over
10 repeats.Firing rate is shown as a function of the EI correlation (A) and as a function of EI temporal
delay (B). (C) The firing rate responses for EI noise with a temporal delay (black points) are elevated
relative to responses with no EI temporal delay (gray points). The solid black and gray curves represent
sigmoid and linear fits to the data respectively. (D) The firing rate response from (C) are shown plotted
as a function of the standard deviation of the model current drive, Is,. Unlike the neuron recordings,
both the responses from the noise steps with a temporal delay (black points) and with no delay (gray

points) are well fit by the same linear regression (ANACOVA).

Figure 9:

Correlation statistics and corresponding circuit models. The degree of correlation between excitation
and inhibition depends in part on whether excitation and inhibition have a common input. Excitation
with no common input, partial common input or complete common input would correspond to corr =
0.0, 0.5 and 1.0 respectively. Correlated excitation and inhibition with a temporal delay would result

from disynaptic inhibition with a common input.

Supplementary Figure 1. Neurons are sensitive to the correlation and relative delay between E and 1
even when intracellular calcium is buffered with EGTA. Our internal solution for the experiments
described in Figures 2-5 was free of calcium buffer, consistent with previous studies of synaptic noise

(Chance et al. 2002) and E-I balance (Dani et al. 2005). We also performed the same experiments using
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the internal electrode solution described for Figures 6 & 7, which contains ImM EGTA. A-B,
Representative firing rate response (mean rate) curves as a function of EI synaptic noise statistics are
shown for 2 representative neurons. Conductance injection was a step function of combined excitation
and inhibition with either a given EI correlation (corr = 0.0-1.0, black curves, left column) or a given
EI delay (delay = 0-20 ms, gray curves, middle column). Responses to both types of EI noise (i.e. with
or without temporal delay) are shown as a function of their corresponding EI correlation (right
column). The EI correlation for synaptic noise steps with a temporal delay were estimated from the
delay to correlation relationship in Figure 1D. The response gain was greater and nonlinear for synaptic
noise signals that contain a temporal delay between excitation and inhibition (gray) compared to those

with equivalent predefined correlations between excitation and inhibition but no temporal delay

(black).

Supplementary Figure 2:

Isyn current (g.(Vin - E.) - g2V - E;)) with a temporal delay show differences in the auto correlation
and power spectrum compared to no EI delay. (A) Autocorrelation function of synaptic noise
conductance with correlated excitation and inhibition with no EI temporal delay (gray curve) and with
an EI delay and equivalent correlation (5 ms, black curve). Combined EI noise conductance with an EI
delay shows sharpening of the autocorrelation function compared to no EI delay which also appears as
harmonic oscillation in the power spectrum (B). Power spectra were averaged over 20 repeats of
random samples of EI synaptic noise. The degree of sharpening of the autocorrelation function and the

frequency of the oscillation present in the EI synaptic noise depends on the EI delay value.
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