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Cortical Balance of Excitation and Inhibition Is Regulated by
the Rate of Synaptic Activity
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Cortical activity is determined by the balance between excitation and inhibition. To examine how shifts in brain activity affect this
balance, we recorded spontaneous excitatory and inhibitory synaptic inputs into layer 4 neurons from rat somatosensory cortex while
altering the depth of anesthesia. The rate of excitatory and inhibitory events was reduced by �50% when anesthesia was deepened.
However, whereas both the amplitude and width of inhibitory synaptic events profoundly increased under deep anesthesia, those of
excitatory events were unaffected. These effects were found using three different types of anesthetics, suggesting that they are caused by
the network state and not by local specific action of the anesthetics. To test our hypothesis that the size of inhibitory events increased
because of the decreased rate of synaptic activity under deep anesthesia, we blocked cortical excitation and replayed the slow and fast
patterns of inhibitory inputs using intracortical electrical stimulation. Evoked inhibition was larger under low-frequency stimulation,
and, importantly, this change occurred regardless of the depth of anesthesia. Hence, shifts in the balance between excitation and inhibi-
tion across distinct states of cortical activity can be explained by the rate of inhibitory inputs combined with their short-term plasticity
properties, regardless of the actual global brain activity.

Introduction
Cortical excitatory and inhibitory neurons are massively inter-
connected, forming a network of feedforward and feedback cir-
cuits. Because of this massive interconnection, inhibitory cells
should modulate the activity of excitatory cells and vice versa
(van Vreeswijk and Sompolinsky, 1996; Litvak et al., 2003; Be-
reshpolova et al., 2011). Cortical excitation and inhibition are
synchronized during spontaneous activity (Okun and Lampl,
2008) and comodulated in response to changes in stimulus prop-
erties (Wehr and Zador, 2003; Priebe and Ferster, 2006). The
relationships between excitation and inhibition may be involved
in various physiological functions, including increasing the sta-
bility of cortical activity, preventing runaway excitation (Tsodyks
et al., 1997; Troyer et al., 1998) and improving the dynamic range
of input representation (Liu et al., 2011). However, the ratio be-
tween cortical excitation and inhibition (E/I balance) is not con-
stant. For example, stimulus intensity or shape can affect the E/I
balance (Heiss et al., 2008; Isaacson and Scanziani, 2011), and E/I
balance can change over a short timescale as a result of adapta-

tion, depending on stimulation history and rate (Heiss et al.,
2008).

Shifts in brain states, such as between sleep and awake states as
well as across different depths of anesthesia, are accompanied by
variations in electroencephalography (EEG) activity, local field
potential (LFP), and firing rate of cortical neurons (Peña et al.,
1999; Poulet and Petersen, 2008; Bereshpolova et al., 2011). In
addition, these shifts are accompanied by changes in the sub-
threshold membrane potential (Vm) activity (Hromádka et al.,
2008; Gentet et al., 2010; Okun et al., 2010). Because cortical
firing rate is modulated across patterns of EEG activity, short-
term synaptic plasticity may alter cortical E/I balance. However,
because excitatory and inhibitory synaptic connections can be
facilitated or depressed (Beierlein et al., 2003; Markram et al.,
2004; Gabernet et al., 2005), it remains unknown how the rela-
tionships between excitatory and inhibitory inputs of cortical
cells are modulated across distinct brain activities.

In this study, we used whole-cell patch recordings to examine
how shifts between slow and fast EEG activity, induced by alter-
ing the depth of anesthesia, affect the rate and magnitude of
spontaneous excitation and inhibition of intracellularly recorded
layer 4 neurons of the barrel cortex. Although the magnitude of
inhibition increased under deep anesthesia, the magnitude of
excitation remained unaffected. We hypothesized that the in-
creased amplitude of inhibition at the deeper state of anesthesia
results from a reduced firing rate of inhibitory cells, allowing the
inhibitory synapses to recover from synaptic depression. Indeed,
using electrical stimulation, we found a greater depression of
inhibitory inputs at higher stimulation frequency, regardless of
the depth of anesthesia. Our results suggest that, during sponta-
neous cortical activity, the E/I balance is determined mainly by
the short-term synaptic plasticity of inhibitory inputs.
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Materials and Methods
Subjects and surgery. Wistar rats (4 – 8 weeks old; n � 27 of either sex)
were anesthetized and ventilated (Katz et al., 2006). Layer 4 whole-cell
and cortical EEG recordings were made in lightly or deeply halothane-
anesthetized rats or together with propofol or ketamine at a very low
concentration of halothane, as described below.

A light level of anesthesia was induced by a low concentration of halo-
thane (0.25%). A deep level of anesthesia was obtained by a high concen-
tration of halothane (1.25%), propofol (50 mg/kg, i.p), or ketamine
(50 –100 mg/kg, i.p). The latter two anesthetics were applied together
with the low concentration of halothane. An additional group was exam-
ined under low (25 mg/kg, i.p) and high concentrations of ketamine. In
this group, no halothane was used throughout surgery and anesthesia
was maintained using ketamine alone. The short t1/2 of halothane al-
lowed switching back and forth between deep and light anesthesia,
whereas propofol and ketamine were used only unidirectionally to in-
crease the depth of anesthesia. Changes in cortical state were quantified
by the ratio between the square roots of the power in the beta and delta
bands of the surface EEG recorded at the ipsilateral hemisphere (Rampil,
1998; Jameson and Sloan, 2006). The measurements were performed
only after �10 min elapsed since the most recent change in the level of
administered anesthetics.

Electrophysiological methods. Whole-cell patch-clamp recordings and
EEG recordings were performed in current-clamp mode, as described
previously (Katz et al., 2006, 2012; Okun et al., 2010). Intracellular signals
were acquired using an Multiclamp-700B amplifier (Molecular Devices)
and low passed at 4 kHz before being digitized at 10 kHz. Borosilicate
micropipettes were pulled to produce electrodes with a resistance of 4 –10
M� when filled with an intracellular solution containing the following:
136 mM K-gluconate, 10 mM KCl, 5 mM NaCl, 10 mM HEPES, 1 mM

MgATP, 0.3 mM NaGTP, 10 mM phosphocreatine (310 mOsm), and 1
mM QX-314 to prevent the cells from action potential discharge. The Vm

of each cell was recorded under zero current, hyperpolarization, and
depolarization currents [mean current level of 0.4 � 0.15 nA (depo-
larization) and 0.2 � 0.09 nA (hyperpolarization), 1 s each, repeated
120 –1200 times in a random order]. Currents were adjusted to hy-
perpolarize the cells to �80 mV or to depolarize them until clear
inhibitory synaptic potentials were observed. The amount of current
was kept fixed throughout the recordings from each cell. Loose-patch
recordings were made with patch recording pipettes filled with stan-
dard patch solution without QX-314 in current-clamp mode without
application of pipette pressure.

Cell identification. Layer 4 inhibitory interneurons were identified us-
ing well-established extracellular recording methods. Specifically, spikes
were of high frequency and �0.6 ms duration (including both negative
and positive components; see Fig. 4A, inset; Barthó et al., 2004; González-
Burgos et al., 2005; Bereshpolova et al., 2011).

Intracortical stimulation. For electrical stimulation [ISO-Flex; A.M.P.I.
Instruments; stimulus duration of 0.1 ms; intertrial interval of 1 s; tung-
sten electrode, 100 k� (A-M Systems); stimulation amplitude, 10 –100
�A], the electrode was positioned at a depth of 1150 –1200 �m below the
pia (just below the recording site). The exact amplitude of stimulation
was adjusted to generate spikes in �50% of the stimuli, recorded in a
cell-attached mode.

Pharmacological blocking of excitation. To examine the magnitude
of inhibition evoked by a train of electrical stimuli, AMPA receptors
were blocked by surface application of 6,7-dinitroquinoxaline-2,3-
dione (DNQX) mixed with ACSF (1 mM; Tocris Bioscience). The
blocker was applied �30 min before the intracellular recording ses-
sion and only when we found that ongoing LFP activity completely
disappeared. Excitation blockage was tested by examining the re-
sponse to electrical stimulation while recording the Vm of layer 4 cells
at resting Vm or slightly hyperpolarized. The amplitude of the electri-
cal stimulation was determined before applying the blocker as de-
scribed above.

Data and statistical analyses. The recordings were analyzed using cus-
tom software written in MATLAB R2011A (MathWorks). Vm analysis

started 100 ms after the onset of the current injection steps, after the
membrane capacitance was fully charged. Synaptic events were detected
using previously used methods (Okun and Lampl, 2008).

All comparisons were made using a Wilcoxon’s signed-rank test and
Friedman’s test. Importantly, our choice to perform the experiments in
anesthetized animals allowed us to use a within-cell comparison.

Results
To study how shifts in spontaneous cortical activity affect the
magnitude of excitatory and inhibitory inputs into cortical cells,
we obtained whole-cell current-clamp recordings in layer 4 of the
barrel cortex in halothane anesthetized rats (n � 18; recording
depth, 800 –1150 �m below the pia). Recording sessions started
when animals were either deeply or lightly anesthetized. The
depth of anesthesia was determined based on the power spectrum
of the EEG, which under light and deep anesthesia matched stages
III-1/III-2 and stages III–IV and V of anesthesia, respectively
(Friedberg et al., 1999). Our analysis (data not shown) indicates
that EEG activity gradually changed over the first 4 –7 min after
alteration of the depth of anesthesia. In each cell, Vm was re-
corded at three holding current levels (each 1 s long), namely, hy-
perpolarization, zero-current, and depolarization delivered in a
pseudorandom order (Fig. 1). We adjusted the currents to hyperpo-
larize the cells to approximately �80 mV or depolarize them to �40
to �30 mV, to reveal clear excitatory and inhibitory synaptic poten-
tials, respectively. To prevent action potential discharge, QX-314
was added to the pipette (Heiss et al., 2008). Surface EEG recordings
served to evaluate the pattern of cortical activity (Katz et al., 2012).
After recording spontaneous activity using the above protocol, the
depth of anesthesia was altered (see Materials and Methods), and a
“wait-after” period of �10 min was allowed before the protocol was
repeated in the same cell under the new level of anesthesia (i.e., light
or deep anesthesia, depending on the initial level).

Previous studies reported changes in the rate of postsynaptic
potentials (PSPs) between sleep/awake states and for different
levels of anesthesia (Mahon et al., 2001; Steriade et al., 2001;
Castro-Alamancos, 2004). To detect aggregated PSPs or “bumps”
(DeWeese and Zador, 2006), we used similar methods as re-
ported in previous intracellular recording studies in both anes-
thetized (Okun and Lampl, 2008) and awake (Okun et al., 2010)
animals. Increased depth of anesthesia was accompanied by a
significant increase in the EEG power at the low-frequency bands
(Fig. 1A, inset). Decreased PSP rates were observed in all the
recorded cells under deeper anesthesia (Figs. 1 B, C, 2A) for
EPSPs (recorded when cells were hyperpolarized; from 12.5 �
0.6 to 7.9 � 0.4 Hz, p � 0.003), zero-current activity (zPSPs;
from 12.6 � 0.75 to 7.2 � 0.7 Hz, p � 0.007), and IPSPs
(recorded when cells were depolarized; from 13.2 � 0.9 to
7.3 � 0.5 Hz, p � 0.002). Inspection of individual trials (Fig.
1 B, C) suggests that, in addition to a reduced event rate, the
amplitude of individual IPSPs, but not of the EPSPs, was larger
in the deeper state of anesthesia.

To evaluate changes in mean excitatory and inhibitory activity
over a long period, regardless of the rate and shape of the indi-
vidual PSPs, we calculated the mean rectified potential (MRP).
The MRP is the area above the median Vm normalized by time
(Fig. 2B; when inhibitory inputs were revealed using positive in-
jected currents, the absolute value of the negatively deviating
potential was calculated). Note that the median potential closely
matched the Vm in the absence of any synaptic events. We found
no significant changes in the MRP for hyperpolarizing (3.3 �
1.7%, p � 0.4; Fig. 2B) and zero-current (6.4 � 5.1%, p � 0.07)
conditions across levels of anesthesia. However, the MRP during
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depolarization was 60% higher (60.8 � 2.3%, p � 0.003) under
deeper anesthesia, indicating stronger overall inhibition.

We then quantified the effects of anesthesia level on the mag-
nitude of the EPSP and IPSP bumps observed in individual trials
(Fig. 1B,C). We measured the magnitude of PSPs using three
complementary methods. First, detected events were averaged
together (“event-triggered average”) and the peak amplitude of
the average PSP was measured (Fig. 2C). Similarly to the MRP
analysis reported above, this analysis showed no significant
change in the mean magnitude of the EPSPs or zPSPs but a sig-
nificant increase in the size of the mean IPSP under deeper anes-
thesia (by 24.6 � 2.1%, p � 0.01). In addition to this method, we
divided the MRP by the number of detected PSP events for each
holding current and at each level of anesthesia. This analysis (data
not shown) indicated no change under hyperpolarized and zero-
current conditions (7.7 � 3.1%, p � 0.15 and 9.1 � 2.8%, p �
0.094, respectively). However, the mean inhibitory MRP/event
was significantly larger under deep anesthesia (42 � 2.2%, p �
0.001). This measurement ignores the exact shape and distribu-

tion of the bumps and provides one way to
estimate their mean potential. In the third
analysis, we measured and averaged the
potential of all individually detected
events (Okun and Lampl, 2008). This
analysis (data not shown) indicated no
change in the average mean potential of
EPSPs and zPSPs (5.1 � 3.3%, p � 0.21
and 7.1 � 4.2%, p � 0.09, respectively)
and increased amplitude of IPSPs for the
deep anesthesia (52.0 � 3.5%, p � 0.001).
Although the three analysis methods are
not fully independent and share the event
detection component, together with the
MRP analysis, our findings strongly indi-
cate that in layer 4 the magnitude of inhi-
bition changes across levels of anesthesia
with no evident effect on the magnitude of
excitation.

We have shown previously that, dur-
ing spontaneous activity, inhibitory in-
puts lag behind excitation (Okun and
Lampl, 2008), thereby limiting the
temporal window for input integration
(Gabernet et al., 2005). Thus, we hypoth-
esized that, when no current is injected
(i.e., at resting Vm) under the deeper level
of anesthesia, increased inhibition would
result in a narrower zPSPs. Measurements
of PSP width at the resting potential in-
deed supported this conjecture (Fig. 2D).
At the deeper level of anesthesia, the width
of the zPSPs was narrower (by 32 � 6.6%,
p � 0.01), whereas the IPSPs were wider (by
44 � 4.7%, p � 0.001). These changes were
not accompanied by a change in the width
of the EPSPs (2.1 � 1.1%, p � 0.1). Hence,
although we did not examine directly the
synchrony between these inputs, we specu-
late that, at the deeper level of anesthesia, the
stronger and wider inhibitory inputs nar-
rowed the width of the zPSPs. In addition,
that our recordings confirmed the pre-
dicted narrowing in the width of the

zPSP is a strong validation of our estimated changes in inhi-
bition and excitation across different levels of anesthesia using
current-clamp measurements.

A priori, the increase in IPSP size could also reflect a promi-
nent change in the intrinsic properties of the cells across levels of
anesthesia. To examine this possibility, we compared the median
Vm between PSPs for the three holding currents across the two
levels of anesthesia. Plotting these potentials for deep versus light
anesthesia levels (Fig. 2E) showed no significant change in the
resting potential (median � SE, Vm_light � �60.29 � 1.34,
Vm_deep � �61.56 � 1.26), depolarized (Vm_light � �36.37 �
1.27, Vm_deep � �37.67 � 1.33), or hyperpolarized (Vm_light �
�76.07 � 1.25, Vm_deep � �77.03 � 2.11) voltages in the absence
of synaptic activity (Phyperpolarization � 0.21, Pdepolarization � 0.71,
and Pzero-current � 0.39) across levels of anesthesia (compari-
sons were made within cells, and the median Vm calculated for
each current level was considered to reflect the Vm in the
absence of synaptic inputs). Furthermore, these values were
used to calculate the input resistance of the cells, which was

Figure 1. Measurement of EPSPs and IPSPs in a whole-cell recorded layer 4 neuron at two states of halothane anesthesia. A,
Top, EEG activity and its power spectrum (inset) under light and deep states of anesthesia. Bottom, The corresponding spontaneous
Vm activity while the cell was injected with a random sequence of positive, zero, and negative 1 s current pulses. B, C, Example
traces recorded under hyperpolarization (B) and depolarization (C) under light (red) and deep (blue) levels of anesthesia (the first
100 ms after stepping the currents were removed from each trace).
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not affected across levels of anesthesia ( p � 0.89; Fig. 2F ),
indicating that the changes in synaptic properties across levels
of anesthesia were not attributable to changes in resting po-
tential or input resistance.

Effects on inhibition are stable across anesthetic agents
It was postulated recently that the effects of anesthetic agents on
cortical activity are indirectly mediated by projecting loci, up-
stream to the cortex, such as the thalamus or even the brainstem
(Franks and Zecharia, 2011). If the effects of anesthesia occur
upstream, then our findings should not depend on the mecha-
nism of action of the anesthetic agent. However, other works have
suggested prominent local effects of anesthesia on cortical neu-
rons (Antkowiak, 2002).

To test how the excitatory and inhibitory dynamics depend on
anesthesia level with different anesthetic agents, we repeated the
experiment described in the previous section using the NMDA
receptor antagonist ketamine and the GABAA agonist propofol
(n � 6 for each anesthetic agent; Müller et al., 2011). Specifically,
activity was first tested under deep and light halothane anesthe-
sia, then we reduced the concentration of halothane to a low level
(�0.25%, �10 min), ketamine or propofol was injected, and the
protocol was repeated after we observed clear signs in the EEG
activity of deep anesthesia (�10 min). Analysis of the synaptic
dynamics in the deeply anesthetized ketamine-injected rats
showed results that were very similar to those observed using
halothane (Fig. 3A). More specifically, the PSP rate decreased
under the deeper ketamine-induced anesthesia (on average, from
10.6 � 3.1 to 6.4 � 1.7 Hz, p � 0.05, for all three holding poten-

tials; Fig. 3B). When PSP size was calculated (Fig. 3C), we found
that, although there were no changes in the size of EPSPs (4.9 �
2.1%, p � 0.28) and zPSPs (7.1 � 1.4%, p � 0.41), the size of
IPSPs was significantly larger under deeper ketamine-induced
anesthesia (27.3 � 3.8%, p � 0.02). Analysis of integrated MRP
divided by the number of PSP events (data not shown) indicates
no significant changes in the excitatory MRP/event and zero-
current MRP/event (8.2 � 4.6%, p � 0.10 and 7.1 � 1.9%, p �
0.22, respectively) but a significant increase in the inhibitory
MRP/event for the deeper state (46.5 � 1.5%, p � 0.01). Aver-
aged peak values of individual excitatory, inhibitory, and resting
PSPs showed no change for EPSPs and zPSPs (10.3 � 7.4%, p �
0.13 and 6.4 � 1.2%, p � 0.08, respectively) but an increased
average mean for IPSPs in the deeper state (43.8 � 2.2%, p �
0.013). No significant change in the resting (Vm_light � �59.06 �
1.25, Vm_deep � �60.79 � 1.07), depolarized (median Vm_light �
�36.14 � 1.69, Vm_deep � �35.98 � 1.19), or hyperpolarized
(median Vm_light � �75.79 � 1.14, Vm_deep � �76.24 � 0.97)
Vm, or in the input resistance were found across levels of anesthesia
(Phyperpolarization � 0.55, Pdepolarization � 0. 83, and Pzero-current �
0.29 and p � 0.8, respectively; Fig. 3D). Hence, as with halothane,
ketamine had no effect on the resting potential and input resis-
tance of the cells. Analysis of the results in the propofol-injected
rats showed changes in synaptic dynamics similar to those with
halothane and ketamine across levels of anesthesia (Fig. 3E–H;
statistics not shown). Finally, to exclude the possibility that resid-
ual halothane interacted with the other anesthetics, E/I balance
was also tested when rats were anesthetized only with ketamine,
when animals were not subjected to halothane at all (n � 3).

Figure 2. Comparison of EPSP, IPSP, and zPSP parameters under deep and light halothane anesthesia. A, Mean rate of EPSPs (recorded under hyperpolarization; Hyper), IPSPs (recorded under
depolarization; Depo), and zPSPs (recorded under zero-current activity; Zero-I). A reduced rate for the three types was observed under deep anesthesia. Here and in the following panels, the
population average (n � 18) is presented in black, and the blue line indicates the presented cell. B, MRP for the three recording conditions. An increase in MRP (calculated over epochs of 60 s) under
deep anesthesia was observed exclusively for the depolarized condition. C, Analysis of the peak amplitudes of the mean PSPs shows no significant change in EPSP and zPSP but a significant increase
in IPSP amplitude under deep anesthesia. D, There was no change in EPSP width and an increased IPSP width under deep anesthesia. zPSP width (when measured at 1⁄3 of the peak amplitude) was
significantly reduced under deep anesthesia. E, F, The resting Vm (between the PSPs) and input resistance were not affected by the depth of anesthesia (n � 18 cells). Error bars in A–D represent
SEM. **p � 0.01, ***p � 0.001.
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Similar to the results reported above, the synaptic dynamics in
lightly versus deeply ketamine-anesthetized rats showed in-
creased inhibition and no change in the magnitude of excitation
(Fig. 3A, inset).

In summary, despite their different mechanisms of action, the
effects of the three anesthetic agents on excitatory and inhibitory
dynamics are very similar. They reduce the rate of synaptic
events, increase the amplitude of inhibitory inputs, and do not
affect the size of the excitatory inputs. All these effects occur

without significant changes in the membrane input resistance
and resting potential (Fig. 3D,H).

Increased rate of cortical activity reduces the amplitude
of inhibition
We speculated that the reduction in the magnitude of inhibition
under light anesthesia is mainly attributable to short-term syn-
aptic depression. Accordingly, because of the high firing rate of
inhibitory cells and the relatively slow recovery from synaptic

Figure 3. Comparison of spontaneous EPSP and IPSP parameters when anesthesia level was increased by ketamine or propofol. A, E, The mean EPSPs (recorded under hyperpolarization; Hyper),
IPSPs (recorded under depolarization; Depo), and zPSPs (recorded under zero-current activity; Zero-I) under deep and light levels of halothane anesthesia and �10 min after injection of ketamine
or propofol to convert light halothane anesthesia to deep ketamine or propofol anesthesia. Similar dynamics in the size of the mean PSP were found in a rats in which no halothane was used and light
and deep levels of ketamine anesthesia were compared (inset). B, F, Mean rate of EPSPs, IPSPs, and zPSPs was lower under deep compared with light anesthesia (n � 6 for each anesthetic agent).
The population average is presented in black. C, G, Peak amplitudes of the mean EPSP, IPSP, and zPSP shows that only the IPSPs increased after ketamine or propofol injection. D, H, Resting Vm

potential and input resistance were not affected by ketamine or propofol injections (n � 6 for each anesthetic agent). Error bars represent SEM. *p � 0.05, **p � 0.01.
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depression of these synapses, the inhibitory inputs are highly
susceptible to modulation in the firing rate.

We first examined the relationship between the firing rate of
cortical cells and the depth of anesthesia. To this end, cell-
attached recording of layer 4 cells (76 putative excitatory cells and
17 putative inhibitory cells; see Materials and Methods) were
made across two levels of halothane anesthesia (Fig. 4A). Putative
inhibitory cells were characterized by their narrow spike width
(�0.6 ms; Fig. 4A, inset) (Barthó et al., 2004; González-Burgos et
al., 2005; Bereshpolova et al., 2011). Increased mean spiking rate
was found under the lighter level of anesthesia for the analyzed
putative excitatory neurons (n � 15, by 79 � 2.31% from 1.78 to
3.2 spike/s; p � 0.001) and for the putative inhibitory neurons
(n � 17, by 120 � 1.8% from 5.1 to 11.63 spike/s; p � 0.001). The
high similarity between the firing rate of putative inhibitory cells
and the rate of inhibitory synaptic events (11.6 and 13.2 Hz,
respectively) strongly suggests that almost the same population of

inhibitory afferent axons were recruited for each inhibitory event.
In contrast, that the firing rate of excitatory cells is much lower
than the rate of excitatory events (3.2 and 12.5 Hz, respectively)
strongly indicates that synaptic excitatory inputs are shuffled,
such that successive events are generated by different sets of pre-
synaptic afferents.

Our next step was to examine the recovery of spontaneous
excitatory and inhibitory activity of layer 4 cells after 50 Hz intra-
cortical electrical stimulation in a nearby site (Fig. 4B, cells, n � 4;
see Materials and Methods). In contrast to the rapid recovery of
the rate (spontaneous, 4.1 � 0.22 Hz and after stimulation, 3.4 �
0.5 Hz, p � 0.34) and amplitude (spontaneous, 5.6 � 1.12 mV
and after stimulation, 5.1 � 1.16 mV, p � 0.23, means of detected
events) of spontaneous EPSPs recorded during hyperpolarized
currents, both the rate and amplitude of spontaneous inhibitory
activity (recorded when positive current was injected) were de-
pressed for almost 1 s after stimulation (spontaneous, 3.98 � 0.3

Figure 4. Firing rate of cortical cells is modulated by the depth of anesthesia and the recovery of spontaneous synaptic activity after repetitive intracortical stimulation. A, Loose cell-attached
recordings of putative inhibitory (left) and excitatory (right) cells of layer 4 under two levels of halothane anesthesia and the corresponding EEG activity. Cells were classified based on spike shape
(inset) and width (negative plus positive components). Increased spiking rate was observed in both cell populations under light anesthesia, but only the rate of the inhibitory cells matched the rate
of subthreshold inhibitory events (Fig. 2A). B, The recovery of spontaneous synaptic activity after repetitive intracortical electrical stimulation. Intracellular recordings of spontaneous inhibitory (top)
and excitatory (bottom) activity from a layer 4 cell (left) and after a brief electrical stimulation. The rate and amplitude of inhibition (top) and excitation (bottom) were measured during a 1 s window,
starting after baseline potential was stabilized (dashed line). C, Although the rate and amplitude of spontaneous inhibitory events were significantly suppressed after repetitive intracortical
stimulation (top), excitation was not significantly suppressed (bottom, n � 3 cells). Error bars represent SEM. *p � 0.05, **p � 0.01, ***p � 0.001.
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Hz and after stimulation, 2.01 � 0.62 Hz, p � 0.03; spontaneous,
4.36 � 0.14 mV and after stimulation, 1.87 � 0.19 mV, p � 0.01).
These results suggest that inhibitory synapses recover from syn-
aptic depression much more slowly than excitatory synapses.
When compared with excitation, this property together with the
higher rate of inhibitory firing and thus the small shuffling be-
tween these events can explain the higher sensitivity of spontane-
ous inhibition to synaptic depression across different depths of
anesthesia.

That spontaneous inhibitory events slowly recovered from
repetitive electrical stimulation suggests that a partial overlap
exists between the subset of the inhibitory synapses that are active
during spontaneous activity and by those evoked by the intracor-
tical electrical stimulation. Thus, we were able to examine the
effect of different rates of local electrical stimulation on the size of
evoked IPSPs and in addition to dissociate this effect from that of
the actual depth of anesthesia. To this end, we blocked cortical
excitatory transmission with DNQX while patching layer 4 cells
(n � 6; see Materials and Methods). As expected, under these
conditions, no spontaneous PSPs were observed at resting Vm.
Nearby intracortical electrical stimulation was used to replay the
pattern of inhibitory events recorded from other cells under deep
and light levels of anesthesia, while depolarizing the cells to unveil
electrically evoked inhibitory synaptic potentials (Fig. 5A). These
traces show that the magnitude of the evoked IPSPs was signifi-
cantly larger when we replayed the pattern of the lower rate re-
corded under deep anesthesia. In addition, depression of the
evoked IPSPs was clearly observed throughout the 3-s-long de-
polarization, in particular for the higher rate. Hence, the analysis
of these data was confined to the last 1 s of the depolarized traces
(Fig. 4B, bold portion of the traces). The patterns of low and high
rates, as recorded without administration of the synaptic blocker,
were replayed for each cell at two levels of anesthesia to evaluate
the effects of anesthesia and rate independently.

Interestingly, the average amplitude of the inhibitory response
to electrical stimulation was larger at the lower rate of stimula-
tion, regardless of the actual depth of anesthesia (Fig. 5A,B).
Across the population, we found that the level of anesthesia had
no effect on the average peak amplitude of the evoked IPSPs (Fig.
5C; 2.8 � 0.97%, p � 0.96 for a low rate of stimulation and 4.1 �
0.99%, p � 0.82 for a higher rate of cortical stimulation). For
both levels of anesthesia, the amplitude of evoked IPSPs increased
significantly in response to a low-frequency compared with high-
frequency stimulation (63.68 � 4.7%, p � 0.02 for light anesthe-
sia and 64.01 � 5.3%, p � 0.02 for deep anesthesia).
Furthermore, MRP analysis strongly supported the above con-
clusions, demonstrating no differences in MRP for a given rate
when measured at different levels of anesthesia (Fig. 5D; percent-
age change in MRP: 3.0 � 1.1%, p � 0.45 for the high rate and
1.9 � 1.02%, p � 0.94 for the low rate). Similarly to the amplitude
measurements, the MRP was significantly higher when the lower
rate of stimulation was used (by 62 � 2.7%, p � 0.0026 for light
anesthesia and by 62 � 5.1%, p � 0.002 for deep anesthesia).
Together, our results strongly indicate that the change in the
magnitude of inhibition across levels of anesthesia is mediated
through a change in the rate of cortical inhibitory inputs, as a
result of short-term synaptic depression.

Discussion
Here we asked how spontaneous cortical E/I balance changes
when the depth of anesthesia is altered. Using intracellular re-
cording of layer 4 cells in S1, we found that the magnitude of
inhibitory events significantly increased under deep anesthesia
without any significant change in the magnitude of excitatory
ones. We used intracortical electrical stimulation to replay the
fast and slow patterns of inhibitory activities recorded at light and
deep anesthesia, respectively. We found that inhibitory synapses
were depressed at higher stimulation rate, regardless of the actual

Figure 5. Rate-dependent synaptic depression of inhibitory synapses is independent of the actual depth of anesthesia. A, Cortical excitation was pharmacologically blocked and the cell was
depolarized by positive current injection, whereas the temporal patterns of PSPs observed under deep (top) and light (bottom) anesthesia were replayed using electrical stimulation (black vertical
bars; see Materials and Methods). Only the last 1 s of the trails were analyzed (black portion of the traces). B, Electric stimulus-triggered average of IPSPs of the cell presented in A for high (left) and
low (right) rates of cortical stimulation, under deep and light anesthesia conditions. C, MRP for inhibitory potentials for six cells. MRP size was higher under the low rate stimulation, regardless of the
level of anesthesia. The population average is in black. D, A significant increase in IPSP amplitude was observed under the low rate of stimulation, regardless of the level of anesthesia. Error bars
represent SEM. *p � 0.05, **p � 0.01.
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depth of anesthesia. Our data suggest that short-term synaptic
depression plays a central role in determining the E/I balance
during spontaneous activity.

Effects of anesthesia on cortical activity
In agreement with previous studies, EEG power at the low-
frequency bands increases during deep anesthesia (Rampil, 1998;
Franks and Zecharia, 2011; Katz et al., 2012). Although EEG dy-
namics during light and deep anesthesia closely matched that of
awake and slow-wave sleep, respectively (Steriade et al., 1993),
these circuits may operate differently and in a layer-dependent
manner in drug-free animals. In layer 4, increasing the depth of
anesthesia decreases the rate of excitatory and inhibitory events.
Because of possible changes in shuffling of inputs and in synchro-
nized activity, this by itself does not necessarily indicate that the
firing rate of presynaptic cells was reduced. However, our results
show clear reduction in the firing rate of both putative inhibitory
and excitatory cells under deep anesthesia (Fig. 4A), in agreement
with extracellular recordings of layer 4 cells comparing states of
cortical synchronization and desynchronization (Hirata and
Castro-Alamancos, 2010) and during shifts between states of nat-
ural slow-wave sleep or isoflurane anesthesia and wakefulness
(Vijayan et al., 2010).

Cortical excitation is insensitive to changes in inhibition
Synaptic connections between excitatory and inhibitory cortical
neurons predict that changes in the magnitude of inhibition will
affect that of excitation. However, we show that a prominent
change in the size of inhibitory events was not accompanied by a
change in the size of excitatory events. A similar result was re-
ported recently in the mouse V1, demonstrating that evoked ex-
citation in pyramidal neurons of layer 2/3 was not affected by
optogenetic suppression of parvalbumin-expressing cells (Atal-
lah et al., 2012). Although only single cells were recorded in our
study, we suggest that changes in E/I balance strongly affect the
synchrony in the network in a similar way that is induced by the
cholinergic system (Goard and Dan, 2009). Specifically, the wid-
ening of the zPSP is caused by reduced inhibitory drive under
light anesthesia. In turn, this change increases the integration
time window for excitation and thus allows spikes to be emitted
over a wider time range, which may cause a reduction of synchro-
nized firing in the network.

Upstream effects of anesthesia on cortical E/I balance
The mechanisms that control the magnitude of inhibition across
different levels of anesthesia can be both intrinsic and synaptic.
Both can result from the anesthetics acting directly on cortical
neurons or upstream to the cortex. Furthermore, the effects of
these mechanisms can be mediated by the neuromodulatory sys-
tems acting on cortical or subcortical circuits. Direct effect of
the anesthetics or neuromodulators on cortical circuits can alter
the magnitude of inhibition directly or as a result of changes
in the intrinsic properties of the neurons. However, in our exper-
iments, we found no significant changes in the input resistance or
resting potential for the different levels of anesthesia, in agree-
ment with the insignificant effect of halothane on the Vm of hip-
pocampal neurons (Nishikawa and MacIver, 2000). In contrast,
recordings from brainstem neurons showed significant hyperpo-
larization under a high concentration of halothane (Sirois et al.,
2000). In vitro studies demonstrated that the amplitude of IPSPs
increases after application of halothane (Nishikawa and MacIver,
2000). In contrast, others showed that anesthetics do not affect
directly the firing and synaptic transmission at the cortical level

(Keifer et al., 1996; Ries and Puil, 1999; Alkire et al., 2007). Our
results support the later findings because the three families of
anesthetics, despite their different pharmacological mechanisms
of actions, induced similar effects on E/I balance and had no
effect on the passive properties of the cells. Finally, this conclu-
sion is strongly supported by our finding that the amplitude of
electrically evoked IPSP is independent of the actual depth of
anesthesia (Fig. 5).

The magnitude of the cortical inhibitory input is
rate dependent
Shifts in cortical activity were suggested to reflect changes in the
rate of thalamocortical inputs (Hirata and Castro-Alamancos,
2010; Bereshpolova et al., 2011; Constantinople and Bruno, 2011;
Poulet et al., 2012). Thalamocortical synapses onto inhibitory
neurons depress on repeated activation significantly more than
do thalamocortical synapses onto excitatory neurons (Beierlein
et al., 2003; Gabernet et al., 2005). Additionally, the reciprocal
connections between inhibitory fast-spiking neurons and excit-
atory regular-spiking neurons undergo strong depression,
whereas the connections between inhibitory low-threshold spik-
ing and regular-spiking cells mostly facilitated (Beierlein et al.,
2003). Hence, the modulation of the E/I balance in layer 4 can
result from changes in the rate of thalamocortical inputs. Accord-
ingly, an increased rate of feedforward thalamic inputs entails
more depression of inhibition compared with excitation, mostly
because of reduction in the recruited population of fast-spiking
neurons. However, our results (Figs. 4, 5) strongly suggest that
depression of inhibitory synapses contributes to reduced magni-
tude of inhibition during higher rate of spontaneous activity.

The similarity in their rate of activities suggests that putative
fast-spiking cells (Fig. 4A) are the main cell type responsible for
the IPSPs recorded intracellularly (Fig. 2). This suggestion is in
agreement with a recent in vitro study that showed that, in layer
2/3, fast-spiking cells play a significant role in determining the E/I
balance during spontaneous activity (Tahvildari et al., 2012).
Hence, we suggest that overlapping sets of presynaptic inhibitory
afferents were activated between successive inhibitory events. By
replaying the patterns of inhibitory inputs using local electrical
stimulation while blocking cortical excitation, we showed that
the magnitude of inhibition increased as the rate of stimulation
decreases (Fig. 5). Furthermore, at a frequency range of �10 Hz,
even a moderate reduction in the rate of stimulation profoundly
increases the magnitude of inhibition. Similarly, in vitro studies
found that depression of inhibitory synapses is sensitive to small
changes in presynaptic firing frequency for input rates of �10 Hz,
although for input rates �40 Hz, this is no longer the case (Beier-
lein et al., 2003; Gabernet et al., 2005). Moreover, we found that
the rate-dependent depression of inhibition was independent of
the actual level of anesthesia, in agreement with the similar effects
of different anesthetics on E/I balance.

The slow recovery of spontaneous IPSPs from brief repetitive
intracortical stimulation strongly suggests an overlapping in the
population of inhibitory synapses that were activated during
spontaneous activity and in response to electrical stimulation.
Indeed, increasing the depth of anesthesia and reducing the rate
of local electrical stimulation increased the magnitude of inhibi-
tion by a similar proportion (60 and 63%, respectively). In agree-
ment with our conclusions, LFP recordings in layer 4 across
different states of wakefulness suggest that thalamocortical syn-
aptic transmission is unlikely to be affected by the neuromodu-
latory systems across states, but as a result of depression, it
depends only on the rate of these inputs (Stoelzel et al., 2009).
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Two independent factors can explain the lack of change in the
magnitude of excitatory events across different levels of anesthe-
sia and rates of activity. First, the firing rate of cortical excitatory
neurons is much lower than the rate of excitatory synaptic events
(compare Figs. 2A, 4A), suggesting that these inputs are primarily
shuffled between events. Accordingly, a large pool of presynaptic
excitatory cells that fire at a very low rate participate in the ongo-
ing activity, with only a small fraction of them contributing suc-
cessively to each spontaneous event. Second, spontaneous
excitatory activity quickly reappeared after the suppression that
was induced by repetitive electrical stimulation (Fig. 4B), sug-
gesting that excitatory synapses recover rapidly from short-term
synaptic depression. Although we have not recorded from tha-
lamic cells in this study, the first argument also holds for these
inputs because we recently that showed spontaneous thalamic
firing is very low (�2 Hz) under both light and deep anesthesia
(Katz et al., 2012).

Whether the present results are applicable only to layer 4 of
the S1 requires additional investigation. A recent study reported
stronger visually evoked inhibition in layer 2/3 of V1 in awake
versus anesthetized mice (Haider et al., 2013). In the present
study, layer 4 interneurons increased their firing rate under light
anesthesia, in agreement with the possibility of higher cholinergic
activation of thalamic input (Goard and Dan, 2009; Hirata and
Castro-Alamancos, 2010). In contrast to layer 4 dynamics, a
marked reduction in the firing rate was found during transition
from synchronized to desynchronized states in layer 2/3 (Gentet
et al., 2010; Sakata and Harris, 2012; Haider et al., 2013). A more
complicated picture emerged recently in a study of layer 2/3 cells
in V1 (Alitto and Dan, 2013), in which it was shown that the firing
rate of excitatory and parvalbumin-positive cells increases at low
levels of cortical desynchronization as a result of activation of
muscarinic receptors and decreases under strong desynchroniza-
tion as a result of activation of nicotinic receptors. Together,
emerging evidence shows that, although the firing rate of layer 4
cells increases under desynchronized state, it decreases in layer
2/3 cells. Therefore, we suggest that a reduction in the firing rate
of layer 2/3 neurons under a desynchronized state allows inhibi-
tory synapses to recover from synaptic depression during spon-
taneous activity and explains why the magnitude of visually
evoked inhibition in V1 layer 2/3 is greater in the awake animal
(Haider et al., 2013).

In summary, variation in the firing rate of cortical cells in
combination with short-term synaptic depression properties can
explain changes in E/I balance across different cortical states. Our
approach to directly quantify the dynamics of E/I balance within
a cell can be used to measure E/I balance in drug-free animals
across different behavioral conditions.
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Peña JL, Pérez-Perera L, Bouvier M, Velluti RA (1999) Sleep and wakeful-
ness modulation of the neuronal firing in the auditory cortex of the guinea
pig. Brain Res 816:463– 470. CrossRef Medline

Poulet JF, Petersen CC (2008) Internal brain state regulates membrane po-
tential synchrony in barrel cortex of behaving mice. Nature 454:881– 885.
CrossRef Medline

Poulet JF, Fernandez LM, Crochet S, Petersen CC (2012) Thalamic control
of cortical states. Nat Neurosci 15:370 –372. CrossRef Medline

Priebe NJ, Ferster D (2006) Mechanisms underlying cross-orientation sup-
pression in cat visual cortex. Nat Neurosci 9:552–561. CrossRef Medline

Rampil IJ (1998) A primer for EEG signal processing in anesthesia. Anesthe-
siology 89:980 –1002. CrossRef Medline

Ries CR, Puil E (1999) Mechanism of anesthesia revealed by shunting ac-
tions of isoflurane on thalamocortical neurons. J Neurophysiol 81:1795–
1801. Medline

Sakata S, Harris KD (2012) Laminar-dependent effects of cortical state on
auditory cortical spontaneous activity. Front Neural Circuits 6:109.
CrossRef Medline

Sirois JE, Lei Q, Talley EM, Lynch C 3rd, Bayliss DA (2000) The TASK-1
two-pore domain K � channel is a molecular substrate for neuronal ef-
fects of inhalation anesthetics. J Neurosci 20:6347– 6354. Medline

Steriade M, McCormick DA, Sejnowski TJ (1993) Thalamocortical oscilla-
tions in the sleeping and aroused brain. Science 262:679 – 685. CrossRef
Medline

Steriade M, Timofeev I, Grenier F (2001) Natural waking and sleep states: a
view from inside neocortical neurons. J Neurophysiol 85:1969 –1985.
Medline

Stoelzel CR, Bereshpolova Y, Swadlow HA (2009) Stability of thalamocor-
tical synaptic transmission across awake brain states. J Neurosci 29:6851–
6859. CrossRef Medline

Tahvildari B, Wölfel M, Duque A, McCormick DA (2012) Selective func-
tional interactions between excitatory and inhibitory cortical neurons and
differential contribution to persistent activity of the slow oscillation.
J Neurosci 32:12165–12179. CrossRef Medline

Troyer TW, Krukowski AE, Priebe NJ, Miller KD (1998) Contrast-invariant
orientation tuning in cat visual cortex: thalamocortical input tuning and
correlation-based intracortical connectivity. J Neurosci 18:5908 –5927.
Medline

Tsodyks MV, Skaggs WE, Sejnowski TJ, McNaughton BL (1997) Paradoxi-
cal effects of external modulation of inhibitory interneurons. J Neurosci
17:4382– 4388. Medline

van Vreeswijk C, Sompolinsky H (1996) Chaos in neuronal networks with
balanced excitatory and inhibitory activity. Science 274:1724 –1726.
CrossRef Medline

Vijayan S, Hale GJ, Moore CI, Brown EN, Wilson M (2010) Activity in the
barrel cortex during active behavior and sleep. J Neurophysiol 103:2074 –
2084. CrossRef Medline

Wehr M, Zador AM (2003) Balanced inhibition underlies tuning and sharp-
ens spike timing in auditory cortex. Nature 426:442– 446. CrossRef
Medline

14368 • J. Neurosci., September 4, 2013 • 33(36):14359 –14368 Taub et al. • Rate of Synaptic Activity Sets E/I Balance

http://www.ncbi.nlm.nih.gov/pubmed/10934238
http://dx.doi.org/10.1038/nn.2105
http://www.ncbi.nlm.nih.gov/pubmed/18376400
http://dx.doi.org/10.1523/JNEUROSCI.5062-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20335480
http://dx.doi.org/10.1016/S0006-8993(98)01194-9
http://www.ncbi.nlm.nih.gov/pubmed/9878870
http://dx.doi.org/10.1038/nature07150
http://www.ncbi.nlm.nih.gov/pubmed/18633351
http://dx.doi.org/10.1038/nn.3035
http://www.ncbi.nlm.nih.gov/pubmed/22267163
http://dx.doi.org/10.1038/nn1660
http://www.ncbi.nlm.nih.gov/pubmed/16520737
http://dx.doi.org/10.1097/00000542-199810000-00023
http://www.ncbi.nlm.nih.gov/pubmed/9778016
http://www.ncbi.nlm.nih.gov/pubmed/10200213
http://dx.doi.org/10.3389/fncir.2012.00109
http://www.ncbi.nlm.nih.gov/pubmed/23267317
http://www.ncbi.nlm.nih.gov/pubmed/10964940
http://dx.doi.org/10.1126/science.8235588
http://www.ncbi.nlm.nih.gov/pubmed/8235588
http://www.ncbi.nlm.nih.gov/pubmed/11353014
http://dx.doi.org/10.1523/JNEUROSCI.5983-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19474312
http://dx.doi.org/10.1523/JNEUROSCI.1181-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22933799
http://www.ncbi.nlm.nih.gov/pubmed/9671678
http://www.ncbi.nlm.nih.gov/pubmed/9151754
http://dx.doi.org/10.1126/science.274.5293.1724
http://www.ncbi.nlm.nih.gov/pubmed/8939866
http://dx.doi.org/10.1152/jn.00474.2009
http://www.ncbi.nlm.nih.gov/pubmed/20164403
http://dx.doi.org/10.1038/nature02116
http://www.ncbi.nlm.nih.gov/pubmed/14647382

	Cortical Balance of Excitation and Inhibition Is Regulated by the Rate of Synaptic Activity
	Introduction
	Materials and Methods
	Results
	Effects on inhibition are stable across anesthetic agents
	Discussion
	Effects of anesthesia on cortical activity
	Cortical excitation is insensitive to changes in inhibition
	Upstream effects of anesthesia on cortical E/I balance

	The magnitude of the cortical inhibitory input is rate dependent
	References

