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Chandelier Cells Control Excessive Cortical Excitation:
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Chandelier cells form inhibitory axo-axonic synapses on pyramidal neurons with their characteristic candlestick-like axonal terminals.
The functional role of chandelier cells is still unclear, although the preferential loss of this cell type at epileptic loci suggests a role in
epilepsy. Here we report an examination of whisker- and spontaneous activity-evoked responses in chandelier cells and other fast-spiking
nonpyramidal neurons and regular-spiking pyramidal neurons in layer 2/3 of the barrel cortex. Fast-spiking nonpyramidal neurons,
including chandelier cells, basket cells, neurogliaform cells, double bouquet cells, net basket cells, bitufted cells, and regular-spiking
pyramidal neurons all respond to stimulation of multiple whiskers on the contralateral face. Whisker stimulation, however, evokes small,
delayed EPSPs preceded by an earlier IPSP and no action potentials in chandelier cells, different from other nonpyramidal and pyramidal
neurons. In addition, chandelier cells display a larger receptive field with lower acuity than other fast-spiking nonpyramidal neurons and
pyramidal neurons. Notably, simultaneous dual whole-cell in vivo recordings show that chandelier cells, which rarely fire action poten-
tials spontaneously, fire more robustly than other types of cortical neurons when the overall cortical excitation increases. Thus, chande-
lier cells may not process fast ascending sensory information but instead may be reserved to prevent excessive excitatory activity in
neuronal networks.
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Introduction
Chandelier cells are a unique type of inhibitory neuron that syn-
apses on the axonal initial segment of pyramidal neurons (Szen-
tagothai and Arbib, 1974; Somogyi et al., 1983; Li et al., 1992).
Because loss of chandelier cells is commonly and preferentially
found at epileptic foci, it is proposed that they are functionally
associated with epilepsy (Williams et al., 1977; Ribak, 1985;
Freund and Buzsaki, 1988; Marco et al., 1996; Arellano et al.,
2004). This view is supported by recent in vivo recordings from
two morphologically identified chandelier cells, showing that
these cells tend to fire action potentials shortly after synchronized
activity of pyramidal neurons (Klausberger et al., 2003). It is un-
clear, however, whether the loss of chandelier cells represents a
consequence of epileptic seizures or a key component that leads
to epilepsy, because the functional role of this cell type has not
been elucidated (DeFelipe, 1999).

The receptive field properties of cortical neurons have been
studied extensively in the last two decades. Some early extracel-

lular single-unit recording studies reported small, often single-
whisker receptive fields, whereas others have shown multiple-
whisker receptive fields (Simons, 1983; Armstrong-James and
Fox, 1987; Ghazanfar and Nicolelis, 1999; Fox et al., 2003). Intra-
cellular recordings with sharp electrodes or whole-cell recordings
with patch pipettes have now established that pyramidal and
spiny stellate neurons in cortical layers 2– 6 possess a large sub-
threshold receptive field composed of �10 whiskers (Carvell and
Simons, 1988; Ito, 1992; Moore and Nelson, 1998; Zhu and Con-
nors, 1999; Stern et al., 2001; Brecht and Sakmann, 2002; Petersen
et al., 2003). These studies have also demonstrated that the recep-
tive fields of most excitatory neurons had the same acuity. The
average responses in these neurons to the deflection of first-order
and second-order surrounding whiskers are �50% of those to
the deflection of the primary and first-order surrounding whis-
kers, respectively; however, the receptive field structure of corti-
cal inhibitory interneurons, which represent a significant popu-
lation of cortical neurons and may participate in various cortical
functions (Peters and Jones, 1984; Kawaguchi and Kubota, 1997;
Somogyi et al., 1998), is much less understood (Zhu and Con-
nors, 1999; Bruno and Simons, 2002; Swadlow and Gusev, 2002).
This is further complicated by recent evidence that distinct inhib-
itory interneurons may possess different receptive field proper-
ties (Hirsch et al., 2003; Zhu and Zhu, 2004).

Using single and simultaneous dual whole-cell in vivo record-
ing techniques, we studied the whisker-evoked synaptic re-
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sponses in fast-spiking (FS) chandelier cells and other FS nonpy-
ramidal and regular-spiking (RS) pyramidal neurons in layer 2/3.
We found that chandelier cells responded to whisker stimulation
with synaptic events in an IPSP–EPSPs sequence, different from
the normal EPSP–IPSP–EPSPs sequence found in all other non-
pyramidal and pyramidal neurons, suggesting that chandelier
cells may not be involved in processing fast sensory inputs. We
also found that in comparison to other FS nonpyramidal and RS
pyramidal neurons, chandelier cells generated much more robust
firing when local inhibition was partially blocked. These results
thus suggest that chandelier cells prevent excessive excitation of
the cortical network.

Materials and Methods
Animal preparation. As described previously (Zhu and Connors, 1999;
Larkum and Zhu, 2002), adult rats (180 –280 gm) were initially anesthe-
tized by an intraperitoneal injection of pentobarbital sodium (60 mg/kg).
Supplemental doses (10 mg/kg) of pentobarbital were given as needed to
keep animals free from pain reflexes and in a state of slow-wave general
anesthesia, as determined by monitoring the cortical electroencephalo-
gram. All pressure points and incised tissues were infiltrated with lido-
caine. Body temperature (rectal) was monitored and maintained within
the normal range (37.2 � 0.3°C). During the physiological investigation,
the animals were placed in a stereotaxic frame. A hole �3 � 4 mm was
opened above the right somatosensory cortex according to stereotaxic
coordinates. A small chamber was then built around the opening to
enable the superperfusion of bicuculline dissolved in oxygenated physi-
ological solution containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4,
25 NaHCO3, 1 MgCl2, 25 dextrose, 2 CaCl2, pH 7.4 (cf. Margrie et al.,
2001). The dura was opened before the electrode penetrations.

Electrophysiology. Whole-cell recordings were made blindly as de-
scribed in previous reports (Zhu and Connors, 1999; Larkum and Zhu,
2002). Long-taper patch electrodes were made from borosilicate tubing,
and their resistances were 5–14 M� when filled with standard intracel-
lular solution containing (in mM): 115 potassium gluconate, 10 HEPES, 2
MgCl2, 2 MgATP, 2 Na2ATP, 0.3 GTP, 20 KCl, and biocytin 0.25%, pH
7.3. Liquid junction potential was not corrected. To obtain whole-cell
recordings, electrodes were advanced into the brain while pulsing with
0.1 nA current steps of 200 msec duration. Positive pressure (75–150
mbar) was constantly applied to the pipettes while they were being ad-
vanced. A short pulse of high pressure (300 – 450 mbar) was applied
intermittently to inject biocytin and stain cell debris along the penetra-
tion pathways. When a sudden increase in electrode resistance was evi-
dent, gentle suction was applied to obtain a seal resistance of �1 G�. The
patches of membranes were broken by applying more negative pressure
to obtain a whole-cell configuration. All in vivo data were collected when
the access resistance of the recording was �50 M� using up to two
Axoclamp-2B amplifiers (Axon Instruments, Foster City, CA). The elec-
trode capacitance compensation was made in discontinuous current-
clamp mode with head-stage outputs monitored continuously on a sec-
ond oscilloscope.

Whisker stimulation. Single whiskers on the contralateral face were
deflected briefly for a short distance (40 –200 �m) with a piezoelectric
stimulator, placed adjacent to the whisker, and activated by single, brief
voltage pulses (0.3– 0.5 msec, 2–10 V, 0.25 Hz) (Dykes et al., 1977; Si-
mons, 1983). To assess the receptive field size of recorded neurons, we
examined their responses to a brief deflection of each of 27 mystacial
vibrissae, from A0 to E5, in the contralateral face [whiskers A5 and B5 were
very small and were not stimulated, whereas whisker E0 is absent in the
rat (Chapin and Lin, 1984)]. Because many cortical cells displayed high
rates of spontaneous activity, 8 –16 trials of whisker deflection were av-
eraged. The latencies for whisker-evoked EPSPs and IPSPs were mea-
sured at the onset of the averaged responses.

Histology. After recordings, a small block of tissue, including the re-
corded cell(s), was removed from the brain and immersion fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer. The tissue blocks were later
sectioned 250 �m thick with a microslicer. Tissue sections were pro-
cessed with the avidin– biotin–peroxidase method to reveal cell mor-

phology. Cells were then drawn with the aid of a microscope equipped
with a computerized reconstruction system (Neurolucida, Williston,
VT). Only the data from the morphologically identified neurons were
included in this report. All results are reported as mean � SEM. Statisti-
cal differences of the means were determined using Wilcoxon and
Mann–Whitney rank sum nonparametric tests for paired and unpaired
samples, respectively. The level of significance was set at p � 0.05.

Results
Identification of fast-spiking nonpyramidal neurons recorded
in vivo
We examined whisker- and spontaneous activity-evoked re-
sponses in nonpyramidal and pyramidal neurons in layer 2/3 of
the rat barrel cortex using whole-cell in vivo recording tech-
niques. The classification of these cortical neurons was made after
the recovery of their morphology (Fig. 1A,B). Thirty-nine cells
generated short-duration action potentials. The firing frequen-
cies of these cells during an episode of repetitive discharges were
relatively constant even at high discharge rates, similar to those
described previously in vitro (Kawaguchi, 1995; Galarreta and
Hestrin, 1999; Gibson et al., 1999; Gupta et al., 2000; Porter et al.,
2001). These cells were either bipolar or multipolar aspiny neu-
rons. Among them, 10 neurons had a hallmark axon that gives
rise to many candlestick-like axonal terminals, and they were
classified as chandelier cells. Chandelier cells and other FS non-
pyramidal neurons had the same resting membrane potential
(�64.9 � 1.5 mV, n � 10 vs �65.2 � 1.3 mV, n � 29; p � 0.83)
and input resistance (68.1 � 6.3 m�, n � 10 vs 60.1 � 12.5 m�,
n � 29; p � 0.25), and they discharged action potentials with the
same short duration (1.23 � 0.09 msec, n � 10 vs 1.32 � 0.07
msec, n � 29; p � 0.31).

Whisker-evoked responses in fast-spiking
nonpyramidal neurons
A brief deflection of single whiskers on the contralateral face
evoked synaptic potentials in all FS nonpyramidal neurons, in-
cluding 10 chandelier cells (Figs. 1, 2). All FS nonpyramidal neu-
rons, including chandelier cells, responded to multiple surround-
ing whiskers. Normally one whisker evoked the largest initial
EPSP with the shortest latency, and we defined this whisker as the
“primary” whisker. In one FS neuron, the shortest latency initial
EPSP was evoked by a first-order surrounding whisker; the am-
plitude of that whisker-evoked EPSP was the second largest in the
cell. Unlike other FS neurons (Zhu and Connors, 1999; Margrie
et al., 2003; Zhu and Zhu, 2004), chandelier cells responded to
whisker stimulation with a small, long-latency initial EPSP fol-
lowed by several delayed EPSPs (Figs. 1C,D, 2A,B). On average,
the amplitude of the primary whisker-evoked initial EPSP in
chandelier cells was less than half of that in other nonpyramidal
FS neurons (Fig. 3A) (3.8 � 0.4 mV, n � 4 vs 10.7 � 1.4 mV, n �
11; p � 0.01), and the latencies in chandelier cells were �1–3
msec longer than those in other FS nonpyramidal neurons (Figs.
1E,F, 3B) [(10.3 � 0.4 msec, n � 4 vs 7.5 � 0.1 msec, n � 4; p �
0.01 for primary whisker (PW); 13.0 � 0.5 msec, n � 16 vs 10.1 �
0.2 msec, n � 41; p � 0.0001 for first-order surrounding whisker
(1st SW); 14.9 � 0.6 msec, n � 11 vs 13.4 � 0.3 msec, n � 20; p �
0.05 for second-order surrounding whisker (2nd SW)]. The
whisker-evoked initial EPSPs in chandelier cells were never large
enough to trigger action potentials. Holding these neurons at a
depolarized membrane by injecting depolarizing current re-
vealed a whisker-evoked IPSP starting earlier than the initial
EPSP (Figs. 1E, 2A,C). This was in contrast to other FS nonpy-
ramidal neurons in which the whisker-evoked initial IPSP and
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several delayed EPSPs followed a whisker-evoked initial EPSP
(Figs. 1F, 2B,D). Latency analysis revealed that the latencies for
the whisker-evoked initial IPSPs were the same in these two
groups of FS neurons (Fig. 3C) (8.2 � 0.3 msec, n � 4 vs 8.9 � 0.4

msec, n � 6; p � 0.17 for PW; 10.0 � 0.4 msec, n � 16 vs 10.8 �
0.3 msec, n � 23; p � 0.36 for 1st SW; 12.1 � 0.6 msec, n � 11 vs
13.6 � 0.7 msec, n � 8; p � 0.99 for 2nd SW). Alteration of the
number of whiskers deflected (one to four) (Fig. 1G,H), as well as
whisker stimulus duration (0.3–10 msec), direction (0 –360°),
and intensity (2–10 V), had little effect on the whisker-evoked
synaptic response patterns in chandelier cells and other FS non-
pyramidal neurons, consistent with previous reports that the
general pattern of whisker-evoked responses in barrel cortical
neurons, particularly FS neurons, was not significantly affected
by these stimulus parameters (Brecht and Sakmann, 2002; Bruno
and Simons, 2002).

Similar to the evoked responses, spontaneous events displayed
similar distinct properties in chandelier cells compared with
other FS neurons. When distinguishable from background noise,
spontaneous IPSPs were often seen to occur before spontaneous
EPSPs in chandelier cells (Fig. 1 I). In contrast, spontaneous
IPSPs always followed EPSPs in other FS nonpyramidal neurons
(Fig. 1 J). Thus, chandelier cells do not appear to receive and

Figure 1. Whisker-evoked synaptic responses in chandelier cells and other FS nonpyramidal
neurons. A, B, Neurolucida reconstruction of an FS chandelier cell ( A) and an FS basket cell ( B).
Recording traces below show responses of the chandelier cell and basket cell to hyperpolarizing
and depolarizing current step injections. Short lines on the left side in A and B indicate cortical
layer boundaries. C, D, Primary whisker-evoked responses of the chandelier cell ( C) and basket
cell ( D) at the resting membrane potentials (2 single trials). Note that the primary whiskers of
the chandelier cell and basket cell were whiskers C2 and C1 , respectively. E, F, Average responses
of the chandelier cell and basket cell to a brief deflection of the primary whisker, a first-order
surrounding whisker, and a second-order surrounding whisker. G, H, Average responses of the
chandelier cell ( G) and basket cell ( H ) to the simultaneous deflection of whiskers C1 , C2 , and C3.

Note the early IPSPs (arrows) in E and G. I, J, Spontaneous events of the chandelier cell ( I ) and
basket cell ( J) recorded at slightly depolarized membrane potentials.

Figure 2. Receptive fields of whisker-evoked synaptic responses of chandelier cells and
other FS nonpyramidal neurons. A, B, Amplitudes and latency of the initial EPSPs evoked by brief
deflections of single whiskers from A0 to E5 in the chandelier cell ( A) and basket cell ( B) recon-
structed in Figure 1. C, D, Amplitudes and latencies of the initial IPSPs evoked by brief deflections
of single whiskers from A0 to E5 in the same chandelier cell ( C) and basket cell ( D).
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process the fast ascending sensory information. Instead, the
spontaneous and evoked IPSP–EPSP events suggest that chande-
lier cells are ideal for monitoring the neuronal network excitabil-
ity and may fire action potentials only when inhibition is reduced
and excitation increases, such as when there is excessive excitabil-
ity or synchronous high-frequency discharges in large groups of
excitatory neurons in the network.

To map the receptive field of FS nonpyramidal neurons, we
examined their initial excitatory and inhibitory responses to a
brief deflection of each of 27 mystacial vibrissae, from A0 to E5, in
the contralateral face (see Materials and Methods). For chande-
lier cells, both whisker-evoked excitatory and inhibitory re-
sponses were measured at a slightly depolarized membrane po-
tential. For other FS nonpyramidal neurons, excitatory responses
were first measured at the resting membrane potential or a
slightly hyperpolarized potential to minimize the effect of IPSPs,
whereas inhibitory responses were measured at a depolarized
membrane potential (�5 mV) to minimize the effect of initial
EPSPs. These tasks succeeded only in a few FS neurons recorded
because measurements took �45–120 min and many recordings
were lost before the measurements were completed, in particular
when a continuous depolarizing current was required to be in-
jected to reveal whisker-evoked IPSPs. The receptive field map-
ping showed that in addition to the primary whisker, 8 –15 sur-
rounding whiskers induced significant initial EPSPs in FS
nonpyramidal neurons (Fig. 2). Typically, the same whiskers that
evoked an initial EPSP also evoked an IPSP in FS nonpyramidal
neurons, and the whisker that evoked the largest EPSP often
evoked the largest IPSP (Fig. 2), congruous with previous reports
(Brumberg et al., 1996; Moore and Nelson, 1998).

There were obvious differences between receptive field prop-
erties of chandelier cells and other FS nonpyramidal neurons. We
first assessed the excitatory and inhibitory receptive field sizes,
which were defined as the number of whiskers that evoked an
initial EPSP or IPSP. Chandelier cells had significantly larger ex-

citatory and inhibitory receptive fields than other FS nonpyrami-
dal neurons (Fig. 3D) (14.3 � 0.9, n � 4 vs 10.9 � 0.5, n � 11; p �
0.05 for excitatory receptive field; 14.5 � 1.3, n � 4 vs 10.2 � 0.6,
n � 6; p � 0.05 for inhibitory receptive field). Interestingly, the
excitatory and inhibitory receptive fields cover almost exactly the
same whiskers in both chandelier cells ( p � 0.89) and other FS
nonpyramidal neurons ( p � 0.42), similar to the observations
made in other cortical areas (Borg-Graham et al., 1998; Wehr and
Zador, 2003). Our recent study has shown that inhibitory neu-
rons may have receptive fields with different acuity (Zhu and
Zhu, 2004). Plotting amplitudes of whisker-evoked responses
against the locations of whiskers in receptive fields revealed that
both excitatory (66.8 � 5.7%, n � 16 vs 49.2 � 3.7%, n � 41; p �
0.05 for 1st SW; 40.5 � 4.9%, n � 11 vs 23.9 � 4.1%, n � 19; p �
0.05 for 2nd SW) and inhibitory (68.3 � 8.2%, n � 16 vs 50.1 �
4.6%, n � 23; t test, p � 0.05 for 1st SW; 38.7 � 4.3%, n � 11 vs
24.8 � 4.7%, n � 8; t test, p � 0.05 for 2nd SW) receptive fields of
chandelier cells had lower acuities than those of other FS nonpy-
ramidal neurons (Fig. 3E,F). These results, when compared with
recent studies on the receptive fields of other cortical neurons
(Moore and Nelson, 1998; Zhu and Connors, 1999; Stern et al.,
2001; Brecht and Sakmann, 2002; Brecht et al., 2003; Zhu and
Zhu, 2004), suggest that chandelier cells integrate excitatory and
inhibitory inputs over a larger area than other cortical neurons.
Given that the axo-axonic synapses that chandelier cells form on
pyramidal neurons are uniquely designed (Somogyi et al., 1983;
Li et al., 1992) and the excitation of chandelier cells is powerful in
preventing action potential initiation at the axonal initial seg-
ment of pyramidal neurons (Buhl et al., 1994; Miles et al., 1996),
these results support the speculation that chandelier cells func-
tion to monitor the overall excitability in the cortex and only fire
action potentials to dampen excessive excitation.

As reported previously in vitro (Kawaguchi, 1995; Gupta et al.,
2000; Porter et al., 2001), we found that in addition to chandelier
cells, FS nonpyramidal neurons consisted of subclasses of heter-
ogeneous aspiny neurons with different morphological appear-
ances (Figs. 1, 4). Among those neurons having dendritic and
axonal morphology that was well characterized (Figs. 1, 4, 6), we
identified neurons with morphological appearances similar to
previously described basket cells, neurogliaform cells, double
bouquet cells, nest basket cells, and bitufted cells (Kawaguchi,
1995; Kawaguchi and Kubota, 1997; Zhu and Connors, 1999;
Gupta et al., 2000; Kaiser et al., 2001; Zhu and Zhu, 2004). All of
these cells appeared to respond to whisker stimuli with a similar
EPSP–IPSP–EPSPs pattern (Figs. 1, 4D–F) (Zhu and Zhu, 2004);
however, larger sample numbers are needed to determine
whether there are differences in whisker-evoked response pat-
terns and receptive field properties among these subclasses of
nonpyramidal neurons. In this study, we arbitrarily grouped
them into a single cell type in the data analysis.

Whisker-evoked responses in regular-spiking
pyramidal neurons
Whisker-evoked synaptic responses of layer 2/3 pyramidal neu-
rons have been well characterized by a recent study (Brecht et al.,
2003). As a control, we examined the properties of receptive fields
in 16 layer 2/3 pyramidal neurons (Fig. 5). The resting membrane
potential of these pyramidal neurons was �75.6 � 1.0 mV (n �
16), which is more hyperpolarized than chandelier cells ( p �
0.0001) and other FS nonpyramidal neurons ( p � 0.0001). The
input resistance of these neurons was 50.3 � 4.5 m� (n � 16),
which is smaller than chandelier cells ( p � 0.05) but not signifi-
cantly different from other FS nonpyramidal neurons ( p � 0.09).

Figure 3. Receptive fields of whisker-evoked synaptic responses of chandelier cells and
other FS nonpyramidal neurons. A, Histograms of average amplitudes of the primary whisker-
evoked initial EPSPs in chandelier cells (black bars) and other FS nonpyramidal neurons (gray
bars). B, Histograms of average latencies of the whisker-evoked initial EPSPs of chandelier cells
and other FS nonpyramidal neurons. C, Histograms of average latencies of the whisker-evoked
initial IPSPs of chandelier cells and other FS nonpyramidal neurons. D, Histograms of average
excitatory and inhibitory receptive field sizes (defined as the number of whiskers that evoked an
initial EPSP or IPSP) for chandelier cells and other FS nonpyramidal neurons. Note that the
excitatory and inhibitory receptive field sizes were the same within cell types, although they
differed between cell types. E, Plots of average acuities of excitatory receptive fields of chande-
lier cells and other FS nonpyramidal neurons. F, Plots of average acuities of inhibitory receptive
fields of chandelier cells and other FS nonpyramidal neurons. EPSP and IPSP amplitudes and SEs
were normalized to average values from primary whiskers.
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They displayed RS firing patterns with action potential durations
(2.11 � 0.13 msec; n � 16) longer than those in chandelier cells
( p � 0.0001) and other FS nonpyramidal neurons ( p � 0.0001).

As reported previously (Moore and Nelson, 1998; Zhu and
Connors, 1999; Stern et al., 2001; Brecht et al., 2003), layer 2/3
pyramidal neurons responded to multiple whiskers (Fig. 5B,C).
The receptive field size of layer 2/3 pyramidal neurons (9.9 � 0.5;
n � 16) was smaller than that of chandelier cells ( p � 0.01) but
the same as that of other FS nonpyramidal neurons ( p � 0.21).
The amplitudes of first-order surrounding whiskers and second-
order surrounding whiskers were 47.1 � 3.4% (n � 41; p � 0.01)
and 23.2 � 4.0% (n � 20; p � 0.01) of the primary whiskers,
respectively (Fig. 5D). These responses were the same as those
juvenile and adult layer 2/3 neurons (Stern et al., 2001; Brecht et
al., 2003), as well as many other barrel neurons reported previ-
ously (Zhu and Connors, 1999; Brecht and Sakmann, 2002; Zhu
and Zhu, 2004). These results indicate that the acuity of the re-
ceptive field of layer 2/3 pyramidal neurons is significantly
smaller than that of chandelier cells (Fig. 5E) ( p � 0.01 for both
1st SW and 2nd SW) but the same as that of other FS nonpyra-

midal neurons (Fig. 5F) ( p � 0.71 for 1st
SW; p � 0.83 for 2nd SW). These data to-
gether support the notion that chandelier
cells respond to whisker stimuli differently
from other layer 2/3 FS nonpyramidal and
RS pyramidal neurons.

Spontaneous action potentials in fast-
spiking nonpyramidal neurons
To investigate when chandelier cells fire
action potentials and whether changes of
activity in chandelier cells correlate with
changes in network excitability, we made
simultaneous dual whole-cell in vivo re-
cordings from chandelier cells and other
FS nonpyramidal or RS pyramidal neu-
rons (Fig. 6A,B). We found that in com-
parison to other cortical neurons, sponta-
neous events in chandelier cells were
smaller in amplitude and rarely triggered
action potentials (Fig. 6B,C). On average,
the spontaneous action potential firing
rate of chandelier cells was approximately
one-sixth of that of other FS nonpyramidal
and RS pyramidal neurons (0.013 � 0.002
vs 0.071 � 0.025 Hz; n � 8; p � 0.01). We
then perfused 2 �M bicuculline on the cor-
tical surface above the recordings to dis-
turb the balance of cortical excitation and
inhibition. This manipulation caused in-
creases in the amplitude of spontaneous
events and firing frequency of both chan-
delier cells and other FS nonpyramidal and
pyramidal neurons, suggesting an overall
increase in excitation and decrease in inhi-
bition in the cortex. Remarkably, the in-
crease in the firing frequency of chandelier
cells was much larger (�22-fold) than that
of other cortical neurons (�1.6-fold). As a
consequence, chandelier cells fired action
potentials at a significantly higher rate
than other cortical neurons in the presence
of bicuculline (Fig. 6B,C) (0.279 � 0.041

vs 0.116 � 0.034 Hz; n � 8; p � 0.01). These results indicate that
chandelier cells are actively recruited into the cortical circuitry
and become more activated than other cortical neurons when the
cortex becomes hyperexcited, consistent with the recent in vivo
observation that chandelier cells preferentially fire action poten-
tials after the strong, synchronized activity of pyramidal neurons
(Klausberger et al., 2003).

Discussion
In this study, we report that FS chandelier cells and other FS
nonpyramidal and RS pyramidal neurons respond to whisker
stimulation with distinct synaptic responses. While whisker stim-
ulation evokes small, delayed EPSPs preceded by an earlier IPSP
and no action potentials in chandelier cells, it evoked a large,
short-latency EPSP followed by an IPSP and several delayed EP-
SPs and sometimes action potentials in other FS nonpyramidal
and RS pyramidal neurons. Although both chandelier cells and
other cortical neurons respond to multiple whisker stimulation,
chandelier cells have a significantly larger receptive field with
lower acuity than other FS nonpyramidal and RS pyramidal neu-

Figure 4. Whisker-evoked synaptic responses in FS nonpyramidal neurons. A–C, Neurolucida reconstruction of a double
bouquet cell ( A), a net basket cell ( B), and a bitufted cell ( C). Note that the cell in A has its dendritic and axonal branches vertically
oriented, the cell in B exhibits a local net of dendritic and axonal branches on one side of the soma, and the cell in C gives rise to two
primary dendrites emerging on opposite sides of the soma. Recording traces below show responses of the nonpyramidal cells to
hyperpolarizing and depolarizing current step injections. Cortical layer boundaries indicated by short lines on the right side of C
apply to A–C. D–F, Amplitudes and latencies of the initial EPSPs evoked by brief deflections of single whiskers from A0 to E5 in the
double bouquet cell ( D), net basket cell ( E), and bitufted cell ( F).
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rons. Thus, it appears that chandelier cells are not involved in
coding fast ascending sensory inputs, but instead they are ideal
for monitoring overall cortical excitability. Consistent with this
idea, chandelier cells rarely fire action potentials in response to
spontaneous events, but they fire more robustly than other types
of FS nonpyramidal and RS pyramidal neurons when the overall
cortical excitation increases, suggesting that they may function to
suppress excessive excitation via their powerful inhibitory syn-
apses on pyramidal neurons.

Whisker-evoked responses in chandelier cells and other fast-
spiking nonpyramidal neurons
Cortical inhibitory interneurons have been classified into many
subtypes on the basis of their morphological, anatomical, bio-
chemical, intrinsic, and synaptic properties (Kawaguchi, 1995;

Cauli et al., 2000; Gupta et al., 2000; Karube et al., 2004). Accu-
mulating in vitro and in vitro studies on inhibitory interneurons
in the neocortex (Agmon and Connors, 1992; Reyes et al., 1998;
Larkum et al., 1999; Beierlein et al., 2000; Galarreta and Hestrin,
2001; Porter et al., 2001; Tamas et al., 2003), as well as those in the
hippocampus (Buhl et al., 1994; Miles et al., 1996; Parra et al.,
1998; Klausberger et al., 2003) and thalamus (Curro Dossi et al.,

Figure 5. Whisker-evoked synaptic responses in RS pyramidal neurons. A, Neurolucida re-
construction of a layer 2/3 RS pyramidal neuron. Recording traces below show responses of the
pyramidal cell to hyperpolarizing and depolarizing current step injections. Short lines on the left
side indicate cortical layer boundaries. B, Average responses of the pyramidal neuron to a brief
deflection of the primary whisker C0 , a first-order surrounding whisker C1 , and a second-order
surrounding whisker C2. C, Amplitudes and latencies of the initial EPSPs evoked by brief deflec-
tions of single whiskers from A0 to E5 in the pyramidal neuron. D, Histograms of average ampli-
tudes of the primary whisker-, first-order surrounding whisker-, and second-order surrounding
whisker-evoked initial EPSPs in pyramidal neurons. E, Plots of average acuities of excitatory
receptive fields of pyramidal neurons versus chandelier cells (left) and pyramidal neurons versus
other FS nonpyramidal neurons (right). EPSP amplitudes and SEs were normalized to average
values from primary whiskers.

Figure 6. Spontaneous activity-evoked action potentials in simultaneously recorded chan-
delier cells and other cortical neurons. A, Neurolucida reconstruction of a chandelier cell (left)
and a neurogliaform cell (right). Recording traces show the responses of the two neurons to
hyperpolarizing and depolarizing current step injections. Short lines on the left side indicate
cortical layer boundaries. B, Simultaneous recordings of spontaneous activity in the chandelier
cell (left) and neurogliaform cell (right) in normal condition (top traces), with superperfusion of 2 �M

bicuculline (middle traces), or after washout of bicuculline (bottom traces). C, Average spontaneous
firing frequency in chandelier cells versus other FS nonpyramidal or RS pyramidal neurons before and
after superperfusion of bicuculline. Note thatF—F indicates chandelier cell and other FS nonpyra-
midal cell pairs, and f—f indicates chandelier cell and RS pyramidal cell pairs.

5106 • J. Neurosci., June 2, 2004 • 24(22):5101–5108 Zhu et al. • Receptive Fields of Cortical FS Interneurons



1992; Zhu and Lo, 1998; Cox and Sherman, 2000; Zhu and
Heggelund, 2001; Perreault et al., 2003), have now provided com-
pelling evidence that diverse classes of interneurons can generate
various forms of inhibitions important for distinct information
processes; however, how distinct types of interneurons receive
and integrate sensory inputs and how they are functionally dif-
ferent are poorly understood.

Previous extracellular single-unit recordings from putative
interneurons, inferred from their short-duration action potential
waveforms and bursting firing properties, have suggested that
cortical inhibitory interneurons receive synaptic inputs from
multiple whiskers (Brumberg et al., 1996; Bruno and Simons,
2002; Swadlow and Gusev, 2002). These studies have also pro-
vided the first evidence that whisker stimuli evoke both excitatory
and inhibitory inputs in inhibitory interneurons and that the
primary whiskers generate the largest excitatory and inhibitory
inputs. Recently developed whole-cell recording techniques have
made it possible to analyze subthreshold synaptic responses from
morphologically identified inhibitory interneurons (Zhu and
Connors, 1999; Zhu and Zhu, 2004; Hirsch et al., 2003). Thus, the
identity of inhibitory neurons can be unambiguously confirmed
after the recordings. Results from these studies indicate that the
primary whiskers evoke the largest EPSPs and IPSPs, whereas
many surrounding whiskers also generate significant EPSPs and
IPSPs in inhibitory interneurons. More importantly, these stud-
ies have also demonstrated that distinct types of inhibitory inter-
neurons integrate sensory information differently. For example,
our recent work has revealed that although some cortical inhibi-
tory interneurons have the same receptive field with the same
acuity as excitatory neurons, others have a smaller receptive field
with higher acuity (Zhu and Zhu, 2004). These different receptive
field structures are well suited for their different functional roles
(Zhu and Zhu, 2004). In the present study, we show that chan-
delier cells have a larger receptive field with lower acuity than
other FS nonpyramidal neurons and RS pyramidal neurons. Be-
cause surrounding whisker-evoked responses of barrel cells may
be generated primarily by intracortical transmission (Gottlieb
and Keller, 1997; Goldreich et al., 1999; Fox et al., 2003), the
unique receptive field properties of chandelier cells suggest that
these cells receive and integrate excitatory and inhibitory synaptic
inputs from a very large cortical area.

Previous extracellular and intracellular recording studies have
observed that a whisker-evoked inhibition or IPSP precedes ex-
citation or EPSPs in a small sample of cortical neurons (Hellweg
et al., 1977; Moore and Nelson, 1998; Sachdev et al., 2000). It is
not clear whether these cells were located in the barrels or septa
and what type of cell(s) was recorded in these studies. Here we
report that chandelier cells respond to whisker stimuli with syn-
aptic events in an IPSP–EPSPs sequence, different from many
other types of morphologically identified layers 1– 6 cortical cells
that respond to whisker stimulation with synaptic events in an
EPSP–IPSP–EPSPs sequence (Ito, 1992; Zhu and Connors, 1999;
Brecht and Sakmann, 2002; Brecht et al., 2003; Zhu and Zhu,
2004). Thus, although chandelier cells may receive and integrate
excitatory inputs from a large cortical area, whisker-evoked and
spontaneous events rarely trigger action potentials in these cells,
presumably because of hyperpolarizing and shunting effects of
the initial IPSP. It appears that chandelier cells may fire action
potentials only when this initial IPSP is reduced. Consistent with
this idea, spontaneous EPSPs become much larger and spontane-
ous firing rate increases dramatically in chandelier cells when the
inhibitory tone in the cortex is slightly suppressed with the per-
fusion of a low concentration of bicuculline on the cortical sur-

face. In contrast, the same manipulation only modestly increases
the firing rate of other FS nonpyramidal and RS pyramidal neu-
rons. Thus, chandelier cells are particularly sensitive to the bal-
ance of cortical excitation and inhibition and switch into a vigor-
ous firing mode when the cortex is hyperexcited.

Functional considerations of chandelier cells
The origin of epileptic activity is still controversial, and a few
conspicuous mechanisms for epileptogenesis (e.g., alternation of
neuronal intrinsic properties, general decrease in GABAergic in-
hibition, and enhancement of excitatory coupling) have been
proposed and studied intensively (Prince and Connors, 1986;
Prince, 1999). An alternative model for epileptogenesis is that
selective loss of chandelier cells, as commonly observed at epilep-
tic foci (Williams et al., 1977; Ribak, 1985; Freund and Buzsaki,
1988; Marco et al., 1996; Arellano et al., 2004), is a crucial event
that initiates epileptic activity (DeFelipe, 1999); however, this
hypothesis, although intriguing, has not received significant at-
tention because the functional role of chandelier cells in neuronal
circuitry is unknown, and it is thus possible that loss of chandelier
cells reflects simply a consequence of epileptic activity. Our in
vivo results suggest that instead of being involved in processing
and coding fast sensory information, chandelier cells may be re-
served to oversee the balance of excitatory and inhibitory inputs
over a large cortical area, and these cells increase their firing rate
dramatically when excitation overpowers inhibition. Because ac-
tion potentials from chandelier cells are extremely powerful in
suppressing action potential initiation in pyramidal neurons
(Buhl et al., 1994; Miles et al., 1996), chandelier cells may func-
tion as the last defense to keep network excitability from going
out of control. Loss of chandelier cells, which makes the neuronal
network incapable of dampening excessive excitation resulting
from other causes of epileptogenesis (Wong and Prince, 1979;
Connors, 1984; Cohen et al., 2002), may be one of the key events
leading to epilepsy.
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