B R I E F C O M M U N I C AT I O N S

Interneurons hyperpolarize
pyramidal cells along their
entire somatodendritic axis
Although GABAergic interneurons are the main source of
synaptic inhibition in the cortex, activation of GABAA receptors
has been shown to depolarize specific neuronal compartments,
resulting in excitation. By using a noninvasive approach to
monitor the effect of individual interneurons on the pyramidal
cell population, we found that rat hippocampal interneurons
hyperpolarized pyramidal cells irrespective of the location of
their synapses along the somato-dendritic axis.
Determining the role of the diverse population of GABAergic interneurons is a fundamental step in understanding the function of cortical
microcircuits1. However, one of the most basic questions remains
unresolved: whether different types of interneurons excite or inhibit
their targets. Many studies have reported that GABA depolarizes
specific compartments of pyramidal cells, such as the dendrites or
axon initial segment, suggesting that some interneurons may drive
activity in cortical circuits2–6. This has confounded the relative role of
GABAergic and glutamatergic transmission in cortical processing.
Unfortunately, most of these studies used techniques that perturb
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whole-cell uIPSCs (n ¼ 3) from basket cells. Data shown are mean ± s.e.m.
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intracellular properties, rely on nonphysiological stimuli or are particularly prone to finding the exceptions rather than the rule. We
examined the effect of individual, anatomically identified interneurons
on their postsynaptic targets without perturbing either the membrane
potential or the intracellular ion concentrations of the pyramidal cells.
A single action potential triggered in a hippocampal CA1 basket cell
(identified post hoc by the location of its axonal arborization in stratum
pyramidale) elicited a local unitary field potential (uField) that was
recorded with an extracellular electrode filled with 3 M NaCl and placed
in stratum pyramidale (average amplitude, 15.8 ± 1.8 mV; range,
5.0–41.6 mV; n ¼ 26; Fig. 1a and Supplementary Methods online).
This uField could be blocked by the GABAA receptor (GABAAR)
antagonist gabazine (n ¼ 11; Fig. 1a), confirming that the event was
synaptically generated. Furthermore, the kinetics (10–90 rise time,
1.2 ± 0.1 ms; decay tau, 6.6 ± 0.7 ms; n ¼ 17 and 14) and paired
pulse ratio (50 Hz, 0.59 ± 0.04; 20 Hz, 0.73 ± 0.04; n ¼ 11 and 6,
respectively) of the uField were similar to those of intracellularly
recorded unitary inhibitory postsynaptic currents (uIPSCs)7, consistent with the uField being proportional to the synaptic current.
Because the basket cell’s axon (and therefore GABA release) was
restricted to stratum pyramidale (Fig. 1a), the positive uField recorded
in that location indicates the presence of an active source, reflecting a
locally generated outward synaptic current. Thus, a spike in the basket
cell leads to the somatic hyperpolarization of the pyramidal cell
population. This observed hyperpolarization was not the result of a
local increase in concentration of chloride ions leaking from the
extracellular recording electrode, as the amplitude of the uField
recorded with artificial cerebrospinal fluid (ACSF) in the electrode
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Figure 2 Dendritically targeting interneurons are hyperpolarizing. (a) Reconstruction of a biocytin-filled
dendrite targeting (for example, bistratified
OLM cell (left, dendrites are shown in black and axons are in gray) with its uField recorded in multiple
cells), distal dendrite targeting (orienslayers (right). (b) The uField from a different OLM cell (black, recorded in stratum lacunosum
lacunosom moleculare, OLM cells) and axon
moleculare) treated with CPA (light gray) or gabazine (dark gray). (c) Reconstruction of a biocytin-filled
targeting (axo-axonic cells) interneurons.
bistratified cell (left, dendrites are shown in black and axons are in gray) with its uField recorded in
uFields that were evoked by dendrite targetmultiple layers (right). (d) The uField from a different interneuron, whose axon arborized in stratum
ing
interneurons were invariably positive at
oriens, in control conditions (black, recorded in stratum pyramidale) or with CPA (gray).
the site of axonal arborization, indicating a
was not significantly different from that recorded with NaCl (ACSF, 17.2 hyperpolarizing action of synaptically released GABA onto the dendrites
± 1.8 mV; NaCl, 15.8 ± 1.8 mV; n ¼ 6 and 26, respectively, P ¼ 0.7; (distal dendrite, 7.5 ± 1.9 mV; Fig. 2a,b; range, 3.1–15.0 mV, n ¼ 6;
Supplementary Fig. 1 online). In addition, when the extracellular proximal dendrite, 4.0 ± 0.5 mV; range, 2–7.3 mV; n ¼ 10; Fig. 2c,d). In
electrode was placed in stratum radiatum, the uField reversed polarity addition, two dendrite targeting interneurons evoked uFields that were
(distance, 200.5 ± 11.7 mm from stratum pyramidale/stratum radiatum recorded with ACSF in the electrode (amplitude, 8.3 ± 1.2 mV; unlike
border; amplitude, –3.8 ± 0.8 mV; n ¼ 7; Fig. 1b). This negative uField basket cells, not all dendrite targeting interneurons evoked a measurable
represents a passive sink that was generated by the hyperpolarization of uField, probably as a result of either the lower synaptic density, the
the dendritic membrane in the absence of a local change in synaptic smaller unitary conductance or the distribution of their synapses over a
conductances. Because this hyperpolarization was recorded at a distance wide area of dendrite resulting in sources and sinks canceling each other
from the site of GABA release, it could not have been influenced by a out). Accordingly, uFields that were generated by dendrite targeting
interneurons were reduced by CPA (proximal and distal, 37 ± 6%, n ¼
local increase in chloride concentration near the tip of the electrode.
The hyperpolarization of the pyramidal cell population indicated 5; Fig. 2b,d) and were blocked by gabazine (proximal and distal, n ¼ 6;
that the reversal potential of GABAAR-mediated conductances was, on Fig. 2b). Thus, GABA that is released onto both proximal and distal
average, more negative than the resting membrane potential in pyr- dendrites of pyramidal cells has a clear hyperpolarizing effect.
Finally, in contrast with the reported excitatory action of axo-axonic
amidal cells. Because the resting membrane potential of CA1 pyramidal
cell somata was –81.0 ± 2.1 mV (n ¼ 8, determined in the cell-attached cells in the neocortex6, uFields recorded in the axonal arborization of
configuration8; Supplementary Fig. 2 online), the hyperpolarizing hippocampal axo-axonic cells (identified by post hoc electron microuField did not result from abnormally depolarized pyramidal cells.
scopy) were positive (17.6 ± 5.1 mV, n ¼ 3), reduced by CPA (by 101 ±
To independently verify the sign of GABAergic transmission, we 10%, n ¼ 2) and abolished by gabazine (n ¼ 2; Fig. 3a). Moreover, an
changed the driving force of GABAergic conductances by tonically extracellular recording in stratum radiatum revealed the presence of a
hyperpolarizing pyramidal cells. We used the adenosine receptor negative uField, as would be expected from somatic hyperpolarization
agonist N6-cyclopentyladenosine (CPA) to open potassium conduc- (Fig. 3b). These data indicate a dominant hyperpolarizing action of
tances without affecting GABA release9. The effect of hyperpolarizing axo-axonic cells on their targets. Action potentials in one of the three
pyramidal cells on the uField will depend on where the reversal identified axo-axonic cells evoked polysynaptic inhibition onto an
potential of GABAAR-mediated conductances lies with respect to the intracellularly recorded pyramidal cell, which could be abolished by
resting membrane potential. If the reversal potential is negative to the the glutamatergic antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylresting potential, and therefore GABAergic transmission is hyperpolar- benzo[f]quinoxaline-2,3-dione (NBQX; Fig. 3c). This indicates that
izing, then hyperpolarizing the pyramidal cells will decrease the the axo-axonic cell recruited an intermediate pyramidal cell that, in
amplitude of the uField; conversely, if the reversal potential is positive turn, recruited an inhibitory interneuron targeting the recorded
to the resting potential, in which case GABAergic transmission is pyramidal cell, similar to reports in the neocortex6. Even in this
depolarizing, hyperpolarizing the pyramidal cells will increase the circumstance, however, the extracellular field potential was positive
amplitude of the uField.
and was reduced by CPA (Fig. 3c), indicating that axo-axonic cells
In whole-cell voltage-clamp recordings, CPA (1 mM) had no effect on inhibit the majority of their targets despite triggering spikes in one or a
the amplitude of intracellularly recorded uIPSCs9 (to 93 ± 7%, n ¼ 3, few pyramidal cell axons.
We have determined the local effect of synaptically released GABA by
P ¼ 0.8; Fig. 1c and Supplementary Fig. 3 online) despite evoking an
outward current in the pyramidal cells (88.2 ± 6.0 pA, n ¼ 3; identified interneurons10. Our data demonstrate that interneurons that
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Figure 3 Axo-axonic cells are hyperpolarizing.
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(b) The uField from a different axo-axonic cell
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recorded in multiple layers (right). (c) Top left,
schematic of recording configuration. IC, current
clamp; VC, voltage clamp. Bottom left, an action
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potential in an axo-axonic cell (bottom left) evoked
an IPSC in a voltage-clamped pyramidal cell (top
left, black traces, ten consecutive sweeps; top
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right, averaged black trace, Vm ¼ 0 mV; cesium
1 µM CPA
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internal) that was blocked by the glutamatergic
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antagonist NBQX (10 mM, top right, gray trace).
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Inset, overlay of action potential and IPSC to
40 mV
40
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illustrate the long latency (B5 ms). Top right,
AA
AA
schematic of recording configuration. Bottom
right, an action potential in the axo-axonic cell (bottom left) evoked a positive uField at the border of stratum oriens and stratum pyramidale (top) and in stratum
pyramidale (middle) in the presence of NBQX. Bottom right, the uField in control conditions (top right, black trace) and treated with CPA (light gray trace).
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target the soma, proximal dendrites, distal dendrites and axon initial
segment all exert a hyperpolarizing action on CA1 hippocampal
pyramidal cells. In contrast with previous extracellular recordings of
GABAergic transmission11, our post hoc axonal identification allowed
us to determine the exact location of the activated GABAergic synapses
along the somatodendritic axis of the pyramidal cell population with
respect to the recording site. This is a necessary step for an unambiguous identification of the ionic (that is, hyperpolarizing) or capacitive
(that is, depolarizing) nature of the extracellularly recorded positive
signals12. The influence of more invasive recording techniques (intracellular, whole-cell or perforated patch recordings) on the membrane
potential or the reversal potential of GABAAR-mediated conductances
and the collapse of the chloride gradient by strong extracellular stimuli
or GABA applications13 could account for previously reported conflicting results regarding the polarity of GABAergic transmission in
distinct compartments. Furthermore, as field recordings report the
average response of the pyramidal cells or their axons, the recording is
insensitive to the vagaries of individual neurons. Specifically, field
recordings would not resolve a minority of the pyramidal cells or
their axons that had an excitatory response to GABAAR activation,
perhaps as a result of a particularly hyperpolarized membrane potential
or a higher chloride concentration6,14. Finally, genuine differences in
resting membrane potential and reversal potential of GABAARmediated conductances between neurons in different brain regions
may account, in part, for diverging observations5.
In conclusion, we have found that GABAergic transmission is
hyperpolarizing independent of its location along the somato-dendritic
axis of hippocampal pyramidal cells. This is a fundamental and
simplifying principle in the study of the diversity of hippocampal
GABAergic microcircuits1.
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Note: Supplementary information is available on the Nature Neuroscience website.
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