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Brief Communications

Interneurons Provide Circuit-Specific Depolarization and

Hyperpolarization

Jonas-Frederic Sauer,'2 Michael Striiber,'2 and Marlene Bartos!
"Physiologisches Institut I and ?Fakultt fiir Biologie, Albert-Ludwigs-Universitdt Freiburg, 79104 Freiburg, Germany, and >Spemann Graduate School of

Biology and Medicine, 79104 Freiburg, Germany

Perisoma-inhibiting interneurons (PIIs) control fundamental aspects of cortical network function by means of their GABAergic output
synapses. However, whether they depolarize or hyperpolarize their target cells in the mature circuitry remains controversial. By using
unitary field potential and gramicidin D perforated-patch recordings, we provide evidence that the postsynaptic effect of GABAergic
synapses is fundamentally different in two regions of rat hippocampus. Signaling at PII output synapses is hyperpolarizing in CA1l
principal cells (PCs) but depolarizing in dentate gyrus (DG) PCs. While the reversal potential of GABA, receptor-mediated currents is
identical in both areas, ~15 mV more negative resting potentials of DG compared with CA1 PCs underlie the opposing effects of
perisomatic GABAergic transmission. Thus, the nature of PII output signaling is circuit-dependent and may therefore contribute differ-

entially to information processing in the two brain areas.

Introduction

The hippocampus is a complex neuronal network that encodes
places and sequences of events (Moser et al., 2008). GABAergic
cells control fundamental aspects of these functions with their
inhibitory output synapses. Perisoma-inhibiting interneurons
(PILs) provide rapid and strong feedforward and feedback inhi-
bition in hippocampal circuits (Bartos et al., 2002, 2007). In par-
ticular, the shunting nature of the PII-mediated postsynaptic
inhibitory conductance was proposed to be essential to control
timing and frequency of action potential generation in target cells
(Vida et al., 2006; Mann and Paulsen, 2007). Precise spike timing
has been revealed to be a fundamental principle of coding in
synchronously active principal cell (PC) assemblies (Buzsaki,
2006).

Although gramicidin perforated-patch recordings showed
that GABA, receptor-mediated signaling is shunting in various
postsynaptic interneuron types (Martina et al., 2001; Chavas and
Marty, 2003; Vida et al., 2006; Sauer and Bartos, 2010) and re-
mains shunting throughout postnatal development (Banke and
McBain, 2006), one of the most basic questions, namely whether
interneurons hyperpolarize or depolarize PCs, is still open.
Gramicidin perforated-patch recordings have uncovered depo-
larizing actions of GABAergic input synapses on the dendrites
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and axon initial segment of neocortical PCs (Gulledge and Stuart,
2003; Szabadics et al., 2006), suggesting that they may recruit
instead of inhibit PCs. Opposed to this, recent noninvasive uni-
tary field potential (uField) recordings in the hippocampal CA1
(Glickfeld et al., 2009) and CA3 (Bazelot et al., 2010) region
found inhibition on PCs to be hyperpolarizing along the entire
somatodendritic axis. GABAergic signaling might therefore differ
substantially among brain areas. Here we tested this hypothesis
by examining the effect of individual morphologically identified
PIIs on the PC population in the hippocampal dentate gyrus
(DG) and CA1. We provide evidence that PII output signaling onto
PCs is highly circuit-specific, depolarizing in the DG but hyperpo-
larizing in CA1. Thus, PIIs perform versatile forms of output signal-
ing depending on which circuitry they are embedded in.

Materials and Methods

Electrophysiology. Female and male Wistar rats of two age groups were
used in this study: 17-25-d-old and 5-7-weeks-old. Animals were killed
by decapitation in accordance with national legislation. Brains were
transferred to an ice-cold solution containing the following (in mm):
NaCl 87, NaHCO; 25, KCl 2.5, NaH,PO, 1.25, glucose 10, sucrose 75,
CaCl, 0.5, and MgCl, 7 (aerated with 95%0,/5%CO,). Transverse hip-
pocampal slices (300 wm) were cut with a vibratome (VT-1200; Leica),
recovered (15-30 min, 34°C) in artificial CSF consisting of (in mm): NaCl
125, NaHCO; 25, KCl 2.5, NaH,PO, 1.25, glucose 25, CaCl, 2, and
MgCl, 1 (equilibrated with 95%0,/5%CO,) and then stored at 20-23°C.
Patch pipettes were pulled from borosilicate glass tubing (Hilgenberg;
Flaming-Brown P-97 puller, Sutter Instruments). Pipettes for whole-cell
patch-clamp recordings (pipette resistance, ~3—6 M()) were filled with
internal solution containing the following (in mm): HEPES 10, MgCl, 2,
Na,ATP 2, EGTA 0.1, and either KCI 40 and K-gluconate 110 or KCI 20
and K-gluconate 120 (pH, 7.2). Biocytin (1-2 mg/ml) was added for
morphological recovery. Two Axopatch200B or one Multiclamp 700B
amplifier (Molecular Devices) were used. Signals were filtered at 5-10
kHz and digitized at 20—40 kHz with a Power1401 laboratory interface
(Cambridge Electronic Design). Neurons were patched under infrared-
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differential interference contrast microscopy (IR-DIC). Pipette capaci-
tance was compensated in all recordings. Action potential firing patterns
were recorded during 1-s-long current injections of increasing amplitude
(100 pA increments; —100—600 pA) with the access resistance (<20
M(Q) always compensated. The spike threshold was defined as the poten-
tial where the voltage slope exceeded 20 Vs ~! (Sauer and Bartos, 2010).
Resting membrane potentials were determined in the I = 0 mode, im-
mediately after break through. Data were acquired with custom-made
software (F-pulse, Igor Pro 5; U. Frobe, University of Freiburg, Freiburg,
Germany). All perforated patch recordings and a subset of uField record-
ings in the DG were performed at recording temperatures of 30—34°C.
All uField recordings in CA1 and a subset of uField measurements in the
DG were done at room temperature (20-23°C). We did not observe an
influence of the recording temperature on the amplitude of uFields (DG,
—4.2 * 1.0 vs —4.6 = 0.6 uV at 20-23 and 30-34°C, 5 and 12 experi-
ments, respectively; p = 0.793) or on the postsynaptic resting membrane
potential (—75.8 £ 1.9 vs —75.8 £ 1.4 mV, 10 and 20 DG PCs, respec-
tively; p = 0.480). Data obtained at different temperatures were therefore
pooled.

uFields were measured with glass pipettes (~1-4 MQ) filled with 3 m
NaCl (Glickfeld et al., 2009). Action potentials were evoked in interneu-
rons by brief somatic current injection (1 ms, 600—1200 pA). uField
traces were averaged (50—405 sweeps) and filtered offline using a fourth-
order low-pass Bessel-filter (cutoff, 0.3 kHz). In a subset of experiments
(n = 6), gabazine (5 um) was bath-applied to examine the GABA,
receptor-mediated nature of uField recordings. Multiple-pulse depres-
sion was analyzed as the ratio of the fifth to the first uField amplitude
resulting from a presynaptic action potential train (5 pulses, 50 Hz). Peak
amplitudes of uField signals were measured from preceding baseline. PC
resting potentials were similar to previous reports (St John et al., 1997;
Harvey et al., 2009).

Perforated-patch recordings were performed as reported previously
(Sauer and Bartos, 2010). In brief, pipettes were tip-filled with a solution
containing (in mm) HEPES 10, KC1 100, MgCl, 5, and glucose 5, and then
back-filled with the same solution additionally containing gramicidin D
(15-50 pg/ml; Sigma or Merck). A cell-attached configuration was ob-
tained and a voltage pulse (10 mV) was applied to monitor the progres-
sive decline of the access resistance. Recordings were started once the
access resistance fell below 100 M{). IPSPs were pharmacologically iso-
lated by bath-application of kynurenic acid (4-5 mm) and evoked by
extracellular stimulation (0.1-0.5 Hz). When dendritic inputs were ac-
tivated, CGP55845 (1 um) was added to the bath to block GABAj recep-
tors. Extracellular fiber stimulation was performed with glass pipettes
filled with a solution containing the following (in mm): HEPES 5, NaCl
135,KCl 5.4, CaCl, 1.8, and MgCl, 1. The amplitude of average IPSPs was
plotted against the holding potential (V}4) and fitted with a second
order polynomial function to determine the reversal potential of GABA ,
receptor-mediated currents (Egaps). Cells were repatched after
perforated-patch measurements with a pipette filled with biocytin-
containing solution (see above).

Electrophysiological data were analyzed with custom made software
(Stimfit32, C. Schmidt-Hieber, University College London, UK), as de-
scribed previously (Sauer and Bartos, 2010). Briefly, the rise time of
evoked signals was determined as the time interval between the points
corresponding to 20 and 80% of the peak amplitude. The decay phase of
the signal was fitted with a biexponential function (A~ "1 + B~"2) using
a least-squares fit algorithm. Stimulation artifacts were clipped in all
figures. Statistical significance was assessed using SigmaPlot 11 with a
Student’s t test, a Mann—Whitney U test, or one-way ANOVA analysis.
Values are given as mean * SEM.

Immunohistochemistry. Slices were fixed in 4% paraformaldehyde
overnight and stained as follows. For parvalbumin (PV)/biocytin cola-
beling, slices were washed in phosphate buffer and blocked in PBS plus
10% normal goat serum (NGS; 60 min). The primary antibody (rabbit
anti-PV, 1:1000; Swant) was applied in PBS plus 0.3% Triton X-100 plus
5% NGS for 24 h at 22-24°C, the secondary antibody (goat anti-rabbit
Cy3, 1:1000; Jackson Immunoresearch) was incubated together with
streptavidin (AlexaFluor647-conjugate, 1:500; Invitrogen) in PBS plus
0.3% Triton X-100 plus 3% NGS for 24 h at 4°C. For staining of biocytin
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alone, slices were incubated with streptavidin (AlexaFluor647-conjugate,
1:500; Invitrogen) in PBS plus 0.3% Triton X-100 plus 3% NGS for 24 h
at 4°C. Slices were mounted in Mowiol and visualized using a confocal
microscope (LSM510 or LSM710; Zeiss).

Neuron identification. Interneurons with their axon primarily located
in the PC layer (PCL) were classified as PIIs. Axoaxonic cells and basket
cells, the two PII types, could not be reliably distinguished. In the DG,
PIIs expressed PV (6 of 7 tested cells) and had fast-spiking action poten-
tial firing patterns [600 pA current injection, 1 s: 99 * 9 Hz; first/last
interspike-interval (ISI): 1.02 = 0.22; duration of single action potentials
<0.5 ms; 12 cells]. One PV-negative PII had an adapting action potential
phenotype (44 Hz at 600 pA; first/last ISI: 0.2). In CA1, four of seven PIIs
were fast spiking (140 = 10 Hz at 600 pA; first/last ISI: 0.61 = 0.07) and
the remaining three PIIs had adapting firing pattern (40 = 2 Hz at 600
PpA; first/last ISI: 0.27 = 0.01). Neurons with axon in the DG molecular
layer (ML) were classified as dendrite-inhibiting interneurons (DIIs).
They fired adapting trains of action potentials (39 * 3 Hz at 600 pA;
first/last ISI: 0.31 = 0.03; 3 cells) and did not express PV (13 cells). PCs
were identified unequivocally by their characteristic soma shape under
IR-DIC conditions. They were small and round in the DG but had a
triangular shape in CA1l. They discharged at low frequencies (DG: 26 * 6
Hz at 400 pA; 3 cells; CAl: 13 £ 2 Hz at 200-300 pA; 3 cells) with a
strongly adapting firing pattern (first/last ISI DG: 0.14 = 0.03 at 400 pA;
CA1:0.22 * 0.05 at 200-300 pA; half duration of single action potentials
>0.5 ms). Recordings from DG PCs were performed in the outer third of
the PCL (input resistances, <250 M(1), identifying them as mature cells
(Schmidt-Hieber et al., 2004). Images of the presented cells are either
based on 2D maximum intensity projections of confocal stacks or 3D
representations.

To analyze axon densities of interneurons, confocal single-plane im-
ages were used (20X objective, 1024 X 1024 pixels). A region of interest
(ROI; 100 X 100 wm) was placed in the area of a labeled cell where the
axon was visually judged as most dense. For PIIs, the ROI was centered in
the PCL, ~50-70 wm from the soma and for DIIs in the ML. Axon
fragments in the ROI were traced using Neuron] plug-in (V1.4.1) of
Image] (V1.42 h). For quantification, the total axon length in the ROI
(pixel/10000 m?) was normalized to the average axonal length of DIIs.

Results

PII-mediated output signals are depolarizing in the DG and
hyperpolarizing in CA1

To address the hypothesis of circuit-dependent GABAergic sig-
naling systematically, we probed the nature of inhibition in the
hippocampal DG and CALl. First, we measured extracellular
uFields that are triggered by synaptic GABA release from an in-
dividual PII upon single-action potential generation in rat hip-
pocampal slices (Glickfeld et al., 2009). These cells had axons
confined to the PCL, a characteristic fast-spiking action potential
phenotype, and expressed the Ca®"-binding protein PV (6 of 7
cells; Fig. 1) (Freund and Buzsaki, 1996). PIIs in the DG evoked
negative uFields in the PCL when recorded with a glass electrode
filled with 3 M NaCl (amplitude: —4.9 = 0.6 uV, 17 cells; Fig. 2 A).
Since the extracellular uField gives a mirror image of the intracel-
lular synaptic current in a large cohort of target neurons, these
data indicate that PCs are depolarized by perisomatic GABAergic
inputs. In contrast, PIls in CA1 (Fig. 1B) produced positive
uFields in the PCL, confirming the hyperpolarizing nature of
perisomatic inhibition in CA1 (amplitude: 4.0 = 0.9 uV; 7 cells;
Fig. 2A) (Glickfeld et al., 2009). uFields reflected GABA,
receptor-mediated events as gabazine (5 um) abolished them (6
cells; Fig. 2 B). Furthermore, uFields reversed polarity when the
recording pipette was moved from the DG PCL to the ML (Fig.
2C), as expected from a current source located in the PCL. Fi-
nally, DG uFields had fast kinetic properties and showed
multiple-pulse depression, characteristic for PII-mediated syn-
aptic inhibition (Fig. 2 D-F) (Kraushaar and Jonas, 2000). Depo-
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larizing inhibition in the DG was observed
at juvenile (~3 weeks) and mature (>6
weeks; —2.4 * 0.4 uV, 3 cells) stages, ex-
cluding a late developmental change to
hyperpolarization in this circuit (Fig. 2G)
(Banke and McBain, 2006). Thus, periso-
matic inhibition is depolarizing in the
DG but hyperpolarizing in the CA1 PC
population.

Distinct resting membrane potentials
underlie circuit-specific effects

of GABA

To determine whether the opposing na-
ture of GABAergic inhibition in the DG
and CAl can be explained by different
E;apa values, we performed gramicidin
perforated-patch recordings from PCs
(Fig. 3; see Material and Methods, above)
(Kyrozis and Reichling, 1995). This tech-
nique allows electrical access to the neuron
while leaving the intracellular Cl ™~ con-
centration unchanged. Perisomatic GABA-
ergic inputs were evoked by extracellular
stimulation in the PCL during bath-
application of the glutamate receptor an-
tagonist kynurenic acid (Fig. 3A,E) and
were blocked by gabazine, confirming
their GABA, receptor-mediated nature
(91 = 5% block; 5 cells; Fig. 3H). IPSPs in
DG PCs reversed polarity at —64.5 + 2.4
mV (7 cells; Fig. 3A, D,G). Similarly, periso-
matic Eg,z, on CAl PCs was —67.8 = 2.3
mV (10 cells), not significantly different
from the values obtained in the DG (p =
0.348; Fig. 3D), indicating that E; ,  » is uni-
form across the two hippocampal regions.
In contrast, the resting membrane potential
of PCs differed significantly between DG
and CA1 (—75.8 = 1.1mV vs —63.2 = 1.0
mV; 30 and 19 cells, respectively; p < 0.001;
Fig. 3D). In the DG, E; 55 Was between the
resting potential and spike threshold
(—41.3 = 0.9mV; 5 cells; p < 0.001), while
it was more negative than the resting poten-
tial in CA1 (p = 0.036; Fig. 3G). Thus, dif-
ferent resting potentials underlie inverted
directions of perisomatic GABAergic cur-
rents in the two areas.

Depolarizing inhibition is the general

mode of GABAergic signaling in the DG
Previous results indicated a somatoden-
dritic gradient of Eg gy in DG PCs
(Khirug et al., 2008). We therefore
addressed whether dendrite-targeting
GABAergic synapses in this brain region
are also depolarizing in nature (Fig. 4).
DIIs were identified on the basis of their
axon distribution in the ML and their
physiological properties (Fig. 4A,B; see
Materials and Methods, above). Although
we attempted to measure uFields in the
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Figure 1. Identification of Plls in the DG and CA1. A, Confocal image stack projection of a Pll in the DG. Cells were filled with
biocytin during whole-cell patch-clamp recordings and visualized with Alexa647-conjugated streptavidin. Note the dense axonal
arbor in the PCL. Insets show the fast action potential firing response of the cell to 600 pA depolarizing current injection and the
expression of PV in the cell's dendrite. Scale bar, 10 wm. B, A PIlin CAT. Inset shows firing response to 600 pA current injection. sto,
stratum oriens.
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Figure 2.  Depolarizing versus hyperpolarizing nature of perisomatic inhibition in the DG and CA1. 4, Left, Single action
potentials evoked in a DG PIl generate negative uFields in the PCL. Right, Single action potentials evoked in a Pll located in
CA1 give rise to positive uFields. Boxes show the Pll axon in the PCL at higher magnification. B, Gabazine (5 pum) blocks
uFields, confirming their GABA, receptor-mediated nature. , When the recording pipette (rec) is moved to the ML, uFields
reverse their polarity. D, Biexponential fit (black) to the decay phase of an average uField recorded in the DG reveals its fast
time course. E, Summary plot of the 20 — 80% rise time (RT; left scale) and the decay time constant (decay 7; right scale) of
average uFields. F, Multiple-pulse depression of uFields in response to a presynaptic train of five action potentials at 50 Hz.
Bottom, The first and the fifth uField of the train are superimposed. G, uFields in the DG of mature rats (P57-P61) are
negative in amplitude and can be blocked by gabazine.
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pipette was used to monitor the integrity of the patch. D, Summary plots of £,5, and resting membrane potential (rest). £, F, Same as A and B, but data were obtained from a CA1 PC. G, Summary graphs of
threshold potential (thres), £;ga, and rest. H, Evoked IPSPs are blocked by 5 uum gabazine, confirming their GABA, receptor-mediated nature. *p << 0.05; **p << 0.001. stim, stimulation.
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Dendritic GABA-signaling is depolarizing in the DG. A, Confocal image of a DIl with axon in the ML (arrows). B, Top, Adapting action potential firing pattern in response to a 500 pA depolarizing

currentinjection. Bottom, Dlls do not express PV (13 cells tested). €, Example of an £, measurement of DIl-mediated IPSPs. Signals were recorded at various V/, . D, IPSPs are plotted as a function of 1,4 to
reveal £ga. E, Summary graph of dendritic and perisomatic £, in relation to action potential threshold (thres) and resting potential (rest). F, Stimulation in the DG ML (gray) elicits slower IPSPs than
stimulation in the PCL (black), indicating that they are of dendritic origin. Traces are amplitude-scaled perforated-patch recordings from the same PC. **p << 0.001; n.s., not significant; stim, stimulation.

ML elicited by DIIs, in 45 tested cells no signals could be re-
corded. This is probably due to the ~2.5-fold lower density of DII
compared with PII axons (normalized axon lengths in ROI: 1.0 +
0.3 vs 2.5 £ 0.5 for DIIs and PIIs, 6 and 5 cells, respectively; p =
0.017; data not shown). We therefore performed perforated-
patch recordings from PCs during extracellular stimulation of
GABAergic fibers in the outer ML (Fig. 4C,D). As expected, IPSPs
evoked in the ML had slower kinetics than PII-mediated IPSPs,
both in the perforated-patch configuration (Fig. 4F; rise time:
6.9 = 1.3 vs 3.4 = 0.5 ms; 18 and 15 cells, respectively; p = 0.003)
and in conventional whole-cell control recordings (rise time
3.6 = 0.6 ms vs 2.0 = 0.3 ms; 4 cells each group; p = 0.025, data
not shown), supporting their dendritic origin. Dendritic IPSPs
were furthermore blocked by gabazine (90 = 5% block; 3 cells,
data not shown). E, 5, of dendritic IPSPs was indistinguishable
from E;ap, of perisomatic IPSPs (Fig. 4E; —64.0 = 3.1 mV vs
—64.5 = 2.4 mV, 6 and 7 cells, respectively; p = 0.871). Thus,
depolarizing inhibition is the general mode of GABAergic signal-
ing on PCs in the DG.

In contrast to the heterogeneous nature of GABAergic signal-
ing on PCs, Egaga Of perisomatic inputs onto hippocampal
interneurons was always depolarizing or shunting. Perforated-
patch recordings from DG interneurons during PCL stimulation
revealed a mean E; 55, of —53.0 = 1.8 mV and an average resting
potential of —69.1 = 1.3 mV (10 cells; data not shown). Further-
more, CAl interneurons were characterized by a mean periso-
matic Egapa of —64.1 * 3.2 and resting potential of —64.5 * 1.5
mV (12 cells; data not shown), comparable to data obtained from
interneuron recordings in CA3 (Banke and McBain, 2006). Thus,
depolarizing or shunting soma-near inhibition on GABAergic
cells seems to be a general principle applying to the entire
hippocampus.

Discussion

We have determined the effect of GABA released from identified
interneurons on the membrane potential of their target cells. Our
data show that GABA, receptor-mediated IPSPs at PII output
synapses are depolarizing in the DG and hyperpolarizing in CA1,
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indicating a circuit-specific nature of PII output signaling. This
difference can be explained by region-specific membrane resting
potentials rather than different Cl~ homeostasis mechanisms
(Fig. 3) because perforated-patch recordings demonstrated com-
parable E g, of synaptically evoked IPSPs on PCs in both hip-
pocampal areas. Likewise, uField recordings in the PCL of CA3
revealed hyperpolarizing signals generated by single CA3 in-
terneurons including PIIs (Bazelot et al., 2010). Moreover, these
data are consistent with perforated-patch recordings from CA3
PCs that identified an E;, 5, of perisomatically evoked IPSPs of
~—73 mV, which is ~10 mV more negative than the average
resting membrane potential (Banke and McBain, 2006). The
combination of uField and perforated-patch recordings in this
study was a necessary step to examine the effect of identified
interneurons on their postsynaptic target cells without perturb-
ing the membrane potential or changing the Cl~ gradient by
strong extracellular stimulation (Staley et al., 1995) and to di-
rectly quantify E; ,5,. Both techniques point to a circuit-specific
nature of PII output signaling on PCs.

Although GABAergic signaling is hyperpolarizing in mature
CA3 PGs, it is well established that during early postnatal devel-
opment, E; 4, is much more depolarized than the resting mem-
brane potential, rendering GABAergic transmission even
excitatory (Ben-Ari, 2002). During the course of the second to
third postnatal week, however, E; 5, changes to more negative
values, resulting in hyperpolarizing inhibition (Banke and
McBain, 2006). This change can be largely explained by develop-
mentally regulated expression of the Cl ~ transporters KCC2 and
NKCC1 (Rivera et al., 1999; Yamada et al., 2004). E; 5, under-
goes a similar change in DG PCs. It is close to spike threshold in
young neurons (~—47 mV, P7) (Hollrigel et al., 1998) and
changes to more negative values during the course of postnatal
maturation (P17-P42) (this study; Overstreet Wadiche et al.,
2005). Although the Cl ~ driving force declines postnatally (Ben-
Ari, 2002), E;pa remains between rest and spike threshold. In
consequence, inhibition on DG PCs is depolarizing at all postna-
tal times (this study; Staley and Mody, 1992; Hollrigel et al.,
1998).

What could be the functional relevance of depolarizing versus
hyperpolarizing PII output signaling onto PCs in the DG and
CALl, respectively? Hippocampal PCs discharge precisely timed
action potentials, for example, during explorative behavior as the
animal crosses the place field of a place cell (Leutgeb et al., 2007;
Moser et al., 2008). In CA1, precision in spike timing is realized
by strong hyperpolarizing perisomatic inhibition (Pouille and
Scanziani, 2001). However, DG PCs differ from CA1 PCs in their
intrinsic characteristics, suggesting that the requirements for
timed recruitment for DG PCs may be different. DG PCs receive
excitatory inputs from the perforant path (PP) at their apical
distal dendrites, electrotonically distant from the cell body. Thus,
PP-mediated signals are strongly attenuated until they reach the
soma (Krueppel et al., 2011). Furthermore, the voltage difference
between the resting potential and spike threshold is large and has
to be traversed to generate action potentials. How can efficient
and precise recruitment of DG PCs be realized? Fast depolarizing
inhibition among interneurons has been recently shown to act as
a synchronizing signal in interneurons (Vida et al., 2006). A sim-
ilar function may also hold for feedforward inhibition on DG
PCs. The GABA ,-mediated signal will keep the membrane po-
tential close to Egapa (—~—65 mV) for a period defined by the
time course of the conductance. Once released from the shunting
conductance, PCs can rapidly discharge in response to the arriv-
ing excitatory PP inputs. Thus, depolarizing PII output and glu-

Sauer et al. e Depolarizing GABA in the Mature Dentate Gyrus

tamatergic excitation may act synergistically to recruit DG PCs in
a timed manner. In contrast, CA1 PC express more depolarized
membrane resting potentials. Moreover, their dendritic proper-
ties differ substantially from DG PCs and support dendritic
spikes, which can overcome dendritic attenuation and therefore
can trigger somatic action potentials (Hausser et al., 2000). Thus,
spike timing in CA1 PCs may favor hyperpolarizing rather than
depolarizing perisomatic inhibition.

In summary, we propose that the combination of cellular and
network properties may require depolarizing inhibition for
timed recruitment of PCs in the DG but hyperpolarizing inhibi-
tion in CA1 PCs. This circuit-specific distribution of inhibitory
properties may likewise mediate PC synchronization during fast
network activity patterns in vivo.
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