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The hippocampal circuit 

Trisynaptic circuit through dentate gyrus, CA3, and CA1 originates and terminates in 
entorhinal cortex (insert , rat brain). p-p, point-to-point; f, fanning ; S|,subiculum; PAS/PRS, 
pre/parasubiculum [Lisman99,Moser06].
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Gamma oscillations in vitro
a. Blocking GABAa 
receptors eliminates 
mGluR-agonist induced 
oscillations.
b. Oscillations occur at 
30-40Hz. 
c. Left: Blocking AMPA 
or GABAa receptors 
eliminates mAChR-
agonist  induced 
oscillations.
Right: Blocking GABAa 
receptors eliminates 
kainate-induced 
oscillations but 
blocking AMPA 
receptors does not.
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Models of Gamma Synchrony
Wang and Buzsaki (1996) used:

Hyperpolarizing inhibition

With slow decay constant and weak strength

Synchrony was fragile

Jonas et al. (2002) measured: 

Fast, strong inhibition in hippocampal basket cells

Yielded robust synchrony (together with axonal delays)

Jonas et al. (2006) showed that inhibition was shunting:

More robust synchrony
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GABAergic synapses
a. Synaptically coupled 
pair of basket cells.
b. Basket cell synapses 
onto basket cells are 
faster than those  
onto granule cells. 
c. Postsynaptic 
currents’ rise-time and 
decay-constant are 
fast in every region. 
d. Fast-spiking cortical 
cells also induce fast 
currents (IPSC); 
resulting voltage 
signals are slower 
(IPSP). 
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dendrite
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Postsynaptic currents
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Jonas et al. 2006

Shunting inhibition 
a. Recording showing fast-spiking phenotype 
superimposed on image of basket cell soma.
b. Postsynaptic currents evoked at various 
holding potentials.
c. Current-voltage relationship from the data. 
Resting potential is -59mV; spike threshold  is 
-38mV.

DG Basket cellsb

c

Modeling results: Shunting is more robust
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Jonas et al. 2006

Model had 200 neurons, each inhibited to 57 of its 100 nearest-
neighbors on a ring, with 0.25m/s axonal conduction delay 
(0-10ms) and 0.5ms synaptic delay. In addition, each neuron was 
electrically coupled to 4 of its 8 nearest neighbors.
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(Figure 5D) explains the increased robustness of coher-
ent oscillations against heterogeneities in the network
(Figures 3 and 4).

Homogenization of Firing Frequencies by Artificial
Shunting Conductances Added to Basket Cells
with Dynamic Clamp
Unlike the model neurons used in the simulations, real
neurons have complex morphology and express a vari-
ety of voltage-gated ion channels. To test whether the
mechanisms of shunting inhibition also hold in real cells,
we applied artificial inhibitory conductances to dentate
gyrus BCs by a dynamic clamp (Figure 6). As in the
single-cell simulations, the compound inhibitory con-
ductance was obtained by convolution of unitary con-
ductance and latency distribution in the model. Hyper-
polarizing compound conductances triggered by single
action potentials delayed the initiation of subsequent
action potentials at both low and high excitation levels
(Figures 6B and 6C, blue traces). In contrast, shunting

compoundconductances advancedaction-potential ini-
tiation for low excitation levels but delayed spike initia-
tion for high excitation levels (Figures 6B and 6C, red
traces). For low excitatory drive, shunting compound
conductances increased the instantaneous action-
potential frequency from 40.6 6 3.1 Hz to 46.2 6 2.5 Hz
(p < 0.02; seven cells; Figure 6D). In contrast, for high
excitatory drive, shunting compound conductances re-
duced the discharge frequency from 99.4 6 2.0 Hz to
66.76 1.5 Hz (p < 0.001; Figure 6E). Thus, shunting inhi-
bition added by dynamic clamp had a homogenizing ef-
fect on action-potential frequency in dentate gyrus BCs
(Figure 6), closely reproducing the effect of shunting inhi-
bition in the single-cell model (Figure 5).

Discussion

Our combined experimental and computational study
revealed three major findings. First, the reversal poten-
tial of GABAA receptor-mediated synaptic currents in

Figure 5. Shunting Inhibition Homogenizes
Firing Frequencies in a Single-Cell Model

(A and B) Voltage traces from a single neuron
without (black) and with a compound synap-
tic conductance (blue or red) triggered by the
first action potential for low and high excita-
tion levels (I = 0.5 mA cm22, top and I = 2.5
mA cm22, middle). Horizontal dotted lines in-
dicate Esyn. Hyperpolarizing inhibition (Esyn =
275 mV) (A, blue traces) delays the onset of
action potentials at both excitation levels
(blue arrows). Shunting inhibition (Esyn =
255 mV) (B, red traces) leads to shortening
of the interspike interval at low excitation lev-
els (top, red arrow) but prolongation at high
excitation levels (middle). The peak ampli-
tude of the compound conductance was of
2.7 mS cm22, corresponding to a unitary
gsyn of 0.2 mS cm22. Lower panels in (A)
and (B) show superimposed voltage trajecto-
ries for I = 5, 4, 3, 2, and 1 mA cm22 (left to
right) and corresponding compound conduc-
tance at expanded time scale. Action poten-
tials are shown truncated for clarity.
(C and D) Shunting inhibition changes the
shape of input-output curves. Firing fre-
quency (f) of the simulated neuron plotted
against the amplitude of the tonic excitatory
drive for hyperpolarizing (C) and shunting in-
hibition (D). gsyn was set to 0, 0.04, 0.2, and
1 mS cm22. f was calculated as the inverse
of the interspike interval. Open circles in (C)
and (D) correspond to the traces in (A) and
(B).
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Why is 
shunting more 

robust?
It homogenizes firing rates:

Slows down fast cells 

Speeds up slow cells

In contrast, hyperpolarizing 
slows down both fast and 
slow cells. 

Hyperpol Shunting
5, 4, 3, 2, and 1 μA cm-2
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