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Combined Analog and Action Potential
Coding in Hippocampal Mossy Fibers
Henrik Alle and Jörg R. P. Geiger*

In the mammalian cortex, it is generally assumed that the output information of neurons is
encoded in the number and the timing of action potentials. Here, we show, by using direct patch-
clamp recordings from presynaptic hippocampal mossy fiber boutons, that axons transmit analog
signals in addition to action potentials. Excitatory presynaptic potentials result from subthreshold
dendritic synaptic inputs, which propagate several hundreds of micrometers along the axon and
modulate action potential–evoked transmitter release at the mossy fiber–CA3 synapse. This
combined analog and action potential coding represents an additional mechanism for information
transmission in a major hippocampal pathway.

T
he prevailing mode to encode informa-

tion in the mammalian central nervous

system is to convert an analog signal

resulting from graded synaptic inputs into

patterns of action potentials (APs) (1), which

are transmitted as all-or-none signals along the

axons. By contrast, in primary sensory systems

and central neural circuits of small inverte-

brates, analog signals are used directly to trans-

mit information (2, 3). Comparison of the two

modes has revealed that AP coding is less effi-

cient than analog coding at transmitting infor-

mation (4, 5). Because in many brain regions

the axonal distances from the cell body to a

large fraction of the corresponding presynaptic

boutons are rather short (6) and somatic

subthreshold signals can be large in amplitude

(7, 8), the question arises whether analog axonal

signaling contributes to information transmis-

sion in the mammalian brain.

To study subthreshold electrical signaling in a

cortical presynaptic terminal, we obtained record-

ings from hippocampal mossy fiber boutons

(MFBs) of rats (9, 10) (Fig. 1A). In hippocampal

slices at a recording temperature of 34- T 1-C,

extracellular stimulation in the molecular layer

of the dentate gyrus (DG-ML) resulted in slow,

transient depolarizing voltage deflections at the

MFB (Fig. 1B), which we termed excitatory

presynaptic potentials (EPreSPs). The peak

amplitudes of EPreSPs depended on stimulus

intensity in a graded manner (Fig. 1C). Further-

more, EPreSPs exhibited moderate trial-to-trial

peak amplitude fluctuations and a slow time

course (Fig. 1D). The recorded EPreSPs had a

mean peak amplitude of 4.3 T 0.2 mV and a

rise time and a half duration of 20 T 0.7 ms

and 97 T 3 ms, respectively (n 0 49).

Underlying currents (EPreSCs) recorded in the

voltage-clamp configuration had a peak ampli-

tude of 3.8 T 0.3 pA, a rise time of 12 T 1.4 ms,

a decay time constant of 46 T 4 ms, and a

half duration of 50 T 3 ms (n 0 10) (Fig. 1D).

EPreSP peak amplitudes were reversibly re-

duced by the bath-applied ionotropic glutamate

receptor antagonist 6-cyano-7-nitroquinoxaline-

2,3-dione (CNQX) (10 mM) to 0.25 T 0.02 of

control peak amplitudes (n 0 6) (Figs. 1E and

2D). Similarly, the selective AMPA receptor

antagonist GYKI 53655 (30 mM) reversibly re-

duced EPreSPs to 0.11 T 0.03 of control (n 0 3)

(11), indicating that the generation of EPreSPs

required AMPA receptor activation.

EPreSPs could be generated either locally

in CA3–stratum lucidum (CA3-SL), for exam-

ple, by heterosynaptic activation of presynaptic

ionotropic receptors (12, 13), or remotely as ex-

citatory postsynaptic potentials (EPSPs) at the

granule cell dendrites followed by axonal

propagation.

Local perfusion of CNQX to the CA3-SL

(Fig. 2A) did not significantly reduce the

EPreSP peak amplitude compared to control

(Fig. 2, B and D) (n 0 4, P 9 0.5), in contrast to

the effect of bath application. However, simul-

taneously recorded field potentials (Fig. 2B)

near the MFB recording pipette were reversibly

reduced (Fig. 2, B and D) (n 0 4, P G 0.05),

indicating that local drug application was

sufficient to block local glutamate receptors.

Similarly, local perfusion of tetrodotoxin (TTX)

at the hilar end of CA3 (Fig. 2A) resulted in a

reversible block of recorded field potentials

(0.08 T 0.05 of control) but attenuated EPreSP

amplitudes only slightly, to 0.89 T 0.04 of

control (Fig. 2, C and E) (n 0 4, P G 0.05). This

suggests that EPreSPs were not generated lo-

cally in CA3 but represent forward-propagated

EPSPs from granule cell dendrites. We consist-

ently found in all post hoc stainings from EPreSP

recordings (n 0 16) that the corresponding MFB,

its axon, and the granule cell soma were ana-

tomically connected (Fig. 3A).

Nonlinear regression analysis of the maximal

EPreSP peak amplitudes recorded in MFBs and

the respective post hoc determined distances of

the recording site to soma revealed a signifi-

cant correlation (Fig. 3B) (n 0 8, P G 0.05, and

mean distance of 700 mm). Data points were

fitted by using a monoexponential function A
0
&

exp(–l
EPreSP

/x), yielding an average somatic peak

depolarization (A
0
) of 22 mV and a transient-

Fig. 3. Ras/Raf/MEK/
ERK signal transduction
pathway and associated
genetic syndromes.
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signal space constant (l
EPreSP

) of 430 mm. EPSPs

of comparable amplitude (up to 35 mV) were

recorded from granule cell somata upon stimula-

tion in DG-ML (fig. S1) because granule cells in

the dentate gyrus exhibit negative resting poten-

tials close to –80 mV (fig. S1) (n 0 16). Similar

EPSP amplitudes and resting potentials were re-

ported both in vitro (14, 15) and in vivo (16, 17).

To relate amplitude and shape of somatic

EPSPs and EPreSPs, we developed a passive

compartmental model of a schematized granule

cell including axon and MFBs based on realistic

morphology (10) and passive membrane prop-

erties (fig. S2). The model reproduced experi-

mentally determined parameters like membrane

time constant t
0

(62 T 4 ms, n 0 10) (Fig. 3C),

mossy fiber input resistance (1.4 T 0.1 GW, n 0
31), and MFB capacitance (9, 18).

The constrained model reproduced the ex-

perimentally determined distance dependence of

EPreSP peak amplitude, yielding a l
EPreSP

of

about 450 mm. The axonal steady state space

constant from model simulations was estimated

to be around 700 mm (fig. S2), which is larger

than expected from previous mossy fiber

modeling (19) but very similar to values found

in the posterior pituitary (20).

Simulated somatic EPSPs and measured

granule cell EPSPs had half durations of 39 ms

and 36 T 2 ms (n 0 10), respectively (figs. S1

and S2). Simulated EPreSPs (at 750 mm) and

measured EPreSPs (mean distance to the soma

of 700 mm) had half durations of 84 ms and

99 T 10 ms (n 0 8), respectively (Fig. 1 and

fig. S2). Thus, the slow time course of EPreSPs

can be explained by axonal filtering during pas-

sive propagation.

To prove experimentally that depolarization

of granule cell dendrites is sufficient to substan-

tially depolarize MFBs in CA3-SL, we puff-

Fig. 1. EPreSPs in MFBs. (A) Stimulation and
recording configuration. Direct presynaptic record-
ings from MFBs at 34-C in the CA3-SL and
extracellular stimulation (arrow) in the DG-ML. (B)
(Left) EPreSP recorded from a MFB in the CA3-SL
evoked by extracellular stimulation. (Right) A
simultaneous recording of the same MFB and a
postsynaptic CA3–pyramidal neuron (CA3-P), indi-
cating the functional presynaptic nature of the
MFB: top shows MFB AP; bottom, unitary EPSC in
CA3-P. (C) (Left) EPreSP peak amplitudes depend
on stimulus intensity in a graded manner. (Right)
Summary of four experiments. (D) (Top) Individual
EPreSPs superimposed, illustrating the peak ampli-
tude fluctuation of EPreSPs at a fixed stimulus
intensity. (Middle) Average EPreSP. (Bottom)
Corresponding average EPreSC recorded in the
voltage-clamp configuration. (E) Reversible reduc-
tion of EPreSP amplitude by AMPA and kainate
antagonist CNQX (10 mM, bath application). (Inset)
Corresponding average EPreSPs.

Fig. 2. EPreSPs are generated upstream of the
CA3 region. (A) Scheme illustrating local perfu-
sion of CNQX or TTX in CA3-SL. (B and D)
Differential effect of locally and bath-applied
CNQX on peak amplitudes of EPreSPs (MFB,
solid) and simultaneously recorded field poten-
tials (open) (n 0 4). Field potentials in CA3-SL
were recorded near (50 to 100 mm) the MFB
recording pipette. (C and E) EPreSPs were only
slightly attenuated but not blocked by local TTX
application (1 mM) in CA3-SL; in contrast,
simultaneously recorded field potentials were
reversibly blocked (n 0 4). Stimulation artefacts
blanked in field recordings. Error bars in (D) and
(E) indicate T SEM.

REPORTS

1291www.sciencemag.org SCIENCE VOL 311 3 MARCH 2006

 o
n 

Ja
nu

ar
y 

26
, 2

00
9 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org


applied focally 1 mM RS-AMPA in the DG-ML

after blocking synaptic transmission (Fig. 3, A

and D). The average AMPA-mediated depo-

larization at MFBs was 7.7 T 0.4 mV (n 0 5)

and, in the presence of TTX (0.5 mM), 6.1 T
0.8 mV (n 0 4) (Fig. 3D; somatic responses, fig.

S1), demonstrating passive propagation of sub-

threshold depolarizations to MFBs (Fig. 3D).

The propagation of depolarizing signals

raises the question of whether hyperpolarizing

signals also propagate. The negative resting

membrane potential of granule cells does not

favor the generation of large-amplitude hyperpo-

larizations at the soma under the experimental

conditions used. However, it is conceivable that

hyperpolarizing potentials propagate when gener-

ated by inhibitory inputs during depolarized

membrane potential states, as observed in vivo (7).

To address the functional importance of

transient subthreshold depolarizations, we first

studied the interaction of EPreSPs and pre-

synaptic APs. APs recorded in MFBs were

elicited by stimulation in DG-ML. A compari-

son of APs in isolation with APs of an EPreSP-

AP combination, which was evoked by a double

stimulation (at subthreshold and suprathreshold

intensity, separated by 50 ms), did not reveal a

detectable difference in AP shape (n 0 4) (Fig.

4, A and C). Even steady state depolarizations

of comparable amplitude caused only little

changes in AP shape (fig. S3). Second, to test

whether EPreSPs change presynaptic calcium

signaling, we performed presynaptic voltage-

clamp experiments to analyze the presynaptic

calcium current underlying waveforms of an

AP, an EPreSP, and a combination of both.

Consistent with the properties of presynaptic

calcium channels in MFBs (21), no calcium cur-

rent was detectable during EPreSP waveforms,

and calcium transients did not differ between

waveforms of the AP and those of the com-

bination of EPreSP and AP (n 0 6) (Fig. 4, B

and C). Third, we compared three presynaptic

conditions in paired recordings from MFBs and

postsynaptic CA3 neurons. In contrast to APs,

EPreSPs (evoked by local injection of an

EPreSC waveform) did not elicit a detectable

signal in the postsynaptic neuron (Fig. 4D), but

the combination of EPreSPs and APs (APs 10

to 20 ms after the peak of the EPreSPs) evoked

markedly larger average excitatory postsynaptic

currents (EPSCs) in the postsynaptic neuron

than did APs alone (1.43 T 0.09 of uncon-

ditioned trials, n 0 11, P G 0.005) (Fig. 4, D and

E), indicating that EPreSPs enhance AP-evoked

transmitter release. The EPreSP enhancement

of EPSCs was less pronounced when APs were

timed in the late decay phase or in the late period

of a nondecaying EPreSP (fig. S4).

In paired recordings using 10 mM of the

calcium chelator EGTA in the presynaptic

recording solution, we still found EPreSP

enhancement of EPSCs (1.21 T 0.04, n 0 5, P G
0.05) (Fig. 4E), but the extent was attenuated

(10 mM EGTA versus control, P 0 0.06). There-

fore, the extent of EPreSP enhancement of

EPSCs seems to depend on background cal-

cium signaling, but our results are also consist-

ent with a partial direct voltage modulation of

release machinery, suggesting a different trans-

duction mechanism of subthreshold signals

at the MFB than that found at the calyx of

Held (22).

In vivo, large amplitude theta oscillations

(20 mV) in combination with APs have been

described in granule cells (7). Subthreshold os-

cillations of such amplitude are likely to be

propagated to presynaptic terminals (fig. S2).

Therefore, we compared postsynaptic responses

to APs (three APs at 5 Hz) with and without

presynaptic subthreshold theta-like oscillations

(5 Hz) in paired recordings (Fig. 4, F and G).

Presynaptic subthreshold theta oscillations en-

hanced EPSCs while preserving multiple pulse

facilitation (23) (Fig. 4G). This suggests a gen-

eral functional role of subthreshold membrane

potential changes to the regulation of synaptic

transmission during naturally occurring activity

patterns of granule cells (24). A similar func-

tion of subthreshold oscillations for synaptic

output was found in invertebrates (25, 26).

In conclusion, the output information of

hippocampal granule cells is not exclusively

encoded in the number and timing of APs. The

combined analog and AP coding reported here is

likely to enhance information capacity of

synapses and may increase the computational

power of the dentate gyrus–CA3 network.
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Chemical Rescue of a Mutant Enzyme
in Living Cells
Yingfeng Qiao,1 Henrik Molina,2 Akhilesh Pandey,2 Jin Zhang,1 Philip A. Cole1*

The restoration of catalytic activity to mutant enzymes by small molecules is well established for
in vitro systems. Here, we show that the protein tyrosine kinase Src arginine-388Yalanine (R388A)
mutant can be rescued in live cells with the use of the small molecule imidazole. Cellular rescue of
a viral Src homolog was rapid and reversible and conferred predicted oncogenic properties. Using
chemical rescue in combination with mass spectrometry, we confirmed six known Src kinase substrates
and identified several new protein targets. Chemical rescue data suggest that cellular Src is active under
basal conditions. Rescue of R388A cellular Src provided insights into the mitogen-activated protein
kinase pathway. This chemical rescue approach will likely have many applications in cell signaling.

E
legant studies have established the utility

of chemical complementation in the

analysis of ligand-receptor and enzyme-

inhibitor interactions in cellular systems (1–3).

These approaches allow highly specific and pre-

cise temporal control of cellular pathways. Com-

plementation of enzymes containing active-site

mutations has involved functional substitution of

the missing side chain with a small compound

that possesses similar electronic or steric features

(4–6). The obstacles to in vivo application in-

clude the requirement for a cell-permeable and

relatively nontoxic small-molecule rescue agent.

It was shown recently that when Arg318 in Csk

(a conserved residue in tyrosine kinases) was

mutated to Ala, it could be effectively rescued

by imidazole (7). An actin stress fiber assay in

fibroblasts suggested that R318A Csk might be

rescuable in living cells (8). However, the

maximal level of rescue was 5% of wild-type

activity and this together with incomplete

cellular characterization led to uncertainty in

these findings.

We investigated chemical rescue with the

nonreceptor protein tyrosine kinase Src. Src, the

Fig. 4. EPreSPs enhance AP-evoked transmitter
release. (A) MFB recording and stimulation in DG-
ML (arrows). (Left) An AP (black trace) was elicited
by suprathreshold stimulation; an EPreSP-AP se-
quence (gray trace) was evoked by a subthreshold
followed by a suprathreshold stimulation (50-ms
interval). (Right) APs superimposed. (B) (Top) AP
and EPreSP-AP waveforms used as voltage
commands in MFBs. (Bottom) Evoked presynaptic
calcium currents. (C) Summary bar graph of
experiments in (A) (n 0 4) and (B) (n 0 6). (D)
Paired recordings (both AP and EPreSP were evoked
by current injection into the MFB). The MFB-AP (top
traces) was alternately elicited before the EPreSP
(cond 1) or briefly after the peak of the EPreSP
(cond 2). Bottom traces, average unitary EPSCs. (E)
Cumulative distribution of EPSC peak amplitude
ratio (cond 2/cond 1). For controls, n 0 11; for 10
mM EGTA in the presynaptic pipette, n 0 5. (F)
Subthreshold theta-like oscillations modify synaptic
transmission. Upper traces: left, presynaptic un-
conditioned AP sequence (5 Hz); right, AP sequence
conditioned by theta-like oscillations. Bottom traces,
average EPSCs. (G) Summary bar graph of ex-
periments in (F) (n 0 4). All EPSCs were normalized
to the first EPSC of the unconditioned AP sequence.
Error bars, T SEM.
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