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treated gprr/ 26" mutants with forskolin to elevate
cAMP. Treatment with forskolin restored oct6,
krox20, and Mbp expression (Fig. 4, A to L) and
ultrastructurally normal myelin (fig. S11) in gor/26™
mutants, which suggests that Gpr126 functions
to drive myelination by elevating cAMP levels
in Schwann cells. Because Krox20 is activated
downstream of cAMP elevation, we would not
expect forskolin treatment to rescue Krox20 mu-
tants. As a control, we therefore generated zebrafish
krox20 mutants by TILLING (79). Like murine
Krox20 mutants, Schwann cells in krox20/"%
mutants are arrested at the promyelinating stage (7)
(fig. S9); as expected, forskolin treatment did not
rescue Mbp expression in kox20/"*” mutants (Fig.
4, M to P). These data support the hypothesis that
Gpr126 functions in Schwann cells to elevate levels
of cAMP, thereby activating oct6 and krox20 ex-
pression to initiate myelination.

Our results show that Gpr126 is essential for
Schwann cells to initiate myelination. Like most
adhesion GPCRs, Gpr126 is an orphan receptor
that has not been shown to interact with G pro-
teins. Previously, a biochemical study raised the
possibility that Gpr126 functions as a diffusible
signal (20). Our data, however, suggest that
Gprl26 acts as a receptor in Schwann cells that
signals through G proteins to transiently elevate

cAMP. In Schwann cells, cAMP has been shown
to activate a cascade including cAMP-dependent
protein kinase (PKA), nuclear factor ¥B, and cAMP
response element-binding protein (CREB) to in-
duce the transcription of oct6 (21) (fig. S12). Our
data show that Gprl26 acts autonomously in
Schwann cells, that forskolin treatment is suffi-
cient to restore myelination in gpr/26™ mu-
tants, and that gpr/26 is expressed independently
of Nrgl/ErbB signals; hence, we propose that
Gpr126 elevates cAMP in Schwann cells after
axonal contact to trigger myelination.
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Energy-Efficient Action Potentials in
Hippocampal Mossy Fibers

Henrik Alle,*+ Arnd Roth,? J6rg R. P. Geiger'*

Action potentials in nonmyelinated axons are considered to contribute substantially to activity-
dependent brain metabolism. Here we show that fast Na* current decay and delayed K* current
onset during action potentials in nonmyelinated mossy fibers of the rat hippocampus minimize
the overlap of their respective ion fluxes. This results in total Na* influx and associated energy
demand per action potential of only 1.3 times the theoretical minimum, in contrast to the factor of
4 used in previous energy budget calculations for neural activity. Analysis of ionic conductance
parameters revealed that the properties of Na* and K* channels are matched to make axonal
action potentials energy-efficient, minimizing their contribution to activity-dependent metabolism.

nergy expenditure due to mammalian
Ebrain activity is tightly linked to the gen-

eration and conduction of action potentials
(APs), mainly in axons, and by the ensuing syn-
aptic transmission. Estimation of the respective
contributions to energy expenditure in the mam-
malian brain is the subject of controversy both at
the cellular level (/-3) and at the level of non-
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invasive imaging methods based on local meta-
bolic rate changes (4, 5). The clarification of these
controversies is important, for example, for the
interpretation of functional magnetic resonance
imaging data (6, 7). However, direct experimen-
tal data to determine the energy budget of APs in
gray-matter axons, which are predominantly non-
myelinated (8), have been absent.

Na' influx during AP propagation increases
Na'—K-adenosine triphosphatase (ATPase) ac-
tivity and is thus proportional to energy (ATP)
consumption. Current estimates of AP costs in
mammals assume that the AP requires a fourfold
Na" charge compared to the charge necessary to
depolarize a pure capacitor, the theoretical mini-
mum (/-3, 9, 10). The factor of 4 relies on
Hodgkin's notion (17), derived from the analysis

of squid giant axons, showing that inward Na"
and outward K' currents overlap extensively
during simulated APs (/2), wasting Na* and
accordingly energy. Early data on nonmyelinated
axons of different species obtained with radio-
labeled K, however, cast doubt on the general
applicability of Hodgkin’s notion (73).

To experimentally investigate the energetics
of axonal APs in the mammalian cortex, it is es-
sential to measure, at physiological temperatures,
the ion fluxes underlying axonal APs, which dif-
fer from somatic APs (/4, 15), as might the
underlying currents (/6, /7). Patch-clamp
recordings at 36° to 37°C from rat hippocampal
mossy fiber boutons (MFBs, Fig. 1A) (14, 18),
which are presynaptic expansions of nonmye-
linated mossy fibers (/9), revealed brief APs
(249 * 4 us half-duration, n = 14; Fig. 1A and
fig. S1), resembling neocortical axonal APs (75).
Ionic currents underlying the AP were deter-
mined by applying a previously recorded AP wave
(Fig. 1B, black trace) as a voltage command (20)
to outside-out patches from MFBs. Na* currents
(Ina) showed rapid activation and fast decay
(decay time constants = 24 + 3 us, 0.80 + 0.03
amplitude contribution; and 130 + 12 ps, 0.20 £
0.03 amplitude contribution; Fig. 1, B and C, red
traces; fig. S1, n = 8). The onset of K™ currents
(Ix; Fig. 1, B and C, blue traces; n = 8) was
significantly delayed compared to that of Iy,
(106 £ 5 us; P < 0.001), similar to results ob-
tained from whole-bouton recordings (Fig. 1D,
115 £ 7 us; P <0.001, n=8; P> 0.5 for patch
versus whole-bouton recording). The resulting
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small overlap of inward and outward currents
[Fig. 1, B (inset) and C] indicated a high Na"
efficiency and, accordingly, energy efficiency in

hippocampal mossy fibers, contrasting with
previous simulations of axonal APs and their
underlying currents (12, 17, 21).

B MFB o-o patch C Scaled average
traces of diff.

expt.s

A Hippocampal
granule cell

100 ps
D Whole-bouton, no prepulse

MFB-APs recorded at 37 °C
from different mossy fibers

11 nA
100 ps

"rNa

n::t Ik
| 50 mV
I, | 25 PA  onset
-80 mV Ina 0.3 nA
250 ps 250 us ' 1004 s

Fig. 1. Temporal separation of transmembrane currents during the MFB AP at 36° to 37°C. (A) (Top)
Sketch of a hippocampal granule cell (mossy fiber truncated). (Middle) Fluorescence image of a
hippocampal mossy fiber with presynaptic expansions (MFBs and filopodial extensions). (Bottom) MFB-
APs from different experiments. (B) Upper trace, MFB-AP as voltage command to outside-out patches of
MFBs. Middle trace, isolated /y, (in 1 mM 4-AP). Bottom trace, isolated /y (in 1 uM TTX). Recordings were
made from different patches. The inset defines the measure of charge separation: Na* charge that is not
counterbalanced by simultaneously flowing K* charge divided by total Na* charge per AP. (C) Average /y,
of different experiments inverted and overlaid on average / of different experiments (scaled to the mean
amplitude of all /y, or /g, respectively), indicating the experimental range of current kinetics across
patches. (D) Relative timing of /y, onset, /¢ onset, and the presynaptic /¢, (in TTX and 4-AP) in response
to the MFB-AP wave (without prepulse) recorded in the whole-bouton configuration. Recordings were
made from different MFBs. (Inset) Whole-bouton /y, and /y, scaled to the respective mean of the
amplitudes of all whole-bouton /y, or / experiments.

Fig. 2. Reconstitution modeling of recorded APs A mf
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To complement these results by a quantitative
assessment of the Na" influx as well as peak Na*
and K" conductance densities (Gn, and Gg)
underlying an AP propagating along an axon,
we performed numerical simulations of APs.
We used conductance functions (Fig. 2A) de-
rived from recorded currents (Fig. 1) in a com-
partmental model of the mossy fiber (/8) to
reconstitute propagating APs (22). Simulations
resulted in AP waveforms and underlying cur-
rents closely resembling recorded APs and cur-
rents (Fig. 2B and fig. S1, A to D). The validity
of our approach was further tested with inde-
pendent predictions of the model, such as /I,
onset potential and AP propagation velocity,
which both complied with experimental data
(Fig. 2C and fig. S2). The charge separation,
measured as the ratio of nonoverlapping to total
Na' charge per AP (Fig. 1B, inset), amounted to
0.79 £ 0.03 in the simulations (n = 8), consistent
with a value of 0.80 £ 0.02 obtained from patch
data (n = 8; Fig. 2, B and D) (22). The resulting
mean value of Gy, peak amplitudes was 39 +
3 mS/em?, in good agreement with previous
results (/6), and that of Gx peak amplitudes
was 7.8 £ 0.3 mS/cm? (n = 8,respectively). The
mean Na' charge transfer per propagating AP
was 153 + 6 nC/cm? (n = 8), being only 1.3 times
the theoretical minimum (Fig. 2E; n = 8) of 121
nC/cm? for a target AP amplitude of 121 mV
[specific membrane capacitance (Cp,) 1 uF/em?],
which is considerably less than the factor of
4 used in the literature (/-3, 9, 10). The cor-
responding 1.6 + 0.1 pmol of Na™ ions/cm? per
AP is close to earlier estimates for nonmyeli-
nated axons of diverse species but not to data
from the squid giant axon (/3), causing an

jeurr.inj. D

reveals close to minimum Na* charge transfer
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Expt.

during propagating APs. (A) (Top) Schematic mossy Granam @ Vv \f 10 -
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(Ina and 1) and Fig. 1D (/c,). (B) (Top) MFB-AP from )= Gimax® Giporm. () 250 ps oM 081 §
current clamp simulation (green) superimposed = . (s . 8-,"." 8 H
on the recorded target MFB-AP of Fig. 1B (black). .\ \pp CC simulation = “é & 0.7 o
(Middle) Peak conductance densities obtained from (regord ) (G max fit for Na, K) 45, W S

fit. (Bottom) Currents underlying the simulated AP, ’ < 0.6 -
superimposed on the recorded currents (black) of | 50 mV © E 50- (o]
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absolute energy demand per AP of ~0.53 £ 0.02
pmol of ATP/cm? [assuming that the Na™-K'-
ATPase transports three Na* ions per ATP mol-
ecule; for comparison to the costs of preserving a
resting membrane potential of —80 mV and an
estimate of the required Na'-K'-ATPase density,
see (22)]. Thus, the energy expenditure associ-
ated with mossy fiber APs themselves is only
about one-third of that hitherto assigned to
nonmyelinated axons of the mammalian brain
(1, 3, 10).

How critical are conductance parameters
such as Gy, decay time and Gk onset delay in
determining the energy efficiency of mossy
fiber APs? The AP reconstitution approach
constrained by recorded target APs enabled us
to systematically analyze the dependence of
Na' influx per AP on different combinations
of the two modified conductance parameters. In
the majority of combinations (20 out of 25), the
amplitude, half-duration, and propagation veloc-
ity of simulated APs were consistent with those
of recorded APs [Fig. 3, A and D (yellow and

purple circles)]. These APs represented func-
tionally equivalent signals with respect to infor-
mation transmission but differed considerably
with respect to underlying currents and the Na*
charge relative to the theoretical minimum
(Fig. 3E, yellow and purple bars), ranging
from 1.1 to 3.2. The results were reproduced
in a cylindrical axon, indicating independence
of morphology, axon diameter, and basic
electrophysiological properties (figs. S3 and
S4). We also obtained APs that slightly failed
to reach either the amplitude or the half-du-
ration of recorded APs (Fig. 3, B to E, gray
circles and bars). Among these, the energeti-
cally most expensive combination (Fig. 3B)
was reminiscent of Hodgkin and Huxley’s sim-
ulated currents underlying the AP and asso-
ciated deviations of the simulated from the
recorded APs of the squid giant axon (/2).
Conductance combinations that matched ex-
perimentally derived Gy, decay times and G
onset delays and that resulted in AP shapes
consistent with recordings were among those

A _4; A 81 D 1404 Level of match betw. Sim. & Expt.
' O Gy, & Gx & AP @AP Oneither
| 50 mV E 130
1M °6 .oo
cm £ '
8 0 © 1204 O Sim.
L % 0O Expts.

E Level of match g g |-5
betw. Sim. & Expt. o E
O Gy, & Gk &AP 2El4
@ AP P
O neither g =
zo[3
-2
-1
.8
6 .05
decay N Gy onset
time (ms) delay (ms)

M Expts.,
target-APs

110- U”(B)

j\ 20 22 24 26 28

AP half-duration (ms)
F colorcode asin E

201 (.8; .05)
‘C‘E $ (Gy, decay time (ms);
S 151 @ Gy onset delay (ms))
@ (.8;.14)
E ¢ o
g 10 ..' (:4;.05)
£ 10 4.
& ® o (:2; .05)
0095
54(.4;.14) (.2;.14)
30 60 90 120

Gna,max (MS/cm?)

Fig. 3. Experimentally revealed conductance properties optimize AP-related Na* charge transfer and
thus energy demand in simulations. (A) Gray traces indicate modifications of the normalized Gy, and Gy
time courses of Fig. 2A; first number, Gy, decay time (peak to zero amplitude; in milliseconds); second
number, Gy onset delay (in milliseconds) from Gy, onset. Colored traces, resulting /y, (red) and /i (blue),
superimposed on the resulting simulated AP (green). (B) Example of a simulation in which the parameter
combination resulted in a poor reconstitution of the recorded target AP. (C) Overlay of the simulated APs
of (A) and (B) [on a different time scale than in (A) and (B)]. (D) Distribution of AP amplitude and half-
duration of recorded APs (Expt., squares) and of simulated APs (Sim., circles). Black squares indicate target
APs used for the fits in Fig. 3, D to F. (E) AP cost expressed as Na* charge transfer per AP relative to the
theoretical minimum for different combinations of ionic conductance parameters. The color code indicates
the level of match between simulations and experiments with respect to conductance parameters (chosen
for the simulation) and AP (amplitude and half-duration; simulation result). (F) Best-fit, AP wave—evoked
peak Gy, and G densities of the simulations in (D) and (E). Numbers in parentheses indicate the ionic
conductance parameter combination. Error bars indicate SEM.
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which displayed a minimized Na" charge cost
(Fig. 3E, yellow bars).

In addition, the fit results for the different
conductance parameter combinations in Fig. 3E
also varied with respect to Gy, and G peak am-
plitudes. Conductance parameter combinations
containing a fast Gy, decay and long G onset
delay as observed experimentally result in com-
paratively low G, and Gk peak amplitudes (Fig.
3F, yellow circles). Thus, the observed degrees of
charge separation are accompanied by compara-
tively low peak conductance densities, suggest-
ing low numbers of channel proteins per area,
which would minimize infrastructural costs for
AP conduction. Taken together, both the fast
decay of G, and the precisely matched delay of
Gy onset at the mossy fiber optimize the energy
efficiency of axonal APs. AP amplitude, shape,
and propagation velocity were rather insensitive
to a variety of combinations of conductance
parameters, which implies that physiological
descriptions of APs require the reconstitution
not only of APs but also of underlying currents.

To relate the costs of APs themselves as de-
termined above to downstream costs in the hip-

A Output contacts per GC:

onto PNs ~20 MFBs j\_
—

onto INs ~200
fil. ext.s & small bout.s

B-—+»pPN C
e 1004
g gl
w | =
~4pC/ S35 801 & @
contact 52 8 =
) 4 ®©
—IN 52 601 5 2 P
S 5 |5
€ 401a & ¢
~0.08pC/ B 5 < B 7
contact G & 201 s £
oms £ AW
10 ms = 0-

Fig. 4. The charge transfer related to synaptic
transmission in the hippocampal mossy fiber
system is considerably larger than that for APs.
(A) Schematic diagram of the hippocampal mossy
fiber system. GC, granule cell; PN, principal neuron
IN, interneuron (dark blue); fil. ext.,
filopodial extensions; bout., boutons. (B) Examples
of unitary AMPA receptor—-mediated currents
(black) at two types of output synapses and the
average charge transfer per contact (blue shaded
areas; GC-CA3 pyramidal neuron synapse and GC-
dentate gyrus basket cell synapse). (C) Summary of
the respective total charge transfers related to
propagation of a single mossy fiber AP (left bar),
ensuing presynaptic Ca>* entry (right bar, purple)
and postsynaptic cation inflow (right bar, blue) in
response to the mossy fiber AP, mediated by
ligand-gated glutamate receptors in PNs (light
blue) and INs (dark blue).

(light blue);
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pocampal mossy fiber system, we analyzed the
presynaptic Ca*>" influx (Figs. 1D and 2B) and
the inward charge transfer mediated by unitary
AMPA receptor—mediated excitatory currents in
different postsynaptic neuron types (Fig. 4, A and
B) (18, 23). From these data, we calculated that
the cost ratio of the mossy fiber AP itself to the
downstream events (Fig. 4) has an upper limit of
about 0.15 (22), shifting the emphasis of activity-
dependent energy demand to downstream pro-
cesses elicited by transmitter release, as suggested
by in vivo work (4, 6, 7).

Assuming a widespread occurrence of a high
degree of charge separation during APs in axons,
our results could resolve disparities between
systemic in vivo studies (4, 6, 7) and bottom-up
energy budget calculations (/-3). Our findings
challenge the general applicability of Hodgkin's
notion (/-3, 9, 10) to gray-matter nonmyelinated
axons but are in line with considerations that in
evolution, the economy of neural processes tends
to be optimized (24).

~N o U AW
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