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How the Optic Nerve Allocates Space, Energy Capacity,
and Information
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Fiber tracts should use space and energy efficiently, because both resources constrain neural computation. We found for a myelinated
tract (optic nerve) that astrocytes use nearly 30% of the space and >70% of the mitochondria, establishing the significance of astrocytes
for the brain’s space and energy budgets. Axons are mostly thin with a skewed distribution peaking at 0.7 wm, near the lower limit set by
channel noise. This distribution is matched closely by the distribution of mean firing rates measured under naturalistic conditions,
suggesting that firing rate increases proportionally with axon diameter. In axons thicker than 0.7 yum, mitochondria occupy a constant
fraction of axonal volume—thus, mitochondrial volumes rise as the diameter squared. These results imply a law of diminishing returns:
twice the information rate requires more than twice the space and energy capacity. We conclude that the optic nerve conserves space and
energy by sending most information atlow rates over fine axons with small terminal arbors and sending some information at higher rates
over thicker axons with larger terminal arbors but only where more bits per second are needed for a specific purpose. Thicker axons seem
to be needed, not for their greater conduction velocity (nor other intrinsic electrophysiological purpose), but instead to support larger

terminal arbors and more active zones that transfer information synaptically at higher rates.

Introduction

Axons in the mammalian CNS exhibit a broad range of diame-
ters. The thinnest axons, which arise from the smallest neurons,
are ~0.2 wm, approaching the limit set by channel noise (Faisal et
al., 2005). The thickest axons, which arise from the largest neu-
rons, reach ~20 wm. In many tracts, the distribution of axon
diameters is highly skewed, such that thin axons are numerous,
and thick ones are rare (Biedenbach et al., 1986; Wang et al.,
2008). This distribution, a basic feature of brain structure, has
never been explained.

The standard explanation for thick axons is that their higher
conduction velocities are needed to reduce conduction times
(Hursh, 1939; Rushton, 1951; Waxman and Bennett, 1972; Koch,
1999). For example, Ia fibers conduct impulses from muscle spin-
dles up to 120 m/s (Hunt, 1954; Eccles et al., 1962). This speed is
essential, because Ia axons form the afferent limb of a feedback
loop with a long conduction distance. Slow conduction would
cause long conduction times, so error messages would always be
outdated. Yet, were it generally true that conduction time sets
axon diameter, thick fibers might predominate in long tracts and
thin fibers in short ones, but this is not so (Friede et al., 1984).
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Furthermore, even if the increased conduction velocity could
explain why certain axons need to be thick, it does not explain
why they are mostly thin.

One obvious need is to conserve space: fiber volume increases
as the radius squared, so the volume occupied by the thickest
axon could accommodate 10,000 of the thinnest ones. Therefore,
a brain with mostly thin axons can make more connections (Wen
and Chklovskii, 2005). Another need might be to save energy:
action potentials may consume up to 35% of the cortical energy
budget (Attwell and Laughlin, 2001; Laughlin and Sejnowski,
2003; Lennie, 2003). Thus, if spiking by a thick axon uses more
energy, a brain with mostly thin axons could afford more spikes.
These considerations led us to quantify how space, energy
capacity, and firing rate are related in a particular central tract,
the optic nerve. We studied guinea pig because in this species,
the spike rates to naturalistic stimuli were known for the
smallest and largest ganglion cell types (Koch et al., 2006);
thus, we hoped with further recordings to relate fiber size to
information rate.

First, we asked how is space apportioned in the optic nerve
between axons versus glia and between axons of different caliber?
Second, how are mitochondria apportioned: across cell types (ax-
ons vs glia), across subcellular compartments (e.g., nodes of Ran-
vier), across axons of different caliber, and across myelinated and
unmyelinated regions of the same axons? Finally, we asked how
does the distribution of ganglion cell firing rates (and thus infor-
mation rates) correspond to the distributions of fiber size and
oxidative capacity? We found that optic axons, like fly photore-
ceptors (Niven et al., 2007), follow a law of diminishing returns:
twice the information rate requires more than twice the space and
energy capacity.
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Materials and Methods

Electron microscopy. Retinas and optic nerves were prepared from three
adult male guinea pigs (400-500 g). An animal was anesthetized with
ketamine (100 mg/kg), xylazine (20 mg/kg), and pentobarbital (50 mg/
kg) and then perfused with 2% paraformaldehyde plus 2% glutaralde-
hyde in 0.1 M phosphate buffer. Tissue was stored overnight at 4°C and
then dissected, osmicated, soaked in uranyl acetate, and prepared for
electron microscopy (EM) as described previously (Tsukamoto et al.,
1992). The method of fixation followed here results in no measurable
tissue shrinkage (Tsukamoto et al., 1992). Electron micrographs were
taken at 5000 times magnification and digitized.

Data analysis. Axonal profiles were identified by custom software writ-
ten in MATLAB. Mitochondrial identification and the correction of
misidentified axons (~5% of the profiles) were done manually using
Adobe PhotoShop 8. Because axon profiles are not precisely circular, we
measured the area of each profile and then calculated the diameter of the
equivalent circle.

If this method were applied to an axon sectioned obliquely, the ellip-
tical profile would produce a spuriously large diameter. However, this
effect would be small. Considering a perfectly cylindrical axon, a section
deviating by 20° from perpendicular would overestimate the diameter by
only 2.8%. For the most common axon (0.7 wm), the error would
amount to 0.02 wm, and for the thickest axon (3.5 wm), the error would
amount to <0.1 wm. Also, because the axons run parallel, obliquely
sectioned axons would produce elliptical profiles with the same orienta-
tion. Yet, the distribution of orientations among 1400 axons was flat.
This indicates that the axons were cut perpendicular to their long axes.

To calculate average mitochondrial volumes, we pooled axons into
bins that were separated by atleast 0.1 wm and adjusted to contain at least
20 axons. Since the largest axons were sparse, this “adaptive binning” led
to larger bins for the widest diameters (see Fig. 4). Because the mitochon-
drial concentration was approximately constant for large axon diame-
ters, we knew that mitochondrial volume would be well described by a
quadratic function of diameter. Thus, we fit the mitochondrial volume to
a general quadratic function of diameter parameterized as follows: V,, =
A (d — s) [(d — s) + B], where the shift s is meant to reflect the absence of
very small axons, perhaps because of their unreliable spike timing (Faisal
and Laughlin, 2007).

Measurements of ganglion cell firing rates. In vitro guinea pig retinas
were prepared for extracellular recordings as described previously (Koch
et al., 2004). A variety of naturalistic movies (optic flow, saccades, etc.)
were used for visual stimulation (Koch et al., 2006). Movies were dis-
played on a 1 inch CRT monitor with a P43 phosphor (545 nm, 640 X
480 pixels, 60 Hz frame rate), projected through the top port of the
microscope, and focused onto the retina at a magnification of 7.6. Gan-
glion cells were recorded using a multielectrode array (Segev et al., 2004)
or aloose-patch electrode (Koch et al., 2004), and cell types were identi-
fied by spike responses and morphology.

For all types of guinea pig retinal ganglion cells, and all naturalistic
stimuli, mean firing rates (Hz) have been related to information rates
(bits/s) by the following formula: I = — 0.26 [(r §) log,(r 8) + (1 — r 8)
log,(1 — r 8)]/8, where § = 5 ms is a time bin used to relate firing rates to
firing probabilities, and 0.26 represents the net loss of information to
noise and correlations in the single-cell response (Koch et al., 2006). We
used this formula to convert measured mean firing rates into estimated
information rates.

Fits to diameter and rate distributions. The axon diameter and firing
rate distributions were fit to lognormal functions, y = (A/2 7 o x) exp(—
In(x/x_) */2 0*), by minimizing the square deviation of the data from the
function (see Figs. 1 E, 5B, 6 B). Here, A reflects the area under the data
histogram, x_ is the mean value of the natural logarithm of the indepen-
dent variable x (axon diameter or firing rate), and o is the SD of In(x). To
carry out the fits, axon diameters were binned at 0.1 wm, whereas firing
rates were binned at 1 Hz.

We had reason to expect that the highest firing rates came from cells
with the largest axons and that the lowest rates were associated to the
thinnest axons. To test a possible linear relationship between rate and
diameter (r = K (d — s)), we applied this linear transformation to the
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independent variable (x) in lognormal curve that described the diameter
distribution and searched for the values of K and s that minimized the
squared error of this transformed curve from the rate distribution data.
We similarly tested a possible quadratic relation, r = K, (d — 5)* + K,
(d — s), between rate and diameter, as well as a possible linear relation
between the logarithms of the rate and the diameter (log(R) = log(C) +
Elog(d), or, equivalently, r = Cd E). We tried the latter relation because
any two lognormal curves can be transformed into each other by shifting
the mean and rescaling the SD of the logarithm of the independent vari-
able (x)—i.e., by a linear transformation on log(x). We used this obser-
vation to directly derive the constants C and E that cause the rate and
diameter lognormal fits to coincide.

Confocal microscopy. To investigate mitochondrial distribution at the
light microscopic level, we used the mitochondria-specific fluorescent
dye tetramethylrhodamine ethyl ester (TMRE). The dye specifically
stains live mitochondria by accumulating in the mitochondrion in pro-
portion to membrane potential (Scaduto and Grotyohann, 1999). In
vitro guinea pig retinal preparation was loaded with 50 nm TMRE dis-
solved in Ames’ bathing solution for 15 min. Images were acquired with
an Olympus BX61WI confocal laser-scanning microscope (Olympus
America) under a 60X water-immersion objective (NA 0.9) and Rhoda-
mine RedX setting.

Calculation of Na* accumulation based on a multicompartment model.
Computer simulations of impulse propagation and Na * accumulation
were based on compartmental models of myelinated and unmyelinated
axons using a version of a multichannel model (Fohlmeister and Miller,
1997a,b) modified to work at 37°C (Fohlmeister, 2009) (J. F. Fohlmeis-
ter, personal communication) (see supplemental material, available at
www.jneurosci.org). A key improvement for this study was that the Na
current was evaluated as a permeability change—with each iteration of
the simulation (0.025-0.00025 ms), [Na], and I, was re-evaluated based
on Na entering the compartment. The rate of Na diffusion to the flanking
internodal compartments was set by a single time constant. Each itera-
tion of the Na change used the new Na value as the driving force for the
Na current. Supplemental Table 1, available at www.jneurosci.org as
supplemental material, summarizes the model parameters after tuning
Iy, and I to obtain ~100 mV response amplitudes and realistic shapes of
action potentials without signs of aberrant impulse peak broadening.
Action potential shapes and conduction velocities were robust to changes
in parameters—e.g., a 25% change in the sodium conductance only
changes the peak heights and the velocities by a few percent. The model
was formulated in the NEURON simulation environment (Hines and
Carnevale, 1997). We specifically focused on the range of spike rates
observed in previous studies (Koch et al., 2006) to determine whether
their fidelity required the observed range of axon diameters.

Calculation of Na* accumulation based on membrane capacitance. We
also estimated Na™ influx for an action potential by the amount of
charge required for a voltage change, AV = 100 mV, assuming a mem-
brane capacitance, C,, = 1 puF/cm 2, for a unit length axon segment
(Attwell and Laughlin, 2001). We increased our estimates by fourfold to
take account of simultaneous activation of Na* and K™ channels
(Hodgkin, 1975). In unmyelinated axons, capacitance, therefore, Na™
influx estimates were proportional to surface area.

In myelinated axons, we set the nodal length constant (2 um) and defined
internodal distance and myelin thickness in proportion to axon diameter
(Rushton, 1951). Since capacitance is inversely proportional to the number
of membrane layers, myelin capacitance was C,, ey = Cip/ Mhayers- T calcu-
late the number of membrane layers, we assumed a membrane diameter of 5
nm (as we confirmed by EM) and used the known relationship between
myelin thickness and axon diameter (Williams and Chalupa, 1983; Guy et
al., 1989), thus, 1y, /4, embrane Larger diameter resulted in fewer
nodes of Ranvier and thicker myelin sheaths, keeping the total membrane
capacitance unchanged. These estimates of Na * influx were consistent with
the results of the multicompartment model.

= dmyclin

Results

How the optic nerve allocates space

We quantified how space is apportioned in a cross-section
through the nerve by identifying and measuring all the processes
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Retinal ganglion cell axons are mostly thin. 4, Myelinated axons in the optic nerve vary in diameter by ~10-fold and
are separated from each other by astrocyte processes (electron micrograph). Boxed region is enlarged in B. B, Higher magnifica-
tion shows mitochondria (mit) in axons and astrocyte processes (a). , Allocation of space in the optic nerve: 28% to astrocytes. D,
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The narrowest profiles were ~0.2 um
diameter, and the widest were ~3.5 pm.
This suggested that axon caliber varies by
17.5-fold and that volume (proportional
to r?) varies by ~300-fold. We checked
this by reconstructing a patch of ~1200
axons from electron micrographs of serial
sections and found that over a distance of
12 pum, individual axons vary considerably
in caliber— by a factor of ~2 (Fig. 1 E, in-
set). Thus, the finest profiles in a cross-
section actually represent constrictions in
axons of larger mean diameter (Fig. 1 D).

The distribution of axon diameters rose
steeply, peaking at ~0.7 wm. The distribu-
tion was strongly skewed (Fig. 1E). Cor-
recting for the significant variation in cal-
iber of individual axons (Fig. 1E, inset)
slightly narrowed the axon diameter dis-
tribution at both ends but hardly changed
its overall shape. The distribution was well
described by a lognormal function (see
Materials and Methods), i.e., the natural
logarithm of the diameter was distributed
as a Gaussian, and x? error (assuming SE
for bins with N counts) was minimized
when the Gaussian had a mean of
log[0.86] and an SD of 0.30. The parame-
ters were well constrained—a 10% change
more than doubled the y?* error. The di-
ameter range containing 95% percent of
the axons was 0.5-1.5 wm; thus, the ratio
of the volumes varied by ~10-fold.

& mean diam: 0.55 um
= mean diam: 1.55 um

0o 05 1 15 2 25 3

diameter (um)

n = 28000

Opticaxonsreconstructed frominner diameters. Over this length scale (12 um), each axon varies markedly in caliber (max/min =

2.0 = 0.6;n = 1200). Arrows mark constrictions. None of these constrictions were nodes of Ranvier. E, Distribution of diameters
is skewed with thin axons predominating. Shaded area includes 95% of the total and corresponds to the range (0.5-1.5 m)
where probability values were >10% of the peak. Solid line is a lognormal fit. Inset, Distribution of diameters along the recon-
structed segments (D) for a subset of axons with mean diameter 0.55 wm (n = 1100) and 1.55 m (n = 500). Solid lines are

Gaussian fits.

in a montage of electron micrographs covering ~3300 um* (Fig.
1A-C). Axoplasm (1480 axons) occupied 32% of the total area.
Every axon was myelinated, the number of wraps forming a con-
stant proportion of axon diameter (Williams and Chalupa, 1983;
Friede and Beuche, 1985; Guy et al., 1989). Myelin accounted for
25% of the nerve’s cross-section, so the axons plus their sheaths
occupied 57%.

The axons were separated by astrocyte processes (pale, with
bundles of 10 nm filaments) and by oligodendrocyte processes
(dark, with microtubules but not filaments). Astrocyte processes
occupied 12% of the area, and their somas occupied 16%; oligo-
dendrocyte processes occupied 8% of the area, and their somas
occupied 5%. Extracellular space was 2%. Our sample did not
include microglia (Peters et al., 1991). Of course, astrocytes are a
common constituent of central tracts, but it surprised us to learn
that in the optic nerve, they occupy such a large fraction (nearly
30%) of the total cross-section (Fig. 1C).

We then measured the axon inner diameters. The nerve cross-
section was systematically sampled along a transect through its
center. Included were 23 patches, each with ~1200 fibers, for a
total of ~28,000 fibers. We found no evidence for topographic
variation in the distribution of diameters, confirming Guy et al.
(1989). In further agreement, we calculated that the whole nerve
contained ~100,000 fibers.

How the optic nerve allocates

energy capacity

Astrocytes are supposed to split glucose
anaerobically to lactate and shuttle it to
neuronal mitochondria for oxidation
(Pellerin and Magistretti, 1994; Poitry-
Yamate et al., 1995). Nevertheless, astrocytes in the optic nerve
contain abundant mitochondria (Fig. 1 B). In fact, mitochondrial
volume in astrocytes was 3.2% of cytoplasmic volume, exceeding
by nearly twofold their volume fraction in axoplasm (see below).
Astrocytes contained ~72% of the optic nerve’s mitochondria.
These mitochondria displayed a dense matrix and relatively little
inner membrane structure, which apparently reflects a lower ox-
idation rate (Hackenbrock, 1968a,b).

Axonal mitochondria were cigar shaped and oriented approx-
imately parallel with the axon’s long axis (Fig. 2A). Measured
from serial, longitudinal sections, they were 2.9 * 2.3 um long
(n = 24); measured from cross-sections, they were 0.22 = 0.05
pm wide (n = 7100). Mitochondrial size was approximately con-
stant across axon diameters. Based on mitochondrial size and
total volume, we estimated that the mean separation between
mitochondria along an axon (between their midpoints) was 3.2
um. Given their mean lengths (nearly 3 um), the mitochondria
distributed fairly evenly along the axons, and no point in the axon
could be even as much as 1 wm from an intracellular fountain of
ATP (Fig. 24A).

The narrowest axonal profiles, now recognized as constric-
tions, never contained a mitochondrion. Furthermore, as a fine
axon re-expanded from its narrowest point, the probability of
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finding a mitochondrion increased
smoothly, reaching the mean value for all
axons within ~2.5 wm. Profiles narrower
than 0.6 wm at the constriction showed
this behavior, but wider profiles showed a
constant probability (Fig. 2 B).

The slenderest mitochondria were
slightly thicker than the constrictions and
were absent from them. Immediately be-
yond a constriction, mitochondrial con-
centration (mitochondrial volume per
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To test whether mitochondrial volume,
our primary measurement, reasonably es-
timates the distribution of oxidative ca-
pacity, we plotted volume versus area of
the inner mitochondrial membrane—
which bears the terminal elements of the
respiratory cascade at fixed density (Wei-
bel, 2000). Longitudinal slices through ax-
onal mitochondria showed the inner
membrane evaginating to form a convo-
luted mass of tubules that expand its sur-
face area (Fig. 2C). Where the inner membrane was seen on edge,
forming a sharp image, it was traced to obtain the total length.
Depth was estimated as the section thickness (~90 nm). Because
the tubules showed no particular orientation, their partial areas
are unbiased reflections of the total tubular surface area. Thus,
each slice provided a measure of inner membrane area, and this
correlated strongly with the volume of the slice (Fig. 2D). Con-
sequently, mitochondrial volume predicts oxidative capacity.
Thus, in the remainder of this study, we take mitochondrial vol-
ume as a measure of energy capacity, i.e., the power or energy per
unit time.

Figure 2.

Mitochondria avoid nodes of Ranvier

Given that nodes of Ranvier, plus their flanking paranodes, are
major sites of cation flux during an action potential (Scherer,
1999), we had expected to find an increased concentration of
mitochondria. However, analyzing 51 nodes of Ranvier, we
found that mitochondria, far from concentrating at nodes, actu-
ally avoided them (Fig. 3A, C). The distance from the center of a
node to the nearest mitochondrion was ~3 um, and by ~4 wm,
mitochondria reached their mean axoplasmic concentration.
Thus, the nodal region represents a zone of ~6 um that is de-
pleted in mitochondria. This has been reported also for axons in
mice (Edgar et al., 2008).

Noticing that astrocytes are rich in mitochondria, we won-
dered if astrocyte mitochondria might concentrate near nodes of
Ranvier and by some unsuspected mechanism supply the node
with ATP. To investigate this, we plotted the locations of all as-
trocytic mitochondria within 10 wm of one node (Fig. 3B). Mi-
tochondria did not cluster near the node. Analyzing 51 nodes

dist from narrowest profile (um)

inner membrane area (um?2 x 10-2)

Energy capacity distributes evenly along the axon. 4, Mitochondria distribute evenly along the axon [except at
constrictions (B) and nodes of Ranvier (Fig. 34)]. Mean distance from ATP source to axonal membrane (site of Na/K-ATPase) is <<1
m. B, Mitochondria avoid the narrowest constrictions (<<0.3 m) but maintain a constant concentration in axons whose
narrowest regions =0.6 wm. Dashed line indicates mean mitochondrial concentration across all axons. €, EM section through a
mitochondrion. Inner membrane forms numerous tubules that expand its surface area. Inner membrane cut perpendicularly
forms a sharp image in this section (~90 nm thick), and these regions were traced to obtain a measure of inner membrane area.
D, Mitochondrial volume correlates strongly with inner membrane area [which sets the number of respiratory units and thus
enerqgy capacity (Weibel, 2000)].

confirmed that mitochondria are rare near a node but rise to
asymptote within a few micrometers (Fig. 3D). Thus, astrocytes
do not supply ATP to the nodes.

To understand why mitochondria do not concentrate at the
node of Ranvier, we calculated from Fick’s law how rapidly so-
dium entering a node would redistribute. A pulse of sodium at
the center of a node diffuses away from the node in both direc-
tions, and the nodal sodium concentration decreases exponen-
tially, falling by 90% within 1 ms (Fig. 3E). This suggests that
sodium extrusion occurs mainly in the internodes, and that is
where the mitochondria occur.

Energy capacity versus fiber caliber

We measured the mitochondrial volume per unit length in axons
of different caliber. Volume was measured as the area of a mito-
chondrial cross-section times the section thickness (~90 nm).
These measurements yielded the concentration of mitochondria
in axonal cytoplasm (Fig. 4 A). Mitochondrial concentration rose
steeply for the finest axons, then leveled off at ~1.6% for diame-
ters greater than ~0.7 wm. Thus, mitochondrial volume (V)
had a quadratic relation to axonal diameter (d). Fitting a qua-
dratic polynomial in d by minimizing squared error gave a rela-
tion of the form V,, = 0.0044 (d — 0.46) [(d — 0.46) + 4.7]. The
parameters are well constrained by the fit—5% change in any of
them increased x* by a factor of 2-3. Thus, for small diameters
(~0.5 wm), the mitochondrial volume rose linearly in diameter,
whereas for larger diameters (>0.7 um), the relation was qua-
dratic. The initial subquadratic rise probably reflects the exclu-
sion of mitochondria from the smallest profiles, which are con-
strictions (Fig. 2B).
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Mitochondria avoid nodes of Ranvier. 4, Longitudinal section through a node of Ranvier. B, Mitochondria are present
in astrocytes, but they do not cluster at the node (nr). This point is quantified in D. ¢, Mitochondria are rare in nodal axoplasm but
reach the mean level (—) within ~4 um. D, A “node-centered average” of astrocytic mitochondria was obtained by aligning the
three-dimensional mitochondrial distribution, around 51 nodes, and collapsing them to one dimension. Thus, astrocytic mito-
chondria avoid the nodes of Ranvier. E, Sodium diffuses longitudinally from its entry point at the node, falling by 90% within a

axon diameter (um

)

Energy capacity versus axon caliber. 4, Mitochondria in myelinated axons thicker than ~0.7 pm occupy ~1.5% of
the cytoplasm—independently of axon diameter. Profiles thinner than 0.7 ,m had lower mitochondrial concentrations. Mito-
chondria in unmyelinated segments (within the retina) that are thicker than ~0.6 wm occupy ~4% of cytoplasm. Horizontal
error bars indicate SD for axon diameter (adaptive binning; see Materials and Methods); vertical bars indicate SEM. B, Mitochon-
drial volume per unit axonal length rises linearly with axon diameter for small profiles (¢ <<0.7 um) and quadratically for larger
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showed a similar range of diameters as for
the myelinated segments and a similar
skewed distribution (Fig. 5A,C). The
shape of the distribution for unmyelinated
segments was well described by a lognor-
mal curve; i.e., the natural logarithm of the
diameter was distributed as a Gaussian
with a mean oflog[0.62] and an SD 0f 0.31.
Here, the best-fitting parameters were de-
termined by minimizing x> (assuming SE
for bins with N counts). An ~10% varia-
tion in the parameters more than doubled
x°. The diameter range containing 95% of
the axons was 0.3-1.1 um. Although the
unmyelinated and myelinated distribu-
tions differed slightly, the samples came
from different animals and probably from
different eccentricities, so it is unclear
whether these fine differences are reliable.
Unmyelinated axons were not sepa-
rated by glial processes, as in the nerve, but
instead were packed together in tight bun-
dles (Fig. 5A,B). The bundles were envel-
oped by processes of Muller glia. These ap-
peared dark in electron micrographs,
attributable to abundant glycogen (Fig.
5A,B). Mitochondria were absent from
Muller processes but were abundant in
ganglion cell somas, dendrites, and axons
(Fig. 5B,D) (Kageyama and Wong-Riley,
1984). The absence of mitochondria in
Muller processes of the guinea pig inner
retina (Germer et al., 1998), and their
abundance in retinal neurons, render this
brain region a “poster child” for the lactate
shuttle hypothesis (Pellerin and Magis-
tretti, 1994; Poitry-Yamate et al., 1995).
In the unmyelinated segments, mito-
chondria were 0.27 = 0.05 wm in diameter
(n = 2450)—similar to the nerve. Mito-
chondrial concentration increased steeply
with fiber caliber, reaching a plateau of
3.5% for fibers >0.7 um diameter and
then relaxing slightly (Fig. 4A). Because
the mitochondrial concentration was ap-
proximately constant over a large range of
diameters, the mitochondrial volume
(Vn), increased quadratically with diame-
ter (d) over this range (Fig. 4 B). Fitting a
quadratic polynomial in d gave a relation
of the form V_, = 0.017 (d — 0.44) [(d —
0.44) + 2.5]. A 5% change in any of the
parameters increased x> by a factor of 2-3.
Thus, the pattern of mitochondrial con-
centration in the unmyelinated segments
resembled that of the myelinated seg-
ments, but for fibers thicker than 0.7 um,

the volume fraction was twofold greater (Fig. 4A).

Axons emerging from ganglion cell somas collect in the nerve

fiber layer and run toward the optic disk. Over this course, they
remain unmyelinated. Because their firing rates are the same as
for the myelinated segments, we thought to compare their struc-
tures and energy capacities. Unmyelinated axons in retina

How the optic nerve allocates spikes

The smallest ganglion cell with the finest axon is the “local-edge”
type, whereas the largest ganglion cell with the thickest axon is the
“brisk-transient” type. The local-edge cells respond to movies of
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natural scenes with mean firing rates of ~4
spikes s ! (range, 1-7 Hz), whereas the
ON brisk-transient cells respond to the
same movies with twofold higher mean
rates (Koch et al., 2006). For example, Fig-
ure 6A shows a local-edge and a brisk-
transient cell responding simultaneously
to 2 s of a 20 s natural movie clip. Each cell
type responds with a characteristic firing
pattern, which leads to different average
firing rate. If firing rates for the thinnest
and thickest axons reflect a general rela-
tionship, then the distribution of firing
rates should match the distribution of
axon diameters. To test this, we recorded
234 neurons in three retinas during stim-
ulation with naturalistic movies. The dis-
tribution of mean firing rates was well de-
scribed by a lognormal function, i.e., the
natural logarithm of the firing rate was dis-
tributed as a Gaussian with a mean of
log[4.3 = 0.8] and an SD of 0.72 * 0.7
(Fig. 6 B). Here, the best-fitting parameters
were derived by minimizing x> (assuming
SE for bins with N counts), and the ranges
indicate variations that doubled y?.

Given that small axons fire rarely and
large axons fire more, we asked if there
might be a simple relationship between
mean firing rate and axon diameter. We
considered a relationship between axon
diameter and mean firing rate, rather than
peak rate, because the rapid diffusion of
sodium out of the nodes (Fig. 3E) sug-
gested that even at the highest observed
firing rates, the relatively slow restoration
of overall ionic concentrations in an axon is the dominant con-
sideration. This was confirmed by compartmental modeling (see
below).

The simplest possible relationship between axon diameter and
mean firing rate would be linear: r = K (d — s), where R is the
firing rate, d is the diameter, K is a proportionality constant, and
sis a minimal axon diameter. If firing rate were indeed linear with
diameter, a shifted and rescaled firing rate distribution would
match the axon diameter distribution. Testing this, we found that
these distributions match best for K = 10.0, s = 0.46 um (Fig.
6C). This value of s is near the finest fiber diameters in our mea-
surements (Figs. 1E, 5C); it is the diameter below which local
fluctuations in channel density apparently cause noise in spike
timing (Faisal et al., 2005). A similar analysis for unmyelinated
axons showed that the best match occurred for r = 13.4 (d —
0.32). An ~20% variation in the parameters in both cases in-
creased the squared deviation between the matched distributions
by a factor of ~2.

We similarly tested a possible quadratic relation between rate
and diameter (r = K, (d — s)* + K, (d — s)), as well a possible
linear relation between the logarithms of the rate and the diam-
eter (log(R) = log( C) + Elog(d), or, equivalently, r = Cd*). (We
tried the latter relation because any two lognormal curves can be
transformed into each other by shifting the mean and rescaling
the SD of the logarithm of the independent variable (x)—i.e., by
a linear transformation on log(x).) The best-fitting nonlinear
models (quadratic: K, = 7.2, K; = 0, s = 0.1; log-linear: C = 2.4,

Figure 5.

Displaced amacrine cell.
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axon diameter (um)

Unmyelinated axons and retinal glia. A, Ganglion cell axons within the retina are unmyelinated and run in dense
bundles toward the optic disk. The bundles are wrapped by processes of Muller glia. gc, Ganglion cell. B, Higher magpnification of
boxed region in A. Retinal axons contain mitochondria (mit), but the Muller processes do not. Instead, they are dark from
accumulated glycogen. G, Distribution of diameters for unmyelinated segments is skewed like the distribution for myelinated
segments (Fig. 1£). Shaded area (95%) corresponds to the range (0.3—1.1 pum) where probability values were >10% of the peak.
Solid line, lognormal fit. D, Subcellular distribution of mitochondria seen as red fluorescence after staining with TMRE. Mitochon-
dria are numerous in ganglion cell somas (gc) distinguished by their eccentrically located nuclei (n) (Kao and Sterling, 2006) and
in ganglion cell dendrites and axon bundles (ab). Muller cell processes are dark, as expected from electron microscopy (A). dpa,

E = 0.4) gave mean squared deviations between the rate and
diameter distributions that were similar to the linear model.
However, although they matched the shape of the distributions
well near their peaks, the nonlinear models predicted that the
largest axons in our dataset (d ~3.5 wm) would have mean firing
rates of ~80-120 Hz, but such high rates are not seen. In con-
trast, the linear hypothesis maps diameters of 3.5 um to firing
rates of ~30 Hz, which were the highest seen in our data. Conse-
quently, we accept the hypothesis of a linear relationship between
fiber diameter and firing rate. Most of the information transmit-
ted to the brain by the eye is sent at lowest mean firing rates (Koch
et al., 2006). Any monotonic relation between rate and diameter
thus implies that most information is carried by the thinnest
fibers.

The conclusion relating firing rates to axon diameter (Fig. 6)
come from recordings in vitro. However, recordings in vivo gen-
erally yield higher spontaneous firing rates (Troy and Robson,
1992), so one might wonder whether this linear relationship
holds in the intact, behaving animal. The actual firing rates in an
intact animal remain unknown for two reasons: (1) the in vivo
rates derive from acute preparations that are highly stressed and
influenced by various anesthetics; (2) the average response rates
to naturalistic stimuli have not been studied in the acute
preparation.

However, there is some evidence that in vivo rates (evoked and
spontaneous) increase proportionally. First, ganglion cell detec-
tion thresholds (which depend on the ratio of evoked to sponta-
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We estimated sodium entry (including
both the nodal and internodal regions)
both by calculating the capacitance and
from a multicompartmental model tuned
to operate at 37°C. Both methods gave the
same result, entry of ~1200 Na ™ spike ~'

mean = 8 spikes s

v

number of cells
probability

20
firing rate (Hz)

25 30 0 5

Figure 6.

especially considering that the sample sizes differ by two orders of magnitude.

neous rates) are similar in vitro and in vivo. These thresholds
apparently account for behavioral detection (Borghuis et al.,
2008), suggesting that the evoked/spontaneous ratio might hold
across recording conditions. Second, the differences between
types, sluggish versus brisk, and brisk-transient versus brisk-
sustained are seen under both conditions (Troy and Shou, 2002).
Thus, the relationships between cell types, and between evoked
and spontaneous firing rates, seem similar under both recording
conditions. Since these relationships drive our analysis, we expect
that it will extend to the intact animal. In particular, if all rates
(evoked and spontaneous) for all cell types increase proportion-
ally, the relation between rate and diameter that we find will
continue to hold. In any case, as we will see, our broad conclu-
sions will not depend specifically on a linear relationship between
rate and diameter.

How the optic nerve relates energy and information

For the unmyelinated region within the retina, an axon’s energy
cost per spike corresponds to the number of sodium ions needed
to discharge its membrane capacitance. This rises linearly with
axon diameter d (see Materials and Methods) (Fig. 7A). The pre-
cise slope is proportional to the assumed capacitance, but for our
purposes, the key point is the linear increase in sodium flux, and
hence, energy cost, as a function of diameter.

For the myelinated region within the nerve, the energy cost
per spike corresponds to the number of sodium ions needed to
discharge axonal capacitance at a node of Ranvier times the num-
ber of nodes. The length of a node was invariant with axon cali-
ber, so nodal capacitance rises simply with d. However, the dis-
tance between nodes also rises with d (Hess and Young, 1949,
1952). Therefore, nodal membrane capacitance per unit length
should be invariant with axon caliber. Internodal membrane ca-
pacitance per unit length should also be invariant, because
thicker axons have thicker sheaths (Guy et al., 1989).

10
firing rate (Hz)

Retinal ganglion cells mostly fire at low rates. A, Multiple ganglion cells responding to naturalistic movies were
recorded simultaneously on a multielectrode array (shown here are 2 examples). The smallest cells (local-edge) had the lowest
mean and peak rates, whereas largest cells (brisk-transient) had the highest rates (Koch et al., 2006). B, Distribution of firing rates
shows mostly low rates and skew toward high rates. Solid line indicates lognormalfit. , Distribution of firing rates compared with
distribution of axon diameters from Figure 1 by assuming a linear relation between rate and diameter. The match seems close,

pwm ~! (Fig. 7A) (see Materials and Meth-
ods). The precise value depends on the as-
sumed membrane capacitance and the
conductances in the model, but for our
purposes, the key point is that both meth-
ods of analysis show sodium entry to be
independent of diameter for myelinated
axons. Importantly, both estimates as-
sume that internodal length = axon di-
ameter X 100 (Rushton, 1951). If this
scaling relation fails for small central ax-
ons (Waxman and Bennett, 1972), our
model estimates would be off. Yet, since
the function of myelin is clearly to re-
duce capacitance and increase the space
constant, one would not expect the error
to be very large.

To assess the energy cost per spike in
real axons, we divided the mitochondrial
volume for axons of each diameter (Fig.
4B) by the associated firing rate (Fig.
6B,C) (rate-diameter match for unmyeli-
nated axons not shown), assuming our hy-
pothesized linear relation between rate and diameter. For unmy-
elinated regions, energy capacity per spike increased linearly over
the range of measured axon diameters (Fig. 7B)—as expected
from theory (Fig. 7A). Therefore, under naturalistic conditions,
energy capacity of unmyelinated axons apparently matches the
cost of spiking. However, for myelinated regions, energy capacity
per spike was approximately constant over the range of measured
axon diameters (Fig. 7B). This was also expected from theory,
because the capacitance of a myelinated axon is approximately
independent of diameter.

Yet, the slope deviated slightly from zero (4.89*10 ~°*/um),
suggesting that there must be some additional cost beyond so-
dium pumping. If we assumed a quadratic relation between rate
and diameter (rejected above because of the poor match between
the ranges of firing rates and axon diameters), the myelinated
energy capacity per spike would have been constant, as expected
from theory. However, in that case, the unmyelinated energy
capacity per spike would have failed to rise linearly as expected.
This gave an additional reason to reject the hypothesis of qua-
dratic dependence of rate on diameter.

An axonal firing rate can be converted into an estimated
information rate following a simple formula (Koch et al.,
2006). For each axonal diameter, using the formula and the
linear relation between diameter and firing rate (Fig. 6C), we
computed the information rate. Plotting these information
rates against the mitochondrial volume of axons of the asso-
ciated diameter, we found that information increases sublin-
early with energy capacity (Fig. 7C). Thus, doubling the infor-
mation requires more than double the energy capacity (e.g., a
twofold change from 6 bits s ™' to 12 bits s ~' is associated to a
2.6-fold increase in mitochondrial volume). This law of di-
minishing returns was expected on information theoretic
grounds (Levy and Baxter, 1996; Sarpeshkar, 1998; Balasubra-
manian et al., 2001; de Polavieja, 2002) and is here confirmed

15 20 25 30
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Figure7. Metabolic cost of spiking. 4, Sodium entry for one action potential based on capacitance

calculations and a compartmental model (see Materials and Methods; see supplemental material,
available at www.jneurosci.org). Sodium entry per spike for myelinated axons is constant but for
unmyelinated axons rises with axon diameter. B, Energy capacity per spike, calculated by dividing the
mitochondrial volume for each axon diameter (Fig. 4B) by the corresponding estimated firing rate
[Fig.6Corr = 10(d — 0.46) formyelinated axons, andr = 13.4 (d — 0.32) forunmyelinated axons].
€, Information rises more slowly than energy capacity, giving a law of diminishing returns. Informa-
tion rate was calculated from firing rates associated with different axon calibers (Koch et al., 2006).

in the data. This principle was robust to substantial changes in
the assumed relationship between rate and diameter—specif-
ically, it held even for an assumed quadratic relationship be-
tween rate and diameter.
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Sodium buffering does not explain the need for larger axons
Because Na ™ accumulation in a small axon during a burst of
spikes might delay or block conduction, we asked whether larger
axon diameters are essential for buffering sodium. To test this, we
used the multicompartment model that reproduced the known
spike shape in mammalian myelinated axons (Fig. 8 A) (Koch,
1999) and the known relationship between fiber diameter and
conduction velocity (Fig. 8 B). We then evaluated the change in
internal sodium concentration [Na *]; in the nodal compartment
of the smallest diameter axon (0.2 wm). Testing the highest ob-
served instantaneous firing rate (300 impulses s ~') (Koch et al.,
2006), we extended the longest observed duration by 10-fold (30
impulses/100 ms). Under these conditions, [Na *]; in the nodal
compartment steadily increased by ~10 mm (Fig. 8C, gray line),
in agreement with the observed [Na *]; change in Purkinje den-
dritic processes (Rose, 2003). Introducing Na * diffusion into the
internodal region completely eliminated this concentration in-
crease (Fig. 8C, black line). These results were robust to changes
in model parameters—e.g., a 25% change in assumed sodium
conductance only changes the action potential shape and propa-
gation velocity by a few percent, leaving the above conclusions
unchanged. We conclude that under natural conditions increases
in sodium concentration are small and, even in the finest myelin-
ated axon, would not affect spiking. Therefore, larger axons are
not needed to buffer sodium.

Discussion

Allocation of space and energy

We expected that most space and energy capacity in a central tract
would be devoted to nerve fibers. However, we found that ~30%
of the space is devoted to astrocytes (vs 11% in mouse cortex)
(Schiiz and Palm, 1989). Furthermore, 72% of the mitochondria
are in astrocytes, and their volume fraction is twice that in axo-
plasm. Thus, although astrocytes may operate anaerobically to
some degree, in the nerve they appear also to maintain consider-
able intrinsic oxidative capacity, and one wonders what function
requires this.

Each spike dumps a K™ pulse into the extracellular space.
Because all fibers are firing, individual pulses are not spatially
buffered and thus cause sharp, local rises in potassium. The con-
centration is restored in two phases: rapidly by the glial Na/K-
ATPase with a low affinity for K™ and slowly by the axonal Na/
K-ATPase with a high affinity for K * (Ransom et al., 2000). Thus,
the role of astrocytes in rapidly reducing extracellular potassium
may explain their large proportion of space and energy capacity
(Fig. 1).

Because the node of Ranvier is the main site of sodium influx
during the action potential, we expected to find mitochondria
concentrated there, similar to high mitochondrial concentrations
at other sites of major cation flux, e.g., photoreceptor inner seg-
ments, basal membranes of renal tubules, and salt glands (Bloom,
1968). However, mitochondria were absent from the node (Fig.
3). This seemed less surprising when we calculated that sodium
entering focally at a node would diffuse rapidly to the internodes
(Fig. 3E). That is where the sodium-extruding Na/K-ATPase is
located (McGrail and Sweadner, 1990; McGrail et al., 1991).
Thus, the mitochondria in myelinated axons are actually located
where they are needed.

Why optic axons are mostly thin

Optic axons were rarely thinner than 0.5 wm, probably because
below this diameter spontaneous channel fluctuations cause vari-
ations in spike timing sufficient to degrade the message (Faisal
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Figure 8.  Larger axons are not required for sodium buffering. A, Compartmental model

correctly reproduces the action potential shape and conduction delays between successive
nodes of Ranvier. B, Model reproduces the known relationships between axon diameter and
conduction velocity for myelinated and unmyelinated axons. ¢, Model shows that a train of
spikes in a fine, myelinated axon (d = 0.2 wm) raises the local concentration of sodium (gray
line). However, when the model allows diffusion to the internodes (7~ 1ms), sodium does not
accumulate (black line).
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and Laughlin, 2007). However, starting from the smallest diam-
eters, the distribution rises to a sharp peak near 0.7 um (Fig. 1).
This predominance of small diameters may occur because, al-
though thicker axons increase firing proportionally to diameter
(Fig. 6C), their mitochondrial volume (hence energy capacity)
increases as the diameter squared. This implies a law of diminish-
ing returns: information rises sublinearly with energy capacity
(Fig. 7C) (Levy and Baxter, 1996; Sarpeshkar, 1998; Balasubra-
manian et al., 2001; Balasubramanian and Berry, 2002; de Polav-
ieja, 2002; Niven et al., 2007). Thus, efficient energy use splits the
information stream among many thin, low-rate carriers (Koch et
al., 2006).

Why some axons are thick

The standard idea is that thick axons are required to achieve
higher conduction velocity and shorter conduction times.
This is true where conduction distances are long and rapid
responses are essential—e.g., fast reflex loops, certain pyrami-
dal tract fibers (Biedenbach et al., 1986), certain corticocorti-
cal connections in larger brains (Wang et al., 2008), and cer-
tain optic fibers in large, aquatic mammals (Mazzatenta et al.,
2001). However, the need for larger axons in the optic nerve of
smaller mammals does not seem to be explained by this “con-
duction time” hypothesis.

First, conduction distances to the lateral geniculate nucleus
(LGN) are sufficiently short (17 mm in guinea pig) that difference
in conduction times between the thinnest and thickest axons is
only ~3.2 ms. This is comparable with the shortest interspike
interval and considerably shorter than typical temporal response
variability of 10-30 ms across repetitions of a stimulus (Meister
and Berry, 1999; Koch et al., 2006). Thus, the conduction advan-
tage of the thick axons is unlikely to play a role in detection of
visual stimuli [see Troy and Lennie (1987) for a similar conclu-
sion from measurements in cat LGN]. Nevertheless, one may
wonder whether spikes in a fast-conducting axon could have con-
ditioning effects on cells postsynaptic to a slow-conducting axon.
This seems unlikely: (1) the large temporal variability of spike
generation would render such conditioning unreliable; (2) differ-
ent ganglion cell types maintain separate pathways to their
postsynaptic neurons and do not show convergence. For exam-
ple, X, Y, and W ganglion cells drive X, Y, and W geniculate
neurons, without cross talk (Raczkowski et al., 1988). Overall, it
seems implausible that the brain would devote significantly more
space and energy for such an apparently minor reduction in con-
duction time.

Second, the conduction time hypothesis suggests that increas-
ing conduction distance would shift the whole-fiber distribution
toward larger diameters. This is not supported by cross-species
comparisons (mouse to man), where the optic nerve varies in
length by 10-fold. The fiber distributions in all species are skewed
and, far from shifting toward larger calibers with longer dis-
tances, the distributions essentially superimpose (Fig. 9A). Thus,
although instances certainly exist where larger axons are used to
reduce conduction time, this does not explain the larger optic
axons studied here.

Alternatively, if high spike rates would raise the sodium con-
centration in fine axons, thicker axons might be needed to in-
crease axoplasmic volume as a buffer. However, a compartmental
model showed that firing rates far exceeding the natural rates
would not alter the sodium concentration even in the finest axon
(Fig. 8C). Thus, fine axons should easily support the highest spike
rates without refractoriness.

Here, we propose a new hypothesis for why some axons are
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of optic nerve axon diameters is conserved, with mostly small diameters, peaking near 0.7 tm
and skewed. This s despite a 10-fold difference in conduction distance. In fact, human, with the
longest conduction distance, has the finest fibers. Most axons in the human optic nerve derive
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firing and low-information rates consistent with their fine caliber. B, Optimizing information
with respect to energy cost can select the most common axon diameter. The total power asso-
ciated to a unit length of axon was assumed to be £ = V/,, + (, where I/, is the mitochondrial
volume per unit length (Fig. 4B) and Cis an additional constant cost, expressed in the same
units, that is independent of firing rate. Bits per energy was computed by dividing the informa-
tion rate associated to an axon of a given diameter by £ (Materials and Methods). The constant
(was adjusted to give an extremum at 0.7 m.

thick. First, recall that information represented by Poisson release
of n transmitter quanta rises as log, of the signal/noise ratio.
Doubling this ratio would require at least quadrupling n. Conse-
quently, an axon carrying twice the information rate should re-
quire more than four times the number of active zones to transfer
this information at its output. Indeed, it is clear that the photo-
receptors and bipolar cells with higher information rates use
thicker axons and larger terminals with more active zones (Ster-
ling, 2004; Sterling and Freed, 2007).

Ganglion cell central arbors apparently also follow this rule:
(1) brisk-transient (Y) cells with higher information rates have a
thicker axon with more central boutons than brisk-sustained (X)
cells (Bowling and Michael, 1984; Humphrey et al., 1985a,b; Roe
et al., 1989). Moreover, Y boutons are larger and contain more
active zones (Hamos et al., 1985). Sluggish (W) cells with the
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lowest information rates have the thinnest axons and contact W
cells in the LGN via fewer synapses than used by Y or X cells
(Raczkowski et al., 1988). Given these facts, we propose that axon
caliber in the optic nerve increases with mean spike rate, not to
achieve any intrinsic electrophysiological advantage, but rather
to support larger terminal arbors and the extra active zones
needed to transfer information synaptically at higher rates. Cells
with higher information rates may also supply more central nu-
clei, and this would further increase their needs for axonal trans-
port (Tamamaki et al., 1995).

This hypothesis might also fit other types of central neuron.
For example, pyramidal neurons with higher firing rates (thus
higher information rates) have faster conducting, i.e., thicker,
axons (Armstrong and Drew, 1984). And Drosophila neurons
with more voluminous terminal arbors express more active zones
(Egger et al., 1997).

These points suggest a broad conclusion: an axon’s cross-
sectional area rises proportionally with the number of active
zones at its output. This expanded cross-section accommodates
additional microtubules to serve the added burden of axonal
transport (Sterling and Freed, 2007). Microtubules in fine axons
exhibit fixed spacing (Peters et al., 1991; Hsu et al., 1998), so
increasing their number requires expansion of the axonal cross-
section. Thicker axons also contain neurofilaments as cytoskel-
etal elements (Peters et al., 1991) that contribute to the expan-
sion. Thus, the increase in axon volume with spike rate may be
fundamentally set by the need to supply larger central arbors that
transfer higher information rates.

What sets the most common axon diameter?

The optic nerve’s most common axon diameter is 0.7 wm. Per-
haps this value is set to reduce the cost of communication by
ganglion cells. Suppose, for example, that optic axons with their
terminal arbors maximize their information per unit energy. As-
sume that a neuron’s total cost is proportional to E = V_, + C,
where V,, is the mitochondrial volume, and C (in units of mito-
chondrial volume per unit axonal length, wm?) reflects basal
costs that are independent of firing rate. Then information/E can
be computed numerically from Figure 7C. The result is that bits
per cost is maximized at a diameter of 0.7 um—if C = 0.0015
wm?, which is comparable with the mitochondrial volumes in
very fine axons (diameter, ~0.5 um) (Fig. 9B). Thus, optimizing
neuronal communication with respect to energy use might deter-
mine the typical axonal diameter. The existence of such an opti-
mum simply requires a law of diminishing returns relating infor-
mation to energy (Fig. 7C); it does not require the linear relation
between rate and diameter for which we found evidence. This
optimization includes one parameter, a basal cost C, whose mea-
surement would allow one to evaluate this model.
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SUPPLEMENTAL MATERIAL

How the optic nerve allocates space, energy capacity, and information

We constructed a multi-compartmental model in NEURON simulating environment (M. L.
Hines and N. T. Carnevale, 1997) for evaluating ionic currents during both continuous
(unmyelinated) and saltatory (myelinated) impulse propagation (J. F. Fohlmeister and R. F.
Miller, 1997b, a). For a range of axon diameters (from 0.2 to 3.5 um), we created 1000 pm long
unmyelinated and myelinated segments. Unmyelinated segments contained a uniform
distribution of voltage-gated ion channels, whereas the myelinated segment consisted an array of
alternating nodal and internodal elements with ion channels confined to the nodes. The nodal
length was fixed at 2.0 um, whereas internodal length was 100 times the axon diameter (lintnode =
100 daxon). Due to a constant ratio of axon diameter/fiber diameter=0.81 (J. Guy et al., 1989), the
myelin thickness was ((1/0.81)-1)/2=0.11 times the axon diameter:

d»myelin =0.11 daxon (1)

The number of membrane layers in the myelin sheath was:

1lllayers = dmyelin/ dmembrane (2)

where the thickness of a single membrane layer, dmembrane Was 5 nm (confirmed by EM).

The membrane capacitance of the unmyelinated and nodal segments was C, = 1 pF/cm”. From

Cm and nyayers, membrane capacitance of the internode was:

Cintnode=Cr/ Niayers (3)

For axon diameters from 0.2 to 4.0 um, the specific internodal membrane capacitance varied

from 2.132x10” F/em” to 1.066x107 F/cm?.



An important modification of the model was to operate at 37 °C rather than the original 22 °C
developed for salamander (J. F. Fohlmeister, 2008; J. F. Fohlmeister et al., 2008). At this higher
temperature the rate of inward and outward currents increase unequally. To compensate for this,
we adjusted three parameters of the ion channels: 1) gating-kinetic rate constants; 2) peak
conductance values and 3) ionic equilibrium potentials (mammalian vs. amphibian) to match
physiologically recorded impulses in rat ganglion cells at 37 °C. A further modification was to
treat [ n, as a permeability change: with each iteration of the simulation (0.025-0.00025 ms),
[Na]; and I N, was re-evaluated based on Na* entering the compartment and the rate of its
diffusion to the flanking internodal compartments was set by a single time constant. We used the
same strategy for I ¢, (J. F. Fohlmeister et al., 1990; J. F. Fohlmeister and R. F. Miller, 1997b, a),
whereas we determined [ x with the more conventional conductance change (with constant

driving force).

Initially, we examined a wide range of conductance changes for both I n, and [ k. We then
derived the final parameters (Table 1) by adjusting the peak conductances to obtain
approximately 100 mV impulse amplitude without signs of saturation (impulse peak
broadening). Our rat retinal ganglion cell measurements served to determine the leakage or
background resistance (5 x 10* Q cm?), whereas we set the passive or leak resistance of the

internode to 10’ Q cm?* (J. W. Moore et al., 1978).



Table 1.

Parameter Unmyelinate | Myelinated Axon | Myelinated Axon
d (node) (internode)
Axon
Diameter (um) 0.2-3.5 0.2-3.5 0.2-3.5
Length (um) 1000 2 20-350
Leakage Conductance. G .02 .02 .02
Internal Resistance. Ri (Q-cm) 110 110 110
Membrane Capacitance. C.. 1.0 1.0 2.13x107-
In.. mS/em’ 350 350 0
Ie. mS/cm’ 125.8 125.8 0
I.. mS/cm’ 0 0 0
Tv c.. mS/em’ 0.46 0.46 0
Ir.. mS/cm’ 1 1 0
Leak'. mS/cm’ 02 .02 2x10™*

" Leak Resistance = 1/Leak Conductance
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