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Primary Culture Preparation. Hippocampal cultures were prepared
as described in ref. 1 from hippocampi of embryonic day 18
Sprague–Dawley or Fischer 344 rats (BrainBits LLC). Tissues
were dissociated with papain (Worthington Biochemicals) and
mechanical trituration. The cultures were incubated in 5% CO2
at 37°C, and half of the medium was exchanged every 4 days. The
medium consisted of 2% B-27 supplement in phenol red-free
Neurobasal medium with 1 mM GlutaMAX-1 (all from Invitro-
gen). Before imaging, the medium was replaced with a buffer
solution containing 135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8
mM CaCl2, and 20 mM Hepes.

Nocodazole. For experiments with nocodazole, acute hippocam-
pal slices were held under nylon grid anchors in an artificial
cerebrospinal f luid (ACSF)-filled glass-bottom dish (World Pre-
cision Instruments). During treatment, nocodazole was dissolved
in DMSO (1% of ACSF volume) and added to the dish, yielding
a final concentration of 25 �M. Control slices were immersed in
ACSF with only the DMSO solvent. The dish remained at room
temperature and was bubbled continuously with 95% O2 and 5%
CO2. Average second-harmonic generation (SHG) intensities
were obtained from images obtained 10 min before and 40 min
after drug application. Background estimated from adjacent
empty regions was subtracted.

Numerical Simulation. The second-harmonic field E2� at a location
(�, �, R) generated by dipoles lying parallel to the y axis is
described (2, 3) by
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where � is the dipole hyperpolarizability, � is the angle sub-
tended from the y axis, k is the wave vector, E� is the excitation
field strength, w is the beam waist, 
 is the Gouy phase shift
parameter, and C(x,y,z) is the spatial concentration of the
second-harmonic-generating dipoles. The term C(x,y,z) can be
either positive or negative, depending on the orientation of the
dipoles. In this formalism, the microtubule arrays lie along the
y axis, and the excitation propagates along the z axis. Forward-
directed second-harmonic intensity, observable during most
imaging experiments, would be proportional to the integral of
(E2�)2 from � � 0 to �/2. This is an approximation because
objectives do not collect all forward-directed second-harmonic
intensity. We have examined the far-field SHG intensity distri-
bution [supporting information (SI) Fig. S2], which shows that
most of the signal is emitted along the z axis and thus would be
collected by objectives with relatively high numerical apertures.

To interpret the second-harmonic field, we note that intensity
of the emitting field will depend on (i) the number of microtu-
bules within the focal volume [reflected by the spatial integration
of scatterer distribution C(x,y,z) and beam intensity profile

exp(�(x2 � y2)/w2 � 2*z2/wz
2)] and (ii) the spatial arrangement

of the microtubules [reflected by the spatial integration of
C(x,y,z) and the Gouy phase anomaly exp(i*2*
*k*z)], especially
if the spatial length scale is comparable to the wavelength, as in
the case for microtubule spacings in neurites. Furthermore,
because the excitation field strength E� and the hyperpolariz-
ability � appear only outside the integral, ratios of intensities
(E2�)2 would cancel these constants. This observation is useful
for measurements because in situ determination of E� and � is
difficult.

To estimate Wz and w, the excitation was approximated as a
focused laser beam that has a Gaussian intensity profile and a
Gouy phase shift across the focal plane (2). We use numerical
values obtained by fits to exact field calculations (4). The
numerical aperture of the excitation objective, 0.7, is used for
calculating w.

To approximate C(x,y,z), a microtubule array was defined as
a hexagonal close-packed grid of microtubules, each modeled as
a linear array of dipoles. The intermicrotubule spacing was 22 nm
for axons and 64 nm for dendrites (5). The interdipole distance
was 8 nm, the same as the longitudinal length of individual
tubulin subunits. To verify that the result is insensitive to our
structural assumptions, we performed simulations with shorter
interdipole distances, with microtubule modeled as a ring of
linear dipole arrays, analogous to protofilaments, and with arrays
of square close-packed grid. These modifications yielded similar
results so we opted for the simple geometry as described.

The calculation was implemented in MATLAB. We defined
four classes of neurites: apical dendrites (spacing 64 nm, diam-
eter 3 �m), basal dendrites (spacing 64 nm, diameter 1 �m),
distal dendrites (spacing 64 nm, diameter 0.5 �m), and axons
(spacing 22 nm, diameter 0.17 �m). The neurite diameters were
obtained from literature (6, 7). In the case of apical dendrites,
we confirmed the neurite diameter by measuring in the hip-
pocampus and in the neocortex of adult Thy1-YFPH and ob-
tained values of 2.7 � 0.5 �m and 2.9 � 0.4 �m, respectively. For
each type of neurite, we simulated and calculated the second-
harmonic intensity for a particular microtubule distribution. The
distribution depends on the polarity, which the program used to
set the orientation of each microtubule, plus-end or minus-end
distal, probabilistically. We repeat the simulation 100 times for
each neurite type at polarity intervals of 5%.

The numerical simulation assumes that plus- and minus-end
distal microtubules are located randomly within the neurite.
However, it is also possible that there may be a bias for the
locations of microtubules depending on their polarity. For
example, if all of the plus-end distal microtubules are located in
the center of the neurite while the minus-end distal microtubules
are in the periphery, then the calculated SHG intensities will be
drastically different. So far, studies (5, 8) on the spatial organi-
zation of microtubules within neurites seem to suggest a hexag-
onally packed distribution with no strong bias on polarity, but
this has not been verified in most types of neurons, especially
from native tissues.

Error Analysis. We determine the uncertainties when estimating
the microtubule polarity. There are two sources of uncertainties:
forward/backward (f/b) SHG ratio measurement and numerical
simulation. The uncertainty in the f/b SHG ratio measurement
is estimated by the standard deviation of f/b SHG ratio (f/b
ratio � SDmeas) measured from 	10 neurites across the field of
view. The uncertainty in the numerical simulation (Sim ratio �
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SDSim) results from differing simulated f/b ratio in the various
possible spatial distributions of microtubules. Both of these
uncertainties are then propagated to estimate the error bounds
of the polarity values by using Fig. 4C. We estimated that the
upper error bound is the value when (Sim ratio � SDsim) is equal

to (f/b ratio � SDmeas). Similarly, the lower error bound is the
value when (Sim ratio � SDsim) is equal to (f/b ratio � SDmeas).
Because of the nonlinear dependence of polarity on f/b SHG
ratio, the error bounds are asymmetric.
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Fig. S1. Effect of nocodazole on SHG from acute slices and dissociated culture. Large losses in SHG imply that the observed signal originates from microtubules.
The signal losses were partial in acute slices (n � 2 for each case), possibly because of insufficient penetration of nocodazole, but also could be because of
stabilized microtubules in neurites, as described in ref. 9 in SI Methods. In cultures (n � 4), SHG loss was more pronounced, but DMSO also had an adverse effect.
The experiment was performed at room temperature as described in SI Methods.
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Fig. S2. Simulated far-field angular distribution of SHG intensity for dipoles arranged in two model configurations: a two-dimensional planar array (i.e.,
‘‘membrane’’) and a three-dimensional cylindrical structure (i.e., ‘‘apical dendrite’’). The first configuration, membrane, consists of dipoles in the x-z plane
(coordinate system described in Fig. 4A), which point in the y direction and are equally spaced 20 nm apart. The second configuration, apical dendrite, is described
in detail in SI Methods and is the model used to generate Fig. 4 B and C. For each of the two configurations, the far-field angular distribution is plotted by using
axes cos � and �. These axes are chosen because the product of cos � and � is a preserved unit of area in spherical coordinates. For the forward-directed distribution
of SHG from the membrane, two peaks can be seen at � � 22° and � � 0° or 180°. This is in close agreement with � � 28° obtained from analytical calculations
in ref. 2 in SI Methods. The difference can be explained by the different numerical aperture of the excitation objective, 0.7, used in our simulation. For the apical
dendrites, most of the forward- and backward-directed SHG intensities are directed along the path of excitation, which implies that practically most of the
emitted photons will be collected by the objectives.
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