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Abstract Noncontact optical measurements reveal that

transient changes in squid giant axons are associated with

action potential propagation and altered under different

environmental (i.e., temperature) and physiological (i.e.,

ionic concentrations) conditions. Using a spectral-domain

optical coherence tomography system, which produces

real-time cross-sectional images of the axon in a nerve

chamber, axonal surfaces along a depth profile are moni-

tored. Differential phase analyses show transient changes

around the membrane on a millisecond timescale, and the

response is coincident with the arrival of the action

potential at the optical measurement area. Cooling the axon

slows the electrical and optical responses and increases the

magnitude of the transient signals. Increasing the NaCl

concentration bathing the axon, whose diameter is

decreased in the hypertonic solution, results in significantly

larger transient signals during action potential propagation.

While monophasic and biphasic behaviors are observed,

biphasic behavior dominates the results. The initial phase

detected was constant for a single location but alternated

for different locations; therefore, these transient signals

acquired around the membrane appear to have local

characteristics.
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Introduction

The use of optical instrumentation to study neural activity

dates to the late 1940s. Since the optical imaging tech-

niques are able to provide high spatial and temporal reso-

lutions, they have been utilized widely for structural and

functional investigations. The indicators of neural activity

that can be detected optically include absorption, fluores-

cence, optical rotation, retardance, scattering and volume

changes (Cohen 1973). Hill and Keynes (1949) reported an

increase in scattering followed by a decrease due to stim-

ulation of crab nerve. Cohen et al. (1968, 1969, 1970)

demonstrated light scattering and birefringence changes

due to action potentials (APs) in squid giant axon, crab

nerve and eel electric organ. Changes in fluorescence, light

scattering and birefringence during excitation of crab and

lobster nerves were reported by Tasaki et al. (1968). Using

olfactory nerve of pike, von Muralt (1975) reported that the

birefringence changes can be recorded without averaging.

These signals are associated with neural activity (i.e., AP

propagation) and are likely to be related to each other. For

example, the retardance (birefringence multiplied by

thickness) and scattering changes can be a result of one or

more of the following factors: conformational changes in

the membrane channels, influx and outflux of ions during

AP propagation and mechanical changes occurring on the

axonal surfaces.

There have been a number of instances where

mechanical changes occurring during AP propagation have

been measured. Using an optical method, Hill (1950)
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reported a cumulative increase in the radius of a cuttlefish

axon of about 0.1 lm for 10,000 impulses. At a high rate of

stimulation an initial transient shrinkage preceding this

cumulative swelling was also reported. Bryant and Tobias

(1955) demonstrated a shortening in length of crab and

lobster nerves due to stimulation. Using a laser interfer-

ometer and gold particles on a crayfish giant axon, Hill

et al. (1977) reported a 1.8-nm contraction of the axon

followed by a slow swelling. Iwasa and Tasaki (1980) used

a fiber-based sensor and gold particles on squid giant axon

to report a 0.5-nm swelling of the axon surface over a 1-ms

period. Rapid mechanical changes in garfish olfactory

nerve were measured using a piezoceramic bender. Con-

current with the AP, swelling of nerve fibers as well as

shortening in length were reported (Tasaki et al. 1989;

Tasaki and Byrne, 1990). Also, an optical lever placed on a

lobster nerve and a knife edge was used to report a swelling

of \1 nm (Yao et al. 2003). Akkin et al. (2004) demon-

strated noncontact, depth-resolved optical measurement of

transient structural changes using differential phase inter-

ferometry and reported surface and subsurface displace-

ments (in swelling and shrinkage directions) that

were *1 nm in magnitude and *1 ms in duration using

crayfish nerve bundles. Another phase-sensitive interfero-

metric technique was utilized for measurement of lobster

nerve surface swelling, which was reported to be *5 nm

in magnitude and *10 ms in duration (Fang-Yen et al.

2004). Spectral-domain optical coherence tomography

(SD-OCT) was reported for the measurement, which

showed 0.5–2.5 nm transient changes within crayfish and

lobster nerve bundles during AP propagation (Akkin et al.

2007). Moreover, Kim et al. (2007) demonstrated a rapid

(\2 ms) increase in the thickness of mouse neurohypoph-

ysis lobe of about 5–10 nm using atomic force microscopy

and reported that AP-related light-scattering signals are

associated with changes in terminal volume. The result is

encouraging for probing the mammalian nerve terminals

during activity with SD-OCT, which has advantages due to

its noncontact and depth-resolved nature, avoiding unin-

tentional damage to tissue. The exact nature of the transient

structural changes occurring on neural surfaces is not yet

conclusive. The magnitude, duration and profile of the

changes, as well as the physiological phenomena leading to

it, need to be understood for simple and complex neural

tissues.

We present transient signals acquired from squid giant

axons during AP propagation at room and cold tempera-

tures and in normal and hypertonic solutions. SD-OCT,

which detects intensity and phase of interference along a

full depth profile, is utilized for noncontact, reflection-

mode measurements. In the experiments, cross-sectional

images of the axon in a nerve chamber are displayed in real

time. Then, axonal surfaces along a depth profile are

probed simultaneously for functional changes. The tran-

sient signals are detected by differential phase measure-

ment, which is then converted to optical path length

change. The system yields subnanometer axial resolution

and submillisecond temporal resolution for the measure-

ment. An earlier report of our findings has appeared in

abstract form (Sivaprakasam et al. 2008).

Materials and Methods

Description of Optical and Electrical Setups

OCT uses the low temporal coherence of a broadband light

source to noninvasively construct cross-sectional images of

biological tissue with a few micrometer axial resolution up

to a depth of a few millimeters (Huang et al., 1991). In

contrast to time-domain OCT, SD-OCT does not require

mechanical scanning of the reference mirror of a Michel-

son interferometer along the axial direction. Instead, it uses

a spectrometer to capture interference of back-scattered

light from all depth points simultaneously (Fercher et al.,

1995; Hausler & Lindner, 1998; Wojtkowski et al., 2002),

which results in improved imaging speed (Nassif et al.,

2004) and phase stability (White et al., 2003; Choma et al.,

2005; Joo et al., 2005). A Fourier transform algorithm

relates spectral modulations to depth information. Figure 1

shows a schematic of an SD-OCT system together with a

nerve chamber used in the sample arm.

Two broadband superluminescent diodes were com-

bined to improve the axial resolution (Dz). The center

wavelength (ko) and half-power bandwidth (Dk) of the

combined source were 835 and 75 nm, respectively. Cor-

respondingly, an axial resolution of 5.9 lm in air

(*4.3 lm in neural tissue) was obtained. The spectrometer

in the detection path consists of a custom-built device

containing a 75-mm achromatic collimator, 1,200 lines/mm

transmission grating (Wasatch Photonics, Logan, UT) and

a 100-mm achromatic focusing lens. The optical spectrum

was captured by a line scan CCD camera (Basler Vision

Technologies, Ahrensberg, Germany) containing a linear

array of 2,048 pixels, each measuring 10 9 10 lm.

In the sample path, a 25-mm achromatic lens focused

the incoming collimated light (2.4 mm in diameter) with an

effective numerical aperture of 0.048. This configuration

results in a lateral resolution of 21 lm and a Rayleigh

range of 423.5 lm, theoretically. The optical power on the

sample did not exceed 1 mW. Three other detectors and the

Wollaston prism in the sample path enable recordings of,

although not reported here, cross-polarized light intensities

in reflection (photodetector D2) and transmission (photo-

detector D1 placed after an analyzer) geometries; and the
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third photodetector (D3) can be utilized for scattering

measurement.

The nerve chamber was made of Plexiglas with platinum

electrodes fixed to the chamber with epoxy to stimulate the

axon and to record the electrical AP differentially. A 2-

mm-thick cover glass was fixed on top of the chamber in

the optical recording zone to provide a glass–saline (glass–

seawater) interface, which would serve as a reference for

measuring transient structural changes. The electrical sig-

nal is the difference in potential between two platinum

wires, 6 mm apart, on either side of this optical window.

The axon was placed in the groove (1 mm wide, 1 mm

deep), and the chamber was oriented with the long axis of

the axon at 458 with respect to the polarization direction of

the incoming light. The chamber walls contained tubes

through which ice water (or room-temperature water) was

circulated to vary the axon temperature between

experiments.

The experiments were performed using fresh live squids

(Loligo pealeii) at Marine Biological Laboratory (Woods

Hole, MA). Due to its large size, isolation of a single squid

axon was relatively easy. The giant axons were extracted

under a dissection microscope and cleaned by removing the

small fibers around the axon. The axon was kept immersed

in filtered Woods Hole seawater during and after dissec-

tion. The ends of the axon were tied with sutures and

placed in the groove of the nerve chamber containing

seawater. Petroleum jelly was used to isolate the recording

and stimulating electrodes from each other. Cover glasses

were placed on the exposed parts of the axon to prevent

them from drying out. An isolated pulse stimulator (model

2100; A-M Systems, Sequim, WA) was used to apply 50-

ls duration electrical current pulses of varying amplitudes

to the axon. The externally recorded AP was amplified by

an AC differential amplifier (model 1800, A-M Systems)

with low- and high-cutoff frequencies set to 10 Hz and

10 kHz, respectively. The APs were displayed on an

oscilloscope to monitor the functioning of the axon. Axons

which exhibited activity for a stimulus amplitude

of \1 mA were considered functional. The electrical and

optical signals were recorded simultaneously by using

data-acquisition cards (models PCI-6110 and PCI-1428;

National Instruments, Austin, TX).

The optical technique was able to image the squid giant

axon in the nerve chamber with high resolution. Then, the

transient structural changes associated with single AP

propagation were probed along an axial line, including the

top and bottom surfaces of the axon, simultaneously. In

addition to its advantageous size, the squid giant axon is

unmyelinated. Its microstructure is relatively simpler than

the nerve bundles containing populations of different ax-

ons. Therefore, the squid giant axon model was an ideal

Fig. 1 Schematic of an

SD-OCT system and a nerve

chamber employed in the

sample arm. By scanning the

beam over an axon laterally, an

axonal cross section is imaged;

however, the beam was

stationary during the actual

recording. Water circulation

through the tubes (below the

groove) varies the temperature.

AP is recorded differentially

using platinum wires attached to

the chamber. A attenuator,

C light collimator,

D1–D3 detectors for cross-

polarized and scattering signals

(not reported), G transmission

grating, L lens, LSC line scan

camera, P polarizer,

SLD superluminescent diode

(ko 835 nm, Dk 75 nm);

W, Wollaston prism
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choice for studying the AP-related transient signals repor-

ted here.

Optical Measurement

The spectrometer in the detection arm measures the spec-

tral intensity of the source, the spectral intensity due to

interference between the sample and reference signals and

the spectral intensity due to autocorrelation caused by

mutual interference of light back-scattered from the sam-

ple. The latter is assumed to be negligible when compared

to the strong reference amplitude. Since spatial information

S(z) is encoded in the modulation frequency of the spec-

trum S(k), the optical path length difference between a

sample surface and the reference mirror controls the fre-

quency of the corresponding spectral modulation. The

back-scattering amplitude can be deduced by inverse

Fourier transform of the spectral intensity S(k). To reduce

the amplitude of sidebands in the coherence function, the

nongaussian-shaped source spectrum can be converted to a

gaussian spectrum by spectral shaping (Tripathi et al.

2002). The signal in the sample and reference arms

encounters a dispersion mismatch when there are varying

amounts of dispersive media like optical fiber or glass. We

compensated for the dispersion mismatch in software

(Cense et al. 2004). After processing, the intensity of the

resulting complex signal S(z) provides a reflectivity image

that shows tissue microstructure with appropriate lateral

scanning of the beam over the sample.

The phase /(z) is calculated by a four-quadrant inverse

tangent of imaginary and real parts of the complex function

S(z), where /(z) lies in the range –p to p. The phase

information is reported as single-pass optical path length

changes (Dp) at all points along a depth profile simulta-

neously, Dp zð Þ ¼ k0=4pð ÞDu zð Þ. To verify accuracy, we

imaged a chromium step of height 150 nm (not shown)

with differential phase measurement of the SD-OCT and

confirmed the height with atomic force microscopy. To

determine the minimum detectable Dp, interference

between the front and back surfaces of a glass slide was

monitored without employing the reference arm. Data were

collected for 1 s with a temporal resolution of 34 ls. The

standard deviation of the measurement (*0.75 mrad

or *50 pm) was attributed to the noise because there was

no path-length change intentionally induced. The phase

noise is related to the signal-to-noise ratio (SNR) (Yaz-

danfar et al. 2005; Park et al. 2005), \Du2 [ � 1=

2SNRð Þ. Since the SNR decrease in tissues due to low

reflectivity and motion artifacts can introduce noise into the

measurements, averaging may be required to observe

subnanometer-scale changes in optical path length for the

biological samples.

Results

SD-OCT Appearance of Axon

In order to select a suitable location for functional mea-

surements, we monitored a scanned cross-sectional image

of the squid giant axon in the nerve chamber (Fig. 2a).The

axon and associated connective tissue appear as a fairly

uniform circular cross section. A small branch with some

adherent small fibers and connective tissue is visible on the

right side of the axon. There was often a suggestion of a

difference in texture between the axon and an approxi-

mately 20-lm outer sheath of connective tissue, but a clear

separation was not always possible. The dark spots on the

top and bottom of the axon are due to strong specular

reflections. The gray scale in the image is a logarithmic

representation of the intensity of light scattered from each

position.

The two almost horizontal lines above and below the

axon are the glass–saline (seawater) interfaces of the two

windows. The windows were tilted to avoid saturating the

line scan camera in the detection arm with the specular

reflections from these interfaces. Tilting the window con-

siderably resulted in a thicker line, as shown for the lower

saline–glass interface. There are also faint images of the

axon (cut from the top) and a glass–water interface due to

self-interference of light from various parts of the sample

apparatus.

Figure 2b shows the amplitude of the back-scattered

light intensity from a single depth profile (A-line) in the

center of the scan. The A-line is plotted in a linear scale.

From the top, the four most prominent peaks are the upper

glass–saline interface, the upper and lower surfaces of the

axon and the lower saline–glass interface. There was often

a suggestion of substructure in the intensity peaks associ-

ated with the axon surfaces.

Neural Activity Can Be Detected as a Dp Response

To study functional changes in the axon, modulations of

the optical spectrum were recorded for all depths at a single

lateral location every 50 ls. Amplitude and phase infor-

mation at each depth were extracted as described in

‘‘Materials and Methods.’’ The difference in the phase of

the light from two selected depths was converted to single-

pass optical path-length change (Dp) for convenience and

plotted as a function of time to demonstrate the change

during AP propagation. The results had 5-kHz bandwidth

and were obtained at room temperature, in a cold envi-

ronment and in normal and hypertonic solutions. We per-

formed measurements on 34 squid giant axons. For each

axon we obtained data from multiple locations in the

optical recording zone. For each location we normally
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recorded three trials, each of which contained multiple

records, to improve the SNR by averaging. Each record

typically consisted of responses to three stimuli, to show

the repeatability of the response.

The traces in Fig. 3 show Dp responses during activity

and the corresponding AP at room (20–21�C) and cold

(*2�C) temperatures. An upward change in Dp indicates

an increase in optical path length between the measurement

points (i.e., top and bottom surfaces of the axon), and a

downward change represents a decrease. In the room-

temperature example (Fig. 3a) we were able to stimulate

the axon at high rates. The vertical arrows represent current

pulses (300 lA, 50 ls) stimulating the axon. As a result of

AP propagation, Dp decreased about 0.3 nm, then

increased about 0.7 nm and then returned to its original

state in about 5 ms with each AP. The trace represents a

biphasic (two directions) signal. Five hundred records were

averaged to improve the SNR. The optical signal was

roughly synchronous with the electrical AP (extracellular),

which is also averaged and plotted for comparison. The

overall upward trend in the optical trace may be due to a

drift, as opposed to a cumulative effect of stimulation.

Cooling Increases the Magnitude and Duration

of the Dp Response

Figure 3b demonstrates transformation of the electrical and

optical signals in a cold extracellular environment. Chilled

water was circulated through the nerve chamber (below the

groove), and the axon’s environment was at a temperature

of *2�C. As a result of AP propagation, Dp between the top

and bottom surfaces of the axon first decreased and then

increased, resulting in a biphasic trend with a return to

baseline. The duration of the response is modified according

to the duration change in the AP. Compared to room-tem-

perature data (Fig. 3a), the electrical AP is delayed and

prolonged in time. The stimulation pulses (600 lA, 50 ls)

that are 10 ms apart are indicated by arrows at 8, 18 and

28 ms. For each trace, 250 responses were averaged.

We obtained data at room temperature from 136 trials at

various locations on multiple axons. The histogram of the

net change in magnitude of the Dp responses, measured

peak-to-peak, during AP propagation is plotted in Fig. 4a.

The width of the bins is 0.5 nm. For about three-quarters of

the 136 trials the change was \1 nm, with the remainder

Fig. 2 Cross-sectional image of

a squid giant axon (a) and

intensity of a single depth

profile in the center of the scan

(dashed line) showing the

glass–saline interfaces and the

axon (b)

T. Akkin et al.: Transient Changes in Squid Giant Axons 39

123



widely scattered up to 8 nm. The mean and standard

deviation of the Dp response magnitudes are, respectively,

1.1 and 1.48 nm for all experiments performed at room

temperature. For the 108 measurements \1.2 nm, the mean

and standard deviation were 0.57 and 0.19 nm,

respectively.

Figure 4b shows a histogram of the net change in

magnitude of Dp during AP propagation in a cold envi-

ronment (bin width 0.5 nm). The magnitude of the Dp

response was \0.5 nm for about 23% of the 184 trials and

0.5–1 nm for about 40% of the trials. The mean and

standard deviation of the Dp response magnitudes are,

respectively, 1.65 and 2.01 nm for all experiments per-

formed in a cold environment (*2�C). For the 124 mea-

surements \1.2 nm, the mean and standard deviation were

0.68 and 0.21 nm, respectively. Figure 4b also shows that

larger magnitudes are observed occasionally.

Excess NaCl Produces a Larger Signal

We increased the NaCl concentration of the extracellular

solution by adding solid NaCl to filtered Woods Hole

seawater. This reduced the squid axon diameter. For

example, adding 400 mM NaCl to the extracellular solu-

tion caused a 360-lm-diameter axon to shrink by 40 lm.

After replacing the extracellular solution in the nerve

chamber, AP-related changes in Dp were studied in a cold

environment (*2�C).

Figure 5 shows the histograms of the Dp response

magnitude for axons in seawater containing 200, 400 and

800 mM of additional NaCl. The mean and standard devi-

ation of the Dp response magnitudes are, respectively, 5.29

and 6.04 nm for 200 mM excess NaCl (n = 41 trials), 4.86

and 5.76 nm for 400 mM excess NaCl (n = 51 trials) and

6.25 and 4.69 nm for 800 mM excess NaCl (n = 20 trials).

The results are clearly larger than the Dp magnitudes

produced in plain seawater. We split these results (Fig. 5a–

c) into two parts since the larger magnitudes are separated

widely from the main distribution. Although these large

signals in the range of 10–20 nm deserve extra attention,

we performed gaussian fitting for trials whose Dp response

magnitudes do not exceed 8 nm. Figure 5d shows the

resulting curves and the data observed in 0.2-nm-wide bins.

The mean and standard deviation of these distributions are,

Fig. 3 Optical path-length change (Dp) between top and bottom

surfaces of the axons during AP propagation at (a) room (*20�C) and

(b) cold (*2�C) temperatures. The downward and upward changes

represent a decrease and an increase in Dp, respectively. The AP is

passing the first (–) and second (?) recording electrodes at the

positive and negative peaks, respectively. Small upward arrows
indicate stimulus current pulses of duration 50 ls. Is stimulus

amplitude; n number of responses averaged, d diameter of the axon,

Sw seawater

Fig. 4 Histograms of peak-to-

peak magnitude of Dp measured

between top and bottom

surfaces of axons at (a) room

(*20�C) and (b) cold (*2�C)

temperatures during AP

propagation. Sw seawater; n
total number of trials. Bin

size = 0.5 nm
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respectively, 0.77 and 0.22 nm for 200 mM excess NaCl

(n = 26 trials), 1.53 and 0.65 nm for 400 mM excess NaCl

(n = 39 trials) and 3.39 and 1.29 nm for 800 mM excess

NaCl (n = 14 trials). Therefore, the results shown in

Fig. 5d suggest that squid giant axons produce larger Dp

responses in the presence of increased levels of NaCl in the

axon’s environment.

Shape and Direction of the Dp Response

There was considerable variability in the shape and direc-

tion of the optical signals. Figure 6 shows two examples

recorded from axons in cold seawater. The top and bottom

Dp traces in Fig. 6a represent optical path-length changes

of the top and bottom surfaces of an axon with respect to a

reference surface (glass–seawater interface above the

axon), respectively. An upward change indicates a

decrease, and a downward change indicates an increase in

optical path length between a surface and the top reference

glass. Figure 6b shows Dp between the top and bottom

surfaces of the axon, which does not need the reference

surface and is equivalent to the subtraction of the two

traces in Fig. 6a. The electrical AP recordings as a result of

stimulation pulses (arrows) are also shown. The optical

trace shows a 9-nm transient increase in Dp. Since there is

no apparent additional phase in the response, we called the

transient response ‘‘monophasic.’’ Traces in Fig. 6c, d

show a more complex pattern. Both downward and upward

components are observed, and some of these components

are not equally strong for the top and bottom surfaces of the

axon (Fig. 6c). The traces for the top and bottom surfaces

show changes in opposite directions, though in some cases

we also observed that the two surfaces yield change in the

same direction. In Fig. 6d, Dp between the axonal surfaces

exhibits a ‘‘multiphasic’’ behavior, with an initial decrease

in Dp followed by an increase. The response also shows an

additional cycle of decrease, which is uncommon.

Biphasic and monophasic behaviors of Dp between the

axonal surfaces were counted for experiments performed at

room and cold temperatures and for experiments with

increased levels of NaCl concentration in cold. About 5%

of the responses were multiphasic and were included in the

biphasic category. Figure 7a shows the percentages of the

biphasic and monophasic responses during AP propaga-

tion: 75% of the responses were clearly biphasic at room

temperature; the remainder appeared to be monophasic.

Biphasic responses with additional NaCl in seawater were

even more frequent. As shown, the biphasic response

dominated the results for all cases. In addition, in about

15% of the trials we did not see a net difference in Dp

above the 0.2-nm noise level.

The results also showed that the initial direction of Dp

responses varied. Figure 7b shows the percentage of trials

for experiments performed at room and cold temperatures

Fig. 5 Histograms of peak-to-

peak magnitude of Dp measured

between top and bottom

surfaces of axons in cold

seawater with (a) 200 mM, (b)

400 mM and (c) 800 mM

additional NaCl. Sw seawater, n
total number of trials. Bin

size = 0.5 nm. Gaussian fitting

(- -, —, -.-) for trials whose Dp
magnitudes do not exceed 8 nm

and the data observed (o, ?, •)

in 0.2-nm-wide bins are shown

in d
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and for experiments with increased levels of NaCl con-

centration in cold. Both decrease and increase phases in Dp

were observed as the first event during AP propagation.

When a measurement was repeated without moving the

axon, the sign of the Dp response did not change.

Responses of both signs were found on the same axon. We

could not see a pattern between sign of the response and

position along the axon.

Stability of the Response

Figure 8a shows a single and an average of 50 responses

with the corresponding AP. A 21-nm peak-to-peak Dp

response between the top and bottom surfaces of the axon

was obtained at cold temperature with 400 mM NaCl added

to the seawater. By accumulating responses to consecutive

stimuli, our method may be utilized for studying the

Fig. 6 Monophasic (a, b) and multiphasic (c, d) patterns recorded

from squid giant axons during AP propagation. Top and bottom traces
in a and c are acquired from the top and bottom surfaces of the axon

with respect to the reference glass. Dp traces in b and d are measured

between the top and bottom surfaces of the axon and are equivalent to

the subtraction of the traces in a and c, respectively. Is stimulus

amplitude, n number of responses averaged d diameter of the axon,

Sw seawater

Fig. 7 Comparisons of

monophasic and biphasic

patterns (a) and direction of the

initial event (b) detected in Dp
between top and bottom

surfaces of the axons during AP

propagation. Number of trials is

indicated above the bars
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progression of these fast signals. Figure 8b shows the result

in a three-dimensional plot. Each trace along the fast time

axis is a moving average of 10 records. As shown, the fast

response is preserved for the entire 10 s, indicating the

stability and repeatability of the measurement. The fast

response for a given depth profile was repeatable. In

Fig. 8b, the slope along the slow time axis may be due to

drift and, therefore, is not conclusive evidence for a

cumulative effect.

Discussion

The SD-OCT method clearly shows that the optical signal

(Dp response) corresponds to the passage of APs. Both

electrical and optical measurements show fast changes at

room temperature and relatively slow changes in a cold

environment in which the speed of the AP is reduced. Since

the optical readout area is between the external electrodes

recording AP differentially, the zero-crossing of the elec-

trical signal coincides with the optical signal, as expected.

The optical signals, when observed, were all-or-none with

the same threshold as the electrical signal. In some runs the

interstimulus time within the train was short enough that

not all stimuli were effective at producing an AP (data not

shown). In these cases the corresponding optical signal was

also missing. However, in about 15% of all trials we did

not observe a net difference in Dp.

We observed biphasic Dp responses from squid giant

axon for the majority of cases, and the initial phase

detected was either in the downward (decrease) or in the

upward (increase) direction in approximately equal fre-

quency of occurrence (Fig. 7). Note that rapid swelling

followed by contraction for squid giant axon (Iwasa and

Tasaki 1980) and contraction followed by a slow swelling

for a crayfish giant axon (Hill et al. 1977) have been

reported with contact methods. In theory, a change in

optical path length p may arise from changes in refractive

index n and/or physical dimension d of the sample

(p = n 9 d). We monitored Dp between two fixed glass

surfaces placed below and above the axon, but a refractive

index–dependent change was not detected. The fact that the

top surface of the axon alone showed changes in Dp in the

nanometer range, whose magnitude is in good agreement

with contact-mode measurements (Hill et al. 1977; Iwasa

and Tasaki 1980), suggests our measurements can be

attributed to physical changes within the axonal surfaces

during AP propagation. In this case, the data shown in

Fig. 7b suggest ‘‘local deformations,’’ which puts in

question Iwasa and Tasaki’s (1980) statement identifying

the swelling measured by their contact method to be the

initial event in squid giant axons. By thinking of the event

as a deformation, the direction could be impacted by

deformations occurring in the adjoining regions of the

observation point. A better understanding of these transient

signals, if technology allows, may be obtained by simul-

taneously observing multiple depth profiles over an axon

cross section and over the length of the axon, which may

itself change during AP propagation.

The axon membrane thickness is *7 nm. Surrounding

the membrane is the Frankenhaeuser and Hodgkin (F-H)

space with thickness of about 30 nm (Frankenhaeuser and

Hodgkin 1956). Around the F-H space layer is the Schw-

ann cell layer, which is 0.1–0.2 lm thick near the ends of

the cells and 0.8–0.9 lm in the region of the nuclei; it is a

dense layer (Villegas and Villegas 1960). Surrounding the

Schwann cell layer is the basement membrane, which is a

layer of low density with thickness of 0.1–0.2 lm. Outside

the basement membrane there is an outer sheath approxi-

mately 20-lm-thick layer of connective tissue cells and

Fig. 8 A single and an average of 50 responses with the correspond-

ing AP (a). A 21-nm peak-to-peak Dp between the top and bottom

surfaces of the axon is obtained at cold temperature (*2�C) with

400 mM NaCl added to the seawater (saline). Three-dimensional plot

(b) shows the progression of the fast signal over 10 s, and each trace

along the fast time axis is a moving average of 10 records
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collagen bundles (Bear et al. 1937). Since the axial reso-

lution provided by our coherence function is about 4.3 lm

in tissue, the phase signal can originate from one or more

of these structures within the coherence volume, e.g., dis-

placement of membrane and/or expansion or contraction of

the F-H space. This may complicate interpretation of the

signal as the system cannot resolve these submicron

structures. More specifically, if there are stationary struc-

tures reflecting the light within the 4.3 lm depth range, the

observed magnitude of deformation can be less than the

actual magnitude. If the optical properties of structures

within the 4.3 lm axial resolution somehow vary during

activity (e.g., reflectivities change), the measurement may

also be inaccurate. However, there is another possibility,

that the region around the membrane (4.3 lm thick, 21 lm

diameter) moves up or down; then, the observed Dp

response will be highly accurate and representative for

transient deformations. In our experiments we did find

transient responses from points around and close to the

peak of the coherence function, and the magnitude of the

Dp repsonse was maximal at the peak. Furthermore, the

literature reports 1-ms duration nanometer-scale transient

deformations for single axons (Hill et al. 1977; Iwasa and

Tasaki 1980), as observed here using our noncontact

technique.

Hill (1950) suggested that swelling is partly due to the

exchange of sodium and potassium across the membrane

and partly due to transfer of sodium chloride into the fiber

and accompanying water movement. The difference in

hydration during sodium–potassium exchange and the

entry of water molecules accompanying NaCl leads to an

increase in osmotic pressure and subsequently swelling.

The observed displacement is much larger than that

expected by this mechanism of ion movements, and it is

now known that very little chloride enters the axon (Lan-

downe and Scruggs 1976). An increase in volume due to

sodium ion movements is also discussed by Tasaki and

Byrne (1990) and Kim et al. (2007). By assuming that

displacement is caused by water accompanying sodium

into the axon, our calculations show that for a 400-lm-

diameter axon we need 138 water molecules for every

sodium ion to obtain a change in diameter of 0.1 nm,

assuming there is a movement of 4 pmole/cm2/impulse of

Na? ions during activity. The number 138 is very large

when compared to the normal value of 3.2 (Hill 1950) or 2

(Kim et al. 2007) water molecules per sodium ion. Also,

138 water molecules per Na? ion is much more water than

the 40–50 molecules/channel reported to associate with the

average delayed rectifier potassium channel of the squid

axon when it opens (Zimmerberg et al. 1990) because on

the order of a few thousand ions pass through the open

channel. However, some regions of the axon may be

shrinking while other regions are swelling. Perhaps this

could be explained by a nonuniform distribution of sodium

channels (Almers et al. 1983; Gogan et al., 1995), although

the magnitude of the transient deformations still seems too

large to be explained by this mechanism.

We obtained mean values of optical path-length change

(Dp response) to be 1.1 nm at room temperature (20–21�C)

and 1.65 nm in cold (*2�C). Most of the Dp responses

were \1.2 nm; for these the mean values at room tem-

perature and in the cold were 0.57 and 0.68 nm, respec-

tively. Thus, for most of our data, cooling increased the

amplitude of the response by about 19%, which is close to

the 18% increase in extra sodium influx associated with

APs reported by Cohen and Landowne (1974). The 10%

increase in AP amplitude seen by Hodgkin & Katz (1949)

should also be noted. As a direct link between the sodium

flux and the transient swelling (or shrinkage) seems tenu-

ous, the physical change may be proportional to the change

in membrane potential, perhaps by the converse flexo-

electric effect discussed below.

The magnitude of the Dp response during AP propaga-

tion increased as the NaCl concentration in the seawater

was increased (Fig. 5). Assuming the Dp response repre-

sents deformations, our findings with hypertonic solutions

are in contrast to those of Tasaki and Iwasa (1982), who

reported that a roughly 30% increase in tonicity, by the

addition of sucrose, invariably reduced the amplitude of the

mechanical response, which was measured with a stylus

attached to a piezoelectric device. The effect of axon

diameter may be studied further with increased levels of

sucrose, which will shrink the axon but will not play a role

like Na? during AP propagation. Our limited number of

experiments with seawater and 133 mM additional calcium

and 400 or 800 mM additional sucrose (data not shown) had

an observable Dp response during activity.

Todorov et al. (1994) observed a converse flexoelectric

effect (voltage-induced curvature strain) when a bilayer

lipid membrane was subjected to 300 mV transmembrane

AC potentials at frequencies ranging 100–450 Hz. Raphael

et al. (2000) proposed that electrically induced localized

changes in the curvature of the plasma membrane are

responsible for the electromotility of outer hair cells. Pet-

rov et al. (1989) suggested that at a negative sign of the

flexoelectric coefficient and a negative transmembrane

voltage the converse flexoelectric effect would act in the

direction of decreasing the initial curvature of an X-shaped

patch and may activate its direct flexoelectric response

(curvature-induced electrical polarization) to an oscillating

pressure difference. Also, Mosbacher et al. (1998) applied

a ± 10 mV peak–peak AC carrier stimulus to voltage-

clamped HEK293 cells and, using atomic force micros-

copy, reported that the cells moved 0.5–15 nm normal to

the plane of the membrane. The converse flexoelectric

effect may play a significant role for the transient signals
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we recorded from the squid giant axon during AP propa-

gation. This effect may be studied further, especially when

axonal shrinkage (i.e., as a result of an increase in NaCl or

sucrose concentration) alters the global as well as the local

curvatures around the membrane. If the sign of the local

membrane curvature changed with position, it might

explain the variety of deformations.

Conclusion

Using noncontact phase measurements of an SD-OCT

system, the magnitude and shape of the optical path-length

changes recorded from squid giant axons during AP

propagation are reported with statistics. Alterations in the

magnitude and shape of these transient signals are reported

at room and cold temperatures and with NaCl levels in the

axon’s environment. Also, progression of the fast signals

with continuous stimulation is demonstrated to show the

stability of the measurement and the repeatability of the

fast response for a given location. The results range from

subnanometers to 21 nm and were mostly biphasic. The

initial direction of the response was the same for a single

location, but opposite directions in approximately equal

frequency of occurrence are observed for various locations.

Therefore, the transient events appear to have local char-

acteristics. We also reviewed and discussed a number of

realistic and unrealistic mechanisms. Furthermore, our

results may facilitate development of new theories on this

matter.
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