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Figure 4. Maximum amplitude of accommodation as a function of the frequency (A) or current (B) of the stimulus. A: The frequency
was varied and the current was fixed at 1 mA. B: The current was varied and the frequency was fixed at 40 Hz. One or 2 drops of phenylephrine
hydrochloride was instilled prior to the measurements. The maximum amplitude of accommodation is the average of four eyes of four cats (Cat #2,
#4, #6, #£7). Error bars indicates standard deviations. Monophasic square pulses at a fixed pulse width of 0.5 ms were applied to the lateral, medial,

or both branches of the short ciliary nerve.
doi:10.1371/journal.pone.0105615.9004

increasing the currents >1 mA or the frequencies >40 Hz did not
increase the amplitude of accommodation significantly. When
both branches of the ciliary nerve were stimulated, the accom-
modative responses were greater than when only one branch was
stimulated in 3 of 4 cats.

Dynamic Accommodative Responses

The accommodative responses were obtained by a sequential
recording of the wavefront aberrations. The latency of accommo-
dation was always shorter than the detection limit, <100 ms, of
our instrument. The accommodation amplitude continued to
change during the 4 seconds after the onset of stimulation
(Figure 5A). With longer stimulus durations, the amplitude of
accommodation reached and maintained a steady state during the
stimulation (Figure 5B). After the stimulation, the accommodation
decreased slowly to the original level within 10 sec.

The velocity of accommodation varied among the trials. A
comparison of the velocities of accommodation and the maximum
amplitude of accommodation are shown in Figure 6. The

Table 1. Maximum accommodative response.

velocities increased significantly with increasing maximum ac-
commodation (Pearson’s correlation; r =0.839, P<<0.001).

Dynamic Pupillary Dilation

The pupil dilated asymmetrically when one branch of the ciliary
nerve was stimulated, but if both branches of the ciliary nerve were
stimulated, the pupil dilated symmetrically. The pupil never
constricted in response to the stimulation parameters used.
Representative images of the pupils are shown in Figure 7. The
pupillary image before stimulation is shown in Figure 7A.
Stimulating the lateral branch (7B) or the medial branch (7C) of
the short ciliary nerve produced asymmetric dilation. The
pupillary image when both short ciliary nerves were stimulated
by the same parameters is shown in Figure 7D.

The time course of the pupillary dilation is shown in Figure 8.
The pupil dilated laterally in the case of lateral branch of the short
ciliary nerve was stimulated and the pupil dilated medially in the
case of medial branch of the short ciliary nerve was stimulated.
The pupil dilated symmetrically when both branches were
stimulated (n = 2).

Maximum Accommodative Response (Diopter)

#1 1.08 0.88

#3 1.19 030*

0.20%

#7 0.18*

0.41*

amplitudes were evaluated by the changes in the refractive power.
*: 1 or 2 drops of Phenylephrine Hydrochloride was instilled.
doi:10.1371/journal.pone.0105615.t001
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Trains of monophasic square pulses were applied to the lateral, medial or both branches of the short ciliary nerve(1 mA, 40 Hz, 8 sec). The maximum accommodative
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were applied. Shaded areas: Time stimulation was applied.
doi:10.1371/journal.pone.0105615.g005

The latencies of the pupillary responses were always shorter
than the detection limit (less than 100 ms). After the stimulation,
the pupil gradually returned to the original state within several
tens of seconds.

Wavefront Aberrations

The wavefront aberrations changed with accommodation. A
typical example of the time course of the Zernike coefficients and
accommodative responses are shown in Figure 9. The time
courses of changes in Zernike terms were similar to those of the
accommodative responses. The averages and standard deviations
of the Zernike coeflicients in the seven cats are shown in
Figure 10. Zernike coefficients up to 6th order can be calculated
with our software. However, the 4 to 6th order of the Zernike
terms except for spherical aberration term (2°4) are not shown in
the results because these terms changed only slightly in almost all
trials. The changes of the Zernike coefficients were determined by
subtracting the maximum value during the stimulation from the
pre-stimulation value. The stimulation parameters were fixed with
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Figure 6. Changes in the velocity of accommodation as a
function of maximum accommodation. Stimulus was applied to
the lateral or medial or both branches of the ciliary nerve. The data from
all seven cats are plotted. Correlations between the velocity of
accommodation and maximum accommodation made by Pearson’s
correlation (r=0.839, P<<0.001).
doi:10.1371/journal.pone.0105615.g006

PLOS ONE | www.plosone.org

a peak current of 1 mA, frequency of 40 Hz, and pulse width of
0.5 msec.

We compared the findings between stimulating the lateral and
medial branches of the short ciliary nerve. Significant statistical
differences were found in the oblique astigmatism term. However,
significant statistical differences were not found for all of the other
Zernike terms.

Discussion

Our results showed that stimulation of the short ciliary nerve
leads to simultaneous changes in the accommodation, pupillary
diameter, and wavefront aberrations. The pupil was never
constricted during the stimulation of the branches of short ciliary
nerve. Lens accommodation is under the control of the
parasympathetic system, while the pupil is under the control of
the sympathetic system. Our findings indicate that the nerve
bundles which were stimulated contained both sympathetic and
parasympathetic nerve fibers. In fact, Kuchiiwa et al. showed in
their anatomical studies that the short and long ciliary nerves fuse
close to the eye in both the medial and lateral divisions of the short
ciliary nerve [28,29]. The other possible cause of these responses is
due to stimulating the sensory nerve in the short ciliary nerve.

The amplitude of accommodation increased with an increase in
the frequency and the current of stimulation (Figure 4). The
maximum amplitude of accommodation was 1.19 diopters, and
increasing the currents >1.0 mA and frequencies >40 Hz did not
increase the amplitude of accommodation.

In earlier studies, the maximum accommodation in cats was
around 2 diopters when the ciliary ganglion was stimulated [1-3].
In addition, the near point of physiological accommodation in cats
was estimated to be between 25 to 36 cm or 2.8 to 4.0 D [30]. The
maximum amplitude of accommodation under our conditions was
less than these values. This disagreement might be caused by the
contact between hook shaped electrodes and nerve bundle, and
the hook electrodes placed on the nerve bundle might have
stimulated only a part of it.

The latencies of accommodation were always less than the
detection limit of our recording system (Figure 5). Earlier studies
showed that the latencies were >200 ms in the case of ciliary
ganglion or midbrain stimulation in cats [27,31,32]. This
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Figure 7. Pupillary images before and after electrical stimulation of the ciliary nerve (Cat #2 right eye). A: Before stimulation. B:
Maximum dilation when the lateral branch of the short ciliary nerve was stimulated. C: Maximum dilation when medial branch was stimulated. D:
Maximum dilation when both side of branch was simultaneously stimulated. Solid line: Detected contour of the pupil. X: The center of the pupil that
is represented as the center of gravity that was calculated from contour data.

doi:10.1371/journal.pone.0105615.g007
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Figure 8. Time course of the changes in the pupillary response to electrical stimulation of one or both branches of the short ciliary
nerve (Cat #2). A: Horizontal movement of the center of the pupil. The direction of medial side is represented by positive x-axis, the lateral side is
represented by negative x-axis. B: Vertical movement of the center of the pupil. The superior direction is represented by upward dilation, and the
inferior direction is represented by downward dilation. C: Changing of the pupil size calculated from the detected contour data. Shaded areas:
Stimulation (the pulse train was continuously applied).

doi:10.1371/journal.pone.0105615.g008
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Figure 9. The time course of the changes in the Zernike coefficients and accommodative changes. (Cat #1) S. E.: Spherical Equivalent of
refractive change, C: Cylindrical value. All data are the values of the change from the initial state. Shaded areas: Stimulation (the pulse train is
continuously applied). The current of 1 mA, the frequency of 40 Hz, the duration of pulse train of 8 seconds were applied to the lateral branch of the

short ciliary nerve.
doi:10.1371/journal.pone.0105615.g009

discrepancy might be caused by a difference of the stimulation
sites.

The maximum velocity of accommodation was 0.6 D/s in this
study taking 4 seconds to reach the peak of accommodation
(Figure 4). In addition, we found that the velocity of accommo-
dation was significantly correlated with the amplitude of accom-
modation (Figure 6). This is in good agreement with previous
studies in humans and rhesus monkeys [7,8,33]. The latencies
might depend on the region stimulated, and the velocity of
accommodation may depend on the mechanical properties of the
ciliary body and the crystalline lens.

The pupil was asymmetrically dilated when one branch of the
ciliary nerve was stimulated (Figures 7 and 8). This suggests that
each branch innervates localized areas of the dilator muscle of the
pupil. Asymmetric pupillary dilation indicates that the ciliary
muscle may also be asymmetrically constricted by stimulation of
the short ciliary nerve on one side. If ciliary muscle constricted
asymmetrically, asymmetric terms of wavefront aberrations should
be changed.

In all trials, the pupil was dilated or was kept stable in size, but
never constricted to any of the stimulation parameters. This might
be explained by a concurrent stimulation of both parasympathetic
and sympathetic nerve fibers. In cats, the sympathetic fibers are
reported to be incorporated in the short ciliary nerves after the
nerves have been joined by the long ciliary nerves somewhere
between the ciliary ganglion and the eye [34]. At the area of the
branch of short ciliary nerve which was stimulated in this study,
about 5 mm from sclera, the parasympathetic and sympathetic
fibers might be mixed. Our results indicated that the stimulation of
mixed sympathetic and parasympathetic fibers will cause a
dilation. The discharge rate of the mixed ciliary nerve is increased
with spontaneous pupillary dilation in cats [35].

The wavefront aberrations change with accommodation in
humans, and the spherical aberration (Z%) shows the greatest
change among all the Zernike terms [12]. The changes in the
astigmatism and the coma terms were smaller than that for
spherical aberration. In contrast, the changes in the spherical
aberration was smaller than for the astigmatism and coma terms

PLOS ONE | www.plosone.org

(Figures 9 and 10). These discrepancies may be due to differences
in the shape of the crystalline lens between humans and cats. The
crystalline lens of cats is more spherical in shape than that of
humans.

The differences in the changes in the oblique astigmatism term
(Z™%) between stimulation of the lateral or the medial branch of
the short ciliary nerve were significant (Figure 10). This suggests
that an asymmetrical constriction of ciliary muscle is induced by
unilateral ciliary nerve stimulation, which may induce the
deformation of crystalline lens. In patients with Adie’s syndrome,
astigmatism is reportedly induced after accommodation [23]. Our
findings in cats support the hypothesis that a segmental
constriction of ciliary muscle occurs when patients with Adie’s
syndrome accommodates which eventually causes the increase of
asymmetrical astigmatism.

Further study is necessary to confirm the localized innervation
of the short ciliary nerve that lead to the asymmetric contraction of
the ciliary muscle. It is also necessary to make a computer
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Figure 10. The average change of Zernike coefficients among
the seven cats. Error bars represent the standard deviations. A current
of 1 mA, frequency of 40 Hz, and duration of pulse train of 8 seconds
were applied. Comparisons between the two cases (lateral or medial
branch of short ciliary nerve stimulation) were made by Student's t
tests. The level of statistical significance was set as P<<0.05. (*: P<<0.05).
doi:10.1371/journal.pone.0105615.g010
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simulation if the asymmetric movement of ciliary muscle induces
the deformation of crystalline lens.

In conclusion, we measured the dynamic change of the
wavefront aberrations, pupillary size and shape, and accommo-
dation simultaneously and serially with a custom-built compact
wavefront aberrometer. The asymmetric pupillary dilation and
asymmetrical changes of the wavefront aberrations with accom-
modation elicited by electrical stimulation on one branch of the
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ciliary nerve suggest that the branch of ciliary nerve innervates
localized regions of the dilator of pupil and ciliary muscle.
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ANI#FE (suprachoroidal-transretinal stimulation: STS)
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