Effects of Pharmacologically Manipulated Amplitude
and Starting Point on Edinger-Westphal–Stimulated
Accommodative Dynamics in Rhesus Monkeys
Lisa A. Ostrin and Adrian Glasser
PURPOSE. The aim of this study was to determine whether
pharmacologically manipulated resting refraction, amplitude,
and starting point affect accommodative and disaccommodative dynamics in anesthetized adolescent rhesus monkeys.
METHODS. Pilocarpine and atropine were applied topically to
manipulate resting refraction, accommodative amplitude, starting point, and end point in two monkeys with permanent
electrodes in the Edinger-Westphal nucleus. Accommodation
was centrally stimulated with submaximal and maximal current amplitudes. Dynamic accommodative responses were
measured with infrared photorefraction before and during the
course of action of the drugs. Accommodative and disaccommodative dynamics were analyzed in terms of peak velocity as
a function of amplitude, starting point, and end point.
RESULTS. Pilocarpine caused a myopic shift in resting refraction
of 11.62 ⫾ 1.17 D. Centrally stimulated accommodative amplitude was 10.08 ⫾ 1.15 D before pilocarpine and 0.68 ⫾ 0.29
D after pilocarpine. Changes were found in accommodative
dynamics as a function of starting point and in disaccommodative dynamics as a function of amplitude and end point. Accommodative amplitude was 11.25 ⫾ 0.18 D before atropine
administration and 0.52 ⫾ 0.11 D after atropine administration.
Accommodative dynamics as a function of amplitude were not
substantially altered during the course of pilocarpine-induced
accommodation or atropine-induced cycloplegia.
CONCLUSIONS. Accommodative response amplitude is reduced
with pilocarpine by shifting the eye to a more myopic state and
with atropine by cycloplegia. Pharmacologic manipulations
showed that accommodative and disaccommodative dynamics
in anesthetized monkeys depend on amplitude, starting point,
and end point of the response and on the contributions of
neural and receptor activity. (Invest Ophthalmol Vis Sci. 2007;
48:313–320) DOI:10.1167/iovs.06-0380

A

ccommodation is a dynamic process that allows the eye to
focus on objects at different distances. In humans, accommodation can occur reflexively1 and by a voluntary effort to
focus on a near object.2,3 Dynamic accommodation can be
produced in anesthetized rhesus monkeys by stimulating the
Edinger-Westphal (EW) nucleus.4 – 6
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Dynamics of far-to-near (accommodative) or near-to-far (disaccommodative) responses can be quantified by velocity and
acceleration characteristics.3,5,7 The relationship between amplitude and peak velocity of a response is known as a main
sequence.8 Dynamic analysis of EW-stimulated accommodation
in anesthetized adolescent rhesus monkeys shows that the
main sequence increases linearly over the full range for accommodation and disaccommodation, with disaccommodation occurring progressively faster than accommodation.5 With supramaximal current stimulation (i.e., a current amplitude greater
than required to achieve maximum accommodation), peak
velocity of accommodation increases further without a further
increase in response amplitude. Peak velocity of disaccommodation does not increase further but depends on the disaccommodative response amplitude.9
Several studies have examined accommodative dynamics in
humans. In young subjects, the time constant of accommodation and the peak velocity of disaccommodation back to baseline increase linearly with response amplitude.3,10 Peak velocity of accommodation increases at low response amplitudes,
saturates at higher amplitudes,3 and is slower than for disaccommodation.2,11 The dynamics of accommodation and disaccommodation are influenced by response amplitude and starting point.12,13 Therefore, response amplitude, starting
configuration of the accommodative structures, associated biomechanical characteristics, and neuromuscular activity may
play a role in the dynamics of the response.
In rhesus monkeys, muscarinic agonists such as pilocarpine
and carbachol cause a progressive ciliary muscle contraction, a
myopic refractive shift, and, hence, a decrease in EW-stimulated accommodative response amplitude.9,14 Muscarinic antagonists such as atropine and pirenzepine cause cycloplegia
because the ciliary muscle neuromuscular receptors are
blocked. Pharmacologic stimulation can therefore be used in
monkeys to alter refractive state, EW-stimulated accommodative response amplitude, and starting point. EW stimulation
after pilocarpine allows evaluation of the dynamic accommodative response as the amplitude decreases with the pilocarpine-induced myopic shift and from more proximal starting
points. EW stimulation after atropine allows evaluation of the
dynamic accommodative response as the maximum amplitude
decreases because of cycloplegia. Atropine and pilocarpine
change maximum response amplitude through different actions at the ciliary neuromuscular junctions without affecting
the EW neurons. This allows determination of the effects that
receptor blockage, partial muscle stimulation, shift in starting
point, and reduced response amplitude have on the accommodative response dynamics. Studies of agonists and antagonists
have used similar techniques to evaluate their effects on accommodative dynamics in monkeys.9,14,15
Adolescent rhesus monkeys have high pharmacologically9,16,17 and centrally stimulated accommodative amplitudes.5,18,19 The accommodative mechanism20,21 and anterior segment anatomy22,23 are similar to those in humans.
The age-related loss of accommodative amplitude, when
adjusted for lifespan, is similar to the progression of pres313
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byopia in humans24 and has a similar etiology.25,26 Rhesus
monkeys are widely recognized as an ideal animal model for
studies of human accommodation and presbyopia.16,17,22,24 –27 In this study, pilocarpine and atropine were
used to alter response amplitude and starting point in adolescent rhesus monkeys to study the effects on accommodative and disaccommodative dynamics during centrally
stimulated accommodation.

METHODS
Experiments were performed on four eyes of two rhesus monkeys,
monkey 111 (age 6) and monkey 38 (age 7). Both monkeys had
previously undergone bilateral iridectomy and had stimulating electrodes permanently implanted in the EW nucleus of the midbrain.19
The monkeys are used in multiple experimental protocols, and the
iridectomies,28 justification for them, and absence of effects on centrally stimulated accommodation have been described previously.5,29
In each monkey, experiments were performed at least 1 week apart.
All experiments conformed to the ARVO Statement for Use of Animals
in Ophthalmic and Vision Research and were conducted under an
institutionally approved animal protocol.
Monkeys were initially anesthetized with 10 mg/kg intramuscular
ketamine and 0.5 mg/kg intramuscular acepromazine. Surgical depth
anesthesia was maintained for the duration of the experiment with
intravenous propofol (Propoflo; Abbott Laboratories, North Chicago,
IL), with an initial bolus of 0.15 mg/kg followed by constant perfusion
of 0.5 mg/kg per minute. Monkeys were placed prone with the head
facing forward in a head holder. The eyelid was held open with a
speculum. Sutures were tied beneath the lateral and medial rectus
muscles to reduce EW-stimulated accommodative convergent eye
movements. A custom-made polymethylmethacrylate (PMMA) contact
lens (Metro Optics, Dallas, TX) was placed on the cornea to prevent
dehydration and to maintain optical quality.
A static stimulus response function was first measured with a
Hartinger coincidence refractometer (HCR).5,30 For each increasing
stimulus current amplitude, the accommodative response was measured three times and averaged. Stimulus amplitudes from 0 A to an
amplitude that produced the maximum accommodative response available to that eye were delivered with 4-second–long stimulus trains of

600-s pulses at 72 Hz. The stimulus/response function was unique to
each eye tested and was subsequently used to calibrate the dynamic
photorefraction.
Infrared photorefraction was used to measure accommodative responses dynamically and to determine the main sequence relationships.5 Before drug instillation, responses to approximately five increasing stimulus current amplitudes spanning the full accommodative
range available to each eye were recorded to a digital videotape at 30
Hz. The eye was illuminated with a custom-made bank of 20 infrared
diodes in front of a knife-edge aperture shielding the lower half of the
lens of an infrared-sensitive charge-coupled device (CCD) video camera
(Cohu, San Diego, CA). Images were analyzed off-line, frame by frame,
with image analysis software (Optimas; Media Cybernetics, Silver
Springs, MD). The slope of the mean vertical luminance profile over
40% of the iridectomized pupil was converted to refraction using the
calibration function generated from the static stimulus response function.5,15 For each stimulus amplitude, five 4-second–long stimulus
trains were delivered, and the last three responses were analyzed and
averaged.

Pilocarpine Experiments
Experiments were performed on both eyes of monkey 38 and twice on
the left eye of monkey 111. After the initial baseline measurements, 0.2
mL of 2% pilocarpine was instilled into the eye, with the contact lens
on, allowing the drops to collect in the lower lid tear meniscus and
behind the contact lens and to diffuse into the anterior chamber. Five
4-second stimuli at a current amplitude required to elicit a submaximal
response (submaximal stimulus) and five stimuli at a current amplitude
required to elicit a maximal response (maximal stimulus) were delivered to the EW nucleus every 3 minutes. After 15 minutes, 0.2 mL of
2% pilocarpine was again instilled. After 30 minutes, 0.2 mL of 6%
pilocarpine was delivered every 15 minutes until no further noticeable
EW-stimulated accommodative response occurred in the live photorefraction video image.

Atropine Experiments
Atropine experiments were performed on both eyes of both monkeys.
After the pre-atropine baseline measurements, the contact lens was
removed, and 40% atropine in agar was applied iontophoretically for 8

A Pilocarpine

B Atropine

Time (minutes)

Time (minutes)

FIGURE 1. Representative examples
of the time course of the refractive
accommodative changes to a submaximal and maximal stimulus current amplitude as pilocarpine (A;
monkey 38, OD) and atropine (B;
monkey 38, OS) takes effect. Each
response is an average of three 4-second–long responses, expanded horizontally for visibility. Responses
were selected at certain time points:
for pilocarpine, resting refraction became approximately 1 D more myopic; for atropine, accommodative
amplitude decreased by approximately 1 D. The start time of each
response after topical drug application is shown.
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seconds each on the nasal and temporal cornea.5,29 The contact lens
was replaced, and five submaximal and five maximal stimuli were
delivered to the EW nucleus every 3 minutes until cycloplegia occurred at approximately 60 minutes, as determined from the live
photorefraction images. Analysis of post-atropine responses to submaximal stimuli on the left eye of monkey 111 was not included
because of large drifting eye movements that occurred between stimulations (as can occur under propofol anesthesia). The maximal stimulus caused the eye to return to primary gaze position; therefore,
analysis of responses to the maximal stimulus was possible. Once the
full effect of atropine appeared to have occurred, a static stimulus
response function was again measured with the HCR to verify the
extent of cycloplegia.
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A Pilocarpine

Dynamic Accommodation Analysis
Dynamic accommodative responses were analyzed to determine the
amplitude and peak velocity of the response for accommodation and
disaccommodation.5,15 For each individual accommodative response, a
function was fitted to both the accommodative and the disaccommodative phases5:

B Pilocarpine

Accommodation ⫽ A共1 ⫺ e⫺x/  兲 ⫹ bx ⫹ cx2
Disaccommodation ⫽ A共e⫺x/  兲 ⫹ bx ⫹ cx2
where A is the response amplitude, x is the time, and  is the time
constant. The derivative of these functions with respect to time gives
the velocity of the response from which peak velocity was determined.5
Immediately before drug application, a main sequence was determined for responses spanning the full range of accommodation available to each eye. After pilocarpine instillation, the change in resting
refraction was determined with photorefraction every 3 minutes. Dynamics of the accommodative and disaccommodative responses to
maximal and submaximal stimuli were evaluated at successive time
points at which an approximately 1-D myopic shift in resting refraction
had occurred. Similarly, after atropine iontophoresis, the dynamics of
the accommodative and disaccommodative responses to maximal and
submaximal stimuli were evaluated for each 3-minute interval, and
response dynamics were evaluated at successive time points at which
an approximately 1-D decrease in amplitude had occurred.
Additional analyses were performed on the post-pilocarpine dynamic responses. Peak velocity of the responses to submaximal and
maximal stimuli were analyzed as a function of the change in starting
point from the pre-pilocarpine resting refraction (i.e., as a function of
the pilocarpine-induced myopic shift). Peak velocity of the response
was also analyzed as a function of the total accommodative change
induced by EW and pilocarpine (EW ⫹ pilocarpine) stimulation combined.

C Atropine

RESULTS
Representative examples from two eyes (Fig. 1) and overall
normalized results from all eyes (Fig. 2) of the time course of
pilocarpine and atropine on dynamically measured accommodative responses to submaximal and maximal EW stimulation
are shown. Because of the different response amplitudes, results in Figure 2 are normalized to the response amplitude
achieved with the maximal stimulus amplitude before drug
treatment.

FIGURE 2. For all eyes, topical pilocarpine (A) and atropine iontophoresis (C) decreased the EW-stimulated accommodative response
amplitudes to submaximal (䡺) and maximal (F) stimuli. For EW ⫹
pilocarpine stimulation (B), responses to maximal EW stimulation
increased after the first time point and then remained constant,
whereas responses to submaximal EW stimulation increased and approached the maximal responses. Responses are normalized to the
pre-pilocarpine maximal EW-stimulated response for each eye. Error
bars represent SEM.

Pilocarpine Experiments
The pre-pilocarpine maximal EW-stimulated accommodative
amplitudes (⫾ SD) measured during the HCR stimulus response functions were: monkey 38, OS 9.81 ⫾ 0.13 D; monkey
38, OD 12.50 ⫾ 0.44 D; monkey 111, OSa 12.67 ⫾ 0.08 D; and

monkey 111, OSb 12.69 ⫾ 0.14 D. Average resting refraction
for all four eyes (with the contact lenses) measured with
photorefraction before pilocarpine was ⫹2.84 ⫾ 0.60 D
(mean ⫾ SEM). Post-pilocarpine measurements were stopped
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A Pilocarpine

B Pilocarpine

Before Treatement
y = 2.59x + 2.12
r2 = 0.92, p<0.0001

Before Treatement
y = 9.18x - 1.63
r2 = 0.86, p<0.0001

After Treatement
y = 2.93x + 2.30
r2 = 0.84, p<0.0001

After Treatement
y = 8.84x - 2.93
r2 = 0.95, p<0.0001

D Atropine

C Atropine

Before Treatement
y = 8.82x - 3.84
r2 = 0.77, p<0.0001

Before Treatement
y = 2.10x + 1.52
r2 = 0.80, p<0.0001

After Treatement
y = 1.97x + 2.16
r2 = 0.94, p<0.0001

when no EW-stimulated accommodative response appeared to
occur at 81.25 ⫾ 3.54 minutes after pilocarpine instillation. At
this time, the mean pilocarpine-stimulated refraction was
– 8.78 ⫾ 0.93 D, resulting in a significant myopic shift of
11.62 ⫾ 1.17 D. Average maximum EW-stimulated accommodative amplitude before pilocarpine was 10.08 ⫾ 1.15 D; at
81.25 ⫾ 3.54 minutes after pilocarpine, it was 0.68 ⫾ 0.29 D,
resulting in a significant decrease in maximum EW-stimulated
accommodation of 9.40 ⫾ 1.13 D (Fig. 2A). EW ⫹ pilocarpine
accommodation to the maximal EW stimulus amplitude increased initially and thereafter remained constant, whereas EW
⫹ pilocarpine accommodation to the submaximal EW stimulus
amplitude increased toward the maximum available amplitude
after pilocarpine instillation (Fig. 2B). On average, pilocarpinestimulated accommodation at 81.25 minutes was 1.54 ⫾ 0.93
D greater than the pretreatment maximum EW-stimulated accommodative response.

Post-Pilocarpine Submaximal
Stimulation Dynamics
Peak velocity of accommodation and disaccommodation decreased linearly with EW-stimulated accommodative amplitude
as pilocarpine was taking effect (Figs. 3A, 3B). When analyzed
as a function of the pilocarpine-induced change in starting
point, peak velocity of EW-stimulated accommodative responses to submaximal EW stimulation decreased as the starting point became more proximal (Fig. 4C), whereas peak
velocity of EW-stimulated disaccommodative responses was
not correlated with the starting point (Fig. 5C). For the postpilocarpine submaximal stimulus, EW-stimulated accommodative response amplitude remained relatively constant at 3.26 ⫾
0.23 D (mean ⫾ SE) for approximately 45 minutes (Fig. 2A).
For Figures 3C and 4C, only responses within 45 minutes of
pilocarpine instillation were included in this analysis to examine responses of similar amplitude. For accommodation and
disaccommodation, peak velocity as a function of EW ⫹ pilocarpine–stimulated response amplitude decreased with total
response amplitude for submaximal stimuli (Figs. 4E, 5E).

After Treatement
y = 8.01x + 1.15
r2 = 0.65, p<0.0001

FIGURE 3. Main sequence analysis
for accommodation (A, C) and disaccommodation (B, D) before (closed
symbols, solid lines) and after (open
symbols, dashed lines) pilocarpine
(A, B) and atropine (C, D). The predrug main sequences were determined from responses to stimuli of
increasing amplitude. The post-drug
main sequences were determined
from progressively decreasing responses to the maximal and submaximal stimulus amplitudes. Different
symbols represent different monkey
eyes. Small gray circles represent
the posttreatment response to submaximal stimulus amplitudes for all
eyes and are not included in the linear regressions. A significant difference was observed in intercept for
the pre-pilocarpine and post-pilocarpine conditions (A; P ⬍ 0.05).

Post-Pilocarpine Maximal Stimulation Dynamics
For the maximal EW stimulus, response amplitude began to
decrease by approximately 6 minutes after pilocarpine instillation. There was a slight increase in the intercept of the main
sequence of EW-stimulated accommodation to the maximal
stimulus amplitude after pilocarpine compared with the prepilocarpine main sequence relationship (F(2,68) ⫽ 3.73, P ⬍
0.05; slope, P ⫽ 0.22; intercept, P ⬍ 0.02). No change was
observed in the main sequence of disaccommodation after
pilocarpine (F(2,68) ⫽ 1.14, P ⫽ 0.33; slope, P ⫽ 0.63; intercept, 0.15; Fig. 3B).
For EW-stimulated responses to maximal stimuli, peak velocity decreased as the starting point became more proximal
for accommodation (Fig. 4D) but not for disaccommodation
(Fig. 5D). Peak velocity as a function of EW ⫹ pilocarpine
stimulation showed no correlation with amplitude for responses to maximum stimuli for either accommodation or
disaccommodation (Figs. 4F, 5F).
After pilocarpine, the end point of the disaccommodative
response became more proximal. For the maximal EW stimulus, disaccommodative response amplitude decreased and
peak velocity decreased linearly with disaccommodative end
point (Fig. 6). For the submaximal stimuli, initially during the
first 45 minutes as the end point became more proximal and
the disaccommodative response amplitude was maintained,
peak velocity remained constant with the disaccommodative
end point (P ⫽ 0.08; r2 ⫽ 0.15). Subsequently, as the disaccommodative response amplitude for the submaximal stimuli
decreased with end point, peak velocity decreased. The slope
of peak velocity versus end point relationship for the submaximal stimuli was significantly flatter than for the maximal stimuli
(P ⬍ 0.0001). For disaccommodation, the dynamics were
clearly dependent on end point and differed for the maximal
and submaximal stimuli, depending on response amplitude.

Atropine Experiments
Before atropine iontophoresis, resting refraction measured
with the HCR was ⫹3.33 ⫾ 0.72 D. The pre-drug maximal
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FIGURE 4. There was a linear relationship between EW-stimulated response amplitude of accommodation
and peak velocity for submaximal (A)
and maximal (B) stimulus current amplitudes after pilocarpine instillation.
When similar amplitude responses to
submaximal current stimulations were
considered as a function of normalized
starting point, a decrease in peak velocity was observed as pilocarpine
shifted the starting point to a more
myopic refraction (C). When all responses to maximal current stimulations were considered, there was also
a decrease in peak velocity with a myopic shift in starting point (D). Peak
velocity to submaximal current stimulation correlated with total accommodation (i.e., EW ⫹ pilocarpine-stimulated responses; E) but not with
maximal current stimulation (F).

A

B

C

D

E

F

EW-stimulated accommodative amplitudes (⫾ SD) measured
during the HCR stimulus response functions were: monkey 38,
OS 11.42 ⫾ 0.44 D; monkey 38, OD 10.92 ⫾ 0.38 D; monkey
111, OS 10.86 ⫾ 0.05 D; monkey 111, OD 10.92 ⫾ 0.22.
Maximum effect of atropine was determined to have occurred
48 ⫾ 9.72 minutes after atropine administration, at which time
the resting refraction was ⫹4.52 ⫾ 0.72 D. This resulted in a
nonsignificant hyperopic shift of 1.19 ⫾ 0.41 D (paired t test;
P ⫽ 0.06). Average EW-stimulated maximum accommodative
amplitude before atropine was 11.25 ⫾ 0.18 D, and after
atropine it was 0.52 ⫾ 0.11 D, resulting in a significant decrease in accommodation of 10.73 ⫾ 0.16 D (Fig. 2C; paired t
test; P ⬍ 0.001). EW-stimulated accommodative responses to
submaximal and maximal stimuli began to decrease immediately after atropine iontophoresis. The post-atropine main sequence relationship for submaximal responses was not different from the pre-atropine main sequence for the same
response amplitudes. As accommodation to the maximal stimulus decreased, response dynamics were not significantly altered compared with the pre-atropine main sequence for accommodation (F(2,64) ⫽ 0.19, P ⫽ 0.83; slope, P ⫽ 0.56;
intercept, P ⫽ 0.88) or for disaccommodation (F(2,64) ⫽ 0.19,
P ⫽ 0.83; slope, P ⫽ 0.55; intercept, P ⫽ 0.87; Figs. 3C, 3D).
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DISCUSSION
The use of atropine and pilocarpine has allowed amplitude,
starting point, and end point to be manipulated to evaluate
their influence on accommodative and disaccommodative dynamics. In this study, pilocarpine was used to change the tonic
status and configuration of the accommodative structures, and
atropine was used to reduce response amplitude to study
EW-stimulated accommodative dynamics on the assumption
that the drugs per se do not influence the dynamics.
After pilocarpine, baseline refraction became more myopic,
effectively shifting the starting point of the EW-stimulated
accommodative response more proximally. Response amplitude to the submaximal EW stimulus remained nearly constant
during the initial 45-minute myopic progression, suggesting
that a fixed stimulus amplitude to the EW nucleus released a
constant quantity of acetylcholine and that this was added at
the neuromuscular junction to the pilocarpine already present.
Although the EW-stimulated response amplitude remained constant to the submaximal stimulus, peak velocity of the accommodative response decreased and became slower in the more
proximal range. This is a clear demonstration that, in anesthetized monkeys, response dynamics are dependent not only on
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response amplitude5 but also on starting point, as has been
demonstrated in humans.12,13 It may be that as the starting
point becomes more proximal, resting tension on the zonular
fibers is partially released as the lens becomes more accommodated, the potential energy level of the accommodative plant is
reduced, and the initial response velocity decreases.
In humans, voluntary accommodation has been reported to
be slower in the near range (5– 8 D31), faster in the near range
(4.5– 6 D12 and 4.6 – 8.6 D32), or shows no change with starting
point (3– 4.5 D33). In our study, in anesthetized monkeys,
response velocity was found to be slower in the near range.
Pilocarpine stimulation served to shift the baseline to a more
proximal starting point. In humans, starting point is shifted
proximally by a neuronally driven accommodative effort. This
involves visual and neural feedback for the proximal shift in
starting point and the additional accommodative response.
Perhaps these differences or the fact that the monkeys were
anesthetized in these experiments resulted in response dynamics being different from those of conscious humans. It has been
suggested that, in conscious humans, the accommodative neural controller may compensate for reduced speed by increasing
its neural output,33 thus maintaining or increasing the peak
velocity. It has also been suggested that the saturation of peak
velocity in human subjects at higher accommodative ampli-

FIGURE 5. A linear relationship was
observed between EW-stimulated response amplitude of disaccommodation and peak velocity for submaximal
(A) and maximal (B) stimulus amplitudes after pilocarpine instillation.
When similar amplitude responses to
submaximal stimulations were considered as a function of the normalized
starting point (C) or all responses to
maximal stimulations (D) were considered, no correlation occurred between
peak velocity and a myopic shift in
starting point. Peak velocity to submaximal current stimulation was correlated with total accommodation (i.e.,
EW ⫹ pilocarpine–stimulated responses; E) but not for maximal current
stimulation (F).

tudes3 is caused by mid-brain neurons firing with an initial
pulse followed by a step (pulse-step).33 Behavioral studies in
monkeys also show that the EW neuron firing frequency increases with an increase in accommodative response.34,35 In
the experiments described here, EW-stimulated accommodation was achieved with a step stimulus with constant pulse
frequency. EW stimuli of various forms and frequencies could
have been constructed and tested for their effects on accommodative dynamics, but that was beyond the scope of the
present study.
The main sequence relationship for low-amplitude, EWstimulated responses before atropine instillation was not significantly different from the main sequence relationship for
low-amplitude responses to maximal stimulations after atropine reduced the accommodative response amplitude. Previous studies show that delivering a supramaximal stimulus to
a nonatropinized eye results in greater peak velocity than
occurs with maximal stimulation.9 Atropine bound to and
blocked a proportion of the ciliary muscle receptors and decreased the response amplitude to the maximal stimulus, yet
the peak velocity for this fixed stimulus amplitude decreased as
the response amplitude decreased. The same maximal stimulus
amplitude was delivered to the EW nucleus as before atropine
instillation, so the same number of EW neurons were recruited
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FIGURE 6. Peak velocity as a function of disaccommodative end point
for maximal EW stimulation (black and grey circles, monkey 38 OS;
gray circles are excluded from the linear regression analysis because of
the low amplitude responses in this eye) and submaximal EW stimulation (white and grey squares; the initial responses of similar amplitude, gray squares, are excluded from the linear regression analysis).
No relationship exists for the responses of similar amplitude (gray
squares).

and the same amount of acetylcholine was released at the
neuromuscular junction, with diminished effect on the
blocked receptors of the ciliary muscle. This suggests that, in
anesthetized monkeys, peak velocity is influenced by the number of ciliary neuromuscular receptors activated. It also suggests that the increase in peak velocity that occurs with a
supramaximal stimulus in the non– drug-treated eye occurs
because maximal stimulus amplitude does not activate all available ciliary muscle receptors to achieve the maximum accommodative response amplitude. It is interesting that the postatropine response amplitudes to the submaximal stimulus
decreased even though the eye clearly had greater amplitude
during this early period, suggesting that the constant amount of
acetylcholine released with submaximal EW stimulation could
not bind to free receptors and stimulate the ciliary muscle in
the presence of low concentrations of atropine.
In contrast to atropine, after pilocarpine, the accommodative dynamics for the maximum stimulus showed a small but
significant increase in the intercept of the main sequence
relationship (Fig. 3A), apparently largely caused by individual
variability in the response dynamics of one eye. As the baseline
starting point became more proximal after pilocarpine administration, less EW-stimulated accommodative range was available, yet the same maximal stimulus amplitude was delivered.
Therefore, as with atropine, the maximal stimulus effectively
became a supramaximal stimulus by the release of excess
acetylcholine over what was required to achieve the maximum
available response amplitude. However, peak velocity was decreased rather than maintained. In this case, some of the
neuromuscular receptors were already bound by pilocarpine
when the EW stimulus was delivered. As pilocarpine bound to
the receptors, fewer unbound receptors were available for the
acetylcholine released by EW stimulation. Thus, in the presence of the maximal EW stimulus, peak velocity decreased as
the number of receptors activated by the EW stimulation decreased, the EW-stimulated response amplitude decreased, and
the starting point of the response became more proximal. In
the case of the submaximal EW stimulation in the presence of
pilocarpine, the first two points did not apply, but peak veloc-
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ity still decreased as the starting point became more proximal.
Therefore, it appears that in the absence of a change in amplitude, it was the proximal shift in starting point that was the
predominant influence on the response dynamics.
The slope and intercept of the post-atropine and postpilocarpine disaccommodation main sequence remained unchanged compared with the pre-drug condition, suggesting
that the dynamics of disaccommodation are dependent on the
response amplitude and the restoration of forces of the accommodative structures rather than stimulus amplitude in the absence of consciousness.5 In our study of anesthetized monkeys, peak velocity of disaccommodation was independent of
starting point for a constant amplitude response. This is in
contrast to studies in humans, which show that the speed of
step responses for disaccommodation depends on the starting
point. In anesthetized monkeys, visual feedback was absent,
and disaccommodation was totally passive and included no
neural firing. However, it has been suggested that disaccommodation is influenced by neural firing and is not a passive
process in humans.13 Neural firing when focusing from near to
far has also been demonstrated in alert rhesus monkeys with
single-unit recording techniques.36 The results shown here also
demonstrate that the dynamics of disaccommodation are dependent on the amplitude of the response and on the disaccommodative end point. Peak velocity for disaccommodative
responses with the same end point depends on the response
amplitude.
Given the use of pharmacologic agents to alter the refractive state, starting point, and accommodative amplitude, it
might not have been entirely clear to what extent the altered
accommodative dynamics were caused by receptor blockage,
altered amplitude, or altered starting point. However, experiments in which the starting point and therefore the amplitude
are manipulated by EW stimulation, without pharmacology,
may shed more light on the extent to which receptor activation or blockage can affect accommodative dynamics. It is
possible to shift the starting point proximally under neuronal
control in rhesus monkeys using a digital stimulator. This
would eliminate the pharmacology and resultant receptor
blockage and may provide more insight into the cause of the
altered response dynamics.
In vitro studies have suggested that accommodative dynamics are dictated by the accommodative plant, mainly the lens
and ciliary body,37 and that the starting configuration of the
lens substance and capsule dictate the elastic forces of the lens
capsule.38,39 Although results from a study in humans support
this suggestion,12 results from the present study suggest that
accommodative dynamics to EW-stimulated accommodation in
anesthetized rhesus monkeys depends on neural and biomechanical contributions because amplitude of accommodation
(from the same starting point) and starting point (with the
same amplitude) influence accommodative dynamics.
In conclusion, topical application of pharmacologic agents
has allowed manipulation of resting refraction, accommodative
amplitude, starting point of the response, and neural and receptor activation to gain a better understanding of the various
contributions to accommodative and disaccommodative dynamics. This ultimately may enable us to understand how aging
affects the biomechanics of the accommodative plant and,
perhaps, influences accommodative dynamics.
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