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ABSTRACT An integrated laser tweezer and microphotometry device has been used to characterize in detail how individual,
axially orientated goldfish photoreceptors absorb linearly polarized light. This work demonstrates that the mid-wavelength
sensitive members of double cone photoreceptors display axial differential polarization sensitivity. The polarization contrast was
measured to be 9.26 0.4%. By comparison, rod photoreceptors only exhibit isotropic absorbance. These data, combined with the
square cone mosaic of double cones in the retina, suggest that intrinsic axial dichroism forms part of the underlying biophysical
detection mechanism for polarization vision in this species.

INTRODUCTION

Polarized light vision is a common visual specialization found

in both vertebrates and invertebrates (1–3). Polarized light

exists in the visual environments of many animals as a result

of scattering from the atmosphere or reflection and transmis-

sion at different surfaces such as water. To detect different

polarization states of light, the individual light-sensitive cells

in an animal’s eye must be able to exhibit a differential

polarization response (4,5). Several polarization detection

mechanisms have been discovered among a variety of ter-

restrial and aquatic invertebrates (1,3,6–8). However, for

vertebrates, the underlying biophysicalmechanisms of polari-

zation sensitivity remain unknown. While several studies

have proposed different models (1,9–12), there has been no

conclusive experimental evidence detailing themechanism of

polarization sensitivity in typical vertebrate photoreceptors.

There are two principal photoreceptor cell types in the

vertebrate retina: rods and cones (13–15). The region of both

cell types that contains the visual pigment is known as the

outer segment, and in cones, it is formed from a continuous

infolding of the cell plasmamembrane. In rod outer segments,

the corresponding membranes become pinched off into dis-

crete double bilayer disks, separate from the plasma mem-

brane and separate from each other. In general, it is believed

that the underlying mechanism of polarization discrimination

in vertebrate photoreceptors is not due to axial differential

absorption in photoreceptor outer segments (1,15–17). This

understanding stems from several experiments conducted by

Brown (18) and Cone (19). They discovered that in multiple

rods of a frog (Rana pipiens) the visual pigment undergoes

rotational diffusion within the outer segment membranes.

This implies that all axially incident polarized light will be

absorbed isotropically. However, R. pipiens is not a species
known to exhibit polarized light sensitivity. Moreover, it is

known that only particular classes of cones, and not rods, pro-

vide the polarization-sensitive spectral channels in the visual

system (1,20–23). To the authors’ knowledge, there have

been no published studies measuring rotational diffusion of

the visual pigment or axial polarization absorbance in indi-

vidual photoreceptors from a known polarization-sensitive

species.

Primarily, axial absorbance data from single photo-

receptors are lacking in the literature due to limitations in

experimental measurement technology. For many years, the

technique of microspectrophotometry (MSP) has proved the

principal method for investigating how light, and polarized

light in particular, is absorbed by individual photoreceptor

cells (24–28). Common to all MSP measurements is the

orientation geometry of the cells during the measurements.

The sample preparation method results in all the photorecep-

tors lying in the plane of the sample, and as such, the ab-

sorbance is always measured transversely through the outer

segment of the cell. However, only having the photoreceptors

lying in the plane of the sample represents a significant

drawback, since it prohibits any investigation into how indi-

vidual rods and cones absorb axially incident polarized light,

as they would do in the retina. This alignment issue has been

the factor preventing any studies into the physiological axial

absorbance of individual photoreceptors.

In this study, we report the first technique for measuring

the axial absorbance of individual vertebrate rod or cone

photoreceptors. By integrating amulti-trap laser tweezing and

a microphotometry system, the orientation of individual cells

has been controlled in three dimensions allowing axial ab-

sorbance measurements to be taken. This provides definitive

information on the axial polarization absorbance from one

photoreceptor, not an averaged measurement from multiple

cell types. The results of this work show a significant dif-

ference between the way axially orientated rods and cones

of goldfish, a species known to possess polarization vision

(21), absorb linearly polarized light. The reported results

illustrate that themid-wavelength sensitive (MWS) part of the
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double cone photoreceptor, one known to play a role in

polarization vision (21), exhibits axial dichroism. Our findings

demonstrate that combined with the arrangement of photo-

receptors in the square cone mosaic, such axial dichroism

could provide the basis of a polarization contrast detection

system.

METHODS

Microphotometry laser tweezing system

The apparatus developed in this work introduces several new features addi-

tional to the typical MSP systems currently in use. The optical arrangement

(shown schematically in Fig. 1) is centered on a Leitz DMIRB inverted

microscope body (Leitz Microsystems, Montreal, Canada) and can be cate-

gorized into four main parts: 1), The measurement optics; 2), the detector

system; 3), the optical tweezers; and 4), the viewing optics.

1. The measurement beam was produced at 532 nm by a 120-mW diode-

pumped solid-state laser. Precise intensity control was achieved through

an in-house liquid crystal device feedback system. The measurement

beam was maintained at a stable photon rate of approximately one part

in 103. A 4.5 neutral density filter reduced the intensity to;104 photons

s�1 at the back aperture of a 503 ULWD Olympus MPlan objective

(Olympus, Melville, NY), which was used to focus the beam to a beam

waist of ,2 mm with a Rayleigh distance of ;10 mm.

2. The measurement beam was collected by a 1003 Zeiss Neoplan oil

immersion objective (NA 1.3; Carl Zeiss, Jena, Germany) and directed

via a beamsplitter to a photomultiplier tube (Electron Tubes, Middlesex,

UK). An amplifier and discriminator circuit connected the experiment to

a PC running an in-house developed LabVIEW interface (National

Instruments, Austin, TX).

3. The laser trapping system has been described previously (29). The

optical trapping beam used in this setup was a 1 W Nd:YVO4 1064-nm

laser reduced in power via a neutral density filter setup to 110 mW

measured at the back focal plane of the Zeiss objective. The principal

advantages of using 1064 nm for photoreceptor work is this wavelength

(and low power) causes no damage to the cell and does not bleach the

visual pigment during the absorbance measurements (30). A standard

relay lens system (L1–L4 in Fig. 1) was employed to ensure the trapping

beam entered the back aperture of the objective parallel to the principal

axis of the lens. Two fast scanning goniometric-controlled mirrors (GSI

Luminomics, Boston, MA) were used create the multiple traps with the

positions controlled via the LabVIEW interface.

4. A background illumination was provided by a 980 nm laser (170 mW)

coupled through an optical fiber to the microscope. Video images of the

experiment were monitored in real time through the LabVIEW control

software.

Animals

Sample preparation methods were as described in Roberts et al. (12). Adult

goldfish (Carassius auratus) were used with a mean body mass and size (61

SD of the mean) of 7.16 0.5 g and 6.86 0.4 cm, respectively. Experimental

measurements were carried out in a darkroom with no visible wavelength

illumination. All fish were dark-adapted for 1 h before being euthanized by

prolonged anesthesia with 100 mg l�1 Eugenol (Sigma, St. Louis, MO).

Both eyes were excised, then hemisected and retina was removed in mini-

mum essential medium (Sigma) under infrared light (980 nm). Sections of

retina were teased apart onto a standard recessed microscope slide freeing

individual photoreceptors. The recess was flooded with a small drop of mini-

mum essential medium and a No. 1 coverslip was placed on top of the sample,

and the edges sealed with clear nail varnish.

Statistical analysis

One-way ANOVAwas used to determine differences between axial dichroic

ratios. Null hypotheses were rejected at the 0.05 level. Values are expressed

as mean 6 SD.

MANIPULATING SINGLE
PHOTORECEPTOR CELLS

Laser tweezers have been used in a wide range of studies to

control and manipulate biological cells (31,32). With the

correct choice of laser trapping wavelength and power, cells

can be trapped without altering their properties or causing

cellular damage. Recently, Townes-Anderson et al. (30)

showed that vertebrate photoreceptors could be trapped,

moved, and deposited in a controlled manner. Moreover,

the cells were unaffected by being trapped, with photo-

receptors deposited next to one another reconnecting intra-

cellular processes.

Numerous laser trapping schemes have been devised to

manipulate objects in two or three dimensions (33–37). A

widely used method is to circularly polarize the trapping

beam to transfer spin angular momentum to the sample,

causing it to rotate (38,39). For out-of-plane manipulation,

holographic tweezers or Bessel beam traps can be used to

maneuver objects along the beam propagation direction. In

fact, the anisotropic shape of cylindrical objects such as

photoreceptor cells facilitates a simple method of controlling

FIGURE 1 Schematic diagram of the laser tweezer microphotometer

(Measurement optics: AL, absorbance 532-nm laser; IC, intensity controller;
SH, shutter; and ND, neutral density filter. Viewing optics: DL, 980-nm

diode illumination laser; FH, fiber holder; IL, collimating lens; CM, 45� cold
mirror; CO, 503 ULWD Olympus MPlan objective; SA, sample; TS,

temperature-controlled stage; XY, x-y stage; MIC, microscope body; CAM,

video camera; OB, 1003 Zeiss Neoplan oil immersion objective; and HM,

45� hot mirror. Detector system: LP, lowpass filter; LL, 532-nm laser line

filter; PMT; photomultiplier tube; AMP, amplifier; and DI, discriminator.

Optical tweezers: TL, 1064-nm trapping laser; L1–L4, beam steering lenses;

and GV, galvanometer-controlled mirrors.)
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the three-dimensional orientation. Gauthier et al. (40) pre-

dicted theoretically and confirmed experimentally that cyl-

inders transverse to the laser-beam axis undergo out-of-plane

reorientation such that the long axis of the object becomes

aligned with the propagation direction of the beam. How-

ever, if a single trap is located close to one of the ends of a

cylinder, a transverse displacement of the beam will cause

the object only to move in the plane of the sample because of

the drag present on the nonilluminated end.

Following Gauthier’s scheme, we have constructed a

multi-trap laser system integrated into a microphotometry

device as described in Methods. This has provided a method

of simultaneously measuring absorbance while manipulating

both rods and cones in three dimensions. Initially, a two-trap

setup was used to displace each end of the cell in a required

direction allowing the new technique to be validated in the

context of previous transverse absorbance measurements. By

rotating both traps in a circle, a single photoreceptor could be

made to revolve around a defined center of rotation. Fig. 2,

a–d, is an illustrative time series of images demonstrating

this motion, with the two-trap system rotating a rod through

180� in the plane of the sample. By using just a single trap

moved to the center of the cell and then refocused slightly, the

long axis of the photoreceptor reorients parallel to the beam

propagation direction (Fig. 2, e and f). Furthermore, by

circularly polarizing the trapping beam, the single axially

orientated cell could be made to rotate around the beam’s axis.

All absorbance measurements were made using a linearly

polarized laser at 532 nm. This wavelength was chosen to

closely match the absorbance maximum values, lmax for

both rods and the MWS pigment in one outer segment of the

double cones. Several studies (41–43) have measured the

lmax values of rods and MWS cones to be ;522 nm and

533 nm, respectively. The absorbance was measured by com-

paring a reference incident intensity, I0, with a transmitted

intensity, I, such that the absorbance, A, at each angle was

then calculated as A ¼ log I0=I (44). I0 was first measured

through a clear part of the sample close to the photoreceptor

of interest, as is the case with all single beam MSP devices.

MEASURING TRANSVERSE
POLARIZATION ABSORBANCE

To place the results from this new measurement technique in

the context of previous work, the transverse polarization

absorbance of rod outer segments was initially examined.

Fig. 3 illustrates a typical result, with the solid symbols

representing the absorbance measured in the outer segment

while the cell was rotated as described in Fig. 2, a–e, and
with a step size of 5�. It should be noted that the full 360�
rotation of the cell facilitates an important check. The mea-

surements at 0, 180, and 360� represent repeated points where
the absorbance geometry is the same. As can be seen from

Fig. 3, these values (as they were in all other data sets reported

here) are within 2 SD of each other, verifying that no de-

tectable bleaching was occurring during the polarization

FIGURE 2 (a–d) A time series of

video images illustrating a 180� rotation
of a rod photoreceptor in the plane of the

sample using a dual beam optical trap.

(e and f ) The controlled rotation of

a rod photoreceptor using a single

beam trap into its physiological end

on orientation. Scale bar, 10 mm.

FIGURE 3 A typical example of an experimental linearly polarized

transverse absorbance data set obtained from a rod (52) photoreceptor as it is

rotated through 360� in the plane of the sample. The solid symbols clearly

demonstrate the dichroic transverse absorbance of the outer segment. The

open symbols illustrate the baseline post-bleach measurements. Error bars

represent mean 61 SD.
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measurements. After the absorbance data for this sample had

been taken, a further test was performed. Firstly, the neutral

density filters were removed from the measurement beam

and the same area of the outer segment was exposed to in

excess of 108 photon s�1 for 5 min. Subsequently a post-

bleach absorbance of the sample was then measured and is

shown by the open symbols in Fig. 3. These data confirm that

the measurements are recording the absorbance of the visual

pigment and not an optical effect due to the rotation of the

cell itself. Transverse absorbance measurements from 26 rod

photoreceptors were used to calculate the mean transverse

dichroic ratio (DR). Transverse dichroism arises in verte-

brate outer segments by a combination of two mechanisms,

intrinsic and form dichroism (45). Intrinsic dichroism occurs

due to the in plane chromophore orientation within the trans-

membrane visual pigment. Form dichroism is caused by the

lamellar structure of the outer segment membranes and

the boundary conditions that such a structure imposes on the

incident light. The transverse DR is defined as DR ¼ A?=Ak;
where A? and Ak are the absorbencies of light polarized

linearly perpendicular and parallel to the long axis of the cell,

respectively (44). The dichroic ratio at 532 nm was cal-

culated to be 3.37 6 0.42 (number of samples n ¼ 26). It is

worth noting that although DRs are typically quoted for the

wavelength of maximum absorbance, theoretical (12,45)

and experimental results (46) have shown the ratio to be

wavelength-independent.

As described above, the measurement of the transverse

DRs was conducted to validate our new experimental

technique in the context of previous results. Initially, the

transverse rod DR of 3.37 6 0.42 appears somewhat higher

then other values reported in the literature. Harosi and

MacNichol (47) measured the DR of similar sized goldfish

rods to be ;1–2, at 525–530 nm. However, vertebrate rod

photoreceptors typically have DRs between 3 and 5 ((48) and

references therein) with which our results do agree. In their

study, Harosi and MacNichol (47) alluded to the fact that

their DR values of 1–2 were reduced because of the

increased scattering that occurs for smaller cells and a highly

focused measurement beam. Our experimental system uses a

linearly polarized 532 nm laser beam, and as such, is not

subject to the same optics of other normal noncoherent white

light microspectrophotometry devices such as that used by

Harosi and MacNichol. The Gaussian laser beam of our

system was set up to utilize a Rayleigh distance of ;10 mm
at the beam waist. This effectively results in a collimated

beam at the sample, and the absorbance measurements do not

suffer from the same distortions that arise from a noncoher-

ent strongly focused beam.

MEASURING AXIAL
POLARIZATION ABSORBANCE

As described above, by circularly polarizing a single trap-

ping beam, objects can be made to rotate through the transfer

of spin angular momentum. In the second experiment reported

here, we used such a system to make individual photo-

receptor cells ‘‘stand up end on’’ into their physiological

orientation and rotate. Fig. 4 a is a time series of video still

images depicting the axial rotation of a double cone during

an absorbance measurement, with the MWS outer segment at

the center of rotation. The solid symbols in Fig. 4 b show the

corresponding absorbance from this cell as the double cone

rotated through the 180�. Clearly, the absorbance of linearly
polarized light in MWS outer segments indicates a 180�
periodic polarization sensitivity resulting in an axial linear

dichroism. Again as an experimental check, a post-bleach

absorbance data set was measured (open symbols), confirm-

ing that the dichroic measurements are indeed due to the

visual pigment and not an artifact of the cell’s rotation.

Moreover, the Rayleigh distance of the measurement beam

was still ;10 mm, a value greater than or equal to the length

of the outer segment. This ensured again that the measure-

ments were not subject to any of the distortions associated

with high numerical aperture noncoherent optics. In contrast,

Fig. 4, c and d, illustrates the rotation of a rod and a typical

set of axial polarization absorbance measurements. Exper-

imentally, it was more difficult to view the axial rotation of

the rods due to their circular cross section. However, in the

measurements made, there was enough nonuniformity in the

image to view the rotation directly and correlate the rotation

angle with position of the absorbance measurement. More-

over, the rotation was checked for being on-axis, by drawing

a circular region of interest around the outer segment, and

measuring for any departure to an elliptical cross section.

These data in Fig. 4 d reveal that this rod exhibits a constant

polarization absorbance around the axial rotation. Overall, in

analyzing all the measurements performed (Fig. 4 e, n ¼ 9

for both the rods andMWS cones), the mean axial DRs of the

cells studied were calculated to be 1.04 6 0.03 and 1.20 6
0.09 for the rods and MWS cones, respectively. These results

indicate that the axial DRs of rods and MWS cones are

significantly different (p , 0.05; one-way ANOVA).

A MECHANISM OF POLARIZATION SENSITIVITY

Goldfish are a species known to possess polarization vision,

mediated by their ultraviolet, mid- and long-wavelength

sensitive pigments (21). Both Bernard and Wehner (4) and

more recently Coughlin and Hawryshyn (5) discussed the

requirements for polarization vision. The initial prerequisite

is a first-stage detector mechanism to analyze the electric

field vector of the incident light. Axial dichroism in a photo-

receptor outer segment provides a direct way to achieve this,

the differential output from the cell then matching the di-

chroic absorption. With the correct opponent processing of

these cellular outputs from orthogonal channels, unique in-

formation can be obtained about the surrounding polariza-

tion field. Importantly, goldfish do possess an orthogonal

photoreceptor mosaic (49). Furthermore, several studies of
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FIGURE 4 (a) A time series of video images illustrating a 180� rotation of an axially orientated double cone photoreceptor. The rotation is centered on the

mid-wavelength sensitive (MWS) outer segment. Scale bar, 10 mm. (b) A typical set of axial absorbance measurements from anMWS outer segment indicating

the axial dichroism of the cell type. (c) A time series of video images illustrating a 360� rotation of an axially orientated rod photoreceptor. Scale bar, 5 mm. (d)
The corresponding constant axial absorbance measurements from a rotating rod photoreceptor. In panels b and d, the solid symbols represent the absorbance

and the open symbols show the post-bleach baseline. (e) The mean axial dichroic ratios from all measured rods and MWS cones. The mean values are

significantly different between cell types (n ¼ 9; p , 0.05; one-way ANOVA). Error bars represent mean 61 SD.
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other teleost species have established that such a square cone

mosaic and the presence of the UV corner cones seems a

common requirement for polarized light sensitivity (10,50).

Therefore, an important implication of these experimental

results is that the measured axial dichroism in the MWS part

of the double cones fits all the criteria required to form part of

the biophysical mechanism of polarized light sensitivity.

Clearly these measurements of axial dichroism seem in

contradiction to the accepted understanding. Based on the

rotational diffusion studies of the literature (18,19), the polar-

ization absorbance should be invariant as a function of axial

rotation in any photoreceptor type. Significantly though, and

as described in the Introduction, the studies by Brown (18)

and Cone (19) were conducted on R. pipiens, a species not

known to possess any form of polarization sensitivity. More-

over, their data detailing the rotational diffusion was collected

from small retina sections, not single axially orientated photo-

receptors. As the retina of R. pipiens contains a majority of

rods, isotropic axial absorption from such a bulk measure-

ment only describes rotational diffusion in rods and therefore

agrees with our results in single rods of the goldfish.

One of the hypotheses that has been proposed to explain

polarization sensitivity in double cones relies on the inner

segments acting as a polarization analyzer (9). Cameron

and Pugh (9) suggested that the elliptical cross-section and

gradient in refractive index of the inner segmentswould cause a

differential transmission of orthogonal polarizations. This

would result in different intensities reaching the outer seg-

ments, and coupled to the orthogonal arrangement of a double

cone mosaic, unambiguous polarization information could be

obtained.However, all the post-bleachmeasurements recorded

in thiswork (seeFig. 4 e) suggest that experimentally, this is not

the case. Any differences in polarization transmission through

the inner segments would modulate the measured intensity

and thus the flat baselines seen in these data show there is no

differential transmission through the inner segments.

Two possible mechanisms which could underlie axial

dichroism rely on the outer segment structure or membrane

order to provide a detector mechanism (12,48). The typical

structure of the outer segment has the plane of the mem-

branes transverse within the cell. However, any tilt to those

membranes would result in an axial dichroism. Indeed, a

unique limiting case where the tilt equals 90� is known to

exist in the atypical bilobed cones of Anchoa sp., which
exhibit a dichroic ratio of ;1.5 (16). In support of a tilted

membrane hypothesis, we have previously presented work

(12) indicating that all spectral classes’ cones ofOncorhynchus
kisutch, a teleost that exhibits a similar polarization sensi-

tivity, have a tilted optical structure. The analysis of those

results indicated that the polarization contrast, defined as

Amax � Amin=Amax1Amin; where Amax and Amin are the

orthogonal maximum and minimum axial absorbencies,

was ;10%. In this study, the measured polarization contrast

of the MWS outer segments in goldfish is similar, equal to

9.2 6 0.4%.

A second possibility that cannot be discounted, concerns

the lipid composition of the outer segment membranes and

differences that occur between cell types. Recent investiga-

tions have shown that rod disks and the surrounding outer

cell membrane differ significantly in lipid makeup. For ex-

ample, the plasma membrane has considerably higher levels

of cholesterol and the ratio of saturated to unsaturated fatty

acids is markedly different (51). Suggestions have been

made that the lipid composition in cones mirrors that of the

rod outer cell membrane due to the infolding outer cell

membrane (52). Such compositional differences not only

affect rates of phototransduction (53) but properties such as

the rotational viscosity and phase order (54). Any increase in

viscosity of the bilayers leads to a corresponding reduction in

rotational diffusion, which in turn could induce intrinsic

dichroism subject to a level of biaxiality within the

membranes. Indeed, Corless et al. (55,56) have already

described several cases of higher degrees of in-plane order in

certain cone outer segments. Certainly, the compositional

differences that underlie the specifics of selective function in

different cell types is an important area that could yet yield

further results for understanding polarization vision.

CONCLUSIONS

To summarize, we have reported the first controlled axial

absorbance measurements in single vertebrate photoreceptor

cells. A multi-trap laser tweezer system has been used to

manipulate individual cells in three dimensions while the

polarization absorbance was measured. We have shown that

the MWS part of double cones in goldfish is axially linearly

dichroic. In the context of polarization vision, the axial di-

chroism and levels of polarization contrast measured, com-

bined with the ordered photoreceptor mosaic, will provide

direct polarization information to the next stage of neural

processing. As such, this first stage of discrimination forms

part of the biophysical mechanism underlying polarized light

detection in this species. For the future, the integration of

manipulation and measurement technologies such as demon-

strated by this work opens up the possibility of new research.

In particular, such a setup combining three-dimensional cell

manipulation and spectral absorbancemeasurements could be

easily advanced to allow the investigation of the true physi-

ological optical properties of different vertebrate photorecep-

tor types.
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