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Abstract
Manganese-enhanced MRI (MEMRI) is a powerful non-invasive approach for objectively
measuring either retina or binocular visual brain activity in vivo. In this study, we investigated the
sensitivity of MEMRI to monocular stimulation using a new protocol for providing within-subject
functional comparisons in the retina and brain in the same scanning session. Adult Sprague
Dawley or Long–Evans rats had one eye covered with an opaque patch. After intraperitoneal Mn2+

administration on the following day, rats underwent visual stimulation for 8 h. Animals were then
anesthetized, and the brain and each eye examined by MEMRI. Function was assessed through
pairwise comparisons of the patched (dark-adapted) versus unpatched (light-exposed) eyes, and of
differentially-stimulated brain structures – the dorsal lateral geniculate nucleus, superior
colliculus, and visual cortical regions – contralateral to the patched versus unpatched eye. As
expected, Mn2+ uptake was greater in the outer retina of dark-adapted, relative to light-exposed,
eyes (P<0.05). Contralateral to the unpatched eye, significantly more Mn2+ uptake was found
throughout the visual brain regions than in the corresponding structures contralateral to the
patched eye (P<0.05). Notably, this regional pattern of activity corresponded well to previous
work with monocular stimulation. No stimulation-dependent differences in Mn2+ uptake were
observed in negative control brain regions (P>0.05). Post-hoc assessment of functional data by
animal age and strain revealed no significant effects. These results demonstrate, for the first time,
the acquisition of functional MRI data from the eye and visual brain regions in a single scanning
session.

Investigations of the visual system during, for example, aging or in diseases like diabetic
retinopathy, typically focus on either the retina or brain. Few methods, including behavioral,
electrophysiological, and positron emission tomography, have the ability to evaluate both
retina and brain in the same animal and session with high resolution. This necessarily limits
how the data can be understood and applied. Manganese-enhanced MRI (MEMRI) is a
promising approach for addressing this limitation since it can measure function and structure
of the retina or brain with high spatial resolution. MEMRI uses the paramagnetic Mn2+ ion
as an MRI contrast agent for functional studies (e.g. Berkowitz et al., 2006; Bissig and
Berkowitz, 2009; Duong et al., 2000; Eschenko et al., 2010; Kuo et al., 2006; Lin and
Koretsky, 1997; Morita et al., 2002; Yu et al., 2005). Mn2+ preferentially enters active
neurons through L-type voltage gated calcium channels, among others (Berkowitz et al.,
2007b; Cross et al., 2007; Drapeau and Nachshen, 1984; Gadjanski et al., 2009), and
accumulates due to the low rate of efflux from the retina (Berkowitz et al., 2007a; for
modeling see Tofts et al., 2010) and brain (Chuang et al., 2009).
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In this study, we performed three separate experiments to test the feasibility of integrating
functional measurements from the retina (Berkowitz et al., 2009a; Berkowitz et al., 2006)
and brain (Bissig and Berkowitz, 2009) into a single scanning session. In each study, one
eye was covered with an opaque patch prior to Mn2+ administration and visual stimulation
of awake and free-moving rats and data from several structures – the central retina, dorsal
lateral geniculate nucleus (dLGN), superior colliculus (SC), and visual cortices – were
collected within the same animal. This approach takes advantage of the highly lateralized rat
visual system – the dLGN and primary visual cortex receive little information from the
ipsilateral eye (for review, see Paxinos, 1985) – permitting functional study of the retina and
brain on a within-subjects basis (Rooney and Cooper, 1988).

In the first experiment (Exp. 1), Sprague Dawley rats were investigated since our previous
MEMRI studies validated a graded outer retinal response to light exposure in this strain, and
good MEMRI signals from central visual structures (Berkowitz et al., 2009a; Bissig and
Berkowitz, 2009). In the second experiment (Exp. 2), we repeated Exp. 1 in young-adult
Long–Evans rats since both pigmented and albino rat strains are used extensively to study
the visual system, but few studies have tested for differences in visual system activity
between strains or through early adulthood. In the third experiment (Exp. 3), we examined
approaches for improving accuracy and precision of MEMRI. Most MEMRI studies
examine changes in signal intensities from T1-weighted images. However, signal intensities
can be altered by factors unrelated to tissue Mn2+, like distance from the receive coil.
Instead, for the retina, we compared layer-specific retinal T1-mapping of stimulation-
dependent Mn2+ uptake, which produces images that are independent of distance to the
receive coil. For the brain, we apply Van de Moortele et al. (2009)’s ratio method for rapidly
acquiring T1-weighted images that are largely uninfluenced by several variables unrelated to
Mn2+ uptake and tissue T1, particularly distance from the receive coil.

Methods
Animals

In Exp. 1, Sprague Dawley rats (n=10, aged 4.6–8.7 months, weighing 302–340 g) were
studied. In Exp. 2, Long–Evans rats (n=10, 1.7–2.8 months, 174–248 g) were studied. In
Exp. 3, Long–Evans Rats (n=5, 3.7–5.3 months, 221–288 g) were studied. All animals were
female, were housed and maintained in normal 12 h light/12 h dark cycling until the day
before scanning, and were treated in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and the ARVO Statement on Animals in Vision Research.

Eye patch
The day before visual stimulation and MRI scanning, an opaque eye patch was adhered to
one side of each animal in all three experiments. In Exps. 1 and 2, the left eye was patched
in half of the subjects. In Exp. 3, the left eye was patched in three of the five subjects.
Patches were made from a disk of black craft felt, sized to cover one side of the dorsal rat
head, extending from the rostral edge of the external ear to the caudal vibrissae. To ensure
the opacity of the patch, a smaller disk of aluminum foil, larger than the eye, was attached to
the center of the felt disk with acid free tape (SuperTape; Therm O Web; Wheeling, IL).
Patch placement was performed as follows: Rats were first anesthetized with diethyl ether.
Puralube (Pharmaderm; Melville, New York) was applied to the selected eye. To avoid
corneal abrasion, and to further reduce light exposure to the patched eye, the selected eye
was then gently sutured shut with two superficial stitches per eyelid. Puralube applied over
the eyelids prevented patch adhesion too close to the eye, and vibrissae on that side were
clipped. The patch’s foil disk was positioned over, and facing, the sutured eye, and the
surrounding felt-only portions of the patch were adhered to the rat with VetBond (3M, St.
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Paul, MN) or, to facilitate easier removal before scanning, a combination of eyelash glue
(Andrea modlash adhesive; American International Industries, Los Angeles, CA) and spirit
gum (Mehron Inc., Chestnut Ridge, NY). Rats were fit with Elizabethan collar and
monitored until fully recovering from anesthesia (<15 min.). Immediately thereafter, rats
were placed in darkness with free access to food and water until manganese administration
on the following day. Sutures remained intact and patches remained fully adhered to all
animals until scanning. Unless otherwise noted, all other experimental procedures were
performed under dim red light or darkness.

Manganese injection and visual stimulation
The next day, for all three experiments, MnCl2 was administered as an intraperitoneal
injection (66 mg MnCl2·4H2O/kg body weight) to awake and free-moving dark-adapted rats.
Immediately afterwards, rats were placed in a visual stimulation chamber for 8 h as
previously detailed (Bissig and Berkowitz, 2009). Briefly, animals were housed individually
in a 32.5 cm × 32.5 cm × 17 cm tall box with four fourteen-inch computer monitors as walls.
During the 8 h stimulation period, a variably rotating and processing square-wave grating
with variable cycle width was simultaneously displayed on each screen using Vision Egg (v.
1.0; Straw, 2008). At the end of the 8 h stimulation period, animals were promptly prepared
for MRI scanning.

In the present experiments, a white and dark-gray grating was used, with a resulting display
brightness of 70 lx, as measured at the apparatus center. This setting was chosen over the 8
lx display used previously (Bissig and Berkowitz, 2009) to facilitate functional imaging of
the retina: The outer retinal response to light, measured in vivo with MEMRI (Berkowitz et
al., 2009b), is proportional to the logarithm of the overall light intensity. While the response
of central visual structures (SC, V1, dLGN) to non-flashing patterns is somewhat reduced at
higher light levels, robust responses are present even at 16,000 lx (Cooper and Allen, 1995).

MEMRI procedure
Prior to MEMRI examination, animals were anesthetized with intraperitoneal urethane
injection (36% solution in 0.9% saline, prepared fresh daily; Aldrich, Milwaukee, WI).
Urethane was dosed incrementally until the level of anesthesia was adequate for scanning,
with Sprague Dawley rats (Exp. 1) requiring a dose of 2.2±0.2 ml/kg body weight (mean
±SD), and Long–Evans rats requiring 3.0±0.4 ml/kg in Exp. 2 and 3.4±1.1 ml/kg in Exp. 3.

In Exps. 1 and 2, MRI data were acquired on a 4.7T Bruker Avance system. MRI scanning
sessions started with a whole-brain scan, performed with a whole-body transmit-only coil
and a 3 cm internal diameter receive-only surface coil placed dorsal to the head, using a 3D
RARE sequence (repetition time [TR] 330 ms; echo time [TE] 6.9 ms, with a RARE factor
of 8, for an effective echo time of 28 ms; number of acquisitions [NA] 4; matrix size
216×248×120; field of view [FOV] 2.81 × 3.22 × 3.12 cm3; providing a resolution of 130
μm×130 μm×260 μm; 37 min/image). Afterwards, a scan of the left eye was performed with
a two-turn transmit/receive surface coil (1.0 cm diameter) placed over the eye, using a 2D
adiabatic spin-echo imaging sequence (TR 350 ms; TE 16.7 ms; NA 16; sweep width 61,728
Hz; matrix size 256×512; slice thickness 620 μm; FOV 12×12 mm2, providing and in-plane
resolution of 46.8 μm (superior–inferior)×23.4 μm (axial); 23 min/image). Scanning
sessions ended with a scan of the right eye, which used the same procedure as the left eye
scan. For these scans, the retina was imaged in a slice intersecting the center of the lens and
the optic nerve head. For Exps. 1 and 2, we also scanned a phantom roughly the size of a
rat’s head (containing a 10 to 1 mixture of water to 0.67 mM MnCl2 in saline) using the
whole-brain scanning parameters. Data from this phantom were used to model signal
intensity change as a function of distance from the 3 cm surface coil.
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In Exp. 3, MRI data were acquired on a 7T Bruker ClinScan system. The whole-brain scan
was performed first, with a transmit-only whole body coil and a receive-only surface coil (2-
element phased array for the rat brain) placed dorsal to the head, using a method recently
introduced by Van de Moortele et al. (2009). In MEMRI, differential manganese uptake
primarily affects tissue T1 (Chuang et al., 2009). However, several other variables modify
the signal intensity measured in standard T1-weighted images, such as tissue proton density,
distance from receive-coil, and B1 inhomogeneity. The influence of these variables is shared
by gradient echo images acquired with a small flip angle (proton density weighted,
“PDGE”), and magnetization prepared rapid acquisition gradient echo (MPRAGE) images.
Under the constraints described by Van de Moortele et al. (2009), MPRAGE signal intensity
maps can be divided by PDGE maps, resulting in a largely-unbiased ratio map, weighted
heavily by tissue T1. In the present work, brain images were acquired with a turbo-FLASH
sequence both with and without a slice-selective inversion pulse to collect MPRAGE and
PDGE images, respectively, that shared almost all parameters (flip angle of 3°; TE 3.03 ms;
NA 1; matrix size 192×192×128 (i.e. 112+16 for slice oversampling); echo spacing 7.77 ms;
FOV 2.50 × 2.50 × 2.91 cm3; providing a resolution of 130 μm×130 μm×260 μm). We use
“TRSiemens” and “TISiemens” to denote inputs to Siemens’ Syngo software, which signify
different parameters than TR and TI (inversion time) as sometimes used by other authors
describing the turbo-FLASH sequence (e.g. McRobbie et al., 2003; Van de Moortele et al.,
2009). For instance, when no inversion pulse is used, the lowest permitted setting for
TRSiemens is the number of steps in a single phase encode step (here, 128 slices) multiplied
by echo spacing (here, 7.77 ms). Acquisition time, in turn, is TRSiemens multiplied by the
number of phase encode steps (here, 192). MPRAGE images used a TRSiemens of 2500 ms
and a TISiemens of 1500 ms (requiring 8 min/image), and PDGE images used a TRSiemens of
1000 ms (3 min 12 s/image). For subsequent retinal imaging, T1 mapping was performed
using the partial saturation method: Spin-echo images are acquired at several TRs, and tissue
T1 is determined with an exponential fit to the signal intensity data (described below). Using
a 1.0 cm diameter receive-only coil, retinal images (TE 13, matrix size 160×320, slice
thickness 600 μm; FOV 8×8 mm2; providing and in-plane resolution of 50 μm (superior–
inferior)×25 μm (axial)) were collected with each TR in the following order, and multiple
single images (#) were acquired at some TRs and later averaged to improve signal-to-noise:
TR 0.15 s (6), 3.50 s (1), 1.00 s (2), 1.90 s (1), 0.35 s (4), 2.70 s (1), 0.25 s (5) and 0.50 s (3).

As in previous work (Bissig and Berkowitz, 2009), whole-brain scanning began about 9 h
after manganese administration, (mean (SD) for Exps. 1, 2 and 3, respectively: 8 h and 49
min (7 min); 9 h and 3 min (35 min); 8 h and 47 min (10 min)). Scans of the left eye always
preceded scans of the right eye, beginning about 10 h after manganese administration (9 h
and 53 min (8 min); 10 h and 12 min (37 min); 9 h and 53 min (4 min)), with scans of the
right eye starting about 11 h after manganese administration (10 h and 46 min (30 min); 11 h
and 7 min (44 min); 11 h and 10 min (5 min)). Rectal temperatures were continuously
monitored during scanning sessions, and body temperature was maintained with a heated
recirculating water system. All animals were alive throughout scanning, after which they
were humanely euthanized.

Data processing: retina
The retina was processed as in previous work (Berkowitz et al., 2010): High-order
polynomials spanning from ora serrata to ora serrata were fit to the provisional retina/
vitreous border through a semi-automated process. Then, retinal signal intensities were
sampled regularly along lines perpendicular to those polynomials, and organized as a
linearized image (Fig. 1B). In Exp. 3, the images collected for each eye were registered
(rigid-body) before linearization. After linearization of Exp. 3 data, a moving-window
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approach (1.5 mm width) was used to ensure the retina–vitreous border (determined using
the half-height method employed by Cheng et al., 2006) was well-aligned across TRs.

Retinal extent was measured from each hemiretina as the distance from the ora serrata to the
optic nerve head. Linearized data were binned by % retinal extent into ten equal segments
per hemiretina. For each bin, the average signal intensity (SI) as a function of retinal depth
was then found (Fig. 1C). In Exp. 3, this procedure was repeated for images at each TR, and
T1 values calculated with this binned data using R (v. 2.9.0; R Development Core Team
(2009); http://www.R-project.org) scripts developed in-house, and the minpack.lm library
(v. 1.1.1, written by Timur V. Elzhov and Katharine M. Mullen): Using the Levenberg–
Marquardt nonlinear least-squares algorithm, a 3-parameter equation was fit to SI data of
each bin as a function of TR ( SI=a+b(exp(−TR/c)), where a, b, and c are fitted parameters,
and c is the calculated T1).

Within each data bin, the vitreous–retina, and retina–choroid borders were found with the
“half height” method used elsewhere (Cheng et al., 2006; Berkowitz et al., 2009a; Berkowitz
et al., 2010), and subtracted to calculate retinal thickness. In this approach, the border
between adjacent structures (e.g. vitreous and retina) is found at the signal intensity midway
between the local minimum (vitreous) and maximum (retina) (Fig. 1D). Linearized data
were organized by distance from the vitreous–retina border according to % of the retinal
thickness within each bin (Fig. 1E). In this configuration, all retinal data is spatially
normalized in both dimensions (% retinal extent by % retinal thickness). Since each retinal
layer occupies a similar percentage of the whole-retinal thickness throughout development
and across retinal eccentricities (Braekevelt and Hollenberg, 1970), subsequent functional
comparisons are straightforward.

Next, high-order polynomials were fit to the vitreoretinal border of the superior, then to the
inferior, hemiretina. Retinal thickness data were then remapped on to the in situ image of the
eye (Fig. 1G), and used to calculate polynomial best-fit lines for the retina/choroid border of
each hemiretina. The above polynomial functions were then integrated about the central axis
of the eye to estimate retinal volume and surface area.

For functional comparisons, only data from the central retina – from 10 to 30% of the total
retinal extent (Figs. 1 and 2) – was analyzed. The lower limit (10% extent) was set to avoid
the optic nerve head (see Fig. 2). This region was retained in the analyses of retinal
structure, however, since reasonable determination of retinal borders is possible given the
large size of bins, relative to the optic nerve head (Figs. 1 and 2). The upper limit (30%
extent) is set for Exps. 1 and 2 to limit the influence of surface coil signal intensity gradients
on functional measurements: These artifacts are caused by relative tissue distance from the
surface coil, and although they are largely removed in Exp. 3 through calculation of tissue
T1, the upper limit (30% extent) is retained. Functional analysis of the periphery is also
problematic given the thinness of the peripheral retina and the present image resolution. The
far-peripheral retina is roughly 130 μm wide (see Results), and spatial resolution
perpendicular to the peripheral retinal surface is 46.8 and 50 μm in Exps. 1,2 and 3,
respectively. Therefore, a band of peripheral retinal tissue only 1 to 2 pixels wide is free of
partial volume averaging with, variously, the vitreous or the choroid and sclera. This is
especially relevant in Exp. 3, where accurate measurement requires that signal differences
from one TR to the next mainly depend on tissue T1. At stark structural borders, however,
signal and calculated T1 depends heavily on each tissue’s exact contribution to a partial-
volume average. Higher relative resolution, like in the central retina, is needed to extract
meaningful layer-specific functional data.
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In Exps. 1 and 2, signal intensities were muscle-normalized before paired functional
comparisons of the patched and unpatched eye. Mean signal intensity (SI) was measured in
three regions of muscle present in each image pair, at a similar distance from the central
retina. Then, muscle signal intensities (normalized only to background noise) were
compared in patched versus unpatched eyes, to check that the following step would not
introduce a systematic bias: Next, muscle SIs were used to normalize retinal SIs (i.e.
normalized retinal SI=retinal SI/muscle SI ). Whenever signal intensities are normalized, it
is also advisable to test a nearby negative control region. We therefore analyzed the
identically-normalized vitreous just interior to the central retina — from 50 to 100 μm from
the retina/vitreous border. For completeness, we also compare vitreous and muscle T1 data
from patched versus unpatched eyes in Exp. 3.

In all experiments, functional data (signal intensity or T1) and structural data (thicknesses
and retinal extents) from the superior and inferior hemiretinas were averaged for further
analysis (Fig. 1F). This simplifies the analysis, and further reduces measurement variability
due, for instance, coil position and tilt in Exps. 1 and 2. A post-hoc analysis of hemiretina-
specific data was consistent with the hemiretina-averaged data that we present below (data
not shown).

Data processing: brain
First, the relationship between signal intensity and distance from the surface coil was
modeled with the phantom data, then used to correct signal intensities in each brain image in
Exps. 1 and 2, as in Bissig and Berkowitz (2009). For each subject in Exp. 3, the PDGE
image was registered to the MPRAGE image in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/),
then used to calculate a ratio image (MPRAGE/PDGE) (see Fig. 3). While these correction
methods are imperfect, remnants of the rostrocaudal and dorsoventral components of the
receive coil inhomogeneity have little influence in the present work: All analyses of the
visual system, described below, compare the patched side of the rat to the unpatched side in
a pairwise fashion, leaving only a mediolateral component to influence results. For this
reason, the analysis of visual regions is accompanied by the analysis of several negative
control regions at a similar distance from the brain midline.

As in Bissig and Berkowitz (2009), three strategies were used to analyze the functional brain
data. The first of these, a whole-region of interest (ROI) analysis, was used for the dorsal
lateral geniculate nucleus (dLGN) and two negative control regions: the medial geniculate
nucleus (MGN) and inferior colliculus (IC). Mean values for the dLGN were calculated in
MRIcro (v. 1.40, Rorden and Brett, 2000) with hand-drawn ROIs based on the rat brain atlas
of Paxinos and Watson (2007). Mean values for the MGN and IC were calculated similarly
using spherical ROIs (radius: 520 μm) placed in the center of each structure. In an
alternative analysis, we re-examined the IC with a focus on the superficial 700 μm of that
structure, using an approach similar to that applied to the superior colliculus (described
below). Since statistical conclusions for this negative control region were similar in both
analyses, only results from the ROI analysis are shown. All other regions of the brain were
analyzed to preserve layer-specific information.

The superior colliculus (SC) was analyzed with ImageJ (Rasband, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–
2009). Signal intensities and MPRAGE/PDGE values were measured as a function of depth
by hand-drawing lines perpendicular to the structure’s surface (as in Silva et al., 2008;
Bissig and Berkowitz, 2009) in six coronal slices (spaced evenly from, approximately,
bregma −7.2 mm to bregma −5.9 mm) along six lines per slice (3 per brain hemisphere).
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Analysis of neocortical regions proceeded, with slight modification, as detailed in Bissig and
Berkowitz (2009). Briefly, the brain was digitally extracted from the surrounding tissue, and
linearized with R scripts developed in-house. Along polynomials fit to a “silhouette” of the
brain in each coronal slice, perpendicular lines were drawn every 32.5 μm. Based on the
brain’s contour within 390 μm×390 μm×910 μm (mediolateral×dorsoventral×rostrocaudal)
area centered where each perpendicular meets its polynomial, the perpendicular lines are
tilted, either rostrally or caudally, to be normal to the brain surface. Cortical data were
sampled every 32.5 μm along those lines, and organized as a linearized image. To control
for slight inconsistencies in the location of the linearized brain surface, a narrow moving
window was used to align the brain surface near the top of each linearized image: In Exps. 1
and 2, the average signal intensity profile as a function of distance from the polynomial was
found within a 812.5 μm window centered on a each line of values extracted from the
original image. The provisional brain/no-brain border was found with the “half height”
method (see above), and used for alignment. In experiment 3, this moving-window
procedure was altered slightly. As seen in Fig. 3, and in Van de Moortele et al. (2009), ratio
images will sporadically show high MPRAGE/PDGE values for tissues with very low signal
intensity in both PDGE and MPRAGE images, like bone. This effect complicates direct
application of moving-window procedure to ratio images. We therefore linearized the
MPRAGE image with the same coordinate transform used for the ratio image, and used this
to calculate the moving-window adjustments applied to the linearized ratio image.

Cortical regions of interest were selected using the digitalized version of the Paxinos and
Watson (2007) rat brain atlas, which was linearized and manually aligned with the present
data. R scripts developed in-house used this flattened map to calculate average profiles of
signal intensity (or MPRAGE/PDGE ratio) as a function of cortical depth in two negative
control regions – the primary motor cortex (M1) and forelimb region of the primary
somatosensory cortex (S1FL) – and several subsets of the visual cortex: the monocular,
binocular, and rostral divisions of the primary visual cortex (V1M, V1B, and V1,
respectively), the lateral secondary visual cortex (V2L), and the medial secondary visual
cortex (with the mediomedial and mediolateral portions analyzed as a single region,
“V2M”).

Excluded data
Portions of the retina were occasionally excluded from analysis because of image artifacts.
In these cases, data from the artifact-free hemiretina was used in place of an average of
superior and inferior hemiretina. In Exps. 2 and 3, all subjects had useable data throughout
the retina from one or both hemiretinas of each eye. However, this was not true of three
subjects in Exp. 1. The retinal data, but not the brain data, of these subjects were excluded
from all further analysis. One subject lacked high-quality data from a small portion of the
periphery from both hemiretinas of the patched eye (bin 70–80%). Only when validating
retinal thicknesses at that peripheral location were this subject’s data excluded. When
evaluating retinal thicknesses, data from the far periphery (90–100% extent) were ignored,
since partial inclusion of ora serrata and ciliary body could not be ruled out. For all subjects,
functional data within 10% of the total retinal thickness from the retina/vitreous and retina/
choroid borders were not analyzed due to partial-volume averaging concerns.

In Exp. 3, usable brain data could not be collected from one of the five subjects, which had
the left eye patched. As in Bissig and Berkowitz (2009), no brain data falling within a 2.4
mm buffer centered at the longitudinal fissure was analyzed. For all subjects, data adjacent
to the brain/no-brain border was not analyzed due to partial-volume averaging concerns. In
cortical regions, data at depths corresponding to the cortical white matter and beyond was
also left unanalyzed. Thus, data at depths corresponding to layers II through VI were
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analyzed in each cortical region, as were the superficial gray and optic nerve layers in the
SC.

Statistics
Retinal morphology—Preprocessing of the retinal data yielded, from each eye,
measurements of retinal extent, surface area, volume, and whole-retinal thickness
measurements as a function of % extent (i.e. eccentricity). Linear regression analyses
comparing the patched to unpatched eyes were used for internal validation of each variable.
Inter-individual comparisons of retinal morphology are provided as supplemental material.
For all aforementioned testing, P<0.05 was considered significant.

Retinal function—Preprocessing of the retinal data yielded, for each eye, profiles of
normalized signal intensity (and in Exp. 3, 1/T1) as a function of % retinal thickness. To
compare manganese uptake in the patched (dark-adapted) retina versus the unpatched (light-
exposed) retina, paired t-tests were performed at all points not excluded due to partial-
volume averaging concerns. Given our previous rodent studies on light-dependent retinal
manganese uptake (Berkowitz et al., 2009a; Berkowitz et al., 2006; Berkowitz et al., 2009b;
Tofts et al., 2010), and work of others indicating that the rat outer retina is more active and
ion-permeable in darkness than in light (e.g. using radiolabeled deoxyglucose, Morjaria and
Voaden, 1979; and see Yau, 1994 for review) these were treated as planned one-tailed t-tests
(patched>unpatched; α=0.05). Next, the weighted Z-transform method – a meta-analytic
technique for assessing significance across several tests of the same hypothesis (Whitlock,
2005) – was used to combine tests for light-dependent layer-specific retinal manganese
uptake: In this approach, p-values from each of the three experiments are weighted by each
test’s degrees of freedom, and combined to yield a single “consensus” p-value. To coarsely
relate functional data to the inner versus outer retina, the relative location of the border
between the inner nuclear and outer plexiform layers was derived from published in vivo
optical coherence tomography measurements (Srinivasan et al., 2006a; Srinivasan et al.,
2006b). An identical statistical approach was used to compare values for the vitreous in each
experiment, as well as muscle (noise-normalized signal intensities in Exp. 1 and 2, and 1/T1
in Exp. 3), where no differences between patched and unpatched eye were expected.

Brain function—Preprocessing of brain data yielded, for each brain hemisphere, profiles
of signal intensity (and in Exp. 3, MPRAGE/PDGE ratios) as a function of depth into the
cortex and SC. To compare manganese uptake in the brain hemisphere on the patched side
of the head – the visually stimulated hemisphere contralateral to the light-exposed eye – to
uptake in the opposite “unpatched” hemisphere, paired t-tests were performed at all points
not excluded due to partial-volume averaging concerns. Whole-region means for the MGN,
IC, and dLGN were analyzed in the same fashion. Given previous literature showing
increases in activity during monocular visual stimulation in the dLGN, SC, primary visual
cortex, and V2L contralateral to the visually-stimulated eye, (e.g. using radiolabeled
deoxyglucose, Rooney and Cooper, 1988; measuring c-fos induction, Montero and Jian,
1995; using single-unit recordings Diao et al., 1983), these were treated as planned one-
tailed t-tests (hemisphere ipsilateral to patchNunpatched side; α=0.05). Data from negative
control regions were tested in the same fashion. To coarsely relate functional data to
histological boundaries, cortical and SC layer thicknesses were derived from previous
literature and averaged as in Bissig and Berkowitz (2009) (cortex: Gabbot and Stewart,
1987; Kreig, 1946; Zilles, 1985; SC: Ortega et al., 1995; Pellegrino et al., 1979; Toga and
Collins, 1981). As for the retina, tests for stimulation-dependent layer-specific retinal
manganese uptake were combined across experiments using the weighted Z-transform
method. Considering the abundance of planned statistical tests, we decided to highlight
particularly robust statistical findings: Locations with significant functional findings below a
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false-discovery rate (FDR) threshold of q=0.05 are therefore noted. FDR calculations were
performed with the typical type 1 constant (i.e. c(V)=1; see Genovese et al., 2002), using the
weighted Z-transform p-values calculated from all paired tests (brain and retina alike) of
functional data.

Comparison of Sprague Dawley and Long–Evans rats—Visual system differences
between albino and pigmented rats have been noted in previous studies. For instance, albino
rats have poorer visual acuity than pigmented rats (Douglas et al., 2005; Prusky et al., 2002),
and baseline glucose utilization in higher in the visual cortex of pigmented rats (Batipps et
al., 1981). We used data from Exps. 1 and 2, which use identical MRI parameters, to probe
for functional differences between Sprague Dawley and younger Long–Evans rats. Patched/
unpatched ratios were calculated for each subject at each retinal and brain location tested. In
a first-pass analysis, these data were compared between experiments with unpaired two-
tailed t-tests. Further analysis used sequential regression to first assess the relationship
between age and patched/unpatched ratio, and then assess any additional relationship to
animal strain. For these tests, previous literature is insufficient to justify planned
significance testing. Therefore, only p-values falling below an FDR threshold of q=0.05
were considered significant. Tests failing to reach this threshold, but with p-values less than
0.05, were considered marginally significant.

Results
Retinal morphology

The results of regression analyses comparing the patched to unpatched eyes are detailed in
Supplemental Table 1. Briefly, good agreement was found between measurements of retina
volume, extent, and surface area (all P<0.05). Retinal thickness measurements were well-
correlated at most eccentricities (0 through 70% extent, P<0.05). This was not true of the
far-peripheral retina, however, where the retina is thinnest, spatial resolution perpendicular
to the vitreoretinal border is worst, and inter-individual differences are minimal (see
Supplemental Fig. 2).

Functional retinal data
In all three experiments, the outer retina of the patched (dark-adapted) retina accumulated
significantly more Mn2+ than in the light-exposed eye, as illustrated by signal intensity and
1/T1 ratios greater than 1 (Fig. 4). In Exps. 1 and 2, for much of the inner retina, Mn2+

uptake was no different in patched and unpatched eyes (10 to 24% thickness, P>0.05 within
and across experiments). To facilitate comparison of strain and imaging methods used in
each experiment, the maximum effect size estimate (mean of differences between patched
and unpatched eye, divided by the standard deviation of those differences) found in the outer
retina and inner retina alike are provided (Table 1). Consistent with expectations, no
differences were found between patched and unpatched eyes at either the muscle or vitreous
(for each tissue, P>0.05 in each experiment and across experiments).

Functional brain data
Across experiments, portions of each visual region accumulated significantly more Mn2+ on
the patched side of the brain – contralateral to, and receiving information mainly from, the
visually-stimulated eye – than on the unpatched side. This activity-dependent Mn2+

accumulation, illustrated by signal intensity and MPRAGE/PDGE ratios greater than 1, is
shown for each experiment in Fig. 5. All locations showing significant stimulation-
dependent increases in Mn2+ uptake, based on weighted Z-transform tests, are listed in
Table 1 along with the corresponding maximum effect size estimates. The subset of region
layers with results below the FDR threshold (q=0.05) is also noted in Table 1. In each
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experiment, as well as in across-experiment testing, no significant differences were noted in
negative control regions (IC, MGN, S1FL, M1; Fig. 6) (all P>0.05).

Comparison of Sprague Dawley and Long–Evans rats
We found no significant effects of age or strain (all t-tests P>0.05; all regression models
P>0.01). There were few marginal results, including the outer retina where ratios tended to
increase with age.

Discussion
In this study, we developed and applied a new MEMRI protocol for measuring, in a single
scanning session, function of the retina and brain. In the rat, patching one eye allows for
monocular visual stimulation, and provides a potentially powerful experimental design:
Within-subject functional comparisons can be performed throughout the visual system —
between the patched and unpatched eyes, and between brain hemispheres. Indeed, we found
robust stimulation-dependent Mn2+ uptake in the outer retina, dLGN, throughout V2L, and
most of the primary visual cortex — particularly at depths corresponding to layer IV of each
sub-section of that region (V1, V1M, V1B). Consistent with expectations, no stimulation-
dependent Mn2+ uptake was noted at negative control regions from auditory, somatosensory,
and motor systems (IC, MGN, S1FL, M1). No significant differences in stimulation-
dependent Mn2+ uptake were noted between Exps. 1 and 2 (Sprague Dawley versus Long–
Evans rats). Morphological measurements from the left and right eye were well-correlated.
These results underscore MEMRI as a powerful approach for investigating, in a single
session, the visual system in rodents.

As expected, the outer retina demonstrated robust light-dependent Mn2+ uptake in each
experiment. In never-patched rat and mouse models, the biological relevance of retinal Mn2+

uptake is well-established (Berkowitz et al., 2006; Berkowitz et al., 2009a; Berkowitz et al.,
2009b; Berkowitz et al., 2010; Tofts et al., 2010). In this study, in three different
experiments, in different rat strains, using different scanner settings and hardware, we again
find the expected light-dependent difference in Mn2+ uptake at the outer retina – but not
muscle, or very nearby vitreous, or Mn2+-enhanced portions of the inner retina (10–22%
depth) – between patched and unpatched eyes. It is therefore unlikely that an artifact of
either the acquisition or processing of MEMRI data could, in all experiments, cause only
some layers of the retina to systemically and significantly differ according to whether or not
an eye is patched. We also note that – in contrast to the Mn2+-enhanced images analyzed
presently – in ongoing experiments in our lab using patched animals never injected with
Mn2+, baseline tissue 1/T1 is no higher in the retinas of patched than unpatched eyes. The
results in this work are consistent with the literature: Patched/unpatched differences robustly
reflect outer retinal dark/light physiology. It was therefore somewhat surprising, when
combining results across experiments, that smaller but significant light-dependent Mn2+

uptake was also found in much of the inner retina. This contrasts with previous work in adult
rodents (Berkowitz et al., 2009a; Berkowitz et al., 2009b) which consistently found no light-
dependant changes in inner retinal uptake. We considered the possibility that the eye patch
somehow altered the patterns of Mn2+ uptake in light- and dark-adapted eyes, relative to the
eyes of patch-free light-adapted (PfL) or patch-free dark-adapted (PfD) adapted animals.
Indeed, initial studies in our lab suggest that the patch can modestly influence retinal Mn2+

uptake in unpatched versus PfL eyes. Most aspects of the patching procedure nevertheless
seem benign: Potential complications (e.g. change in intraocular pressure) would be equal or
greater in the patched than the unpatched eye, but, importantly, we find no differences
between patched and PfD eyes. We further note that no light/dark differences are detected in
the inner retina when scanning takes place roughly 4 h post manganese injection – as in the
studies referenced above – instead of the present 10–11 h post-injection. This applies to both
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patched versus unpatched and PfL versus PfD comparisons. Thus, the present inner retinal
findings seem influenced by the timing between injection and scan. The reasons for this time
dependence are not clear, but may involve transport of Mn2+ from the dark-adapted outer to
inner retina, given the rates measured in optic nerve transport (generally>2 mm/h, Watanabe
et al., 2001; Olsen et al., 2010). Future investigations are warranted with data collected at
different time durations post manganese injection to investigate this possibility.

In Exps. 1 and 2, differences in the distance between the surface coil and sections of the
retina will introduce variability since signal intensity will be higher in tissue closer to the
surface coil. Thus, quantitative comparisons of functional Mn2+ uptake in both central and
far-peripheral retina may be influenced by such variability, although far-peripheral retina
much more so than central retina. These concerns motivated our investigation of alternative
acquisition methods, such as partial-saturation T1 calculation in Exp. 3, which is
independent of coil distance. In Fig. 2, several eye images are shown, which illustrate the
variability in far-peripheral superior versus inferior retina (and adjacent tissues) in raw
signal intensity images. While T1 maps are free of this artifact, analysis of the far-peripheral
retina would still be problematic at the present image resolution due to partial-volume
averaging (see Methods, and Fig. 2 legend). In addition to the above methods choices, we
believe that the present approach of averaging superior and inferior retina further minimizes
such variability.

We previously used binocular visual stimulation to examine the rat brain function with
MEMRI (Bissig and Berkowitz, 2009). In that study, we noted binocular stimulation-
dependent Mn2+ uptake in layer IV of the primary visual cortex, but not at the dLGN or
V2L. In previous 2-14C deoxyglucose studies, all three regions responded avidly to
monocular visual stimulation, (Cooper and Allen, 1995; Rooney and Cooper, 1988). We
speculated that the differential findings between those studies and our past work resulted
from use of monocular vs. binocular stimulation. Alternative explanations, such as the
choice of animal strain or manganese dose, or regional differences in cortical Mn2+ uptake
(e.g. Bock et al., 2009), are ruled out by the present findings of strong stimulation-dependent
uptake in the dLGN and V2L in both strains. However, we did find some differences
between the present MEMRI and past 2-14C deoxyglucose work. Herein we report modest
but significant (P<0.05) stimuation-dependent Mn2+ uptake at V2M (Table 1), where none
was reported using 2-14C deoxyglucose (Cooper and Allen, 1995; Rooney and Cooper,
1988). One trivial explanation is that the location of the rat primary visual cortex is known
to vary from subject to subject relative to stereotaxic coordinates (Gias et al., 2005; Zilles,
1985) and the stereotaxically-defined functional regions used here included data from
adjacent regions. Similarly, modest findings for some of V1M – where activity is expected
to meet or exceed that of V1B (Cooper and Thurlow, 1991; Diao et al., 1983) – may
represent encroachment of a quiescent V2M. An alternative explanation recognizes that the
uptake of manganese and 2-14C deoxyglucose represent different aspects of neuronal
activity. In any event, collection of both MEMRI and 2-14C deoxyglucose data from each
subject could address these possibilities.

In many past MEMRI studies, only signal intensity data were collected. However, signal
intensities are influenced by variables independent of neuronal activity, like distance from
the receive coil. Normalizing the intensity data to adjacent tissue – either muscle (Alvestad
et al., 2007; Berkowitz et al., 2010; Brozoski et al., 2007; Fa et al., 2010; Holt et al., 2010)
or control brain regions (Angenstein et al., 2007; Bissig and Berkowitz, 2009) – is a
common way to address this concern. However, this approach is not optimal since the
corrections are imperfect and some conditions, such as aging or diabetes, may cause global,
rather than region-specific, alterations in Mn2+ uptake, confounding data interpretation.
Thus, in Exp. 3 of this study, we evaluated T1 mapping of the retina and a recent approach to
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T1-weighted brain imaging suggested by Van de Moortele et al. (2009). In the retina, T1
mapping yielded significant differences between the patched and unpatched eyes, with
similar effect sizes to those from T1-weighted imaging in Exps. 1 and 2 but without having
to normalize the data. T1 mapping is also applicable to the rat brain, but remains non-trivial,
requiring prolonged acquisition times to achieve useful spatial resolution (Chuang and
Koretsky, 2006; Chuang et al., 2009). For the brain, we found that Van de Moortele et al.
(2009)’s MRPAGE/PDGE ratio technique was able to address the aforementioned problems
with signal intensity data, with acceptable acquisition times, while retaining the sensitivity
of MPRAGE images to tissue manganese concentrations (Lee et al., 2010). For example, we
found significant stimulation-dependent Mn2+ uptake at the dLGN, and acceptable effect
sizes in other visual regions. These results provide some justification for future study of Van
de Moortele et al. (2009)’s MRPAGE/PDGE ratio approach in MEMR imaging.

In the present study, we have developed and applied several new approaches to MEMRI
investigation of the retina and brain in a single subject and scanning session. The present
high-resolution MEMRI measures are not limited to the visual system, and may be applied
to other brain regions and sensory structures. Use of these techniques is anticipated in, for
instance, longitudinal studies of aging and chronic disease, where non-invasive
measurement of nervous system structure and physiology is preferred.

Supplementary materials related to this article can be found online at doi:10.1016/j.desal.
2011.06.058.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Data analysis for the retina, shown for a representative image of the eye before (A) and after
(B) digital linearization of the retina (white bars and arrow provide orientation between A
and B). After linearization, retinal extents – the distance from the optic nerve head to ora
serrata – are measured for the superior and inferior retina. After binning retinal data in 10%
increments of retinal extent (10 bins per hemiretina), mean retinal layer-specific signal
intensities are found within each bin (C). Expressing the mean data for each bin as a profile
of signal as a function of distance from the (provisional) retina/vitreous border (D), the
retina/vitreous and retina/choroid borders are found by the half-height method (D; gray
vertical lines). These borders are used to calculate retinal thickness for each bin, to estimate
retinal volume (G–H), and to organize binned data as a function distance from the retina/
vitreous border by % of whole-retinal thickness (E). Finally, data from the superior and
inferior retina – signal intensities, as well as retinal extents and bin-specific thicknesses – are
averaged for later analysis (F). For each hemiretina, a polynomial along the retina/choroid
border is found after re-mapping retinal thickness data on to the original image. Polynomials
for the retinal borders, shown for the superior retina in G, are integrated about central axis of
the eye (H) to estimate retinal surface area and volume for each hemiretina. Note that greater
signal intensities from the central towards the peripheral retina are primarily caused by the
closer proximity of peripheral retina to the surface coil. Functional comparisons are
restricted to the central retina (10–30% extent) in the present work.
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Fig. 2.
Representative images of the patched (right column) and unpatched eye from three animals.
Images from Exps. 1 and 2 share the same scale bars (mm, and grays in muscle-normalized
units). Grayscale images from Exp. 3 – shown for two of eight available TRs – share the
same arbitrary linear units of signal intensity. 1/T1 maps are shown in color, in units of
inverse seconds, with water-poor areas (lens center and background) masked in black.
Below, the central retina (10 to 30% extent; arrows to arrowheads) of both eyes is enlarged
to show contrasting patterns of inner retina, which is similar in both eyes, and outer retina,
which shows lower values (blues and greens) in the unpatched than in the patched eye. A
rim of high 1/T1 values (~2.25 s−1) is visible for pixels on the border of retina with choroid
(and sclera), and is an artifact of partial-volume averaging. In the analysis of central retinal
function, this rim of artifact is in the excluded portion of profiles (90 to 100% depth). The
artifact is exaggerated in far-peripheral retina – which is omitted from the present analyses
of function – where the retina is thinnest, and image resolution perpendicular to the retinal
surface is relatively low. Analysis of the iris and fine structure of the ciliary body are also
susceptible to partial-volume artifacts at the present resolution, and these tissues were not
evaluated in this study. In grayscale images, the higher signal intensities in the peripheral
versus central retina (and adjacent vitreous) are influenced by coil proximity, as is the signal
variability in far-peripheral superior (image left) versus inferior (image right) retina. These
signal intensity gradients are less steep in the central retina (10–30% extent), and their
influence in analysis of central retinal function is further diminished by averaging superior
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and inferior retina. These signal gradients are removed when calculating 1/T1. Slight
distortions in shape of the eye arise when the proptosed eye fits poorly within the surface
coil, are most visible for the larger eyes of Exp. 1 rats (see Supplemental Fig. 1), but are
unlikely to influence results: Mn2+ uptake reflects neuronal activity in the conscious animal
prior to scanning, as evidenced by the presence of light/dark differences hours after
monocular light exposure (Fig. 4), and previous tests in our lab that found no difference in
Mn2+ uptake measurements from retinas of living versus recently-euthanized rats
(unpublished data). As noted in the main text, formal calculation of retinal T1 always
followed linearization, alignment to the vitreoretinal border, and spatial normalization — the
1/T1 maps shown here are for display purposes only. Brain images from the same three
animals are shown in Fig. 3.
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Fig. 3.
Representative brain images from three animals, both before (gray) and after (color) signal
correction for distance from surface coil. The patched side of each is shown on the right side
of each slice. Brain regions of interest are labeled on Exp. 2’s raw images (see main text for
abbreviations). SC is marked with three lines per hemisphere, representing the sampling
method at that structure. Raw images use a linear gray scale of arbitrary signal units to show
structural detail, while color images use a linear scale with a narrower range (scales at far
left, ranging roughly ±50% and ±25% of the middle value for the gray and color scales,
respectively). The narrower color range is applied to better-visualize stimulation-dependent
Mn2+ uptake that, averaging across several slices and animals, typically amounts to a 2–3%
difference in brain signal intensity (Fig. 5). As pictured, intensity comparisons are only
meaningful within a series of slices from a single brain image, which are arranged from
caudal (figure left) to rostral (figure right) and roughly correspond to bregma −8.8, −6.2,
−4.7, and 0.4 mm (Paxinos and Watson, 2007). Negative control regions show symmetrical
Mn2+ uptake throughout. In contrast, the dLGN, superficial SC, and portions of the visual
cortex show consistently higher Mn2+ uptake on the patched side of the animal, which
mainly receives information from the unpatched, visually-stimulated, eye. The ratio method
employed for Exp. 3 results in improved white versus gray matter contrast, but this can
complicate visual inspection of Mn2+ levels. For instance, the superficial SC clearly has
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greater signal intensity on the patched than unpatched side in the MPRAGE image, but is
symmetrical in the PDGE image, yielding a difference in MPRAGE/PDGE ratio consistent
with expectations. This narrow band of differential uptake in the superficial gray of the SC
is difficult to see in the ratio image near deeper, heavily-myelinated, midbrain structures.
The mm scale at the lower-left applies throughout. Eye images from the same three animals
are shown in Fig. 2.
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Fig. 4.
Layer-specific analysis of central (10 to 30% extent) retinal function in all three
experiments. Normalized signal intensity (Exps. 1 and 2) and 1/T1 (Exp. 3) ratios of the
patched (dark-adapted) eye to those of the unpatched (light-exposed) eye are shown. A ratio
of 1.0 (horizontal line) indicates identical Mn2+ uptake in patched and unpatched eyes, while
a ratio grater than 1.0 indicates greater Mn2+ uptake in the patched eye. Data are shown as a
function of distance from the retina/non-retina borders, where 0 is the vitreous/retina border
and 100 is the retina/choroid border. Note that the outermost retinal data (near 100%) likely
includes some signal from the choroid due to partial volume averaging and other factors
(Berkowitz et al., 2007a). Effect size estimates are provided for both inner and outer retina
in Table 1, aiding the interpretation of the higher ratio means and variability seen in Exp. 3
(see scale). For those areas tested (from 10% to 90% of the retinal thickness), * indicates
significantly greater Mn2+ uptake in patched eyes (P<0.05; paired one-tailed t-tests) at the
noted depths (thick horizontal bars). Solid profile lines denote±s.e.m of ratio data.
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Fig. 5.
Layer-specific analysis of brain function in visual brain regions for all three experiments.
Normalized signal intensity (Exps. 1 and 2) and MPRAGE/PDGE (Exp. 3) ratios of
visually-stimulated brain – ipsilateral to the patch – to unstimulated brain (on the unpatched
side of the head). A ratio of 1.0 (horizontal line) indicates identical Mn2+ uptake on each
side, while a ratio grater than 1.0 indicates greater Mn2+ uptake in the visually-stimulated
hemisphere of the brain. Profile data are shown as a function of distance from the brain/non-
brain border (Cortical Depth=0). To aid in interpretation, provisional borders of cortical
layers are shown (dashed lines) based on previous literature (see text). Effect size estimates
are provided for all tested layers with significant weighted z-transform results in Table 1,
aiding the interpretation of the higher ratio means and variability seen in Exp. 3 (see scale).
For those areas tested (dLGN and undimmed portions of the profiles), * indicates
significantly greater Mn2+ uptake on the visually-stimulated side of the brain (P<0.05;
paired one-tailed t-tests). Solid profile lines denote±s.e.m of ratio data. Superior colliculus
(SC) abbreviations: Zo — zonal layer; SuG — superficial gray; Op — optic nerve layer.
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Fig. 6.
Negative-control brain regions for all three experiments. Normalized signal intensity (Exps.
1 and 2) and MPRAGE/PDGE (Exp. 3) ratios of visually-stimulated brain – ipsilateral to the
patch – to unstimulated brain (on the unpatched side of the head). A ratio of 1.0 (horizontal
line) indicates identical Mn2+ uptake on each side, while a ratio grater than 1.0 indicates
greater Mn2+ uptake in the visually-stimulated hemisphere of the brain. Profile data are
shown as a function of distance from the brain/non-brain border (Cortical Depth=0). To aid
in interpretation, provisional borders of cortical layers are shown (dashed lines) based on
previous literature (see text). Effect size estimates are provided for all tested layers with
significant weighted z-transform results in Table 1, aiding the interpretation of the higher
ratio means and variability seen in Exp. 3 (see scale). For those areas tested (IC, MGN, and
undimmed portions of the profiles), * indicates significantly greater Mn2+ uptake on the
visually-stimulated side of the brain (P<0.05; paired one-tailed t-tests). Solid profile lines
denote±s.e.m of ratio data. Superior colliculus (SC) abbreviations: Zo — zonal layer; SuG
— superficial gray; Op — optic nerve layer.
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Table 1

Summary of functional data across experiments. All regions showing significant (P<0.05) stimulation-
dependent changes in Mn2+ uptake, based on across-experiment weighted Z-transform tests, are listed.
Particularly robust findings, where weighted Z-transform results fall below an FDR threshold of q=0.05 are
also noted (+). To facilitate between-experiment comparisons despite unequal N’s, the maximum effect size
estimates from each region are provided

Region Layer Maximum effect size estimate

Exp. 1 Exp. 2 Exp. 3

Central retina Inner + 1.24 1.12 1.57

Outer + 1.83 2.52 1.89

dLGN - + 0.70 0.74 1.46

SC SuG 0.73 0.12 1.71

V1 II/III + 0.96 1.44 1.02

IV + 0.95 0.52 0.62

V + 0.80 0.56 0.57

VI + 0.91 1.34 0.67

V1B II/III + 0.82 0.60 0.48

IV + 0.75 0.88 0.23

V + 0.73 0.77 0.22

VI 0.29 1.06 1.33

V1M II/III 0.51 0.71 1.28

IV + 0.75 0.34 0.84

V 0.39 0.29 0.95

V2M V 0.95 −0.04 0.69

V2L II/III + 1.14 1.46 0.24

IV + 2.05 0.94 0.15

V + 1.49 0.79 0.16

VI + 1.03 0.88 0.28
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