
Research article

Müller cell metabolic chaos during retinal degeneration
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a b s t r a c t

Müller cells play a critical role in retinal metabolism and are among the first cells to demonstrate
metabolic changes in retinal stress or disease. The timing, extent, regulation, and impacts of these
changes are not yet known. We evaluated metabolic phenotypes of Müller cells in the degenerating
retina.

Retinas harvested fromwild-type (WT) and rhodopsin Tg P347L rabbits were fixed in mixed aldehydes
and resin embedded for computational molecular phenotyping (CMP). CMP facilitates small molecule
fingerprinting of every cell in the retina, allowing evaluation of metabolite levels in single cells.

CMP revealed signature variations in metabolite levels across Müller cells from TgP347L retina. In brief,
neighboring Müller cells demonstrated variability in taurine, glutamate, glutamine, glutathione, gluta-
mine synthetase (GS), and CRALBP. This variability showed no correlation across metabolites, implying
the changes are functionally chaotic rather than simply heterogeneous. The inability of any clustering
algorithm to classify Müller cell as a single class in the TgP347L retina is a formal proof of metabolic
variability in the present in degenerating retina.

Although retinal degeneration is certainly the trigger, Müller cell metabolic alterations are not a
coherent response to the microenvironment. And while GS is believed to be the primary enzyme
responsible for the conversion of glutamate to glutamine in the retina, alternative pathways appear to be
unmasked in degenerating retina. Somehow, long term remodeling involves loss of Müller cell coordi-
nation and identity, which has negative implications for therapeutic interventions that target neurons
alone.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Retinal degeneration and remodeling

Retinal degenerations such as Usher Syndrome, retinitis pig-
mentosa (RP), and age-related macular degeneration (AMD) cause
irreversible vision impairment. These disorders ultimately cause
the death of all photoreceptors in large retinal areas, often triggered
by rod degeneration. During and following photoreceptor degen-
eration, the neural retina undergoes progressive remodeling,
including ectopic neuritogenesis, microneuroma formation, loss of
distinct layer lamination, Müller cell hypertrophy, metabolic alter-
ations of neurons and glia, and progressive neuronal loss (Kolb and
Gouras, 1974; Strettoi et al., 2002; Fisher and Lewis, 2003; Jones
et al., 2003; Marc and Jones, 2003; Marc et al., 2003; Strettoi
et al., 2003; Jones and Marc, 2005; Jones et al., 2005, 2011, 2012).

Abbreviations: adRP, autosomal dominant retinitis pigmentosa; AMD, age-
related macular degeneration; CDF, cumulative distribution function; CMP,
computational molecular phenotyping; CRALBP, cellular Retinaldehyde binding
protein 1; EAAT, excitatory amino acid transporter; GABA, g-aminobutyric acid;
GFAP, glial fibrillary acidic protein; GS, glutamine synthetase; KS test, Kolmogorov-
Smirnov test; mdCMP, morphology driven CMP; RPE, retinal pigmented epithelium;
RP, retinitis pigmentosa; rgb, red green blue; SNAT, sodium-coupled neutral amino
acid transporter; Tg P347L, rabbit rhodopsin proline 347 / leucine transgenic
model of autosomal dominant RP.
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Themechanisms of these alterations are not fully characterized and
their impacts on the long-term viability of therapeutic in-
terventions are uncertain (Marc et al., 2014).

1.2. Müller glia in degenerating retina

Müller glia are among the first to show metabolic changes in
retinal degenerations. Müller cells support many neuronal meta-
bolic processes including (but not limited to) glucose transport,
removal of NH3

þ byproducts, CO2, redistribution of Kþ, and recycling
amino acids (Newman et al., 1984; Wilson, 2002; Reichenbach and
Bringmann, 2010; Bringmann et al., 2013; Hurley et al., 2015).
Müller cell morphology varies subtly between aerobic and anaer-
obic retinas, but no major functional differences in metabolic
support have been described (Dreher et al., 1992), except for the
absence of GABA transport and recycling in non-mammalians
(Marc, 1992, 2004). Müller cells are thought to be a homogenous
class in all vertebrates. Though there has been some indication of
Müller cell heterogeneity based on previous genetic and cell culture
experiments, functional and metabolic subclasses have never been
observed (Rowan and Cepko, 2004; Roesch et al., 2012). Müller cells
display a characteristic normal small molecule signature high in
taurine and glutamine and very low in all other markers including
glutamate across all vertebrate classes (Marc, 2004). Indeed these
signatures are indistinguishable despite vast differences in sys-
temic biology across vertebrates, including avascular ectotherms
such as teleost fishes (Marc et al., 1995; Marc and Cameron, 2001),
avascular non-mammalian endotherms such as avians (Kalloniatis
and Fletcher, 1993), avascular mammals (Marc, 1992), and a range
of vascular mammals such as mouse, rat, cat, and primate
(Kalloniatis et al., 1996; Jones et al., 2003; Marc et al., 1998a,b,
2008). Mammalian Müller cells display a definitive protein signa-
ture with elevated glutamine synthetase (GS) and cytosolic reti-
naldehyde binding protein (CRALBP) and respond to stress (e.g.
reactive oxygen species stress) with massive upregulation of glial
fibrillary acidic protein (GFAP) levels (Bignami and Dahl, 1979;
Erickson et al., 1987; Fisher and Lewis, 2003; Luna et al., 2010).

1.3. Müller glia functions and homogeneity

Müller cells are thought to be an essential component of
glutamate recycling in the retina (Pow and Robinson, 1994) by
importing extracellular glutamate via high-affinity Naþ-dependent
transporters (e.g. EAAT1) and rapidly amidating it to glutamine via
GS (Riepe and Norenburg,1977). Müller cells then export glutamine
via a Naþ-dependent transporter (SNAT3) into the extracellular
compartment where neurons can import it via SNAT1 and other
mechanisms for synthesis of neurotransmitters and other metab-
olites. Due to rapid amidation by GS, glutamate is only found at
z0.1e0.6 mM inMüller cells, in contrast to bipolar or ganglion cells
where it may be as high as 10 mM (Marc et al., 1990; Marc and
Jones, 2002; Marc, 2004). Retinal glutamate synthesis is
commonly thought to be predominantly dependent on the gluta-
mine/glutamate cycle (Marc, 2004) and, therefore, GS activity (Pow
and Robinson, 1994). It has been presumed, that the homogeneity
of Müller cell metabolic signatures is shaped by the microenvi-
ronment created by neurons surrounding the Müller column,
including cone photoreceptors (Reichenbach and Bringmann,
2010). Data from previous work in our lab (Jones et al., 2011) and
the results presented here indicate this may not be the case.

1.4. Transgenic P347L rabbit model of autosomal-dominant retinitis
pigmentosa (adRP)

Numerous animal models have been developed for studying

retinitis pigmentosa, including fruit fly (Griciuc et al., 2012; Chow
et al., 2016), zebrafish (Brockerhoff et al., 1995), mouse (Keeler,
1924; Pittler et al., 1993; Chang et al., 2002; Han et al., 2013), rat
(Bourne et al., 1938), chicken (Semple-Rowland and Lee, 2000), pig
(Petters et al., 1997), cat (Narfstrom,1983; Barnett and Curtis, 1985),
and dog (Aguirre, 1978; Suber et al., 1993). Of these animal models,
the large eye models have proven to be especially useful for
analyzing retinal degenerations (Jones et al., 2011) and testing new
treatments (Chader, 2002), though larger animals can be expensive,
slow to mature and breed. To address this problem a transgenic
rabbit model with a primary rod degeneration caused by a human
rhodopsin proline 347 / leucine mutation characteristic of a hu-
man variant of adRP was developed by the Kondo laboratory
(Kondo et al., 2009). We have previously characterized the pro-
gression of degeneration in this rabbit model over the first year of
degeneration, demonstrating that it progresses through cone-
sparing retinal degeneration analogous to that seen in humans. In
brief, the degeneration presents initially with loss of rod photore-
ceptors, which may survive up to 12e16 weeks; subsequently, cone
photoreceptors will also degenerate by around 40 weeks of age.
During this time the neural retina becomes deafferented and un-
dergoes a series of remodeling events including massive rewiring
through microneuromas, changes in cell types and numbers, and
Müller cell hypertrophy and metabolic changes. For a more
comprehensive description of the remodeling associated with this
model see previous publications (Jones et al., 2011, 2012).

1.5. Computational molecular phenotyping

This study focuses on the metabolic changes in Müller cells
during degeneration and quantifies the changes across Müller cells
as a class and within individual cells. The technique used for this
study is computational molecular phenotyping (CMP), which al-
lows for quantitative evaluation of metabolite levels within single
cells (Marc et al., 1995; Kalloniatis et al., 1996; Marc and Cameron,
2001). This is unique to our approach as it obviates dissociation
and/or homogenization required for biochemical assays and
uniquely allows visualization of metabolic diversity. Indeed, the key
finding enabled by CMP is that Müller cells in degenerating retinas
slowly lose the ability to uniformly regulate their metabolomes.

2. Methods

2.1. Model systems

The heterozygous Transgenic (Tg) P347L rabbit is a model of
human adRP, originally generated in the Kondo laboratory (Kondo
et al., 2009). In brief, these rabbits express a mutated rhodopsin
gene with a C-to-T transition at proline 347, causing a proline to
leucine replacement. This mutation causes degeneration of the
photoreceptors phenotypically similar to other adRPmutations and
to human cone-sparing RP (Jones et al., 2011). Control rabbits used
in these experiments are the transgene negative unaffected litter-
mates of the TgP347L rabbits (WT). Two TgP347L rabbits, ages 2
years and 2 years 5 months, were selected to evaluate late stage
adRP degenerating retina. Two WT rabbits were selected for illus-
trative comparison (z6e12months and 3 year 8month rabbit). For
additional statistical analysis, we compared these to Müller cell
datasets from diverse vertebrates in our library including samples
from 150 goldfish; 13 primates; 65 rats including 25 with fetal
retinal transplants and 30 from early phase retinal degenerations
that show no Müller cell changes; and over 1450 separate assays
from 90 rabbits, most 6e12 months old but some as old as 2 years.
We also have very aged human samples that show no Müller cell
variations (Jones et al., 2016a, 2016b). In total we have at least 559
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retinal samples from 319 individual animals.

2.2. Tissue processing

Retinal samples were harvested as previously described (Marc
et al., 1990; Marc, 1999). Rabbits were tranquilized with intra-
muscular ketamine/xylazine followed by deep anesthesia with 2-3
doses of 15% aqueous intraperitoneal urethane, followed by bilat-
eral thoracotomy. All animal experiments were conducted ac-
cording to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, with the approval of the Institu-
tional Animal Care and Use Committee at the University of Utah.
Following euthanasia, both eyes were removed and hemisected.
Retinas were cut into smaller pieces and placed in 2.5% glutaral-
dehyde, 1% formaldehyde, 0.1 M cacodylate (pH 7.4), 1 mM MgSO4,
3% sucrose fixation solution. After 24 h fixation, tissues were
dehydrated through graded methanols to acetone and embedded
in an epoxide resin (Marc et al., 1995). Tissue stacks (Marc et al.,
1990) were serially sectioned at 100 nm onto 12-well array slides.

2.3. CMP and nomenclature

We used CMP to identify cell classes and quantify the effects of
retinal degeneration on core retinal metabolism (Marc et al., 1995;
Marc and Cameron, 2001; Jones et al., 2003). Each well of the array
slide was probed with an IgG selective for one of seven small
molecules denoted by single letter codes as described in previous
publications (D aspartate, E glutamate, G glycine, J glutathione, Q
glutamine, t taurine, g GABA), CRALBP, or GS and visualized with a
secondary antibody conjugated to a 1.4 nm gold granule, followed
by silver intensification (Marc et al., 1995; Marc and Jones, 2002)
(Table 1). CMP yields quantitative measures of small molecules,
enables computational classification of cells, and defines a signa-
ture for each class. Whenwe refer to amolecule’s signal, wewill use
protein amino acid notation, e.g. E for glutamate (Marc et al., 1995).
A triplet mapping refers to the assignment of a molecule to a color
channel, e.g. gGE / rgb (Marc and Cameron, 2001). Finally, a
signature refers to the pattern of signal strengths associated with
set of molecules that define a cell class (Marc and Jones, 2002) and
can be several molecules long depending on the number of chan-
nels we use. But in practice, Müller cells are defined by a four-
channel signature with high taurine and glutamine (tþ and Qþ),
moderate glutathione levels J, and low glutamate we denote by E0.
Normal Müller cells also have very low alanine, arginine, aspartate,
glycine and GABA levels (Marc et al., 1995, 1998a,b). Thus when we
refer to the Müller cell “tQE” signature, we imply the tþQþJE0

complex signature.

2.4. Analysis

We used K-means clustering (Marc et al., 1995) to identify all
natural cellular compartments, all molecular signals were captured
as 8 bit images using a cooled QImaging Retiga CCD camera (Surrey,
BC) under constant gain and flux. The channels were then
computationally aligned using ir-tweak (Anderson et al., 2009),
generating a registered volume of individual grayscale images of
eachmetabolite. To generate a cluster thememap all channels were
loaded into custom software (CMP, Scientific Computing Institute,
Salt Lake City UT), which facilitated k-means clustering with a
masking option to remove background and kerf. This classification
was run iteratively with k increased by 1 until it converged on
statistics consistent with known biological classes (Marc et al.,
1995). From these data, we can determine absolute metabolite
levels in all cell classes, visualized as univariate histograms (CellKit,
© Robert E. Marc, 2003).

Due to the high variability in Müller cell signals observed in late
phase III advanced phases of retinal degeneration, a modified
classification was developed. Sections were clustered using the
same K-means classification as in normal retina, but this yielded
many different classes for individual Müller cells across the retina.
We grouped the Müller cell subclasses into a single artificial class
by metabolic exclusion of neurons (e.g. subtraction of gþ, Gþ or Eþ
neurons) and summation of remaining subclasses until they
matched the morphology of Müller cells as defined by unique sig-
nals such as GS, tQE, and CRALBP in normal retina. This means of
clustering is morphology-driven computational metabolic pheno-
typing (mdCMP). Finally, we used both binomial probability cal-
culations and the single-sample methods of Crawford and Howell
(1998) and Crawford and Garthwaite (2012) to determine popula-
tion significances.

Image J (Schneider et al., 2012) and CellKit were used for his-
togram visualization, Microsoft Excel was used for cumulative
distribution function (CDF) generation and statistical tests (e.g.
Kolmogorov-Smirnov, KS), and Adobe Photoshop was used for final
image creation. For ease of visualization of metabolite signals,
channels are mapped to rgb images: t, GS g / red; Q and
G / green; and E / blue. Thus a triplet of metabolites is mapped,
for example, as gGE / rgb. The displayed images are max-min
linearly stretched for human visualization. All statistics, clus-
tering, and metabolic quantification were run on raw image data.

3. Results

During late stage (phase III) remodeling of the Tg P347L retina,
after the loss of the sensory retina and global remodeling has

Table 1
Immunocytochemistry reagents.

Reagent SKU RRID Source Dilution

anti-L-alanine IgG A100R AB_2532052 Signature Immunologics 1:100
anti-agmatine IgG B100R AB_2532053 Signature Immunologics 1:100
anti-agmatine IgY B100C AB_2532054 Signature Immunologics 1:100
anti-L-aspartate IgG D100R AB_2341093 Signature Immunologics 1:100
anti-L-glutamate IgG E100R AB_2532055 Signature Immunologics 1:100
anti-L-glutamate IgY E100C AB_2532056 Signature Immunologics 1:100
anti-glycine IgG G100R AB_2532057 Signature Immunologics 1:100
anti-glutathione IgG J100R AB_2532058 Signature Immunologics 1:100
anti-L-glutamine IgG Q100R AB_2532059 Signature Immunologics 1:100
anti-taurine IgG TT100R AB_2532060 Signature Immunologics 1:100
anti-GABA IgG YY100R AB_2532061 Signature Immunologics 1:100
anti-GABA IgY YY100C AB_2532062 Signature Immunologics 1:100
anti-GS IgG 610517 AB_397879 BD Biosciences 1:50
anti-CRALBP IgG NA AB_2314227 Gift of Dr. Jack Saari 1:400
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initiated (Marc et al., 2003; Jones et al., 2012), Müller cell meta-
bolism changes more radically thanwe had ever seen.We sought to
define the extent of metabolic variation in Müller cell small mole-
cule and protein levels CMP examination of CMP signatures (Fig. 1),
K-means clustering (Fig. 2) and quantitative histogramming (Fig. 3)
and statistical analysis.

3.1. CMP signatures

During degeneration, Müller cell taurine content displays both
dysregulation and intercellular variation in phase III remodeling
(Fig. 1A,B). Some survivor Müller cells display higher taurine levels
than normal while others display much lower levels. This variation
is not regional, as vastly different Müller cells can be immediate
neighbors. In contrast, glutamate (the core metabolite of neuronal
signaling) appears to be quite high in survivor neurons and only
slightly depressed in Müller cells (Fig. 1C,D). Given the near uni-
formity of glutamate signals in both WT and Tg P347L retinas, we
expected a small uniform increase in Müller cell glutamine content
as had been previously observed in retinal degenerations. But the
phase III Tg P347L rabbit displays both strong glutamine elevation
and as much intercellular variation as taurine (Fig. 1E,F). Another
molecule linked to glutamate levels (as least as a sink for gluta-
mate) is glutathione. In degenerate retina, the population mean of
glutathione in Müller cells is similar to age-matched healthy con-
trols, but intercellular levels are much more variable (Fig. 1I,J).
Given these variations in small molecules, we explored whether
characteristic protein markers of Müller cells were altered in any

way. Even though CRALBP is not functionally linked to the
glutamate-glutamine cycle, putative taurine osmoregulation, or the
behavior of redox molecules like glutathione, CRALBP is also
remarkably variable in remodeling Müller cells (Fig. 1G,H). The RPE
of degenerating retina also has dramatically decreased and patchy
CRALBP expression. Simultaneously, some Müller cells lack
detectable CRALBP, while others upregulate content to match some
remnant RPE cells. The high levels of CRALBP, in addition to similar
levels of other metabolites, makes certain Müller cell metabolic
signatures similar to RPE cells in remodeling. Finally, we see that GS
is also severely reduced in phase III remodeling, but not uniformly.
Like the other signatures, GS varies considerably between neigh-
boring Müller cells in the same region of degenerate retina. But
considering this change, it is also remarkable that Tg P347L rabbit
glutamate signals in Müller cells rise above WT Müller cells in only
a few instances, and even cells with low GS do not show large in-
creases in glutamate content.

3.2. Clustering, histograms and analysis

The nature of Müller cell homogeneity in normal retina and
variation the Tg P347L rabbit retina is far better visualized by
combining single quantitative channels into classic tQE / rgb
maps (Fig. 2A,C). Every Müller cell across the retina forms a single
homogeneous class (Fig. 2A). By using all six channels to create a
theme map of all statistically separable cell classes, it is easily
demonstrated that a single class emerges for Müller cells (Fig. 2B).
In normal retina, a tQE signature always separates the entireMüller

Fig. 1. Comparison of WT amino acid levels to that of Tg P347L. All images are the inverted silver density images of molecular immunoreactivity in serial 100 nm sections so that
higher intensity ¼ higher concentration. (Left) Registered WT small molecule channels. (Right) Registered TgP347L retina of the same channels as WT.
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cell cohort from all other retinal cells. This is a formal proof, sub-
stantiated by direct measures, that metabolite levels and fluxes are
highly conserved with low variance.

The Müller cell tQE signature of the phase III Tg P347L retina is
an array of molecular mixtures. While variability is qualitatively
evident in the tQE signature (Fig. 2C), the Müller cell cohort is
proven to be inhomogenous when no clustering algorithm was
capable of grouping all Müller cell variants into a class (not shown).
But to provide a statistical test of the cohort as a whole, we had to
fuse the many individual Müller cells into two major classes
(Fig. 2D) as described in the methods.

Using the theme classes as a mask, we could then extract the
histograms for normal and Tg P347L retinal Müller cells. In all cases,
small molecule signals of Tg P347L rabbit Müller cells are much
more variable than normal Müller cells (Fig. 3AeD). In addition,
both proteins CRALBP and GS have essentially collapsed to very low
levels (Fig. 3E,F).

How do we statistically assess individual Müller cell differ-
ences? First, the homogeneity in WT retina is so profound that

borders between Müller cells are indistinguishable by optical mi-
croscopy. Using transmission electron microscope images from
rabbit retinal connectome RC1 (Anderson et al., 2011) we evaluated
the size of the endfeet of 301 neighboring Muller cells in the gan-
glion cell layer. This analysis revealed that the mean endfoot
diameter is 5.2 ± 0.75 mm. By using a sampling area of 4 # 4 mmwe
ensured that each signal patch represents one or two (rarely three)
Müller cells in WT retina. Horizontal sections through the endfeet
of Müller cells in the ganglion cell layer were probed for tQE and
their distributions evaluated for collections of individual Müller
cells inWTand Tg retinas. The distributions were compared using a
two-sample Kolmogorov-Smirnov (KS) test, which showed the
distributions of the two populations were significantly different
p < 0.001 (Fig. 4). It is obvious that from both the univariate his-
tograms and the cumulative distribution functions (CFDs) that the
variances of the Müller cell population sample in the Tg P347L
retina are abnormally high.

To further stress that the variability is intercellular and not
intracellular, we analyzed the CDFs of ten 4 # 4 mm samples, taken
at separate locations to be indicative of separate Müller cells. These
CDF’s were compared to the normal distribution of the entire
Müller cell population (Tg: ~817 Müller cells, WT: ~1053 Müller
cells) in horizontal sections (Figs. 4 and 5). The CDFs from the in-
dividual endfeet in the WT section overlay closely with the total
population indicating that there is low variability between indi-
vidual cells and that they have consistent amino acid concentra-
tions. In the Tg section, the CDF of the total population is much
broader than the WT population and, remarkably, the CDFs from
the endfeet of 10 individual remodeling Müller cells vary by as
much as a log unit.

Finally, we have to address the problem of sample size. Rare
clinical samples or expensive experiments that take long times to
evolve are problematic but can be managed with classical combi-
natorial and parametric methods. First, while it is beyond the scope
of this paper to produce hundreds of images, we nevertheless have
tQE signatures for literally thousands of Müller cells from over a
dozen species and hundreds of individual retinas and animals. All
tQE signatures from non-mammalians and mammals are identical,
except for very small shifts in amino acid means and all form a
single class with extremely low variances (e.g. Marc et al., 1995,
1998a; Kalloniatis et al., 1996; Marc and Jones, 2003; etc.). All of
these samples are archival and still exist in our libraries; they also
include 2 year old rabbits, 27 year old macaques and a 78 year old
human, all having the same single-class tQE signature. These older
retinas are indistinguishable from juvenile retinas of any mammal.
If we sample 100Müller cells from each of 559 retinas and find only
a single class, by clustering or visually, that sets the probability of
success for repeating that conclusion in the next sample at no less
than 0.9998. Using the binomial distribution one would argue that
a sample from two Tg P347L rabbit retinas failing to form single
Müller cell classes has a probability of 1# 10$6. Thismeans that late
phase III remodeling creates a state unlike any known retina and
solves the rare case problem. More aggressively, we can use the
approach developed for single-case research (Crawford and Howell,
1998; Crawford and Garthwaite, 2012) and use the histogram half-
width of data from rabbit, goldfish and monkey as representative
for the control half-width of all species. This has three important
features. First, the half width is largely independent of the histo-
gram mean. Second, we can pick the worst case data set based on
the oldest cameras, noisiest immunocytochemistry and earliest
technology (Marc et al., 1995) and show that newer histograms are
narrower. Thus using the worst case control data biases against a
type I error. Third, the half-width of each case is itself the average of
many Müller cells, and so represents a measure of a single retina’s
variability. Using Marc et al. (1995) the half-width for the Müller

Fig. 2. Representative tQE and theme maps of WT retina vs degenerate retina. A and C
are registered images of amino acid immunoreactivity in serial 100 nm sections. Both
have been clustered using K-Means (k ¼ 12) in which all classes of cells are separated
by metabolic signature. Metabolic signatures used for generating maps: E,Q, J, t, G, g,
GS, and CRALBP. 1A) tQE / rgb of a WT rabbit retina. The Müller cells (endfeet
highlighted by red oval) are clearly identifiable by their characteristic shape and
signature, which appears yellowish orange in this configuration. 1B) Clustering theme
map of WT retina using 7 metabolic signatures. The orange theme class clearly iden-
tifies the Müller cells and makes them completely separable from all other cell types of
the retina. 1C) tQE / rgb of TgP347L degenerate rabbit retina. The Müller cells have
less pronounced endfeet in part due to hypertrophy that may include redistribution of
volume from the endfeet to more apical locations within the retina. Müller cells
display a range of colors. 1D) Theme map of the TgP347L retina. Simple K-means
clustering does not extract Müller cells. By using the mCMP method the orange theme
class was generated by fusing non-neuronal glial signatures into a single artificial class,
demonstrating the location of the remaining Müller cells, with the exception of the
pink group that has a signature metabolically similar to the RPE, due to a pronounced
loss of typical Müller cell amino acids.
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cell taurine signal is 60 PV in an 8-bit image capture. Although the
mean for taurine in the primate retina is lower than goldfish, the
half-width is z50 PV. In the WT rabbit using low noise cameras,
thinner sections and far better image registration the half-width is
zPV 40. So we can safely assume that the mean half-width (x) is
50 PV or less with a range of 10 PV. If we conservatively call the
range the standard deviation (s), and assume that the taurine half-
width (xtg z 100 PV) of the Tg P347L rabbit is the mean of an
equivalent population, the formula for Student’s tn$1 ¼ (xtg$x)/
(s # (n þ 1/n)1/2) % 4 over a range of n values and achieves p < 0.01
for any n% 5. So merely taking the three published half-widths and
the two control widths shown here demonstrates that the rare
outcome of these two Tg P347L rabbit retinas is not simply an
outlier on the normal distribution.

4. Discussion

K-means clustering identifies all major cell classes and allows
profiling of normal metabolite levels and variation in Müller cells of
normal retina. The very fact that k-means fails to classify all Müller
cells in the degenerating retina is a formal proof that Müller cell
metabolism is highly variable in disease. We used mdCMP to
reconstitute the entire Müller cell population and generated a
theme map of cell types in the degenerate state (Fig. 2CeD).

This shows the metabolic revisions in retinal degenerations are

more complex than previously believed. In every observed species,
Müller cells show high homogeneity in their metabolic signatures
in healthy retinas (Marc et al., 1990; Kalloniatis and Fletcher, 1993;
Kalloniatis et al., 1996; Marc et al., 1998b; Marc and Cameron,
2001). However, in degenerating retina, Müller cells lose their
remarkably precise metabolic homogeneity and become variable
early in degeneration, with persistent changes throughout subse-
quent remodeling. It has been noted previously that much of the
neural cell death and remodeling associated with photoreceptor
loss can be delayed as long as cone photoreceptors are present,
though other aspects of remodeling continue to occur (Jones et al.,
2011, 2012). Previous publications also demonstrate that early in
adRP degeneration, while cones are still present, Müller cells begin
to slightly alter their metabolic signatures in respect to one another
(Jones et al., 2011). We show that this early variability increases
throughout later remodeling. If microenvironments shaped Müller
cell signatures we would expect patchy signatures with neigh-
boring Müller cells showing similar signatures. This never happens.
Rather, signature variations appear to be independent of any
geographic property. The variation appears more extensive in later
stage remodeling retina than shown by Jones et al., 2011, further
indicating a lack of predictability of metabolic variation during the
course of adRP.

The probable impacts of these variations on retinal function are
unclear, particularly as the mechanisms by which these alterations

Fig. 3. Univariate amino acid probability density distributions (histograms) for each of the amino acids displayed in Fig. 2. (Yellow) Tg P347L retina; (Blue) WT retina. The his-
tograms each represent aggregate signals from 15 to 20 Müller cells as described in Marc and Jones (Marc and Jones, 2002) and displayed as normalized probability density versus
pixel values scaled as concentration.
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arise are unknown. Possible mechanisms and precipitating factors
leading to the chaotic of signatures seen here in late stage
remodeling retina will require further experimentation. These
signatures may reflect transporter deficiencies of the Müller cells,
unknown enzyme expression, or Müller cells entering altered
cellular states reflecting division or progression towards cell death.
One such striking altered mechanism is that the simple E / Q
conversion by GS no longer defines Müller cell signatures.
Remarkably, Müller cells appear to be able to bothmetabolize E and
synthesize Q by yet unknownpathways. The nature of the signature
variability is also unclear. It is possible that it is part of a common
degeneration response pathway (which all Müller cells enter)
where they are no longer synchronized with one another. This
possibility will require the ability to track the changes in a group of
cells over time. But the precision of normal Müller cell signatures is
equally mysterious, as we know of no homeostatic synchronizer for
cellular metabolism.

Extensive metabolic variation in remodeling retina is
confounded by the fact that the changes do not follow patterns
predicted by our current understanding of amino acid recycling.
While the nonstoichiometric variation of E, Q, and GS is perplexing,
it is not without possible explanation. It has been previously
pointed out that GS is the not the only enzyme that uses E as a
substrate, nor is there a known enzymatic cluster that exclusively
controls E levels (Marc, 2004; McKenna, 2007). E is a primary car-
bon skeleton for a host of biochemical processes. A possible route

for E metabolism in the absence of GS is the TCA cycle (Poitry et al.,
2000). Previous studies in brain have shown that under acute in-
creases in extracellular E (>200 mM) as much as 25% of extracellular
E is metabolized via the TCA cycle generating lactate and aspartate
(McKenna et al., 1996). This may provide a mechanism to supply
energy demands of a pathologic system given the increase in the
production of stress marker proteins (e.g. GFAP), Müller cell hy-
pertrophy, and neuronal neuritegenesis. Other pathways that may
explain the Q accumulation and E metabolism are alternate trans-
aminases that could become expressed, activated or simply
unmasked under conditions of degeneration (Michal, 1999;
Reichenbach and Bringmann, 2010). One such aminotransferase is
alanine aminotransferase (ALAT or ALT), which catalyzes the for-
mation of alanine and alpha-ketoglutarate (aKG) from glutamate.
These products combined with lactate may synthesize Q, either in
theMüller cells, or may be transported to neurons as a precursor for
glutamate. Further investigation into the accumulation of Q in some
Müller cells, in the absence of GS, will be required.

The other signature characteristics observed in the late stage
degenerating retina have numerous possible pathways and mech-
anisms by which they arise. One such mechanism is an alteration of
taurine transport, because no cell of the neural retina synthesizes
taurine (Marc et al., 1998b). Since the outer retina collapses in
retinal remodeling with the ultimate emergence of a glial seal be-
tween the neural retina and any remaining RPE cells (Jones and
Marc, 2005; Jones et al., 2011), it may be that some Müller cells

Fig. 4. 4AþB) tQE / rgb mappings of registered of amino acid signals in serial 100 nm sections. Color variation in an individual cells indicates varying differing ratios of tQE. (A)
WT retina. (B) TgP347L retina CeE) Normal distributions of glutamate, glutamine, and taurine levels across entire Muller cell population of Tg P347L (blue) and WT retinas (red). All
Tg distributions are significantly separable from WT distributions based on K-S test with a p < 0.001.
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are buried beneath layers of other Müller cell processes and any
transport of taurine from the subretinal space may vary across
Müller cells. The varied levels of glutathione is consistent with
previous and ongoing studies of retinal degeneration and injury in
multiple models and is also found in human RP (Marc et al., 2007,
2008; Jones et al., 2016a, Jones et al., 2016b). Glutathione increase
in Müller cells is likely associated with oxidative stress and one of
the multiple pathways glutamate is metabolized by in the absence
of GS. This however, cannot account for the total concentration of
glutamate being metabolized. The continued variation of protein
and small molecules demonstrates that remodeled Müller cells do
not correlate their metabolomes with their neighbors.

These observations illustrate and quantify chaotic metabolic
variations across Müller cells in the degenerating retina. Clearly,
Müller cells have the capacity to independently respond variably
to retinal stress, driving wide deviation from the robust, precise
metabolic profile of the Müller cell cohort in healthy retina. The
ability to deviate so widely from healthy Müller cells without
showing signs of Müller cell death raises the intriguing question
of what maintains the homogeneity of Müller cells in the non-
pathologic state? Also, once metabolic chaos is initiated, can we

reverse it and restore Müller cells to a uniform support network?
The understanding of these fundamental questions will be
essential to the development of robust therapeutic interventions
for retinal degeneration since a lack of consistent metabolic sup-
port by Müller cells will make sustainable neurotransmission
unlikely.
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