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Early markers of retinal degeneration in rd/rd mice
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Purpose: In therd/rd mouse, the cell death of rod photoreceptors has been correlated to abnormal levels of the cyclic
nucleotide cGMP within photoreceptors. Given that cGMP is required for opening of the cationic channels, there is the
possibility that a high cGMP concentration would maintain these channels open, at a high energy cost for the retina.
Methods: We investigated whether cation channels were maintained in an open statedindth@use retina by deter-

mining the labeling pattern of an organic cationic probe (agmatine, AGB) which selectively enters cells through open
cationic channels. The metabolic activity of tliérd mice was measured by assaying lactate dehydrogenase (LDH)
activity in several tissues and M&*ATPase activity was measured as a function of development and degeneration of the
retina.

Results: AGB neuronal labeling showed a systematic increase consistent with the known neuronal functional maturation
in the normal retina. There was a significant higher AGB labeling of photoreceptorsrifirtheouse retina from P6
supporting the possibility of open cationic channels from an early age. There were no changes in the LDH activity of
tissues that contain PDE6 or that have a similar LDH distribution as the retina. However, LDH activity was significantly
higher in thed/rd mouse retina than in those of control mice from birth to P6, and it dramatically decreased from P9 as the
photoreceptors degenerated. The predominant LDH isoenzyme changes and loss after degeneration appeared to be LDH5.
ATPase activity increased with age, reaching adult levels by P16. Unlike LDH activity, there was no significant difference
in Na'/K*ATPase activity between control arddrd mice at any age examined.

Conclusions: We conclude that AGB is a useful marker of photoreceptors destined to degenerate. We discard the possibil-
ity of a generalized metabolic effect in ttuérd mice. However, the elevated LDH activity present before photoreceptor
differentiation indicated altered retinal metabolic activity that could not be associated with open cationic channels alone.
Therefore, altered metabolic activity as indicated by LDH measurements in the retina appeared to be the earliest sensitive
sign of future photoreceptor dysfunction in tdéd mice.

Retinitis pigmentosa (RP) refers to a family of heredi-in rd/rd mice, pyknotic nuclei are first seen at postnatal day
tary disorders that are manifested as a gradual loss of photod [10,19]. Despite such studies and the established elevation
ceptors and consequently vision. Many genes identified af cGMP in some animal models of RP [5,8,10], identifying
causally linked to the onset of RP are required for differeng¢arly biochemical events in the degenerating process may pro-
functions, including phototransduction, maintenance of phovide useful insights regarding the underlying mechanisms of
toreceptor outer segment integrity, and retinal pigment epphotoreceptor cell death.
thelium retinoid chemistry [1-4]. Despite the identification of We addressed the issue of identifying the onset of cat-
possible genetic causes of RP, little information as to the cebnic channels opening in the/rd degenerating retinas by
lular mechanisms that lead to the RP phenotype is availabl@xamining the entry of agmatine (AGB), a channel-perme-

A common feature in some forms of autosomal recessivable organic cationic probe. AGB enters nonselective cationic
RP is an elevation in the retinal levels of the cyclic nucleotidehannels and has been used as a suitable marker for perme-
cGMP, due to specific defects in the cGMP degradation pattability of ligand-gated channels [20-25]. In the RCS rat retina,
way in photoreceptors [5-12]. As cGMP gates cationic chanphotoreceptors destined to degenerate were labeled with AGB
nels, elevation of cGMP concentration may contribute to théefore apoptotic markers [26-29], presumably because of the
reduced light sensitivity of rod cells and increased dark curexpression of, or the abnormal functioning of cationic chan-
rent [13-16]. However, an increase in retinal cGMP concenrels.
tration seems to have a more deleterious effect, as it appears The consequence of elevated cGMP levels in the outer
to precede both photoreceptor and inner retina degeneratisagment of photoreceptors is that these cells would be in a
[10]. Although retarded growth of photoreceptor inner segstate of constant activity to maintain the influx of sodium and
ments is observed after postnatal day 4 [17,18], and swellingalcium through the cGMP-gated channels; this means that
of the mitochondria of inner segments is seen by 8 days of lifghotoreceptors would be maintaining the dark current at a
considerable energy cost [30]. This requirement for extraordi-
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Another potential marker of metabolic demand is lactaté>P50). Retina samples were prepared by pooling ten retinas
dehydrogenase (LDH). There is a dramatic alteration in thBom age P3 or younger, eight retinas from ages P5 to P7 and
distribution of LDH isoenzymes in retinal degeneration mod-six retinas from all other ages. The heart muscle and skeletal
els [31], with a marked reduction of LDH5 at P7 in the ratmuscle from the hind leg were weighed out, to ensure equal
retina [32], an age where photoreceptors are not developadnounts of tissue were used from each animal. Each retinal
and well before anatomical alterations are evident in the RCISDH datum point is the mean value derived from at least six
rat [33-35]. In addition, a significant decrease in LDH activitysamples. The mean of individual tissue assays was the aver-
has been shown to occur secondary to photoreceptor degemge of six absorbance measurements. LDH activity was deter-
eration in the RCS rat [36,37]. In thé#frd mouse model, meta- mined using the LDH reagent (Trace Scientific, Victoria, Aus-
bolic anomalies have been demonstrated before anatomidahlia). Tissue samples were diluted to 0.05 mg/ml in 0.9%
differences. Noell [38] showed an increase in oxygen uptak&jaCl and added to the LDH reagent containing: pyruvate (0.6
glucose utilization and lactic acid production (aerobic) detectmM), NADH (0.23 mM) in phosphate buffer (55 mM) at pH
able at P8 in thed/rd mouse retina, followed by a rapid de- 7.5. The change in NADH absorbance over tivAémin was
crease from P12. The implication of altered metabolic changeseasured in a spectrophotometer (Shimadzu UV-2501PC) at
at this age is that/rd photoreceptors may have changed their340 nm. The activity of LDH in each sample was calculated
metabolic demand secondary to abnormal cation entry causadd expressed wmoles/min/mg protein.
by elevated cGMP levels. Measurement of protein concentration: Protein concen-

The primary lesion of thed/rd mice is on the PDE6B tration was measured in a colorimetric reaction using a BCA
gene. PDESG is found in the retina, and in the brain [39,40Protein assay reagent (Pierce, Rockford, IL) and detected in a
Studies on the dentate gyrus region ofrtiied mice showed microplate reader (ELx800, Bio-Tek Instruments Inc.,

a decrease in number of neurons [41] although synaptic plag#inooski, VT).

ticity has been related to the activity of PDES5 instead of PDE6  LDH isoenzyme separation: LDH isoenzymes are formed
[42]. In another model of retinal degeneration, (the RCS ratfrom homo- or heterotetramers of the LDHA and LDHB gene
the cause of the retinal degeneration has been associated fwaducts to generate five isoenzymes. The polypeptides sub-
defect in the retinal pigment epithelium (RPE) in a receptounits are referred as H and M, which combine to form two
tyrosine kinase that is required for phagocytosis of shed phpure types of isoenzymes, LDH-1 (H4), and LDH-5 (M4),
toreceptor outer segments. However, several studies haaed three hybrids LDH-2 (H3M), LDH-3 (H2M2), and LDH-
shown that there is the possibility of a systemic defect in cad (HM3) [45]. Native gel electrophoresis was used to separate
bohydrate metabolism in the RCS rats [43,44]. The animalthe five known LDH isoenzymes. This protocol is based on
experience difficulty in breeding and a poor muscle reflex [8]the procedure of Nissen and Schousboe [46] using 1.5% aga-

As part of this study we sought to determine if animalrose gels (Agarose-1000, Life Technologies) in 25 mM Tris/
models of retinal degeneration also have a systemic metaboR&0 mM glycine (pH 9.5). Electrophoresis was conducted for
defect and identify early markers in the retina of impendin@0 min at 100 V in a 5 mM Tris, 40 mM glycine, pH 9.5 run-
photoreceptor degeneration. Metabolic activity in ttded  ning buffer. Each sample was run in triplicate with a mini-
mice was probed by determining enzyme activity of LDH inmum of five samples per point. Upon completion of electro-
several tissues and NE*ATPase in the retina. Photoreceptor phoresis, the gel was washed in 0.1 M Tris (pH 8.5) and an
cation channel permeability was assessed using an orgarniPH staining solution containing lactate (3.24 mg/ml, Sigma,

cation channel probe (AGB). St. Louis, MO), nicotinamide adenine dinucleotide (NAD, 0.3
mg/ml, Sigma), nitroblue tetrazolium (0.8 mg/ml, Sigma) and
METHODS phenazine methosulfate (0.167 mg/ml, Sigma) dissolved in

Animals: All procedures were approved by a University of0.01 M Tris (pH 8.5) was applied. The Kodak Imaging 1D
Melbourne or University of Auckland ethics committee andsystem was used for visualization and analysis of the gel
comply with the Association for Research in Vision and Oph{Eastman Kodak Company, Rochester, NY). The relative
thalmology statement for the use of animals in Ophthalmiamount of each isoenzyme (LDH1 through LDH5) was deter-
and Vision research. Groups of C57BL/6 adffd mice of  mined by quantification of the density of pixels in each isoen-
several ages were killed by decapitation or cervical dislocazyme band. The cumulative density of the five bands in each
tion, their eyes removed and the retinas dissected free frosample was calculated and the fraction of individual bands
the eyecup. In addition to the retina, samples were also takeras used to determine the amount of each isoenzyme as a
from the cerebral cortex (somatosensory area), ventriculgrercentage of the whole sample.
heart, and skeletal muscle. Tissue samples were homogenized Na'/K*ATPase activity assay: Retinas from C57BL/6
in ice-cold 0.9% (w/v) NaCl in a glass-teflon homogenizercontrol mice andd/rd mice were used at P4, P8, P16, and
and centrifuged at 5000x g for 5 min at@. Supernatants adult. Four retinas were pooled for P4 assays, and two retinas
were removed, stored on ice, and used for the assays withirere pooled for all other age groups. ATPase activity was
30 min post-dissection. measured using a protocol modified from Else and coworkers
Lactate dehydrogenase activity: The retinas, brain, heart, [47]. Experiments were repeated a minimum of five times.
and skeletal muscle were collected from C57BL/6 @ihdl  The samples were homogenized in #0250 mM sucrose, 5
mice at P1, P3, P5, P6, P7, P8, P9, P11, P15, P20, and adoM EDTA, 20 mM imidazole, (pH 7.4) with a glass-teflon
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homogenizer followed by brief sonication. A similar volumewith a coloring reagent (10 mg/ml of (N);MO,0,,*4H,0,

of SDS detergent (0.75 mg/ml) was added stepwise under cod-3% HSO,, and 78 mM FeS@7H,0) that reacts Wlth the
stant mixing and incubated at room temperature for 15 minnorganic phosphate liberated in the ATPase reaction [48]. Na
ATPase activity was assayed in a solution containing 30 mM*ATPase activity was calculated as the difference in inor-
L-Histidine, 128 mM NaCl, 4 mM MgCland 20 mM KCI.  ganic phosphate liberated in the presence*(Kag*ATPase)

The ATPase reaction was started by the addition af 8630  and absence (total ATPases) of ouabain and expressed as
mM ATP (disodium salt) to 226l volume to the other assay umoles PQ released per mg protein per hour. Both/Na
constituents, incubating at 3€, and was stopped exactly 5 K*ATPase and M Ca*ATPase activities were plotted as a
min later with the addition of 0.8 N ice-cold perchloric acid.function of age.

ATPase activity was also assayed in the presence of 1 mM AGB labeling: AGB enter the cells in a temperature, con-
ouabain to inhibit NaK*ATPase activity. After centrifuga- centration, and time dependent fashion [49,50], and is a suit-
tion at 10,000x g for 15 min, the supernatants were reacteable marker of permeability of cationic channels in the verte-

control rd/rd
3 P P E P

Figure 1. Control andd/rd retinas immunolabelled for AGBA,B: At P4, light AGB labeling was found in the developing inner plexiform
layer.C,D: At P6, there was light labeling of the inner retina and few of the developing photoreceptor cellsdirdtmeuse, there was
increased number of weakly labeled AGB photoreceptor ¢els.At P8, there was occasional labeling of horizontal cells (blue arrow),
bipolar cells and the plexiform layers. At this age, an increased number of photoreceptors were strongly labetdttdmetiea (red
arrowheads)G,H: At P10, control andd/rd retinas show labeling of horizontal cells (blue arrow) while irrdfrel retinas there was a further
increase in the number of labeled cells in the photoreceptol dreft. P12, there was strong AGB labeling of the inner retina in both control
andrd/rd retinas, while the labeling of thid/rd photoreceptors continued to increase. : At P15, the differences between control aaidd
retinas were noticeable in the inner retina and photoreceptoMyigaln the adult, there was strong labeling of the inner retina irdthe
mice with no photoreceptor layer remaining. P&shows the absence of AGB labeling in an adult retina that was not incubated in the AGB
solution. The different retinal layers are indicated in pafe3, andl. The ventricular zone (VZ), inner plexiform layer (IPL), outer nuclear
layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), the inner plexiform layer (IPL), and the ganglionerglG@y.) are
identified. The bracket on the side of each micrograph identifies the inner plexiform layer. The red arrowheadsDr\padetdify AGB
labeled photoreceptors. The scale bar (green bar) correspondgrto 20
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brate retina [23]. Incubating the isolated retina under basabunting was performed was calculated using a calibrated grid
conditions (no ligand activation), allows for the assessment gilaced over the camera lucida drawings. A person blind to the
endogenous excitatory drive [23,51] and determination of thpurpose of the experiment performed the drawings and count-
activity of cation channels [29]. Retinas from control &dfid ing. Table 1 outlines the number and age of animals used in
rd mice were dissected and mounted on filter membranes (O0tBe quantification and total area examined in controkdind
um pore size, Gelman Sciences, Ann Arbor, MI) using anice retinas.
method previously described [23-25,29]. The filter-mounted  Satistical analysis. Statistical analysis was performed
retinas were incubated in a modified physiological mediunusing one-way analysis of variance (ANOVA) with arof
containing 100 mM NacCl, 2.5 mM KCI, 26 mM NaHGO 0.05 followed by pairwise comparison using Tukey Honestly
1.25 mM NaHPO, 10 mM dextrose, 2 mM Cagll mM  Significant difference test. All assay data are presented as mean
MgCl, [52], to which 25 mM AGB was added. The incuba-and standard deviation; p<0.05 was considered statistically
tion times varied from 5 to 45 min with optimal detection significant.
achieved at 15 min. After the AGB incubation procedure, reti-
nas were fixed in 1% paraformaldehyde/2.5% glutaraldehyde RESULTS
at 4°C for 1 h. The tissue was dehydrated and embedded AGB labeling patterns in the developing retina:  We deter-
epon resin following procedures previously described ifmined the AGB labeling patterns of different age groups in
Kalloniatis and Fletcher [53]. Semi-thin (250 nm) serial secthe mouse retina (Figure 1). At P4, no cellular AGB labeling
tions were probed with the AGB antibody provided by Dr.was detected in control (C57BL/6) ml'rd retinas, with little
Robert E. Marc (University of Utah, Salt Lake city, UT) andlabeling of the developing inner plexiform layer. Light label-
silver-intensified immunogold was used for detection of antiing of ganglion cells and the inner plexiform layer was ob-
body reactivity. Digital images were acquired with a LEICAserved in the control P6 retina, with rare labeling of amacrine
DC 500 camera, Twain model V4.1.0.0 mounted on a LEICAell somata and the developing photoreceptor cells (Figure
DC 500 microscope (Leica Microsystems Ltd., Wetzlar, Gerd1C). In therd/rd mouse, a similar AGB labeling pattern was
many). observed, except for an increased number of AGB labeled pho-
We quantified AGB labeled photoreceptors as a functiortoreceptor cells (Figure 1D, Figure 2). At P8 and in older reti-
of age in the outer nuclear layer of retinas drawn with the aidas, AGB immunoreactivity increased in amount and number
of a camera lucida. Only the central about 2x2 mm area wa cells labeled. There was occasional labeling of horizontal
used for all the quantification to minimize any variation incells and light labeling of bipolar cells and the plexiform lay-
eccentricity-dependent photoreceptor degeneration. The drawrs (Figure 1).
ings were also restricted to areas with no signs of conspicuous The AGB labeling pattern markedly changed by P10 in
AGB labeling in the inner retina [23,29]. AGB positive pho-
toreceptor cells were sampled in three separated areas of cedABLE 1. QUANTITATIVE DATA OF AGB LABELING OF PHOTORECEP-
tral retina, which accounted, as closely as possible, for ap- TORS IN C57BL /6 AND rd/rd MOUSE RETINAS

roximately 100,00Qum? per retina. The area over which Age
1
Control P6 P8 P10 P12 P15 adul t
o~ Nurmber of ani mal s 7 7 6 7 7 8
= 80, R
= Nunber of AGB 766 1197 1923 1722 2192 2657
— iti
| positive
8 70 —m Control phot or ecept or s
count ed
8 60 —— rdird
—_ Total area of 601198 836342 953420 1062594 786448 977132
outer nuclear
"_.4"J 50+ | ayer exam ned
= )
O 40
e T (s e
D rd/rd P6 P8 P10 P12 P15
L30{ ~_ . T T
B Nunber of animal's 4 7 8 7 8
[an]
- 20 Nunber of AGB 1177 1951 3486 2787 3498
m positive
by 10 phot oreceptors
ﬁ count ed
T 0
y y i J . Total area of 367536 897598 99294 721240 488566
6 8 10 12 15 adult Total area of
Postnatal age (days) |ayer.exar ned
wl
Labeling ratio 2.5 1.6 1.8 2.4 2.6

Figure 2. Quantification of AGB labeled photoreceptors as a funct @ " eentren)

tion of age. The number of AGB labeled cells in the control retinal he table show the ages, number of animals and number of AGB
slowly increased through the development of the mouse. At all agegpsitive photoreceptors counted in the outer nuclear layer of control
there was an increased number of AGB labetdéd photoreceptors — and rd/rd retinas. The ratio of AGB labeled cells in the rd/rd over

per unit area compared with control retina. Significant values areontrol retina is indicative of higher AGB entry into the photorecep-

indicated with an asterisk (p<0.001). tors of rd/rd retinas.
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both control andd/rd retinas. In the control retina there were adult, the most outstanding differences between control and
no major changes in the labeling of the inner retina, except fod/rd mice was the absence of the photoreceptor layer and la-
horizontal cells. In contrast, there was an increase in the nurheling of the inner retina in tha/rd mice, consistent with

ber of labeled cells in thel/rd retina. At this age, there was other reports [51,54]. At this stage, the control retina showed
dense AGB labeling in the photoreceptors area (Figure 1Han AGB labeling pattern similar to that in the adult rat [29].
Conspicuous AGB labeling of the inner retina was evident by  Figure 2 shows the proportion of AGB-labeled photore-
P12 in both control andl/rd retinas (Figure 11,J). There was ceptors as a function of age, with the total area sample out-
an increase in the number of labeled amacrine cell somatied in Table 1. Although the number of AGB-labeled photo-
Horizontal cells were intensely labeled, as were the cells ireceptors steadily increased in control retinardivel retinas

the ganglion cell layer. By P15, the morphology of the controhad at all ages a significantly higher number of these labeled
retina was similar to the adult stage although conspicuous laells than the control retinas (p<0.01). In th&d retina, a
beling of bipolar cells was not evident (Figure 1K). In therapid increase in number of AGB-labeled photoreceptors per

mouse tissues. The LDH isoenzyme ratio of the brain tissue we m

isoform. Adult tissues from the anaerobic skeletal muscle exprefLDH 4”’ e s

LDH1. The tissue samples were diluted so that equal amounts

gel was run at a constant 100 volts from negative to positive for 1.5-2 h or until the bromophenol blue had run outdptretgelrun, the
5, the skeletal muscle isoenzyme migrates the least from the starting point (indicated with an arrow) whereas LDH-listienhgag

Figure 3. Native gel electrophoresis of LDH isoenzymes in controc  Retina  Muscle Brain Heart _
similar to ratios found in the aerobic heart tissue that expresses pij pH-5

dominantly isoenzymes LDH1-LDH3 and low amounts of the LDH5

largely the LDH5 isoenzyme. The retina has a similar prevalence (LDH-3 ah s . a»

the skeletal muscle-type isoforms in addition to very low amounts ¢ pH2 Prgeg .. -

LDH activity were loaded into the gel. A volume of @Dof each ~ LDH-I SaswBe-

diluted supernatant was added into each electrophoresis gel well. T... +

highly colored nitrobluetetrazolium-formazan product localized on zones of LDH activity and the amount of blue color forqueahtitas
tively related to the level of LDH isoenzyme present. The mobility of the isoenzymes were governed by their individuatisiaag@ndOH-
moves the farthest towards the anode (+) as it has the most positive charge. LDH-2, LDH-3 and LDH-4 migrate towardsrtlvederafe i
decreasing anodic mobilities.

Figure 4. LDH activity in control and

Retina Brain rd/rd tissues as a function of agé:
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unit area was observed after P8. By P15, the reduction of thienes the lactate per kilogram of tissue compared to brain [55].
outer nuclear layer width resulted in a ratio of AGB-labeled = Changes in LDH activity during degeneration: To test
photoreceptors approximately three times higher than controlur hypothesis that thel/rd mouse sustain higher metabolic
retina. levels than those in control mice, we evaluated their LDH ac-
LDH in the control mouse: Mammalian LDH exists as tivity as a function of development. As shown in Figure 4A,
five tetrameric isoenzymes referred to as LDH1 through LDH5LDH activity increased in a biphasic manner during develop-
The distribution of LDH isoenzymes has been suggested tment in the control mouse retina. There was a steady increase
correlate with different metabolic environments and considin LDH activity in the control rat retina, particularly between
ering previous work on generalized metabolic dysfunction irP6 and P9, a time when photoreceptors begin to form their
models of retinal degeneration, we examined the isoenzynmiter segments, followed by a further increase around eye
distribution in mouse heart, skeletal muscle, retina, and braimpening (about P13) and photoreceptor maturation (P20). LDH
As shown in Figure 3, skeletal muscle, which is thought t@ctivity had reached adult levels by P20. In contrast, LDH
have high levels of anaerobic metabolism, expressed predonaietivity in therd/rd mouse was higher than control from P1 to
nantly the LDH5 isoenzyme. By contrast, heart tissue, whiclP6 (p<0.001, Figure 4A), remained stable between P7 and P8
has high levels of aerobic metabolism, expressed predomiith values not significantly different from control and de-
nantly isoenzymes LDH1-3. Although the retina is part of theereased thereafter as the photoreceptor cells degenerated reach-
CNS, it displayed an LDH distribution more akin to muscleing LDH activity values encountered in very young retinas.
than brain. In the retina, LDH5 is the predominant isoenzyme  Figure 4B-D reflects the total LDH activity as a function
expressed, with decreasing amounts of LDH4 to LDH1. Thef age for three other differerd/rd tissues that either contain
isoenzyme distribution of brain was similar to heart. Thes&DES6 (brain) and therefore could be affected imdfrel mouse
findings are consistent with previous findings [31], in particu-or tissues that have a high content of LDH (heart, muscle).
lar that the retina has a greater rate of anaerobic metabolistherd/rd retina is the only tissue that displayed a consistent
than any other tissue in the CNS and contains more than thrimereased activity early in development followed by a marked
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reduction relative to the control retina. ined (Figure 6A-C). The relative change during development
Changes in LDH isoenzyme distribution during degen-  of Mg?/Ca&*ATPase and N&*ATPase appeared to be dif-
eration: Changes in LDH activity are often correlated with aferent. In order to emphasize the relative change in the two
shift in expression of LDH isoenzymes. We examined theiATPases, we calculated a ratio plot. Figure 6D shows tHAt Na
distribution and quantified the activity of two of the most abunK*ATPase underwent a relatively larger change in the early
dant LDH isoenzymes at five stages of development (Figurdevelopmental ages, compared with?MQa*ATPase.
5). There was very little change in the distribution of LDH5 or
LDHS3 during early developmental ages of the control mouse DI SCUSSION
retina (Figure 5C). In contrast, following eye opening thereThe results of this study demonstrated elevated cationic chan-
was a significant decrease in LDH5 content irrtiiel mouse  nel permeability by P6, well before apoptotic markers and
(Figure 5A,C). The relative distribution of the LDH5 isoen- morphological changes are observed at the microscopic level
zyme appeared to parallel the loss of photoreceptors. On tfi0,56]. In addition, LDH activity was elevated in degenerat-
other hand, quantification of LDH3 activity resulted in a smalling mouse retinas prior to the onset of loss of photoreceptors.
but significant increase (p<0.01) id/rd adult retina com- Changes in LDH activity were not significantly different in
pared with control values (Figure 5B). We conclude that tha@on-retinal tissue. The elevated LDH activity present at birth
overall loss of LDH activity is due to a greater selective losén the retina was not related to a change in LDH isoenzyme
of the LDH5 isoenzyme. distribution. A sharp decrease in overall LDH activity with a
Changesin Na'/K*ATPase during degeneration: Itiswell  selective reduction of LDH5 was observed after eye opening,
known that photoreceptor function has a high metabolic dewell after the onset of photoreceptor death.
mand. A key enzyme that has been associated with consum- AGB labeling occurs earlier than apoptotic markers in
ing much of this energy is N&*ATPase, which is said to the rd/rd mouseretina: In other models of photoreceptor de-
account for 50% of energy required by photoreceptors [30Qeneration, such as RCS rat retina, AGB labeling of photore-
We evaluated NaK*ATPase activity in the mouse retina dur- ceptors is observed before the visualization of apoptotic cells
ing development and in the degeneratligd retina. As shown  [26-28], indicating that cationic channel permeability precedes
in Figure 6, total ATPase, M@Ca*ATPase and N&*ATPase the onset of cell death. In a similar way, we found a signifi-
activities steadily increased during development. To our sucant increase of AGB labeled photoreceptors from P6 in the
prise, however, there was no difference in activity in degenerd/rd mouse retina. Normally in phototransduction, activated
ating retinas compared with controls at any of the ages examtiodopsin triggers the activation of transducin, which in turn

A Total ATPase B Mg2*/Ca2*ATPase e retina dovelomont
5 A: Total ATPase progressively
1 increased through develop-
C_JControl ment with no significant differ-
Erd/rd ences being present between
107 control andd/rd retinasB,C:
Similar tendency was evident
for Mg?*/Ca*ATPase activity

57 (B) and N&/K*ATPase activ-
ity (C). D: The Na/K*ATPase
and Mg@*/Ca*ATPase in con-

4 8 16

adult trol andrd/rd retinas were
Postnatal age (days) compared with the activity of
the adult. The plot shows that
the relative proportion of My
Ca&*ATPase activity early in

L]
L=
]

——JcControl
I rdird 1

-y
w
1

o
N

(=]
1

= 8 16 adult
Postnatal age (days)

Activity (umol PO,/mg protein/hr)
S
Activity (umol PO /mg protein/hr)

—a— Control Mg>/Ca**ATPase
=— rd/ird Mg*/Ca**ATPase

= | C Na*/K*ATPase Control Na*/K*ATP:

"-E > 120 D —A— Conr _a_! . e the development of thed/rd
‘5757 Z 8- rdraNaiCATPase mice was increased with re-
<] IControl ‘5100 spect to control values (red
= u e =

0 I rdird - double arrows; p<0.001) and
£ 51 z 8 with respect to Nd@K*ATPase
o - 60 activity (blue double arrow;
= 3 p<0.01).

o -

2251 D 40

= =

rml

= LD

2 & 0 '

s 07y 8 16 adult 4 8 16 adult

< Postnatal age (days) Postnatal age (days)

723



Molecular Vision 2005; 11:717-28 <http://www.molvis.org/molvis/v11/a85/> ©2005 Molecular Vision

activates phosphodiesterase (PDE), lowering the cGMP leve protein levels observed from P6 in tidérd retina [5], and
els to close the cationic channels. However, imdhed mouse, decreased cGMP-PDE activity that starts to manifest at P5
there is a mutation in the gene encodingpfseibunit of rod  [62]. Previous studies [63,64], have shown that synaptogenesis
PDE, resulting in higher cGMP levels in the rod outer segis linked with major changes in metabolism in other regions
ment [7,57]. The increased cGMP content causes the catiorof the CNS. In particular, LDH activity has been shown to
channels in the outer segment to remain open, leading to canerease during periods of synaptic reorganization in the den-
tinued influx of N& and C&* ions and induces a sustained tate gyrus following deafferentation [64].
dark current that utilizes a high metabolic load [30]. In order  Although the AGB labeling would predict altered meta-
to preserve the photoreceptor electrochemical gradient'of Nébolic demand from P6, we found a small but significant in-
ATPis required. ATP fuels the removal of Neom the photo-  crease in LDH activity from birth through to P6 in ttaérd
receptor, via the action of the Mi&*ATPase. The AGB label- retina. The increase in LDH activity prior to P6 is consistent
ing of photoreceptors destined to degenerate irdttmouse  with an increase in retinal metabolism prior to the onset of
retina may indicate open cationic channels (that is, open cyhotoreceptor metabolism, and although the activity is not
clic nucleotide gated channels), or possibly the expression tdtally consistent with the increase being due to altered photo-
other cation permeable channels. receptor metabolic demand alone, is indicative of early altered
Changes in the pattern of AGB labeling inttied retina  metabolism in thed/rd retina. Rhodopsin is first detected at
were also observed in the inner retina, suggesting that alteraout P4 with subsequent photoreceptor development and dif-
photoreceptor function is reflected in postneuronal activatiorferentiation rapidly occurring in the next few days [10,65-67].
Studies on the permeability of AGB entry in the vertebratel' he earliest anatomical difference betweerrtte and con-
retina [23,24] indicate that AGB labeling of post-receptoraltrol mouse is abnormal synaptogenesis at P4 [10] but the first
neurons occurs secondary to glutamate receptors activatisigns of degeneration are observed at P8.
[23-25] and basal activation [23,24,29,58]. The basal AGB It has not been established if altered energetic metabo-
activation pattern reflects overall AGB gating by endogenouism leads to degeneration of the retina. However, the altered
activity. It is characterized by a prominent labeling of the outet DH enzyme activity is not new to models of retinal degen-
part of the inner nuclear layer [25,29,58], with occasionallyeration. Graymore [31] published the first reported alteration
labeled amacrine or ganglion cells. Our observation of altereid LDH distribution in the RCS rat compared to control rat
AGB labeling of therd/rd inner retina is in agreement with retina. He showed an alteration in the distribution of LDH
recent reports that the degenerating retina remodels and ésenzymes with a marked reduction of LDH5 at P7, an age
tablishes excitatory drive [51,54,59-61]. We established thathere photoreceptors have not attained adult-like morphol-
in basal conditions, using 25 mM AGB for longer periods (forogy in the rat retina and well before anatomical alterations are
example, 15 min) resulted in the labeling of depolarizing bievident in the RCS rat [31,33-35]. In tieérd mouse model,
polar cells; this can be blocked with L-AP4 [52]. The promi-metabolic anomalies have also been demonstrated before de-
nent labeling of the outer part of the inner nuclear layer (norgeneration, and at a similar time to those reported in this study.
horizontal cells) in the adult control retina is not present in th&everal studies [38,68,69], have shown an increase in oxygen
rd/rd retina. Such a finding would be expected if “ON” bipo- uptake, glucose utilization and lactic acid production (aero-
lar cell labeling is reduced, as predicted by the finding of théic) detectable at P8 in thd/rd mouse retina, followed by a
reduced metabotropic glutamate receptor mGIuR6 distribuapid decrease from P12. Metabolic substrate concentrations
tion in the outer plexiform layer afi/rd retinas [59]. How- and high energy phosphate compounds do not show major
ever, the presumed demand to maintain excitatory drive in ttaifferences between control arddrd mice [70,71], especially
remodelled amacrine and ganglion cell layer [51], likely leadbetween P15 and P20. The changes in oxygen consumption,
to diffuse AGB labeling of the inner nuclear and ganglion celplucose utilization, and lactic acid production [38] are consis-
layers. tent with altered LDH activity data, and identify an early meta-
Thereisa higher level of metabolism prior to degenera- bolic dysfunction in thed/rd mouse, well before photorecep-
tionintherd/rd mouseretina: Our results indicated that in the tor cells die through apoptosis at about P10-P12 imdine
control retina, LDH activity increased during development inmouse [56]. The implication of altered metabolic changes at
two phases. There was a steady increase in activity in the cdoifth is that the genetic mutation leads to altered retinal meta-
trol retina between birth and P9, followed by a slow, progresbolic function. The chief conclusion that can be drawn from
sive increase until adulthood. The change in activity, espesuch work is that in two disparate models of retinal degenera-
cially between birth and P9 most likely reflects the extent ofion, the RCS rat, caused by a mutation of the tyrosine kinase
maturation of retinal structures that occurs prior to eye opergeneMertk [72,73] and thed/rd mouse (caused by a muta-
ing. The mouse retina is relatively immature at birth, consisttion of PDE) [10], both display metabolic anomalies and in-
ing of a ganglion cell layer, inner plexiform layer and largecreased photoreceptor AGB labeling [29] before anatomical
neuroblastic layer [10]. The outer plexiform and inner nucleaor apoptotic markers of impending photoreceptor degenera-
layers become clearly separated by P4 and photoreceptor outien.
segments can be observed by P8. The increase in LDH activ- Isthe LDH5isoenzymelocalized within photoreceptors?:
ity observed in thed/rd mouse during this early phase could It has been proposed that LDH5 is the predominant isoen-
be related to the elevated and increasing cGMP levels relatizgme within glia of the CNS, whereas LDH1 is predominantly
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found in neurons [74-76]. This proposition lead to the suggeg88], suggesting that altered metabolite availability from Mdller
tion that LDH1 is predominantly located within photorecep-cells leads to upregulation within neurons. Since LDH5 is the
tors, known to have high use of pyruvate [77]. Consequentlygredominant isoenzyme of the mouse retina, it is likely that
a model was developed for the retina where glucose would lpdotoreceptors express this isoform, and that blocking glial
converted to lactate via LDH5 within Muller cells, the lactatemetabolism enhances LDH5 activity in the photoreceptors.
transported to photoreceptors where it would be converted teurther analysis of LDH isoenzyme distribution in the retina
pyruvate via LDH1 and utilized in aerobic metabolism: knownis required to support this hypothesis.
as the “lactate shuttle” [75,78,79]. The “lactate shuttle” hy-  ATPaseactivityintheretina: Na/K*ATPase restores Na
pothesis remains controversial [80,81]; however, our previand K gradients within photoreceptors and is integral to the
ous work has indicated that monocarboxylate transport is inmaintenance of the photoreceptor dark current. Ames et al.
portant for longer-term retinal function and a range of amin¢30] indicated that 41% of oxygen uptake and 58% of glyco-
acids are likely shunted into metabolic pools to sustain retindysis was consumed by photoreceptor/K&ATPase. More-
function [82,83]. Studies on the behavior of LDH isoenzyme®ver, several studies have demonstrated that knockout mice
at near physiological concentration [84,85] suggest that thihat lack the32-subunit of N&K*ATPase, develop photore-
activity of LDH isoenzymes may not be as proposed in theeptor degeneration, and that replacingfPesubunit with a
lactate shuttle hypothesis. Wuntch’s experiments demonstrat@d-subunit in a “knock-in” experiment ameliorated the de-
that pyruvate inhibition of LDH1 does not occur at concentrageneration [92-94]. These studies suggest that normal func-
tions higher than 3.5xT0M, such as those encountered intion of Na&/K*ATPase is crucial for photoreceptor survival.
physiological conditions. Moreover, it has been recently shown Weexamined N8K*ATPase activity as a function of de-
that neurons and glia are both net producers of lactate [86]jelopment in control andd/rd retinas. Following eye-open-
These observations do not contradict the studies of Bui et ahg, there was a substantial increase iII&\TPase activity
[83], who observed that when monocarboxylate transporteiia control andrd/rd retinas. This most likely reflects the in-
are blocked, there is a decrease in retinal function as meerease in retinal function that occurs at this time. The elec-
sured by the electroretinogram. Lactate transport inhibitiotroretinogram is a gross retinal potential that provides a mea-
occurs both at the plasma membrane and mitochondrial mersdre of the response of the retina to light. It is first detected at
brane, opening the possibility that intracellular lactate traffi®12 in the control mouse retina [95]. At this time the rates of
could be affected. Despite the controversy on the cellular prafycolysis and oxygen consumption increase by 2.5 fold
ducers of lactate, these studies [87,88] suggest that lactate if9&,97]. This roughly coincides with the greatest increase in
key energy metabolite for retinal neurons, and LDH activityNa'/K*ATPase activity observed.
is required for retinal function. However, the activity of MY/Ca*ATPase appeared to
Our observation that the LDH isoenzymes varied considbe affected early in the development ofiitied mouse retina.
erably between retinal and brain tissue poses the question fehe close functional association between PDE activity and
garding how the lactate shuttle would operate within the retin&Ca* levels suggest that upregulation offGarPases would
In particular, we observed substantial levels of LDH5 withinaccompany the degeneration process. Yet'/Kg*ATPase
the retina, and little if any LDH1. It should be noted howeveractivity was only increased early in the development. It is un-
that LDH5 has an equilibrium constant of 1, suggesting thdtkely that the high Mg/Ca*ATPase activity of thed/rd mice
this isoenzyme is just as efficient in producing pyruvate undeat P4 was a consequence of the onset of the degeneration be-
aerobic conditions as LDH1. Since the oxygen tension in theause PDE activity and cGMP levels remain normal at this
outer retina is very high [89,90], it is highly probable that theage [62,98]. Increased cGMP levels and concomitant reduc-
LDH5 equilibrium will be in the direction of pyruvate pro- tion in PDE activity were first observed at P6 [62,98]. Al-
duction. Moreover, the LDH isoenzyme directionality doesthough there is expanding evidence on the role of the family
not seem to apply to physiological concentrations of the eref plasma membrane €aATPases (PMCASs) as important
zyme [84,85]. Consequently, in contrast to neurons of the brajparticipants in maintaining Gaexport during normal and
that contain LDH1, production of pyruvate or lactate withinpathological conditions [99-102], the role of MEa*ATPase
photoreceptors and Mdller cells could be catalyzed by LDH# therd/rd retina development remains unclear.
under normal metabolic conditions. This suggestion is sup- It is intriguing that we found no difference in Ma
ported by the distribution pattern of the total LDH activity in K*ATPase activity imd/rd retinas compared with controls. In
the outer retinal layers in both monkey and rabbit retinas [91particular, N&K*ATPase activity was unchanged even when
Lowry’s work [91] showed that LDH activity in retinal layers photoreceptors were significantly reduced in number in the
is higher in the outer nuclear layer than in the inner retina. It isd/rd mouse [71]. It is well known that shifts in metabolism
unlikely that LDH1 alone determines the high activity observe@nd deafferentation cause major alterations in LDH activity.
in this layer. In fact, it appears that regulation of LDH5 acHt is less clear what the relationship is between LDH and lev-
counts for the LDH activity of the retina. Several independengls of aerobic or anaerobic metabolism. We propose that LDH
studies corroborate this statement: (1) the significant reduectivity is an excellent indicator of photoreceptor function,
tion in LDH5 activity in a rat model of photoreceptor degen-rather than NadK*ATPase activity. Wetzel et al. [1L03] demon-
eration [32,36,37] and (2) LDH5 activity increased in a reti-strated that N#K*ATPase subunits are expressed throughout
nal preparation where the glial metabolism has been impedéide retina, and functional N&K*ATPase is required for main-
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In summary, we evaluated the use of AGB as a marker
early retinal degeneration, LDH isoenzyme distribution, and
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