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Spatiotemporal regulation of ATPand Ca?* dynamicsin vertebrate
rod and cone ribbon synapses

Jerry E. Johnson Jr.,*2 Guy A. Perkins?® Anand Giddabasappa CS,>* Shawntay Chaney,>* Weimin Xiao,2 An-
drew D. White? Joshua M. Brown,® Jenna Waggoner,®> Mark H. Ellisman,*®* Donald A. Fox?46

Department of Natural Sciences, University of Houston-Downtown; 2College of Optometry, University of Houston, Houston, TX;
3National Center for Microscopy and Imaging Research, University of California San Diego, La Jolla, CA; “Department of Biology
and Biochemistry, University of Houston, Houston, TX; *Department of Neurosciences, University of California San Diego, La
Jolla, CA; ¢Department of Pharmacology and Pharmaceutical Sciences, University of Houston, Houston, TX

Purpose: In conventional neurons, €anters presynaptic terminals during an action potential and its increased local
concentration triggers transient exocytosis. In contrast, vertebrate photoreceptors are nonspiking neurons that maintain
sustained depolarization and neurotransmitter release from ribbon synapses in darkness and produce light-dependent
graded hyperpolarizing responses. Rods transmit single photon responses with high fidelity, whereas cones are less sensi-
tive and exhibit faster response kinetics. These differences are likely due to variations in presyfagyicaGacs.

Metabolic coupling and cross-talk between mitochondria, endoplasmic reticulum (ER), plasma membtraheaSa

(PMCA), and N&Ca* exchanger (NCX) coordinately control presynaptic ATP production affdd@@amics. The goal

of our structural and functional studies was to determine the spatiotemporal regulation of ATP dyda®aics in rod

spherules and cone pedicles.

Methods: Central retina tissue from C57BL/6 mice was used. Laser scanning confocal microscopy (LSCM) experiments
were conducted on fixed-frozen vertical sections. Primary antibodies were selected for their tissue/cellular specificity and
ability to recognize single, multiple or all splice variants of selected isoforms. Electron microscopy (EM) and 3-D electron
tomography (ET) studies used our standard procedures on thin- and thick-sectioned retinas, respectively. Calibrated fluo-
3-C&* imaging experiments of dark- and light-adapted rod and cone terminals in retinal slices were conducted.

Results: Confocal microscopy showed that mitochondria, ER, PMCA, and NCX1 exhibited distinct retinal lamination
patterns and differential distribution in photoreceptor synapses. Antibodies for three distinct mitochondrial compartments
differentially labeled retinal areas with high metabolic demand: rod and cone inner segments, previously undescribed
cone juxtanuclear mitochondria and the two plexiform layers. Rod spherule membranes uniformly and intensely stained
for PMCA, whereas the larger cone pedicles preferentially stained for NCX1 at their active zones and PMCA near their
mitochondria. EM and ET revealed that mitochondria in rod spherules and cone pedicles differed markedly in their num-
ber, location, size, volume, and total cristae surface area, and cristae junction diameter. Rod spherules had one large ovoid
mitochondrion located near its active zone, whereas cone pedicles averaged five medium-sized mitochondria clustered far
from their active zones. Most spherules had one ribbon synapse, whereas pedicles contained numerous ribbon synapses.
Fluo-3 imaging studies revealed that during darkness rod spherules maintained a |d)vdiCeone pedicles, whereas

during light adaptation pedicles rapidly lowered their’fJaelow that observed in spherules.

Conclusions: These findings indicate that ATP demand and mitochondrial ATP production are greater in cone pedicles
than rod spherules. Rod spherules employ high affinity/low turnover PMCA and their mitochondrion to maintain a rela-
tively low [C&*] in darkness, which increases their sensitivity and signal-to-noise ratio. In contrast, cone pedicles utilize
low affinity/high turnover NCX to rapidly lower their high [Ehduring light adaptation, which increases their response
kinetics. Spatiotemporal fluo-3-€amaging results support our immunocytochemical results. The clustering of cone
pedicle mitochondria likely provides increased protection froit @eerload and permeability transition. In summary,

these novel studies reveal that several integrated cellular and subcellular components interact to regulate ATP and Ca
dynamics in rod and cone synaptic terminals. These results should provide a greater understanding of in vivo photorecep-
tor synaptic terminal exocytosis/endocytosis?*@aerload and therapies for retinal degenerations.

During an action potential, €aenters the presynaptic cytosis [1-5]. Metabolic coupling and cross-talk between mi-
terminal of conventional neurons through voltage-gated chariechondria, endoplasmic reticulum (ER), the plasma membrane
nels that cluster near the synaptic vesicle release sites or &=* ATPase (PMCA), and N&Ca* exchanger (NCX), and
tive zones. The increased subplasmalemmai @mcentra- Ca* channels must coordinately control ATP production and
tion in these microdomains plays a key role in transient exa=a* dynamics in the presynaptic terminals to ensure recovery
for the next action potential [1,2,4-9]. Thus, the spatiotempo-
Correspondence to: Dr. Donald A. Fox, University of Houston, Col+al control of the synaptic terminal ATP production and'Ca
lege of Optometry, 4901 Calhoun Road, Houston, TX 77204-202Qconcentration are essential for regulating the probability and
Phone: (713) 743-1964; FAX: (713) 743-2053; email: dafox@uh.edyate of neurotransmitter release, quantal content, and kinetics
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of vesicle exocytosis and endocytosis [1,2,5]. For examplejesicle competence, but not for vesicle fusion or neurotrans-
reciprocal cooperation between mitochondria and ER controlsitter release [8,33,34,37,38].
presynaptic Cahandling and neurotransmitter release inlob- ~ Neuronal mitochondria play a fundamental role in regu-
ster neuromuscular junction and bullfrog sympathetic ganglitating ATP production and intracellular €éor processes re-
[10,11], but not in the mouse calyx of Held [7], mouse neurofated to cellular metabolism, ionic homeostasis, neurotrans-
muscular junction [8] or goldfish mixed rod-cone bipolar mitter uptake/release and cell survival [1,2,39,40]. Energy
(Mb1) cell [12]. Moreover, it is reported that mitochondria indemand drives mitochondrial ATP production [41]. ATP pro-
the goldfish Mb1 cell terminals, which cluster far from theduction is modulated by the total number of mitochondria per
active zones [13], do not buffer presynapti¢‘@at instead cell, size of the mitochondria, volume of the mitochondria per
primarily provide ATP to the PMCA to extrude intraterminal cell, and total surface area of the inner mitochondrial cristae
Ca*[12-14]. membranes [42,43]. Neuronal somata are separated from their
In contrast, vertebrate rod and cone photoreceptors apgesynaptic terminals by relatively long axonal processes. This
nonspiking neurons that maintain sustained depolarization amecessitates that mitochondria be differentially distributed
neurotransmitter release from ribbon synapses in darkness arihin neurons to serve compartment-specific demands such
produce light-dependent graded hyperpolarizing responses oxidative metabolism, neurotransmitter release, afd Ca
[15,16]. Following membrane depolarization, the kinetics ohomeostasis [2,6-8,44]. To develop a comprehensive knowl-
rapid exocytosis are faster in cones than rods, which is likelgdge and understanding of mammalian photoreceptor synap-
due to differences in presynaptic’Cdynamics [17,18]. For tic terminal ATP production, Cshomeostasis and neurotrans-
example, salamander rods have one pool of vesicles that arétter kinetics, integrative immunocytochemical, ultrastruc-
released rapidly and linearly by submicromolar to micromotural and C& imaging studies on photoreceptor synaptic ter-
lar concentrations of Gg[17,19]: consistent with the single minals, mitochondria and their interrelation with the proteins
photon sensitivity and high fidelity of rods [20,21]. During that utilize ATP and regulate €aoncentrations are needed.
darkness, photoreceptors maintain a sustained depolarization The retina has one of the highest rates of mitochondrial
and continuously release glutamate [15,16,22,23]. To date, roixygen consumption and energy demand of any tissue [45].
comprehensive electrophysiological and pharmacological exrhe rod and cone photoreceptors contain at least 75% of the
periments examining the regulators of ATP production andotal retinal mitochondria, have the highest retinal cytochrome
Ca*homeostasis, similar to those conducted in several diffeexidase (COX) activity, and consume 2 fold to 3 fold more
ent neurons and goldfish retinal Mb1 cells [7,8,10-14,24], havexygen than the inner (proximal) retina [46-51]. To date, mi-
been performed on rod or cone photoreceptor synaptic terntiochondria have been localized to the photoreceptor inner seg-
nals. However, it has been reported that PMCA is the prenents (IS) and synaptic terminal regions [45-55]. Extrafoveal
dominant C#& extrusion mechanism in photoreceptor synapprimate cone photoreceptor IS (CIS) have more mitochondria,
tic terminals [25] and that a ryanodine-dependent amplificahigher COX activity, and stain more intensely for thé, Ka-
tion mechanism is coupled to the release of glutamate in darkTPase (NAKA) than rod photoreceptor IS (RIS) [46,47,51].
adapted salamander rods [26,27]. In addition, studies witMurine CIS have two-fold more mitochondria than RIS and
amphibian and mammalian retinas have demonstrated the préswve higher COX activity than RIS [55]. In addition, CIS mi-
ence of ER [28-31] and PMCA [25,32] in photoreceptor syntochondria have narrower crista junctions (CJs), greater cris-
aptic terminals. tae interconnectivity, and approximately 3 fold greater cristae
Synaptic release of neurotransmitters at conventional symrembrane surface area than RIS mitochondria [55]. Further-
apses is rapid and transient [1,3,6-9]. The ATP-dependence miore, cones have significantly more synaptic ribbons in their
neurotransmitter uptake into synaptic vesicles, exocytotiterminals, possess unique basal junctions on their pedicles
vesicle priming and replenishment as well as thie-@epen- compared to rods, and have a higher concentration of ATP
dence of vesicle fusion and neurotransmitter exocytosis &han rods [47,56-64]. Collectively, these biochemical, struc-
synaptic membranes of neurons is widely acceptetural and substructural studies indicate that mammalian cones
[1,3,4,33,34]. In contrast to conventional chemical synapsebave an overall higher bioenergetic demand and ATP produc-
the presynaptic terminals of retinal photoreceptors and bipdion than rods [55,56].
lar cells possess ribbon synapses [35,36]. Ribbon synapses The overall goal of these studies was to develop a com-
are specialized organelles located in nerve terminals that maiprehensive structural and functional understanding of rod
tain a high rate of sustained transmitter release during a gradspherule and cone pedicle ribbon synaptic terminals. The spe-
depolarization [35,36]. In addition, the photoreceptor and bieific aims of these laser scanning confocal microscopy
polar cell synaptic terminals differ from one another in theilLSCM), electron microscopy (EM), three-dimensional elec-
ribbon synaptic unit morphology, Eaensitivity for exocy- tron tomography (ET), and €&luo-3 imaging studies were
tosis, and kinetics of exocytosis and endocytosis [9,17,36,37pur-fold. The first was to determine the cellular distribution
Despite the kinetic differences of neurotransmitter releasand spatial interrelation of mitochondria, ER, PMCA, and NCX
between conventional and ribbon synapses as well as amoimgthe retina and especially in the photoreceptor synaptic ter-
photoreceptor and bipolar cell ribbon synapses, studies suginals. The second was to determine if the cellular and sub-
gest that mitochondrially-generated ATP is required for neueellular ATP and Caregulatory mechanisms differed between
rotransmitter uptake by synaptic vesicles, vesicle priming ancbd spherule and cone pedicle synaptic terminals. The third
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was to determine if the relative [€jin rod spherules and Antibodies and lectins: The primary antibodies and lec-
cone pedicles differed during darkness and light-adaptatiotin used in these studies were selected carefully for their tis-
The fourth goal was to determine and discuss the functionale and cellular specificity, ability to recognize single or mul-
significance of our results in relation to rod and cone synaptitiple protein isoforms, ability to recognize all splice variants
terminal bioenergetics, €shomeostasis and neurotransmit- of selected isoforms, and commercial availability (Table 1).
ter release. Here we show that mitochondria, ER, PMCA and/e conducted extensive preliminary experiments to ensure
NCX each exhibited a distinct retinal lamination pattern. Atthat every antibody utilized in these studies had the appropri-
higher spatial resolution, unique functionally related distribu-ate specificity and penetration. All antibodies utilized in this
tions of mitochondria, ER, PMCA and NCX were observed irstudy were titrated through a broad range of dilutions (most
both rod spherules and cone pedicles. Rod spherule and camesr 3 orders of magnitude) to determine optimal working
pedicle mitochondria also had marked functionally relatedlilutions. In addition, the concentration of Triton X-100 in the
differences in the location, total number, size, volume and tdlocking agent was titrated to ensure optimal penetration with-
tal surface area of the inner mitochondrial cristae membranesut a significant loss in epitope. Immunolabeling specificity
Furthermore, rod spherules maintained a lowet[@sn cone  was confirmed by processing retinal sections as described
pedicles during darkness, whereas cone pedicles lowered thb&low in the absence of the primary antibodies, by substitut-
intraterminal [C&] faster and to a greater degree than rodng normal rabbit or goat serum for polyclonal antibodies, or
spherules during light adaptation. These results provide a moby using immunizing peptides for neutralization experiments.
comprehensive understanding of the spatiotemporal contrdlhese procedures eliminated all specific labeling and revealed
of C&* concentrations and mitochondrial ATP production inno false-positive labeling.

rod and cone ribbon synaptic terminals as they relate to exo- An extensive panel of well-characterized primary anti-
cytosis and endocytosis. Moreover, they provide importaribodies directed against cell- and organelle-specific markers
groundwork for further understanding compartmental differin the retina was used in double and triple labeling experi-
ences in photoreceptors and offer new insight into strategiesents. These were antibodies for rhodopsin, M-opsin, S-op-
that will be necessary to treat visual deficits that result fronsins, M-cone arrestin, vesicular glutamate transporter 1

rod and/or cone photoreceptor degeneration. (VGIuT1), protein kinase @ (PKCa), kinesin KIF3A,
synaptotagmin 1, and peanut agglutinin (PNA) [58,65-72]. The
METHODS details about the other antibodies, previously not used for reti-

Materials: All chemicals were purchased as analytical or monhal immunocytochemistry studies, are immediately below.
lecular biology grade from Sigma Chemical Co. (St. LouisCOX is the terminal electron transport complex of the mito-
MO) or Fisher Scientific (Pittsburgh, PA) unless otherwisechondrial respiratory chain and standard activity-dependent
noted. The pH of all solutions was 7.40 at indicated temperananer boundary membrane (IBM) and cristae marker [41,47].
tures. The anti-COX subunit IV (COX IV) mouse monoclonal 20E8
Experimental animals: All experimental and animal care antibody (Molecular Probes, Eugene, OR) is a molecular
procedures complied with the principles of the American Physimarker of the inner membrane system [73] and detects a single
ological Society, the NIH Guide for the Care and Use of Labo16 kDa band on Western blots [40,105]. The anti-voltage-de-
ratory Animals and Maintenance (NIH publication No. 85-pendent anion channel (VDAC: mitochondrial porin) rabbit
123, 1985) and were approved by the Institutional Animal Carpolyclonal antibody Ab-5 (Calbiochem, San Diego, CA) is an
and Use Committee of the University of Houston. Wild-typeestablished marker of the outer mitochondrial membrane
C57BL/6J mice (Harlan Sprague Dawley, Indianapolis, IN)(OMM), was raised against amino acids 185-197 of the hu-
from litters bred at our facility, were maintained on a 12:12man VDAC, recognizes all three VDAC isoforms and detects
light:dark cycle (10-20 lux cage luminance) with food anda single 31 kDa band on Western blots [74]. We did not use
water available ad libitum. the anti-VDAC mouse monoclonal antibody 31HL, used in
For most studies, 21 and 60 day old female mice wereetinal studies by Gincel et al. [104], since it only recognizes
decapitated between one and two hours after light-onset atite VDACL1 isoform [75]. The anti-mitochondrial DNA poly-
their eyes were rapidly removed and immersed in ice-coldheraser (POLG) rabbit polyclonal antibody Ab-1 (Lab Vi-
phosphate buffered saline (PBS). For a few studies, 60 dajon, Fremont, CA) is a nuclear-encoded protein responsible
old female mice were dark-adapted overnight and decapitatédr mitochondrial DNA (mtDNA) repair and replication that
two hours after scheduled light-onset under dim red light (is located in the mitochondrial matrix, was raised against amino
>650 nm). The corneas were gently punctured at the limbuacids 714-1061 of the human POLG, and detects a single 140
Then the eyes were either immersion-fixed in room tempera&Da band on Western blots [76]. POLG expression and mes-
ture 4% paraformaldehyde in 0.1 M cacodylate buffer for 3&age level are maintained regardless of the mtDNA status [77].
min for LSCM studies or in ice-cold 3% glutaraldehyde, 2%The anti-calreticulin rabbit polyclonal antibody AB3825
paraformaldehyde and 0.1% Caidl0.1 M cacodylate buffer (Chemicon, Temecula, CA) is specific for the*cainding
(Karnovsky'’s fixative) for 12 h at 4C for conventional EM  chaperone located in the lumen of all ER that actively modu-
or ET studies as described [40,55,56,64]. Three to seven relates C& transport across the ER membrane [78]. It was raised
nas from different mice were used for each independent analggainst amino acids 412-417 of the C-terminus of calreticulin,
sis. There were no age-dependent differences on any analysises not cross react with other ER proteins and detects a single
889
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60 kDa band on Western blots [79]. The anti-pan-sarcoplashe vertical meridian on a cryostat at a thickness of 11,5
mic-endoplasmic reticulum €aAT Pase isoform 3 (SERCA3) collected onto Superfrost®/Plus microscope slides (Fisher
rabbit polyclonal antibody PA-1-910A (Affinity BioReagents, Scientific) and stored at -2@ until used.
Golden, CO) was raised against amino acids 29-39 of the For all LSCM experiments, sections were fixed and
mouse and rat SERCA3 isoform, recognizes all splice varimmunolabeled in parallel to insure identical processing. All
ants of human and rodent SERCAS3, does not cross react wiimalyzed sections were obtained 200-g¢60from the optic
other SERCA isoforms, and detects a single 97 kDa band arerve head. Immunofluorescent labeling of frozen sections was
Western blots [80]. The anti-pan-PMCA mouse monoclonakssentially as described [79]. Briefly, sections were thawed
antibody MA3-914 (Affinity BioReagents) was raised againstfor 60 min before use and postfixed by immersion in 4%
amino acids 724-783 of the human erythrocyté @amp, paraformaldehyde for 15 min to improve tissue adherence to
recognizes all four isoforms of PMCA and detects a 140 kD¢he slides. Sections were rinsed in nanopure water,(®pH
band on Western blots [81]. The anti-NCX1 rabbit polyclonatreated with 1% sodium borohydride to reduce nonspecific
antibody p11-13 (Swant, Switzerland) was raised against thtessue autofluorescence, and immediately rinsed in,@pH
full length canine cardiac NCX1, recognizes all splice vari-Sections were rinsed in PBS and treated for two hours at RT
ants of NCX1, does not cross react with other NCX isoformsyith 5% bovine serum albumin, 1% fish gelatin, 10% normal
and detects the 120 and 160 kDa bands on Western blajeat serum and 0.1-0.3% Triton X-100 in ice-cold PBS to block
[81,82]. non-specificimmunolabeling. Primary antibodies were applied
Laser scanning confocal microscopy studies: Fixed eyes for two days at 4C. For double and triple labeling experi-
were rinsed in ice-cold PBS for 10 min. Fixed and washedents, primary antibodies from different host animals were
eyes were cryoprotected in 30% sucrose/PBS solutions. Tlaplied simultaneously.
anterior segments were removed, eyecups were embedded in After incubation in primary antibody, the sections were
Tissue-Tek® OCT mounting media (Electron Microscopyrinsed three times in PBS and blocked for 30 min. Dilutions
Sciences, Fort Washington, PA) for 30 min and then frozen bf1:500) of Cy3- or Cy5- (Jackson ImmunoResearch Labora-
immersion in liquid nitrogen. Retinas were sectioned alondories, West Grove, PA) or Alexa Fluor 488 (Molecular Probes)

TABLE 1. CELL-SPECIFIC PRIMARY ANTIBODIES AND LECTIN

Primary antigen or lectin Structure | abel ed Host Sour ce Di |l ution Ref er ences
Calreticulin ER Rabbi t Cheni con 1:100 78,79
M ddl e wavel engt h-sensitive Cones Rabbi t Kind gift from 1: 1000 109
cone arrestin (M CAr) Cheryl Craft
Cyt ochrome oxi dase subunit |V M tochondri al inner Mouse Mol ecul ar 1: 500 40,73, 94
(COX 1V) menbr ane system Probes
Ki nesi n Kl F3A Phot or ecept or ri bbon Mouse BD Bi osci ences 1:100 71
and synaptic
vesicl es
Na*/ Ca?* exchanger isoform1 Synaptic termnals Rabbi t Swant 1:100 81, 82
(NCX1)
M ddl e wavel engt h-sensitive Cones Rabbi t Kind gift from 1: 1000 65
opsin (M opsin) Cheryl Craft
Short wavel engt h-sensitive Cones Rabbi t Kind gift from 1: 1000 65
opsin (S-opsin) Cheryl Craft
pan- Pl asma nenbrane Ca? Synaptic termnals Mouse Affinity 1:100 81
ATPase ( PMCA) Bi or eagent s
M tochondri al DNA pol ynerase-y M tochondrial matrix Rabbi t Lab Vi sion 1: 500 76
(POLG
Protein kinase C a (PKCa) Rod bi pol ar cells Rabbi t Si gma 1: 1000 68, 69
Rhodopsin (1D4) Rods Mouse Chemi con 1: 1000 72
Sar copl asmi c- endopl asmi ¢ ER Rabbi t Affinity 1: 400 80
reticul um Ca* ATPase isoform Bi or eagent s
3 ( SERCA3)
Synaptotagnmin 1 Phot or ecept or and Mouse Chemi con 1:100 70, 113
bi pol ar synaptic
vesicl es
pan- Vol t age- dependent ani on M tochondrial outer Rabbi t Cal bi ochem 1:1000 74
channel (VDAC) menbr ane
Vesi cul ar gl utamate Phot or ecept or and Qui nea Chemi con 1:1, 000 69
transporter 1 (VG uTl) bi pol ar cel | pig
term nal s
Peanut aggl utinin (PNA)-Al exa Cone outer segnents Mol ecul ar 1: 50 58, 69
Fl uor 647 Conjugate and termnals Probes

The primary antigen or lectin, structure(s) they label, host, source, and reference are presented.
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-conjugated secondary antibodies were applied and incubateted a minimum of five confocal immunofluorescent sections
for 60 min in the dark at RT. For double and triple labelingper retina from three to five mice and ranked the
experiments, secondary antibodies directed against primammunolabeling intensity on a relative five-point scale. The
antibodies from different species were applied simultaneousljluorescent labeling scale was intense (++++), strong (+++),
After incubation with secondary antibody, the sections werenoderate (++), weak (+) or absent (0). The combined results
rinsed in PBS and npB. The immunolabeled slides were had a 90-95% concordance between viewers and are presented
dried and cover-slipped with Vectashield® anti-fade mountin Table 2.
ing medium (Vector Laboratories, Burlingame, CA) and stored ~ Conventional electron microscopy: The ultrastructure of
at 4°C until visualized. For double and triple labeling experi-mouse and rat photoreceptors has been described in several
ments using PNA, PNA-Alexa Fluor 647 (1:50 dilution: Mo- classic papers [28,53,83,84]. The fixation procedures used in
lecular Probes) was applied simultaneously with the secondhese studies preserved the ultrastructure of the outer retina,
ary antibody/antibodies. although they were not optimal for maintaining the photore-
LSCM images were acquired using a Leica TCS SP2eptor mitochondria ultrastructure and substructure as these
LSCM (Leica Microsystems, Exton, PA). Stacks of imagesvere not the major goals of these studies. In contrast, one of
from different Z-planes were obtained using a step size of 0.®ur primary goals was to analyze and compare the ultrastruc-
0.5um. “Bleedthrough” of fluorescent signals from different tural and substructural features and characteristics of rod and
channels was eliminated by adjusting laser power, detectapne photoreceptor mitochondria. Therefore, we used our well-
sensitivity and by sequentially imaging each fluorescent charvalidated fixation and embedding procedures for these endeav-
nel. Confocal images were identically and minimally processedrs, essentially as described [40,55,65,85]. Briefly, each eye
by importing them into Adobe Photoshop CS software (Adob&vas fixed overnight and a piece of the superior temporal retina
Systems, Inc., Mountain View, CA). The results shown ar00-250um from the optic nerve was obtained. We chose this
representative of three to six separate immunolabeling experetinal area for two reasons. First, we used the same area of
ments from three to five different mouse retinas. In all doublenouse retina for our previous ultrastructural and ET work on
and triple labeling experiments, the voxel dimensions in thenouse cone inner segment mitochondria [55]. This allowed
X-Y dimensions were smaller than in the Z-dimension.us to compare directly our results from rod and cone inner
Epitopes were designated as “colabeled” when the fluoresegment mitochondria to the current study on rod and cone
cent pixels overlapped in the images. For all figures, the desynaptic terminal mitochondria. Second, this region contains
ignation colabeled implies that the epitopes were within 290mostly middle wavelength-sensitive (M) cones [169] and M
400 nm of each other. cones in the mouse are similar to those in other mammals
Semi-quantitative assessment of immunolabeling inten- [86,87], which enables cross-species comparisons. Sections
sity: The lamination-specific intensity of COX IV, VDAC, were dehydrated and embedded in Spurr’s or Araldite resin as
POLG, calreticulin, PMCA, and NCX immunolabeling was described [40,55,65,88]. Ultra-thin vertical sections of the
assessed by three independent viewers. Each viewer exaratina were stained with uranyl acetate and lead citrate before

TABLE 2. RETINAL LAMINATION AND CORRESPONDING STAINING INTENSITY OF MITOCHONDRIA, CALCIUM TRANSPORTERS AND ER

Cal ci um

M tochondrial anti body transporters
Retinal Area or Structure COoX |V VDAC POLG PMCA  NCX Calreticulin
ROS and COS 0 0 0 0 0 0
RIS and C'S ++++ ++/ +++ ++++ + ++++ ++++
Cone juxtanucl ear mtochondria o+ 4+ +++ ++++ +++ na na na
Rod j uxt anucl ear m tochondria ++ +++ ++ +++ na na na
Overal | ONL + ++ +4 +++ +++ o+ 4+ ++
oPL +4+++ +4+++ I A S S A o
Di stal INL sonas ++ + +H++ 4+ ++ ++/ +++
M ddle I NL sonas + ++ + + ++ ++ ++
Proxi mal I NL sonas + ++ + +H++ 4+ ++ ++/ +++
| PL subl am na- o ey I + ++ 4+ ++/ +++ 0/ +
I PL subl am na- ot ++ +++ ++ o/ +
RGC +++ ++ +++ ++ ++ +++
Mil l er glial end-feet ++++ 0o/ + + ++ 0o/ + 0o/ +

COX IV represents cytochrome oxidase subunit IV; VDAC represents voltage-dependent anion channel; POLG represents mitochondrial
DNA polymeraser; PMCA represents plasma membrané*@@Pase; NCX represents Maa* exchanger isoform 1; ER represents endo-
plasmic reticulum ROS and COS represents rod and cone outer segments; RIS and CIS represents rod and cone inner segiahéxts; ONL a
represents outer and inner nuclear layer; OPL and IPL represents outer and inner plexiform layer; GCL represents gayeliameer8ity
staining key: ++++ represents intense; +++ represents strong; ++ represents moderate; + represents weak; O represamepadssams n
not applicable.
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being examined in a JEOL 100-C or 1200EX transmissio® mM KCI, 3 mM MgCl, 10 mM D-glucose: pH 7.4, 318
EM (Tokyo, Japan). The number of mitochondria per rod sphemOsm) containing rhodamine-labeled PNA (1:10 dilution;
ule and cone pedicle was calculated from three to five diffeVector Laboratories, Burlingame, CA) and bovine serum al-
ent grids from each of five different mice. The mean numbebumin (1 mg/ml) for 10 min at RT followed by three gentle
from each mouse was determined and the overallast&  aspiration/rinses with Cafree HEPES buffer. Then the reti-
was calculated. nas were incubated in the G&ree HEPES buffer containing
Three-dimensional electron microscope tomography: 3 mM fluo-3 AM and 0.025% pluronic acid (Molecular Probes)
Mouse retinas were prepared for ET essentially as describéal 30 min at RT followed by a gentle aspiration/rinse if*Ca
[40,55]. Briefly, the superior temporal retina 200-280from  free HEPES buffer. Preliminary experiments determined that
the optic nerve was trimmed (vide supra) and the retinal sethe organic anion transport inhibitor probenecid (2.5 mM) did
tions were dehydrated, embedded in Durcupan resin, sectionedt significantly affect the fluo-3 fluorescence results in the
(500 nm thick) and imaged using the single- and double-tiltod or cone synaptic terminals, so it was not used in the present
series techniques described by Perkins and co-workeexperiments. We did not use verapamil, an inhibitor of the
[55,89,90]. Fiducial cues, consisting of 20 nm colloidal goldmultidrug resistance pump, because it also blocks L-type Ca
particles, were deposited on both sides of the section. For eachannels and would have confounded our results [40,94].
reconstruction, a series of images at regular tilt increments The retinas were mounted retinal ganglion cell side down
was collected with a JEOL 4000EX intermediate-voltage EMbon nitrocellulose filter paper and several 100-159 thick
operated at 400 kV. To limit anisotropic specimen thinningslices were made in the central retinal area essentially as de-
during image collection, the specimens were irradiated beforgcribed [95]. The retinal slices and filter paper were placed on
each tilt series. Tilt series were recorded at 20,000X magnifsmall volume glass bottom dishes coated with Matrigel (Col-
cation with an angular increment of 2Zrom -60° to +60°  laborative Research, Palo Alto, CA) and incubated for 15 min
about an axis perpendicular to the optical axis of the micrcat 27°C in HEPES buffer containing 1.5 mM Ca@l1 order
scope. A computer-controlled goniometer accuratelyto restore the normal extracellular’Ceoncentration and in-
incremented the angular steps. A slow-scan CCD camera witliease the esterase activity [96]. The HEPES buffer with,CaCl
pixel dimensions of 1960x2560 was used to collect imagesvas aspirated and replaced with fresh buffer prior to the onset
The pixel resolution was 1.1 nm. lllumination was held to neaof C&* imaging.
parallel beam conditions and constant optical density was Toconfirm that the observed fluorescence signals reflected
maintained constant by varying the exposure time. The IMORBhanges in internal Gdevels, we conducted three different
package [91] was used for rough alignment with the fine alignexperiments. First, we added 1 m\VfRha potent fluo-3 fluo-
ment and reconstruction performed using the TxBR packagescence quencher [Kd for fluo-3 is 6 pM: 94,97], to th&-Ca
[92]. containing HEPES buffer. Similar to our previous results
Volume segmentation was performed by manual tracin§d0,94], this significantly quenched the®Ganhanced fluo-3
in the planes of highest resolution with the program Xvoxtracéuorescence in dark-adapted photoreceptor synaptic terminals
[90]. The mitochondrial reconstructions were visualized us{data not shown). Second, we incubated retinal slices?n Ca
ing Analyze (Mayo Foundation, Rochester, MN) or the surfree HEPES buffer with 5 mM BAPTA-AM [1,2-bis(o-
face-rendering graphics of Synu (National Center for Microsaminophenoxy)ethane-N,N,N’,N’-tetraacetic acid] for 15 min
copy and Imaging Research, San Diego, CA) as previousit 27°C. The fluo-3 fluorescence measured in dark-adapted
described [55,93]. These programs allow one to step througihotoreceptor synaptic terminals, from these retinal slices, was
slices of the reconstruction in any orientation and to track anot above background (data not shown). Third, we attempted
model features of interest in three dimensions. Measuremerds in vivo calibration of fluo-3 fluorescence in photoreceptor
of structural features were made within segmented volumesynaptic terminals using the standard ionomycinZ‘Nnd
by the programs Synuarea and Synuvolume (National Centdigitonin procedure for NIH 3T3 cells [98,99] and isolated
for Microscopy and Imaging Research, San Diego, CA). Overeerebellar granule cells [97] as well as thé*@mophore A-
all, measurements from tomographic reconstructions werg3187. These calibration procedures saturated the fluo-3 fluo-
made from seven distinct mitochondria (four from rods andescent signal above the physiological range. However, they
three from cones) using retinas obtained from three differentere unreliable because shortly after the fluo-3 fluorescent
mice. signal saturated the rod photoreceptors initiated apoptosis: as
Ca? imaging and correlative electron microscopy of rod  we reported [40,94]. Therefore, we established an in vitro rela-
and cone synaptic terminalsin dark-adapted and light-adapted ~  tive fluorescence intensity (RFI) standard curve, as described
whole retinas:  Our fluo-3 C&* imaging and LSCM proce- [98,100], in order to estimate the free {§an the photore-
dures [40,94], with modifications as described, were used toeptor synaptic terminals. An intracellular buffer (25 mM
localize the distribution and to determine the relative concerHEPES, 130 mM KCI, 5 mM NaCl, 3 mM MgClpH 7.2,
trations of free Cain dark- and light-adapted rod and cone 305:3 mOsm) that contained calibratecd*Qauffers (0-4QuM
synaptic terminals. All dark-adapted procedures were cor=a*; Molecular Probes) and @M of the penta-ammonium
ducted under dim red light 650 nm). Whole neural retinas salt of fluo-3 (Molecular Probes) was pipetted onto dual con-
were isolated from dark-adapted mice (h=3 mice), incubatedave glass slides maintained in the dark &2 #luo-3 fluo-
in a C&'-free HEPES buffer (30 mM HEPES, 125 mM NacCl, rescence was measured with the Zeiss LSM-410 confocal
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microscope system (Zeiss, Thornwood, NY) as described bé&dickness and light intensity were 10, 1, and 2, respectively.
low. The results shown are from a representative retina from three
Images were acquired on a Zeiss LSM-410 confocal miseparate experiments from three different mouse retinas.
croscope utilizing a Zeiss Axiovert 100 microscope equipped Conventional EM identified the rod spherules and cone
with an X63 oil immersion objective (1.4 numerical aperature)pedicles from where the €amages were obtained. After the
An argon laser excited fluo-3 at 488 nm and PNA-rhodaminexperiment, the small glass dish was placed on ice and the
at 568 nm, and bandpass filters of 530 and 590 nm collectedtinal slice was fixed for 30 min with ice-cold Karnovsky'’s
the signals from fluo-3 and rhodamine, respectively. For eactixative (described above). Then the dish and retina were placed
retina and all calibration procedures, the gain on the confocal a larger volume of fresh Karnovsky’s fixative for 12 h at 4
system was kept constant for all recording conditions. To mini*C and the tissue was processed for conventional EM as de-
mize light exposure to the retina and photobleaching, the OP&cribed.
was identified rapidly and at low confocal gain by its PNA Satigtical analysis: The electron tomography and fluo-3
fluorescence and its retinal location. Once identified, the retintensity data were analyzed using a two-tailed Student’s t-
nas were dark-adapted for an additional five minutes. Ten test (Kaleidagraph Synergy Software, Reading, PA). The dif-
15 optical sections of the dark-adapted OPL were obtaing@rences were considered significant if p<0.05. Data are pre-
using a Z-axis step size of Oubn. Following these record- sented as measSEM.
ings, the retinas were dark-adapted for five minutes and then
a rod saturating light illuminated the retina [49,97]*'Qa- RESULTS
age recordings began one minute after light onset as the lighiepographically distinct mitochondrial antibodies reveal dif-
adapted decrease in photoreceptor oxygen consumption sferential lamination and cellular distribution of retinal mito-
bilizes during the first minute of the light stimulation chondria: LSCM and EM studies: Photoreceptors contain
[49,50,101]. about 75% of the retinal mitochondria, have the highest COX
Z-axis reconstructions were made using Zeiss softwarectivity, and have significantly greater oxygen consumption
The image was a Z-stack maximum projection (single confothan inner retina [46-51]. To test the hypothesis that the distri-
cal section). For these experiments, the XY resolution walsution of retinal mitochondria reflects cell-specific and syn-
200-250 nm and the Z resolution was 300 nm. The RFI ddiptic-specific differences in bioenergetics, we examined the
Ca*-fluo-3 in dark- and light-adapted rod spherules and conenmunofluorescent staining pattern of three independent to-
pedicles was determined using NIH Image, version 1.62. Tpographical markers of mitochondrial membranes and com-
directly compare the RFI, and thus the relative freé[Ca partments: COX IV, VDAC, and POLG (Figure 1; Table 1
dark- and light-adapted rod and cone synaptic terminals, ongnd Table 2). Figure 1 illustrates the three topographically dis-
experiments where relatively adjacent photoreceptor synapttmct mitochondrial regions that were recognized by the se-
terminals were imaged are included in this data set. To nolected antibodies: the OMM, inner membrane system that in-
malize all the images a standard background subtraction wakides the IBM and cristal membranes, and mitochondrial
performed on each image. Then the overall RFI within eachatrix. Below, we describe the typical labeling patterns, from
dark- and light-adapted rod spherule and cone pedicle wasiter or distal retina to inner or proximal retina, for each of
determined based on a grey scale with 256 levels. The lighthese three markers. No specific labeling of the rod or cone
adapted to dark-adapted fluorescence intensity ratio for eacluter segments (ROS; COS) was observed with any mitochon-
rod spherule and cone pedicle from each retina was calcdrial antibody, consistent with the absence of mitochondria in
lated, meansSEMs were determined, and the data was statighis photoreceptor compartment [53,65]. Intense COX IV
tically analyzed. The mean RFI of dark-adapted rod spherulésimunolabeling was present in both RIS and CIS mitochon-
and cone pedicles as well as light-adapted rod spherules adida (Figure 2A and Figure 3) consistent with our previous
cone pedicles were determined and compared. To analyze amsults and the concentration of mitochondria in the IS [55].
evaluate this data, the RFI values were normalized by the gaki first glance, the outer nuclear layer (ONL) contained rela-
of the confocal system expressed on a linear scale as descritiegly few mitochondria. However, a more detailed analysis
[102]. The normalized intensity values were calculatedpf the ONL revealed two distinct COX IV-positive mitochon-
meansSEMs were determined, and the data was statisticallgirial populations in the ONL. The first population was located
analyzed. Similar imaging procedures were used to establish the distal ONL where strong to intense COX IV-positive
the C&* and fluo-3 fluorescence calibration curve. arc-shaped puncta were detected (Figure 2A: white arrow-
Confocal images for each retina were identically and miniheads). Double labeling experiments, with a mixture of middle
mally processed by importing them into Adobe Photoshop C&nd short wavelength-sensitive cone opsin antibodies (Table
software (Adobe Systems, Inc., Mountain View, CA). Forl), revealed that these previously undescribed pair of
higher resolution and better visualization of the**Ca juxtanuclear mitochondria were located above and below the
microdomains, the pseudocolored images were transformedost distal cone nuclei (Figure 3: pairs of white arrowheads).
using the advanced “stained glass” imaging synthesis alg&lectron microscopy confirmed this result (Figure 4: white
rithm provided in Adobe Photoshop under the Filter and Texand black arrowheads). Double labeling experiments with
ture pull-down menus (Adobe Systems, Inc.). Although theCOX IV and VDAC revealed that these two mitochondrial
exact algorithm is proprietary, the values for cell size, bordemarkers colocalized in the juxtanuclear mitochondria (Figure
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2C: white arrowheads; yellow-orange pixels). The seconthe mouse retina [66]. In addition, the high magnification con-
mitochondrial population in the ONL was a band of smallerfocal image of COX IV and cone opsin double labeling re-
moderately labeled puncta located in the proximal ONL (Figvealed a laminar COX IV staining pattern in the OPL (Figure
ure 2A,D and Figure 3: white arrows). These puncta ar8). That is, a single row of large opsin-positive cone pedicles
juxtanuclear mitochondria localized next to individual rodwas present in the proximal OPL that contained numerous COX
nuclei present in the proximal ONL, as confirmed by electronV-positive puncta (Figure 3: double white arrows). In con-
microscopy (Figure 4: white and black arrows). Moreovertrast, the distal OPL had several rows of opsin-negative termi-
COX IV and VDAC colocalized throughout the OPL (Figure nals that contained large round COX IV-positive spheres (Fig-
2C). ure 3). These observations suggest that rod spherules contain
The IS and outer plexiform layer (OPL) intensely labeleda single large mitochondrion, whereas cone pedicles contain
for COX IV (Figure 2A and Figure 3), confirming that mam- numerous, albeit smaller, mitochondria. To directly investi-
malian photoreceptor IS and synaptic terminals contain nwgate this we conducted EM studies as described below. In sum-
merous highly active mitochondria [47,55,62]. A mixture of mary, the overall staining pattern and intensity of COX IV
M- and S-cone opsin antibodies [65] labeled all the cones immunofluorescence in photoreceptors indicates that most of

A Figure 1. Rod inner segment mito-
chondrion and topographical mark-
ers of mitochondrial compartments.
A: View of a mouse rod inner seg-
ment mitochondrion from a three-
dimensional electron tomographic
. study after volume segmentation.
Cristae The outer mitochondrial membrane
(OMM) is blue, inner boundary
membrane (IBM) apposed to the
OMM is grey, cristae are yellow and
IBM a white arrow identifies the inter-
membrane space between the OMM
and IBM. The IBM and cristal mem-
branes form the contiguous, but dis-
tinct inner membrane system of the
mitochondria [84,89,124,128].
B Most cristae were removed graphi-
cally for illustrative purposes
o ATP (adapted from [4]). Scale bar equals
200 nm.B: Schematic drawing of
mitochondrial topology with site-
specific compartments targeted for
immunocytochemical experiments.
Common immunocytochemical
markers of the OMM (voltage-de-
pendent anion channel: VDAC), in-
il L e i i it ner membrane system (cytochrome
S “EE . foooccoococo oxidase IV: COX IV), and mito-
chondrial matrix (mitochondrial
DNA polymeraser: POLG) are de-
picted. These mitochondrial com-
partments are consistent with the rod
mitochondrion illustrated i\ and
the single label colorized confocal
images shown in Figure 2A,B,D.
Note the proximity of COX IV and
VDAC to the adenine nucleotide
transporter (ANT). The abbrevia-
- tions COX IV, VDAC, and POLG
Mitochondrial Matrix are used in all subsequent figures.

Intermembrane

Cytoplasm
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their aerobically-generated ATP is produced by IS and syna@A). The location of these distal somas and their Chx10-posi-
tic terminal mitochondria (Table 2). tive staining (data not shown; manuscript in preparation) in-
The proximal (inner) retina also exhibited a differentialdicates that they are bipolar cells [67,68,103]. A subpopula-
distribution of COX IV immunolabeling. The inner nuclear tion of these Chx10-positive bipolar cell somas were COX
layer (INL) somas had weak to moderate COX IV labelinglV- and PKGx-positive (Figure 2A: inset), confirming that
with the strongest staining located in the distal INL (Figurethey are rod bipolar cells [67,68]. Less intense staining was

A COXIV

Figure 2. Molecular markers for three separate mitochondrial compartments reveal distinct retinal distribution and laatteati&n phe
abbreviations of the retinal layers are used for this and all subsequent figures. IS represents inner segments, ONlbuenTesefdar
layer, OPL represents outer plexiform layer, INL represents inner nuclear layer (d: distal, m: middle, p: proxinesalgdfsents inner
plexiform layer sublamina: (OFF lamina), IPLB: inner plexiform layer sublamin@-ON lamina), GCL: ganglion cell layer, and Mef:
Muller glial end-feetA: Confocal image of retina immunolabeled for COX IV. The pairs of white arrowheads identify numerous intensely
labeled arc-shaped puncta located in the distal ONL, which are juxtanuclear mitochondria in the cone somas. Betweernrtvespinithe
proximal ONL, is a band of small circular puncta that are juxtanuclear mitochondria near rod nuclei. The inset showsticol afalizzaX
IV (green) and PKG@ (red) in rod bipolar cells (white arrows): scale bar equal20B: Confocal image of retina immunostained for VDAC.
Note the intense labeling in the ORL:. Confocal image of retina double labeled with antibodies against COX IV (red) and VDAC (green).
The pseudocoloring in panels A and B was reversed in this panel to clearly show the colocalization (yellow-orange péx&ss)darth
juxtanuclear mitochondria (white arrowheads) and rod juxtanuclear mitochondria (white arrows). Punctate colocalizatipneaksat is
throughout the OPL, IPky, and IPLf. D: Confocal image of retina immunolabeled for POLG. POLG also labels the cone juxtanuclear
mitochondria (white arrowheads) and rod juxtanuclear mitochondria (white arrows). The inset is a higher magnification.(35aleidar
equal 40um for all panels.
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detectable in the middle and proximal INL somas: the sizén preparation). The GCL and proximal Mdiller glial cell end-
and location of these somas suggested they were Miiller glitdet exhibited weak VDAC labeling.
somas and amacrine cells, respectively [68]. COX IV strongly  Figure 2D shows that POLG intensely labeled the IS, OPL,
to intensely labeled the inner plexiform layer (IPL), gangliondistal and proximal INL somas, proximal IP,-and GCL.
cell layer (GCL) and distal Mdiller glial end-feet. A clear de-Similar to the COX IV staining pattern in the ONL, there were
marcation between the OFF (sublaminalPL-a) and ON  strong POLG-positive arc-shaped puncta in the distal ONL
(sublaminaB: IPL-B) IPL sublamina was observed (Figure (white arrowheads) and circular puncta in the proximal ONL
2A). (white arrows). Except for the presumed rod bipolar cell ter-
Figure 2B,C show that moderate to strong VDAC label-minals in IPL$, the remainder of the IPL exhibited relatively
ing was present throughout the IS and that VDAC and COXnoderate staining. The COX IV, VDAC, and POLG labeling
IV colocalized in this compartment. Thin VDAC-positive pro- patterns were similar in sections obtained from the superior
cesses are evident throughout the ONL. These VDAC-posand inferior central retina.
tive processes surrounded the tightly packed rhodopsin-posi- Endoplasmic reticulum are differentially distributed
tive somas in the ONL (Figure 5), suggesting that they arthroughout the retina: Several LSCM, EM, and ET studies
Muiller glial cell processes. EM studies confirmed this (Figurehave shown that ER and mitochondria are in close apposition
4). Cone and rod juxtanuclear mitochondria strongly colabelednd that microdomains of high €are shared between these
for VDAC and COX IV (Figure 2C). The most intense VDAC organelles [2,37,89,93,104,105]. To directly test the hypoth-
labeling occurred throughout the OPL and this colocalized witlesis that ER are closely apposed to retinal mitochondria, and
COX IV (Figure 2C). In contrast to the ONL, the INL weakly especially those in the photoreceptor synaptic terminals, we
stained for VDAC. Moderate to strong VDAC labeling wasexamined the staining pattern of two independent ER markers
evident throughout the IPL. However, stronger punctate lan combination with COX IV or VGIuT1 (Figure 6; Table 1
beling occurred in the most proximal band of IfLwhere and Table 2) and conducted EM studies (vide infra). Figure
the rod bipolar cells terminate [67,68]. Double labeling ex-6A shows that calreticulin, a molecular marker of all ER [75],
periments showed that VDAC and COX IV colocalized in theséntensely labeled the entire IS region and that the OPL, INL,
rod bipolar cell terminals (Figure 2C). Triple labeling experi-and GCL were moderately to strongly labeled. In contrast, the
ments with VDAC, PK@, and VGIuT1 confirmed that these ONL and IPL weakly labeled for calreticulin. Calreticulin and
were rod bipolar cell terminals (data not shown; manuscripEOX IV colocalized in multiple retinal areas (Figure 6B: punc-

COX I‘Ur & Figure 3. High magnification

confocal image of cone
juxtanuclear mitochondria and
clusters of mitochondria in
cone pedicles. Retinas were
double labeled for COX IV
(green) and the M- and S-cone
opsins (red). The yellow-or-
ange pixels show that COX IV
and the cone opsins were in
close apposition in the CIS and
cone pedicles (double white
arrows). Numerous large COX
IV-positive juxtanuclear mito-
chondria are located above and
below the distal cone nuclei
(white arrowheads), while
smaller COX IV-positive
juxtanuclear mitochondria are
located above rod nuclei (white
arrows). Scale bar equal 20
wm.
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tate yellowish pixels), indicating that these two proteins were
in close apposition. This interrelation was especially promlw
nent throughout the photoreceptor ellipsoid region. Moreove o
calreticulin was in close apposition to the cone juxtanuclegg
mitochondria (white arrowheads) and mitochondria in the®
OPL. Labeling in the latter revealed that calreticulin was lofg
cated close to COX IV-positive synaptic terminal mitochon A
dria (see OPL in Figure 3). Calreticulin and COX IV alsoStald
colocalized in the INL as evidenced by the diffuse orang S
colored pixels. Figure 6C,D further illustrate that calreticulinf /‘
is expressed intensely in CIS and cone pedicles (Figure 6ESSE
white arrows and purple pixels). :
To determine if another ER antibody colocalized in pho-{&
toreceptor synaptic terminals, single and double label expers
ments were conducted with the SERCA3 and VGIuT1 anti
bodies. We did not utilize the SERCA N89 polyclonal rabbi !
antibody as it labels COS and photoreceptor IS, but onl’ J;
sparsely labels photoreceptor synaptic terminals in adu. + |
mouse, rat and monkey [31]. Figure 6E shows that the SERCA 5_
moderately to strongly labeled ER in the RIS and CIS (whit¢ ==
arrows), closely apposed to the cone juxtanuclear mitocho ﬂ
dria (white arrowheads), and in the OPL. Thus, the SERCA :
labeling pattern in the outer (distal) retina was similar to tha, A
of calreticulin. Double labeling experiments with the pan-
SERCA3 and VGIuT1 revealed that they completely and,
strongly colocalized in both rod spherules and cone pediclg
(Figure 6F: purple pixels).
PMCA and NCX1 differentially and selectively label the
rod spherules and cone pedicles, respectively: PMCA and
NCX share a complementary role in regulating the presyna
tic C&* concentration. PMCA has a high affinity and low turn-
over rate, whereas NCX has a low affinity and high turnove
rate for C& extrusion [75,76]. Few studies have examined]
the location or functional roles of the two major presynaptic e ‘ bt
Ca* transporters in neurons [6,25,106-108]. The kinetics Of et ;
exocytosis is 10 fold faster in cones than in rods [17,18], su¢aa="
gesting that PMCA and NCX may be differentially distrib-

Figure 4. Low-magnification electron micrograph of longitudinal
section of the entire photoreceptor layer. Rod and cone (C) photo
ceptors are distinguished by several morphological differences. Rct
inner segments (IS) are longer, thicker and located more distally i
the retina, whereas cone IS are larger and more electron lucent.
cone nuclei are located in the outer third of the outer nuclear Iay
(ONL), contain several clumps of irregularly shaped heterochrome
tin and possess two juxtanuclear mitochondria: one above and o
below the nucleus (black outlined white arrowheads). The large mE=
tochondrion at the base of the cone nuclei is located at the origin
the wide cone axon, as previously noted [53]. Rod nuclei are prese
throughout the ONL and contain a single compact mass of heter
chromatin. Single juxtanuclear mitochondria are presentin many rg
somas located in the inner third of the ONL (black outlined white!
arrows). Numerous synaptic terminals, with large mitochondria, ark, \ ..
in the outer plexiform (OPL). Three to five tiers of dark-staining rodS#s Y
spherules (R) overly a single row of more electron lucent cone pedicl¢ "OP LY
(cone) that contain multiple mitochondria. Mdller glial cell processes
extend throughout the OPL and ONL, and terminate at the extern@ Kt dv i g
limiting membrane (elm). Scale bar equaluif.
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uted or located in rod and cone synaptic terminals. To directliyal PMCA expression in rod and cone synaptic terminals or
test this hypothesis, the staining pattern of PMCA and NCXpresent the IS results. A preliminary study with a 1:1000 dilu-
in combination with markers of photoreceptor cell terminalgion of the same anti-NCX1 rabbit polyclonal antibody we
[69] or cones [57,58] was examined (Figure 7; Table 1 andsed at 1:100 dilution suggested that NCX was weakly ex-
Table 2). Previous work showed that mouse retinal neuronzessed in rat cone, but not rod, photoreceptors and was more
exhibit cell-specific expression of the four different PMCA abundant in the inner retina [25]. However, no co-labeling
isoforms [32], however, this study did not examine differen-experiments were performed to confirm this observation and

& Rhodopsin

Figure 5. High magnification confocal images of outer retina double labeled for VDAC (red) and rhodopsin fgréemgveal the voltage-
dependent anion channel (VDAC) labeling of the IS (Figure 2B) the prominent rhodopsin labeling in the OSs and most |Sedassiegov
Photoshop. Minimal colocalization of VDAC and rhodopsin occur in the ONL, highlighting the lack of mitochondria in mostaed som
However, the Muller glial cell processes that surround the rod somas are VDAC positive (data noBstivatification of rod spherule and
cone pedicle mitochondria in the OPL. Double labeling for VDAC and rhodopsin shows the distal-proximal stratification leénddssp
(white arrows) and cone pedicles and their associated mitochondria. Tiers of rod spherules, each with one large mitanhestydtien,
rhodopsin-positive region. The more proximal cone pedicles contain clusters of mitochondria (white arrowheads) and dretlecated
rhodopsin-negative region. The inset is a higher magnification (2X) view of the OPL. Scale bar equdb26oth panels.

898




Molecular Vision 2007; 13:887-919 <http://www.molvis.org/molvis/v13/a97/> ©2007 Molecular Vision

there are no studies on NCX expression in mouse retina. PMCA (Figure 7C,H), except for a band around the distal part
Overall, Figure 7A shows that pan-PMCA intensely la-of the pedicle plasma membrane (Figure 7C: white arrowheads)
beled the synaptic terminals (plexiform layers) of the retinaand where the cone axon descends into the pedicle (Figure
as described with different PMCA antibodies [82,83]. In the7B: white arrowheads). Double labeling with PMCA and
outer retina, PMCA weakly labeled the IS and ONL and inVGlutl confirmed that PMCA extensively and uniformly la-
tensely labeled the OPL (Table 2). Double label experimentseled almost the entire rod spherule plasma membrane,
with VGIuT1 and the selective cone antibody M-CAr [109] whereas it only selectively labeled a region of the cone pedicle
established the location of the large dome-shaped cone pedic{@gure 7D: white arrowheads). Since PMCA2 labeled rod
in the OPL (Figure 7B: purple pixels indicate colocalization).bipolar terminals in the IPL [32], we examined whether the
Figure 7C revealed that the intensely PMCA-positive roddendrites in the OPL labeled with pan-PMCA. Pan-PMCA did
spherules have a horseshoe-like or “V"-like [25] appearanceot label the somas or dendrites of Ric@ositive rod bipolar
In contrast, the cone pedicles stained weakly and diffusely farells, although PMCA and PKCwere in close apposition

& COX IV
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Figure 6. Molecular markers of endoplasmic reticulum (ER) reveal distinct retinal distribution and lamination pstr@anfocal image

of retina triple labeled for calreticulin, COX IV and PNA. Scale bar equaln20A: Retina stained for calreticulin, a &&inding protein
present in all ER lumen. Note the intense labeling in the IS, OPL andBINLocation of calreticulin (red) and COX IV (green). These
proteins are in close apposition in the ellipsoid region of photoreceptor IS (white arrows and yellow pixels), juxtanedeandrii
associated with cone somas (white arrowheads) and in the OPL (punctate yellow-orangeCpiRadtha stained with peanut agglutinin
(PNA), a relatively selective marker for cones, shows distinct labeling in the IS andO®alreticulin (red) and PNA (blue) colocalize in
CIS and near the pedicles (white arrows; bright purple piXeldfan-Smooth ER CaATPase isoform 3 (SERCA3) immunolabeling. This
antibody labels in close apposition to the RIS and CIS (white arrows), juxtanuclear mitochondria associated with coneitoaraswwh
heads) and the mitochondria in the OIFL. Colocalization of pan-SERCA3 (red) and VGIuT1 (blue) throughout the OPL, indicating the
presence of ER in the photoreceptor synaptic terminals. Scale bar forpamels equal 4Qum.
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Figure 7. Lamination patterns and differential compartmentation of pan-plasma memita@ieP@ae and NaCa* exchanger isoform 1 in
rod spherules and cone pedicles: Confocal image of retina immunolabeled for pan-plasma membran@&TRase (pan-PMCA). The
double white arrowheads identify strongly labeled PMCA bands in each IPL sublamina. The scale bar @piliestbrepresents 40m.
B-D: PMCA preferentially labels rod spherules. OPL double labeled with markers for PMCA (green), vesicular glutamate transporter 1
(VGIuT1: blue) and/or M-cone arrestin (M-CAr: red). Scale bar equah2®: VGIuT1, which labels photoreceptor terminals and M-CAr,
which labels cones, colocalize in the OPL. This reveals the large dome-shaped cone pedicles (purple pixels) and some(abite axons
arrowheads)C: This high magnification image shows the horseshoe-like appearance of the PMCA-positive rod spherules. In contrast, the
retina double labeled with PMCA and M-CAr shows that cone pedicles stain weakly and diffusely for PMCA, except for aatisca¢tbd
top of the pedicle (white arrowheads: yellow pixel®)A retina double labeled with PMCA and VGIuT1 confirms that PMCA extensively
labels rod spherules, but only sparsely labels cone pedicles (white arrowbBedisTo-positive rod bipolar cells (red) are pan-PMCA-
negative (green), although they are in close apposition around the rod spherules (yellow pixels). The scale bar reprasen®Re2ibal
localization of N&Ca* exchanger isoform 1 (NCX1). NCX1 intensely labels IS, cone axons and cone pedicles (white arro@hkads).
NCX1 preferentially labels cone pedicles. OPL from triple labeled experiments with markers for NCX1 (red), PMCA (greeriNsad/or
(blue). Scale bar equal 20n. G: PNA stains selected flat contact regions on the large cone terminal (white arrows). NCX1 intensely labeled
the entire cone pedicle and axon terminals, whereas rod spherules were diffusely talf@l@A labels the rod spherule membranes with
a horseshoe-like appearance, but does not prominently colocalize with PNA-positive cone pedicle membranes (white Betns).
double labeled with PMCA and NCX1 shows that these proteins colocalized in cone pedicles near the axon junction (whytellamwows:
pixels).J, K: High magnification confocal images showing preferential labeling of cone pedicles by NCX1 and rod spherules by PMCA. OPL
from triple labeled experiments with markers for NCX1 (red), PMCA (green), and/or PNA (blue). Scale bar equats fo Ouble labeled
retina shows that NCX1 intensely labels the entire cone pedicle and axon terminals, but only diffusely labels the rod Fpisehidés
magnification image also shows that PNA stains selected flat contact regions on the large cone terminal, whereas inyagjnatieg®ns
(white arrows) are not labeled by PNIA: Double labeled retina shows that PMCA and NCX1 colocalize in cone pedicles near the axon
junction (white arrows: yellow pixels).
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around the synaptic terminal region of the rod spherules (Figrange pixels), whereas only small NCX1- and synaptotagmin
ure 7E: yellow pixels). 1-positive puncta were present in rod spherules (white arrows:
In the inner retina, PMCA moderately labeled the INL,yellow pixels). The kinesin KIF3A-labeled rod spherules had
GCL, and Muller end feet (Figure 7A). Recently, it was showran arc-shaped appearance (Figure 8C), consistent with the
that constant illumination increasesGathe proximal Miller  strong kinesin KIF3A labeling of the photoreceptor ribbon
glial cell processes [110]. Our results suggest that PMCA likelynatrix [71]. When retinas were double labeled with NCX1
extrudes this Cafrom the Mller end feet. In addition, PMCA and kinesin the cone pedicles had large visible clusters of
strongly labeled the entire IPL and more intensely labeled double labeled NCX1- and kinesin-positive puncta (white ar-
band in each IPL sublamina (Figure 7A). These bands werews: yellow-orange pixels), whereas rod spherules contained
identified previously as PMCA1-positive [32,67] and PMCA2-only small yellow puncta. Double labeling with PMCA and
positive [32]. The location of the INL somas and dendrites ofynaptotagminl (data not shown) or syntaxin 3 [32] revealed
these cells, are similar to the PMCA1- and*@énding pro-  that PMCA did not colocalize with either marker, indicating
tein 5 (CaB5)-labeled cells identified as ON- and OFF-con¢hat PMCA was not present at the active zone of rod spherules.
bipolar terminals [67]. In addition, the PMCA2-labeled cells A set of triple labeling confocal experiments determined
[32] have a lamination pattern in the IPL similar to cholin-the spatial interrelation of synaptic terminal mitochondria to
ergic amacrine cells [69,111]. NCX1-labeled (Figure 8D-F) and PMCA-labeled (Figure
Low and high magnification confocal images of retinas8G,H) synaptic membranes. Triple labeling with NCX1, PNA
immunostained for NCX1, PMCA and/or peanut agglutininand COX IV revealed that cone pedicles contained multiple
(PNA) are presented in Figure 7F-K. NCX1 did not stain OSmitochondria that were not located at the ribbon synaptic unit
showing that this NCX1 antibody did not cross-react with th€Figure 8E: white ellipsoids). In high spatial resolution im-
ROS Na&/Ca*-K* (NCKX1) or COS (NCKX2) exchangers ages, it is evident that the mitochondria in the same six cone
[112]. NCX1 intensely labeled IS, cone axons descendingedicles are located relatively far from the active zone (Fig-
through the ONL (Figure 7F-K), the OPL (Figure 7G,J) andure 8F: white arrowheads). Triple labeling experiments with
complete cone pedicles (Figure 7F-K,G,J: white arrows; TablEMCA, VDAC and VGIuT1 (Figure 8G) or PMCA, VDAC
2). Weak to moderate labeling outlined somas in the INL andnd PNA (Figure 8H) suggest that rods contain a single large
GCL. Diffuse labeling occurred throughout the IPL, althoughmitochondrion (white arrowheads) located close to the horse-
the IPL-a labeled more strongly than IRL-High magnifica-  shoe-shaped PMCA-labeled synaptic membranes. In contrast,
tion confocal images revealed that NCX1 diffusely labeledhe cone pedicles contain multiple mitochondria (white ar-
rod spherules (Figure 7G and Figure 7J). In cones, PMCA anmdws). However, the mitochondria in cone pedicles cluster
NCX1 only colocalized in small bands at the top of the conelose to the PMCA-labeled membranes located near the api-
pedicle (Figure 71 and Figure 7K: yellow pixels): similar to cal portion of the pedicles. As described below in more detail,
that seen with M-CAr in Figure 7C. electron microscopic studies confirmed these observations
In summary, rod spherule membranes intensely staing@igure 9).
for PMCA, but only weakly and diffusely stained for NCX1. In summary, these results confirmed our second hypoth-
In contrast, cone pedicle membranes intensely stained fesis that NCX1 localizes to active zones, whereas mitochon-
NCX1, but only the apical portion of the pedicle stained fordria are closely apposed to PMCA in photoreceptor synaptic
PMCA. Additionally, NCX1, but not PMCA, labeled the RIS terminals. These results expand our understanding of how the
and CIS. These results confirm our hypothesis that the presytwo major presynaptic Caransporters can differentially regu-
aptic C&* transporters differentially distribute and localize in late rod spherule and cone pediclé'@vels during sustained
rod and cone photoreceptor terminals and strongly suggest tldgpolarization in darkness and thereby participate in the ki-
these differences have important functional implications renetic regulation of neurotransmitter (glutamate) release. Our
lating to C&' dynamics and neurotransmitter release. high-resolution immunocytochemical results on the presyn-
Based on their kinetic properties (i.e., Kd for’Cand  aptic localization of NCX1 and PMCA in photoreceptors are
kcat) and the dependence of PMCA on ATP as a substratepat entirely consistent with the epifluorescent microscopy
second hypothesis was that NCX1 would be closely apposestiudy of the rat retina, which states that NCX1 staining was
to the active zones, whereas mitochondria would be closelyeak in rat cones and absent in rods [25]. However, this dif-
apposed to PMCA in photoreceptor synaptic terminals. Figference is understandable since 10 fold less NCX antibody
ure 8A, a high magnification confocal image of a NCX1 andvas used in the rat study, which resulted in no NCX labeling
VGIUT1 double label experiment, clearly shows that NCX1in the IS and very weak NCX labeling in the OPL [25].
intensely labeled cone pedicles (white arrows; purple pixels), Cone pedicles have more ATP production capacity than
but only diffusely labeled rod spherules. To determine whetheod spherules: conventional electron microscopy and tomog-
NCX1 localized to the synaptic ribbon region (active zone)raphy of mouse outer plexiformlayer and photoreceptor syn-
two different markers for rod and cone synaptic vesiclesaptic terminal mitochondria: A number of electrophysiologi-
synaptotagmin 1 [70,113] and kinesin KIF3A [71] were usedtal, biochemical and morphological observations indicate that
in colocalization experiments. Figure 8B shows that coneone synaptic terminals, compared to rods, have a higher ATP
pedicles had large clusters of double labeled NCX1- andemand [18,47,114-120]. To test the functionally-based hy-
synaptotagmin 1-positive puncta (white arrowheads: yellowpothesis that the ATP production capacity of cone pedicles is
901
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Figure 8. NCX1 localizes to ribbon
synaptic units of cone pedicles and
mitochondria closely associate with
PMCA in photoreceptor terminals.
A: NCX1-positive cone pedicles
(red) and VGIuT1 (blue) colocalize

in the proximal ONL (white arrow-
heads: purple pixels). B:
Synaptotagmin 1 (green) labels pho-
toreceptor synaptic vesicles. Small
NCX1- and synaptotagmin 1-posi-
tive puncta colocalize in rod
spherules (white arrows: yellow pix-
els), while larger colocalized clusters are present in cone pedicles (white arrowheads: yellow-orange pixels). Scale2bamedDal
Kinesin KIF3A (green) labels photoreceptor ribbons and docked synaptic vesicles. The kinesin-labeled rod spherules rehapad arc-
appearance and colocalize with diffusely located NCX1 (small yellow puncta). In contrast, cone pedicles have large dtusiter satieled
NCX1- and kinesin-positive puncta (white arrows: yellow-orange pixels). Scale bar equal ROF: Mitochondria cluster away from the
active zone in cone pedicles. ScaleD@andE equal 2Qum and for equal 1Qum.D: NCX1 (red) and PNA (blue) colocalize in cone pedicles
(purple pixels)E: Triple labeling with NCX1, PNA and COX IV (green) reveals that the cone pedicles (white ellipsoids) contain multiple
mitochondria that are located away from the ribbon synaptic kmniiigher magnification image of the same six pedicles reveals the
COX IV and NCX1 colabeling (white arrowheads) and the distance of the COX IV-positive mitochondria from the acti&, ttine.
Mitochondria closely associate with PMCA in the rod spherules and cone pedicles. Triple labeling with PMCA (green), VD& (nedh),
either VGIuT1 (blue) or PNA (blue). Rods contain a single large mitochondrion (arrowheads) located close to the PMCA-Iaibetecme
Cone pedicles contain multiple mitochondria (white arrows) clustered close to PMCA-labeled membranes, which are locabed theay fr
active zones. Scale bar equal20. 902
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greater than that of rod spherules, we used EM and ET to eabserved in frog rod and cone synaptic terminals [29,30], where
amine the number, size, volume and total inner membran&T P markedly enhanced the Captake by rod spherule ER
system surface area of mitochondria [42,43] in the synapti29].
terminals of rods and cones. The high magnification electron  Analysis of the three-dimensional structural features of
micrographs of rod and cone synaptic terminals, presented ind spherule and cone pedicle mitochondria: To determine
Figure 9A-D, reveal numerous important morphological dif-the total inner membrane system surface area of mitochon-
ferences between rod spherules and cone pedicles and thaila, a quantitative analysis and comparison of the ultrastruc-
associated mitochondria. First, Figure 9A illustrates a fundaure and substructure of rod spherule and cone pedicle mito-
mental organizational feature of the OPL. That is, three to fivehondria using the high-resolution 3-dimensional tools of ET
tiers of rod spherules are located above the larger more elegas required (Figure 11 and Figure 12; Table 3). Since there
tron lucent cone pedicles (also see Figure 4). Second, ragla paucity of detailed structural information about rod spher-
spherules contained a single very large ovoid mitochondriorule and cone pedicle mitochondria, another goal was to com-
as described [28]. It is especially worth noting that the rogbare and contrast the structural features of photoreceptor syn-
mitochondrion is located close to the synaptic ribbon comaptic terminal mitochondria with our published ultrastructural
plex (Figure 9A,C and Figure 10), consistent with our LCSMand substructural results of mouse RIS and CIS mitochondria
studies. Second, cone pedicles have four to six closely groupptD,55,56]. Volume segmentation provided an analysis of in-
mitochondria (per pedickSEM=5.2:0.2) that are located in dividual cristae. Their 3-dimensional shapes and membrane
the distal portion of the pedicle relatively far from the synaparchitecture were visualized in varying orientations to clas-
tic ribbon complexes (Figure 9A and Figure 10B): as showsify the structural motifs of lamellae, tubes, and constrictions
in the confocal studies (Figure 8). This is reminiscent of thénarrow connections between crista segments) per each crista.
goldfish retinal Mb1 cell where multiple mitochondria cluster Surface rendering and measurements of volume and surface
away from the active zone [13]. Third, the rod spherule mitoelements permitted a comparison of substructures inside mi-
chondrion is larger (1.8-2)0m diameter) than any of the cone tochondria (Figure 12; Table 3).
pedicle mitochondria (0.8-1.56m diameter). The rod mito- Three-dimensional ETs revealed that rod spherule and
chondrion occupies 25-30% of the spherule volume, wherea®ne pedicle mitochondria contain a very large number of cris-
the cone pedicle mitochondria collectively occupy 10-15% ofae (Figure 11 and Figure 12). The me@BM number of cris-
the pedicle volume (Figure 9A-C and Figure 10). Fourth, théae per mitochondrial volume for rod spherules and cone
average volume of the rod spherule is 3.0¢318, whereas pedicles was 1,332192 and 1,057209um?, respectively. The
the average volume of the cone pedicle is about 10 times largeristae, presented after segmentation and surface rendering,
Fifth, rod spherules usually contain one ribbon synapse (Figire represented by different colors (Figure 11D,H). Most of
ure 9A-C). It was estimated that about 5% contain two ribthe cristae in rod and cone synaptic terminal mitochondria were
bons [120,121], as illustrated in the rod spherule labeled r* itubular, however, a few had lamellar compartments. Although
Figure 9A. Occasionally, we noticed that the most proximathe rod spherule mitochondria had 26% more cristae per unit
rod nuclei had a ribbon synapse at the base of its soma, wslume than the cone pedicle mitochondria, this was not sta-
described [94], and the spherule lacked a mitochondrion (datsstically different (Figure 12A). However, there were signifi-
not shown). Sixth, cone pedicles contain 6 to 14 synaptic rikeantly more cristae membranes in a rod spherule, compared
bons (Figure 9B-D; [52,53]; data not shown). The invaginatto a cone pedicle, mitochondrion. That is, the cristae surface/
ing processes of two lateral horizontal cells (h) and a centrahitochondrial surface (i.e., amount of cristae membranes) and
bipolar cell (b), the classic triad [122], were seen at the shodristae volume/mitochondrial volume were 2.2-2.5 fold larger
synaptic ribbon of the cone and the longer synaptic ribbon dh the rod spherule mitochondrion, compared to a cone pedicle
the rod (Figure 9A). The arciform density was noticeable amitochondrion (Figure 12B,C). Overall, and importantly, the
the base of each of several ribbons. four to six cone pedicle mitochondria collectively contain twice

In addition to their differences, rod and cone pedicles ands many cristae membranes as the single rod spherule mito-
their mitochondria share some similarities. First, the mitochonehondrion. In contrast, the number of cristae segments per
dria in rod and cone synaptic terminals were in the orthodoxolume (Figure 12A), number of segments per crista (Figure
conformation (Figure 10). This configuration is characterized 2B) and fraction of cristae with multiple segments (Figure
by arelatively large matrix volume and small intracristal spacel2C) were similar in rod spherule and cone pedicle mitochon-
as the mitochondrial IBM is closely apposed to the OMMdria. A detailed examination of Figure 12 reveals that there
[123]; Figure 1. Second, mitochondria in both the spheruleare distinct and marked differences in the rod and cone cristae
and pedicles are relatively large compared to the IS mitochowf mitochondria located in the synaptic terminal compared to
dria [55] and those in other neural tissues [89,93,124], althoughose in the inner segment [55].
the rod spherule mitochondria are larger and rounder. Third, There are two classes of contact sites: classical and bridge.
cisternae of endoplasmic reticulum (ER) were observed nedihe classical contact site is defined by the OMM and IBM
the mitochondria and synaptic ribbon of both the rod spherulginching together (Figure 1), whereas the bridge contact site
and cone pedicle (Figure 9A,C). In some instances, the E§pans across the intermembrane space without a change in
was likely contiguous with or closely apposed to individualdistance between the outer and inner membranes [55,93,125].
mitochondrion, as observed in rat spherules [28]. ER also wefi®mographic reconstructions showed that both types of con-
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Figure 9. Ultrastructure of rod and cone photoreceptor synaptic termindlsie rod spherules (r) form two to four tiers that overly the larger
more electron lucent cone pedicles (cone). Two rod nuclei (RN) are present. The rod spherules contain a single largeionitgnjyondr
whereas the cone pedicles contain several mitochondria. Cisterna of smooth endoplasmic reticulum (white arrowheads)cateaften |
adjacent to individual mitochondrion. Both terminals are filled with round synaptic vesicles. The invaginating processkeseséhori-
zontal cells (h) and a central bipolar cell (b), the classic triad [122], are seen at the short synaptic ribbon (bladktlaerconeand the
longer synaptic ribbon (black arrow) of the rod in the upper right corner of the figure. The rod spherule on the left &ipdadsrto be a rod
with two synaptic ribbon units as described [1Bt]Rod spherule and axon; cone pedicle. On the left portion of the panel, a descending rod
axon (black and white arrowheads) and its expansion into a rod spherule (rod) is visible for two rods. An elongated noitoghphidck
arrowheads) is visible in the thin axon (0.20-0u2%) as it enlarges into the spherule. The rod spherules are filled with 25-35 nm electron
dense round synaptic vesicles and a single large mitochondrion. A tangential view of an adjacent rod spherule with #lsgngpteck
arrow) is shown. A larger more electron lucent cone pedicle has two visible synaptic ribbons (black arrows) at invagiaasies) isythis
section. A rod nucleus (RN) in the most proximal row of the ONL is preSeRod spherule and cone pedicle. The rod spherules contain a
single large mitochondrion (m) and an invaginating process with two lateral horizontal cells (h) and a central bipotds gedittbat of the
section. The rod has a long synaptic ribbon (black arrow) and a visible arciform density at its base. The most proxiethtiphecpedicle
has two classic triads visible with two lateral horizontal cells (h) and a central bipolar cell (b). Other horizontalessepraiso are visible
and the arciform density is evident. Cisterna of smooth endoplasmic reticulum (white arrowheads) are more numerous tleti@pedi
rod spherulesD: Two cone pedicles and a rod spherule. Each large cone pedicle has multiple synaptic ribbons (black arrows) at invaginating
synapses. Several lateral horizontal cell processes, of varying size and intensity, are visible. The enlarged axonaidesgibarafe, with
its darker matrix, contains a mitochondrion (m) that is just out of the section. Scale bars for all panelgraqual 1
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tact sites were present in rod spherule and cone pedicle mitmd and cone inner segments (Figure 12) and other neurons
chondria. A crista junction (CJ) is the site where a crista cor(-Table 3). In addition, the rod and cone synaptic terminal mi-
nects to the IBM [89,126]. CJs are tubular openings that atechondria possess significantly different and uniquely dis-
invariably narrow in orthodox mitochondria, remarkably uni-tinguishing characteristics (Figure 12; Table 3).
form in diameter, and connect the intracristal space with the Ca?" imaging and correlative el ectron microscopy of rod
intermembrane space (Figure 11B-D and Figure 10F-H). Thand cone synaptic terminalsin dark-adapted and light-adapted
de novo formation of tubular CJs is energetically favorable agholeretinas: The above results, in concert with the demon-
these are dynamic structures [127]. The average CJ diamestrated sensitivity and kinetics of rod and cone synaptic trans-
in brain mitochondria is 14-16 nm, whereas it is 12 nm in CISnission [9,17-21], predict that the free fGavill be lower in
mitochondria and 17 nm in RIS mitochondria [55,93] (Tabledark-adapted mouse rod spherules compared to cone pedicles.
3). The usual narrow opening and uniform size of the CJ likelyn addition, they suggest that mouse cone pedicles would ex-
restricts the diffusion of cytochrome ¢ and ADP/ATP out ofhibit faster and larger spatiotemporal decreases in fred [Ca
the intracristal compartments, adjacent to the membranehiring light adaptation than rod spherules. To test these two
where the respiratory complexes are concentrateflinctionally-based hypotheses, fluo-FGanaging and LSCM
[124,126,128]. Unexpectedly, the mean CJ in cone pediclexperiments were conducted in retinal slices during darkness
mitochondria was 9 nm (Figure 11F). This is significantly(Figure 13A,C) and one min after the onset of a rod saturating
smaller than the 12 nm diameter measured in rod spherus¢imulus (Figure 13B,D). This time period was used because
mitochondria (Figure 11B) and smaller than any other knowtthe light-adapted decrease in photoreceptor oxygen consump-
CJ (Table 3). tion stabilizes during the first minute of light stimulation

In summary, these novel ET results revealed that rod afd9,50,101]. Figure 13 presents representative pseudocolored
cone synaptic terminal mitochondria share some unique submages of free [C4] from two adjacent rod spherules (Figure
structural features that are different from mitochondria in thd3A,B) and a nearby cone pedicle (Figure 13C,D). For higher

Figure 10. A 2.2 nm thick slice through a rod spherule and cone pedicle mitochondrion from three-dimensional electronitoraograph
structions. The rod and cone mitochondria (m) are in the orthodox conformation, revealing that they were fixed and préwssrvezht
energized state [55,123}. Two rod spherules present in the distal outer plexiform layer. Each rod spherule contains only one large almost
circular mitochondrion. Miller glial processes (MG) encircle the rod spheiiesrod spherule overlying a cone pedicle in the outer
plexiform layer. The larger cone pedicle contains five mitochondria (m). Scale bar equal 500 nm.
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Figure 11. Three-dimensional electron
tomograms of a rod spherule and a
cone pedicle mitochondrionA-D:
Three-dimensional imaging of a rod
spherule mitochondriomA: A repre-
sentative 2.2 nm slice through a tomo-
graphic volume of a rod spherule (from
Figure 9A) that shows a large mito-
chondrion with many cristae. The in-
set (enlarged 3X) illustrates an ex-
ample of a classical contact site, de-
fined as the location where the OMM
and IBM join (arrow). Scale bar féx
andB equal 200 nmB: Another slice
through the volume showing two crista
junctions (CJs: boxed) that have tubu-
lar openings, which connect the cris-
tae with the intermembrane space. The
inset at the bottom shows the openings
(white arrowheads) of the two CJs en-
larged 2X.C: Side view of the inner
membrane of the segmented volume
displayed with left lighting. CJ open-
ings are invariably narrow, tubular and
remarkably uniform in diameter. There
are fifteen numbered CJ openings in
this view. D: Top view of the seg-
mented volume showing the outer
membrane (blue) and a subset of cris-
tae (various colors). Most of the cris-
tae are tubular. However, some cristae
possess lamellar compartments, which
connect to the intermembrane space
via CJs.E-H: Three-dimensional im-
aging of cone pedicle mitochondrion.
E: A representative 2.2 nm slice
through a tomographic volume of a
cone pedicle (from Figure 9B) that
shows a typical medium- to large-sized
mitochondrion typical at this terminal.
As illustrated, the abundance of cris-
tae membranes is significantly smaller
in each cone pedicle, compared to rod
spherule, mitochondria. The inset (en-
larged 3X) illustrates an example of a
classical contact site (arrow). Scale bar
for E andF equal 200 nmE: Another
slice through the volume showing two
CJs (boxed). The inset at the bottom
shows the openings (white arrowhead)
of the two CJs expanded 2X. The open-
ings of these crista junctions are sig-
nificantly smaller than their counter-
parts in the rod spherule mitochondria
(Table 3).G: Side view of the inner
membrane of the segmented volume
displayed with left lighting. The eight
CJ openings seen in this view are num-
bered H: Top view of the segmented
volume showing the outer membrane
(blue) and a subset of cristae (various

colors). Most of the cristae are tubular, as in the rod spherule mitochondrion, although a small proportion have lamettaeoatsnpae
cristae surface area and volume are significantly smaller in cone pedicle, compared to rod spherule, mit@hohdria (
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Rod Spherule

Cone Pedicle

Rod Inner Segment
Cone Inner Segment

resolution and better visualization of the?Gaicrodomains, A 1s00
the pseudocolored images were transformed using an advanc
image synthesis algorithm (Figure 13G-K). The corresponc
ing electron micrographs of these rod spherules and cot
pedicle are shown in relatively the same orientation (Figur
13E,F). Considering the various preparation procedures ar «» 1000
length of time that the retinas were incubated in different buff
ers, the mitochondria and synaptic terminals are intact ar
relatively well preserved compared to our immediately fixec 500
tissue (Figure 9). In addition, the Tand fluo-3 calibration

curve, used to estimate free fGan the photoreceptor synap-

1400
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1
(=]

tic terminals, is presented in Figure 13G. 200

Table 4 presents the €dluo-3 RFI values and the esti-
mated mean free [4 for the dark- and light-adapted rod 0 Number of Crista Number of Crictae
spherules and cone pedicles. The estimated fréq [Cdark- Segments per Volume per Volume

adapted rod spherules was 3.2 fold lower (aboui2Pthan B ©
in cone pedicles (about 6u84), which is consistent with our
hypothesis that dark-adapted rod spherules maintain a low
mean resting [C4 than cone pedicles. In contrast, the esti-
mated free [CH] in light-adapted cone pedicles was 3.2 fold
lower (about 0.22M) than in light-adapted rod spherules (about 4
0.7uM). Thus, during light adaptation the estimated freé{Ca 2
decreased 2 fold in rod spherules and almost 30 fold in corg 3 *
pedicles compared to darkness. These latter results reveal t ©
during light adaptation cone pedicles rapidly and efficiently
lowered their intraterminal [G§ compared to rod spherules.
This is consistent with our immunocytochemical, EM and ET
findings that cone pedicles possess structural and function
mechanisms for the more rapid removal of intraterminal fre:

L]

C&* than rod spherules (vide supra). 0
: : : Cristae Surface Number of Segments
The microdomains of h|gh [Cd were larger and .closer Mitachondrial Su-face per Crista

to the plasma membrane in dark-adapted (depolarized) co
pedicles (Figure 13C,H) compared to rod spherules (Figut C o5

TABLE 3. MITOCHONDRIAL CRISTA JUNCTION DIAMETER IN ROD AND 0.4

CONE PHOTORECEPTORS AND BRAIN REGIONS ’
Mean
crista
junction  Standard g 0.3
Number of di anet er devi ation '.E *

Tissue or cell type neasur enent s (nm (nm Ref erence [
Rod Spherule 102 12 i thi's paper 0.2 .
Cone Pedicle 32 9 2 this paper
Rod | nner Segnment 212 17 6 40, 55
Cone | nner Segnent 31 12 4 55
Cer ebel | um 85 16 5 93
Striatum 43 14 4 93 0.1
Hi ppocanpus 38 14 4 93
Cortex 26 14 5 93
The tissue or cell type, number of measurements, mean crista jur 0

. . Cristae Volume Fraction of Cristae
tion diamete£SD, and reference are presented' Mitochondrial Volume with Multiple Segments

Figure 12. Cristae measurements of rod spherule and cone pedicle mitochondria obtained from tomographic recomsticBonspari-

son of cristae measurements in rod and cone synaptic terminal and inner segment mitochondria. The reconstructed puonitiochofthe

drion was segmented along membranes: outer membrane, inner boundary membrane and cristae membranes. The programs Synuarea al
Synuvolume calculated the volume and surface area values for the outer membrane (used for “mito” in the denominatonjistad Baeh c

values for individual cristae were summed to provide the number per voRnoe umerator of the ratio8(andC). The mean values

(+SEMSs) for mitochondria in rod spherules (blue bars) and cone pedicles (red bars) are presented in each plot. In additi@uysbyr p
published meansSEMs) values for rod inner segment (black bars) and cone inner segment (green bars) mitochondria are plotted for ease of
comparison [55]. Measurements were conducted on the tomographic reconstructions from three rods and three cones fremerthree diff
mice. A two-tailed Student’s t-test determined significant differences: *p<0.05; **p<0.01.
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13A,G). In dark-adapted retinas, we estimated that tfie Ca
microdomains were 300-400 nm in rod spherules (Figure 13A
. . .'DARK-ADAPTED AND LIGHT-ADAPTED ROD AND CONE PHOTORECEPTOR
and 600-700 nm in cone pedicles, where they overlapped in SYNAPTIC TERMINALS

the vicinity of the synaptic ribbons (Figure 13C). Furthermore;

ABLE 4. CA%"-FLUO-3 RELATIVE FLUORESCENCE INTENSITY VALUES IN

the RFI appeared higher in the presumed location of the rod Dar k- adapted  Li ght - adapt ed
spherule mitochondria than in the cone pedicle area where - - - - - - - - - - - .. ...
mitochondria cluster. This suggests that rod mitochondri&d Spher ul es 180. 5+4. 9 138. 2+6. 7
maintain a higher matrix [@4 than cone mitochondria, which Cone Pedi cl es 214.89.7 82.7+4.6

is consistent with the location of rod spherule mitochondria
and our suggestion that rod spherule mitochondria active
participate in intraterminal Gabuffering.

Ilmean:SEM relative fluorescence intensity values are scaled from
to 255 as described in the Materials and Methods section and as
shown in Figure 13.
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Figure 13. C#& imaging and correlative electron microscopy of rod and cone synaptic terminals in dark-adapted and light-adaptéd retinas.
D: Pseudocolored Gafluo-3 confocal images obtained from an adjacent pair of rod spheful& and a single cone pediclB &ndD)

during dark adaptatiom\(andC) and light-adaptatiorB(andD). Scale bar equaldm. The pseudocolor scale represents pixel intensity from

0 to 255 gray levels. The RFI values and estimated fred [@dark-adapted rod spherules were lower than in cone pedicles, whereas the RFI
values and estimated free fdan light-adapted cone pedicles were markedly lower than in light-adapted rod spherules (Table 4). During light
adaptation, the cone pedicles lowered their intraterminét][@aout 3 fold more than rod spherules (Tabléx4K : For higher resolution and

better visualization of the €amicrodomains, the pseudocolored images were transformed using an advanced image synthesis algorithm. The
microdomains of high [C§ were larger and closer to the plasma membrane in dark-adapted cone p&dafekH) compared to rod
spherulesA andG). The scale bar and pseudocolor scale are as presebtel amdF: The electron micrographs of the rod spheriesd

cone pediclé& correspond to the rod spherules in panels Aand B and cone pedi@dead, respectively. RN: rod nuclei, m: mitochondrion.
Scale bar equaldm for both paneld.: A fluo-3 C&* calibration curve used to estimate the fre€{lda the photoreceptor synaptic terminals

(see Table 4).
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The presynaptic terminals of the bullfrog saccular andletermined these details in the retina and photoreceptor syn-
axolotl lateral-line hair cells contain dense bodies that reversptic terminals. Second, we determined the distribution, num-
ibly bind fluo-3 with a Kd of 550 nM [129]. We conducted ber and structure of mitochondria in rod spherules and cone
high magnification electron microscopy studies on darkypedicles as well as their substructure by utilizing ET. Third,
adapted mouse retinas to determine whether thté Cawe determined the mean levels of free?Tia rod and cone
microdomains in our dark-adapted photoreceptor synaptic tesynaptic terminals of whole isolated retinas during darkness
minals might be due to the binding of fluo-3 to presynaptia@and light adaptation.
dense bodies. Consistent with the findings of Vollrath et al.  Overall, our LSCM results revealed that retinal mitochon-
[130], we did not see any dense spheres in the photoreceptiiia exhibit laminar, cellular and compartmental segregation
terminals of our dark-adapted mouse retinas. Thus, we com different retinal neurons: see Table 2 and schematic sum-
clude that the Camicrodomains do not result from fluo-3 mary Figure 14. For example, a strong-intense COX IV stain-

binding to this synaptic organelle. ing pattern was evident in mitochondria located in IS, OPL,
IPL-a, IPL, GCL and Muller glial cell end-feet, whereas
DISCUSSION the INL only had weak-moderate COX IV labeling. The pho-

This study tested several functionally-based hypotheses rireceptors displayed three separate compartments of strong
lated to the metabolic coupling and cross-talk between roth intense COX IV labeling: IS, portions of the ONL, and the
and cone synaptic terminal mitochondria, ER, PMCA and NC)XOPL. The CIS labeled more intensely for COX IV than the
and their potential roles in generating/using ATP and regulaRIS, consistent with their two-fold higher mitochondrial con-
ing C&* dynamics for neurotransmitter release. Three noveient [55]. In contrast, bipolar cells exhibited differential stain-
and significant sets of results were obtained. First, we charaiig such that there was moderate COX |V staining in their
terized the spatial interrelation between mitochondria, ER, Casomas while the terminals labeled strongly. The intense label-
transporters and active zones in ribbon synapses as well iag of IPL-a. (ON-sublamina) and IPB-(OFF-sublamina) with

Figure 14 (next page). Summary diagram of the mouse rod and middle wavelength (M) cone ribbon synapses. The diagram@awmmarizes
current findings, includes results from our work on mouse rod and cone photoreceptor inner segment (IS) mitochondrihifgsigtaisd

the results from numerous other investigators. It compares the location, distribution and morphology of the major celariantomp
volved in regulating ATP and €ahomeostasis, and presynaptic glutamate release. The size and/or color of the lines, ellipses, letters and
mitochondria reflect differences in activity determined by histochemistry or electrophysiology, protein density as visthalimetmolabeling,

and number or morphology as determined electron microscopy and electron tomography. The relatively thicker lines amngskaigehell

cone outer segments (OS), compared to ROS, indicate the cone’s higher relative permeabilityttioou@h the cGMP-gated channel,
higher fraction of the dark current carried by?Gand more rapid N&Ca*-K* exchanger (NCKX2 in cones compared to NCKX1 in rods):
[59-61,112,184]. RIS have an average of about 5 mitochondria per cross sectional area, whereas CIS have about 10 mé&ochasglria p
sectional area resulting in a cone to rod ratio of 2:1 [55]. The mouse RIS and CIS mitochondria are in the orthodox) théheoridensed,
conformation [55]. The mean cristae junction diameter of the RIS and CIS mitochondria is 17 and 12 nm, respectivelyy{B&¢hGisiria

are more uniformly stained and reactive for cytochrome c oxidase than RIS mitochondria [55]: depicted here as darkeriedhinndriadi
membrane and cristae. Both RIS and CIS contain numerous small calreticulin- and SERCA3-positive smooth endoplasmic s&giculum ci
nae/vesicles (Figure 6, Figure 9B,D): several are closely associated with mitochondria (Figure 6B,E): herein labeled &RpRitd®are
weakly immunoreactive for PMCA (Figure 6A). NCX isoform 1 (NCX1) immunolabeling was intense in both RIS and CIS, although it is
stronger in the latter (Figure 7D). In monkey retina, CIS had more intense immunolabelingKorANd&ase (NAKA) than RIS [40]: likely

the NAKA a3 isoform (NAKA3) [101,167]. Similar data is not yet available in the mouse retina. In the most proximal rows of the ONL, a
juxtanuclear mitochondrion sits above individual rod nuclei (Figure 2A,D and Figure 4). In the most distal ONL, a pagusipravilescribed
juxtanuclear mitochondria localizes above and below the cone nuclei (Figure 2-Figure 4). The rod spherule contains doetlargiior.

Cone pedicles have about 5 mitochondria per cell resulting in a cone to rod ratio of 5:1 (Figure 9 and Figure 10). Theeisyimegbtic
mitochondria of rods and cones are in the orthodox or energized conformation (Figure 10). The mitochondria in the carespediciar

top of the terminal, where the axon enters the pedicle (Figure 7, Figure 8D-E, Figure 9B, and Figure 10B). The meartoistdiajoater

of the rod spherule and cone pedicle mitochondria is 12 and 9 nm, respectively, (Table 3). Mouse cone pedicles are méwe opiaetiv
chrome c oxidase than rod spherules (same style depiction as above; Fox, unpublished data), as described for other riaaséli®2}e

Rod and cone synaptic terminals contain numerous small calreticulin- and SERCA3-positive smooth endoplasmic reticuluivesisiemae
(small gray ellipses): several are closely associated with mitochondria (Figure 6, Figure 9B,D). Rod spherules interiselly N&DA|
whereas cone pedicles exhibit minimal labeling that localizes at the top of the pedicle (Figure 7B-C, Figure 8D,E). Cesdapetiicl
intensely and uniformly for NCX1, whereas rod spherules label weakly and more diffusely (Figure 7D-F and Figure 8). Red kptierul

one synaptic invagination (Figure 9), although about 5% had two ribbon synaptic units (Figure 9B) as described [153, p88]clesrave

6-14 synaptic invaginations (Figure 8: Fox, unpublished data). In the dark-adapted mouse féemigiSaod and cone synaptic terminals
through voltage-gated L-type calcium channelglGa(formerlyalF) and Cdl.3 (formerlya.lD), respectively [160,161] and glutamate is
continuously released. Moreover, in the dark-adapted mouse retina the rod spherules maintain a significantly low#} them [me
pedicles (Figure 13; Table 4). In contrast, during light adaptation the cone pedicles more rapidly, efficiently and ctongetalir free

[Ca?*] compared to the rod spherules (Figure 13; Table 4). The group 3 metabotropic glutamate receptor mGIuR8 is presentraaptie pres
terminals of rod and cone photoreceptors [186]. It likely provides negative feedback control on glutamate release angreeeve<#
overload [39,40,94] by down-regulating the intratermina&f @aels [186]. The implications of the above findings related to rod spherule and
cone pedicle bioenergetics,homeostasis, apoptosis and neurotransmission are discussed in the text.
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all three mitochondrial markers likely reflects the high amount ~ The overall VDAC immunolabeling pattern was similar
of ATP required for glutamate uptake into synaptic vesicle antb that of COX IV and POLG: illustrated by the areas of COX
synaptic vesicle priming at ribbon synapses [1,33,34]. Th&/ and VDAC colocalization. However, VDAC only weakly-
above observations are consistent with functional results showoderately labeled IS. This lower IS immunofluorescence,
ing that mitochondrial oxygen consumption is higher in phousing the pan-VDAC antibody, is not due to antibody speci-
toreceptors than in the inner retina during darkness and illdicity or tissue penetration problems, since this antibody rec-
mination [49,97] and that the mean inner retinal oxygen comegnizes a conserved sequence in all three VDAC isoforms
sumption is similar during dark and light adaptation(BLAST) and intensely stained mitochondria in the OPL. The
[49,50,101]. In addition, the COX IV and POLG staining pat-weaker VDAC labeling might result from a low concentra-
terns were coincident in all retinal layers, except the INL. Thigion of ER in the IS, since VDAC is found in ER closely ap-
suggests that mitochondria located in regions of high metgposed to mitochondria [131]. However, this is not likely since
bolic demand, where they might readily produce reactive oxythe calreticulin, SERCA3 and EM findings reveal an exten-
gen species and initiate apoptosis, also might have an increas#de amount of ER in RIS and CIS. Thus, VDAC protein ex-
capacity for mitochondrial DNA replication and repair. pression is relatively low in mouse IS: a conclusion supported
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by in situ hybridization results [132]. This raises the intrigu-tering and stability of mitochondria in retinal neurons in addi-
ing possibility that lower levels of VDAC2 in IS and particu- tion to their role in mitochondrial fission and fusion, genome
larly RIS, increase the susceptibility of rods to mitochondriallymaintenance, and regulation of cristae morphology and sub-
mediated apoptosis [40,94,133] as VDAC?2 inhibits BAK ac-structure [150,151].
tivation and apoptosis [134]. Finally, the strong to intense  Eight new anatomical, ultrastructural and/or substructural
VDAC labeling and colocalization with VGIuT1 in the plexi- differences between mouse rod spherules and cone pedicles
form layers suggests another possible level of metabolic cowere found. First, EM studies showed that there were three to
pling between mitochondria and synaptic transmission, sindéve rows of rod spherules and a single row of larger, more
physiological concentrations of glutamate modulate VDACelectron lucent cone pedicles in the OPL. High magnification
channel activity [135]. double labeling LSCM experiments, using either COX IV and
During the LSCM and EM studies, we unexpectedly foundv- and S-opsins or VDAC and rhodopsin, yielded compli-
distinct and highly localized COX IV-, VDAC- and POLG- mentary results. Second, the cone pedicle volume is about 10
positive mitochondria associated with cone and rod nucletimes larger than the rod spherule volume. Third, rod spherules
First, in the most distal ONL large juxtanuclear mitochondriacontain a single very large ovoid mitochondrion that occupies
were located above and below the cone nuclei. The mitocho20-25% of the spherule volume, whereas cone pedicles con-
drion below the cone nucleus is in the axon, as described [53hin an average of five medium-sized mitochondria that oc-
Second, in the most proximal ONL numerous single, smallecupy 10-15% of the pedicle volume. Fourth, the rod spherule
juxtanuclear mitochondria were situated above each roohitochondrion is located close to synaptic vesicle release sites,
nucleus. It is likely that these juxtanuclear mitochondria arevhereas cone pedicle mitochondria cluster in the distal part of
involved with somal ATP synthesis, phosphotransfer networkthe terminal. Fifth, the abundance of cristae membranes and
and nucleocytoplasmic communication [136]. For examplegorrespondingly the cristae volume are two-fold greater in the
cone nuclei contain larger amounts of electron lucent, trarrod spherule mitochondrion compared to an individual cone
scriptionally active euchromatin compared to rods ([53]; Figpedicle mitochondrion. Overall, however, the total amount of
ure 3 and Figure 8A). This suggests that transcription and otheristae membranes is 2 fold higher in cone pedicles than in
ATP-requiring nuclear processes [136,137] are more active iod spherules. Sixth, mitochondria CJ openings are 25%
cones than rods. In addition, cone nuclei are located in themaller in cone pedicle mitochondria than in rod spherule
most distal portion of the ONL, such that their somas are fumitochondria. Seventh, networks of ER are in rod, as seen in
ther from their synaptic terminals than those of rods. Morerats [28], and cone synaptic terminals, although they are larger
over, glycolytic and glucose-6-phosphate dehydrogenase eand denser in cone pedicles. Eighth, rod spherules uniformly
zyme activities are low in the ONL compared to other photoand intensely stain for PMCA, whereas cone pedicles prefer-
receptor compartments [138] and ATP has a short diffusioantially stain for NCX1 at their active zones. As reported by
distance [139]. Thus, local ATP synthesis is particularly im-others, we found that mouse rod spherules mostly (about 95%)
portant for these cone nuclei. The proximal rod somas likelgontain one ribbon synapse, but can contain two ribbon syn-
are dependent upon these juxtanuclear mitochondria becaugtic units [152,153], whereas cone pedicles contain 6-14 rib-
they lack a classic spherule that contains a single mitochoben synapses [52,53; data not shown].
drion, although they possess a ribbon synapse and active zone A comparison of our new substructural data on synaptic
at the base of their somas [122]. Interestingly, these rorminal mitochondria with that previously obtained on IS mi-
juxtanuclear mitochondria and somas appear selectively vulechondria [40,55], reveals three significant differences (see
nerable to C4 overload or oxidative stress [39,140,141].  Figure 11). First, rod spherule and cone pedicle mitochondrial
The mechanisms and molecular signals that direct retinakristae segments (i.e., tubes and lamellae) do not exhibit high
mitochondria to their different cellular and compartmental sitesonnectivity, whereas IS cristae segments are highly connected
are unknown. Neuronal mitochondria, compared to other oto each other so that a single crista can have many segments.
ganelles, have several unique properties with respect to axGiS connectivity is maze-like [55]. Moreover, the number of
plasmic transport. First, they undergo both anterograde arstgments per crista in CIS is significantly greater than in RIS.
retrograde transport. Second, their motility is characterizeds opposed to IS mitochondria that connect many cristae seg-
by saltatory movements and prolonged stationary phasesents together, rod spherule and cone pedicle mitochondria
Third, the net direction of movement varies with the physi-accommodate their greater amount of inner membrane by in-
ological status of the axon. Fourth, mitochondria utilize mi-creasing the number of cristae. The mean number of cristae
crotubules and actin-myosin based microfilament systems fgrer mitochondrial volume for rod spherules and cone pedicles
motility, and neurofilament associations for static phases withiwas about 1,300 and about 1,100, respectively, whereas it was
axons [142-144]. The molecular signals that direct mitochonabout 570 and about 520 for RIS and CIS, respectively. Sec-
dria to their cellular positions include: high local ADP:ATP in ond, the cristae surface to mitochondrial surface ratio and the
areas of high ATP demand [145], GTP hydrolysis by smaltristae volume to mitochondria volume ratio are 1.4- to 2.0
GTP-binding proteins [146], actin-myosin-dependent nervdold larger in CIS compared to RIS [55]. In marked contrast,
growth factor/TrkA/PI 3-kinase signaling [147], and variousthe abundance of cristae membranes and correspondingly the
kinases [148,149]. Intrinsic mitochondrial proteins, such asristae volume are 2.5 fold and 2.2 fold, respectively, greater
OPA1, also may contribute to the selective distribution, clusin rod spherule mitochondria, than in each cone pedicle mito-
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chondria. Third, the number of segments per crista were sift20], indicating that the metabolic cost of information trans-
nificantly greater (about 60%) in CIS compared to RISfer is higher in cones than rods. Photoreceptor NAKA, which
whereas it was similar and significantly lower in rod and conéas a specific activity three times higher than the whole retina
synaptic terminal mitochondria. The reasons and mechanisr®&7,157] and consumes greater than 50% of the cell’s ATP
for these compartmental differences in cristae networking and 58], is higher in cone pedicles than rod spherules [47]. One
crista formation are unknown. However, we interpret this datanajor reason for the higher Naump activity and associated
to indicate that mitochondrially mediated ATP production isATP demand in cone pedicles is that pedicles preferentially
greater in photoreceptor synaptic terminals than in the innertilize NCX to extrude Cafrom their active zones (this pa-
segments. This is consistent with findings that there is a stronger; see schematic in Figure 14), and NCX activity is mostly
Pasteur effect in the outer retina, such that glycolysis can supentrolled by NAKA activity [106]. In addition, selected ar-
port photoreceptor OS and IS function during mitochondriakas of the cone axon and synaptic terminal utilize PMCA to
inhibition [154]. extrude C&, whereas this is the major Taxtrusion mecha-

The CJ opening in cone pedicle mitochondria is smallenism in rod spherules (this paper). Moreover, our detailed re-
than any previously measured in normal tissue or cells. Basadlts are different from those obtained in the calyx-type pr-
on results that model the effects of matrix outward pressuresynaptic nerve terminals of the chick ciliary ganglia [6,106],
on CJ diameter [155], we suggest that these differences in redltured mouse brain astrocytes [6,106] and rabbit skeletal
and cone mitochondria CJ diameter reflect small differencesiuscle [107]. Interestingly, the presynaptic distribution of
in matrix pressure. For example, when the matrix volume dCX and PMCA in mouse cone pedicles is opposite to that in
mitochondria is experimentally increased, CJs become smallére chick ciliary ganglia [106]. This difference may relate to
and can pinch off leaving some cristae detached from the IBNhe presence of N-type €a&hannels in the presynaptic termi-
[126,127]. The putative bioenergetic role of CJ remains to beal of the chick ganglia [159] as opposed to L-typ& Clzan-
determined. One hypothesis, consistent with the computerels in photoreceptor synapses [161,162].
simulations, suggests that CJs partially regulate ATP genera- ATPproduction in cone pedicle mitochondria is also likely
tion by restricting the diffusion of ADP and ATP into and outgreater than that in rod spherules. This is similar to our find-
of cristae [126]. That is, larger CJ openings facilitate and inings on RIS and CIS mitochondria [55,56]. Although the rod
crease the capacity for ATP production. Alternatively, smallespherule mitochondrion has 2 fold more crista surface area
CJs may restrict the diffusion of cytochrome c from the cristhan each cone mitochondrion, cone pedicles have five mito-
tae lumen and thereby minimize diffusion distances that limithondria per synaptic terminal and thus twice the total amount
rates of electron transport needed for ATP synthesis. This wouttf cristae membranes. In addition, the CJ openings are smaller
confer an energetic advantage to cone pedicle mitochondria cones, which could lead to more effective coupling of the
and provide them with increased resistance to mitochondriallglectron transport chain to ATP synthesis [126]. Together, these
mediated apoptosis [40,156]. should facilitate increased ATP production as evidenced by

The biological and functional implications of the differ- the higher COX activity in cone pedicles, compared to rod
ent number and position of mitochondria in rod spherules angpherules [47]. Moreover, mammalian cone pedicles, but not
cone pedicles are three-fold. The first relates to the optimabd spherules, contain glycogen and the phosphorylase isozyme
generation and utilization of ATP for various cellular processiecessary to convert it to glucose [162,163]. In contrast, the
and synaptic transmission. The second involves the coordione pedicle volume is large and the mitochondria cluster some
nated regulation of presynapticCkevels necessary for syn- distance from active zones. These factors will decrease the
aptic transmission. The third is associated with potenti#l Caoverall effective cellular ATP concentration at the active zones
overload and cell survival. The first consideration addressesince the ATP diffusion distance is small [139]. Nevertheless,
two interrelated questions: (i) Is the ATP demand higher in and likely more important for regulating the pediclé‘€an-
rod spherule or cone pedicle? (i) Does a rod spherule or cowentration, these clustered mitochondria will provide ATP for
pedicle produce more ATP under normal physiological condithe nearby PMCA (see high magnification LSCM Figure
tions? A number of observations strongly indicate that mouseD,E).
(mammalian) cone pedicles have a higher ATP demand than Itis well known that strong metabolic coupling and cross-
rod spherules. Mouse cone pedicles have about 10 times mdaék between mitochondria, ER, NCX, PMCA, and'Chan-
ribbons than rods (vide supra). Primate cone pedicles can hanels regulate presynaptic €dynamics and neurotransmitter
up to 50 synaptic ribbons [114,115]. Mammalian cone ribtelease [1,2,5,37,164]. Our high magnification immunocy-
bons dock and tether approximately five-fold more vesiclesochemical studies revealed several significant, and presum-
than rod ribbons [116]. These vesicles require ATP forbly functionally relevant, differences in the location and dis-
glutamate uptake and priming [33,34]. Cones have a fastétibution of mitochondria, PMCA and NCX in rod spherules
initial component of exocytosis [18] and by extension a mor@and cone pedicles. As noted, the rod spherule mitochondrion
rapid need to refill and prime the vesicle pool [34,117]. Inis located close to synaptic vesicle release sites, whereas cone
addition, cones operate over a much larger dynamic rangedicle mitochondria cluster in the distal part of the terminal.
[118,119]. Biophysical and modeling experiments reveal thaleuronal mitochondria have a low affinity, but high capacity
ATPdemand logarithmically increases as the rate of luminander C&* (Kd approximately 1-muM; 1-5 umol mg proteirt)
information transferred to second-order neurons increas¢$65,166]. NCX and PMCA are the two major’Qaansport-
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ers in the presynaptic terminal [2,106]. We found that in th&R (SERCA3-positive): especially in cone pedicles where
cone axon the active zone of pedicles preferentially and ilNCX localizes to the active zones. However, NCX will only
tensely stained for NCX, whereas rod spherules diffuselfjower the intraterminal Cauntil the ATP-dependent NAKA3
stained for NCX. In contrast, rod spherules uniformly and infe-establishes the Ngradient. In cones, further €axtru-
tensely stained for PMCA, whereas only the distal portion o§ion must be facilitated by the slower ATP-dependent PMCAsS,
the cone pedicle stained for PMCA. Triple labeling experiwhich can maintain submicromolar levels of(Ja74,175].
ments with PMCA, VDAC and either VGIuT1 or PNA re- Presumably, in rods the PMCAs are working continuously to
vealed that the cone pedicle mitochondria were in close proxnaintain a spatially averaged®eoncentration of 0.3-2M:
imity to the PMCA labeled membranes. NCX utilizes the acthe concentration estimated to maintain vesicle cycling in the
tivity and gradient established by NAKA to maintain low in- salamander rod [19,26].
tracellular C& levels, and is spatiotemporally associated with ~ To test this spatiotemporal model of fdaegulation in
the two high ouabain affinity isozymes in neuron®: dark- and light-adapted rod spherules and cone pedicles, we
NAKAZ2 or a3: NAKA3). Immunocytochemical and biochemi- conducted Cdimaging studies on retinal slices utilizing fluo-
cal experiments show that NAKAS is present in rodent IS an@: a high affinity fluorescent Cedye. These experiments pro-
synaptic terminals [97,167]. NCX has a low affinity and highduced three novel and functionally relevant results that vali-
turnover rate for Caextrusion (Kd approximatelydM; kcat ~ dated several of our predictions. First, in dark-adapted retinas
2000-5000 ¥), whereas PMCA has a high affinity and a lowthe estimated free [@& in rod spherules was aboutu®,
turnover rate for Ca extrusion (Kd approximately 04M; which was significantly (3.2 fold) lower than that in cones
kcat approximately 30-250'5[106,168]. This suggests that pedicles. These findings are consistent with the interpretation
the synaptic terminal Gaconcentration is rapidly lowered by of our detailed immunocytochemical findings. That is, rod
NCX to its Kd value, while the high affinity PMCA slowly spherules predominantly possess high affinity/low turnover
lowers it to a dark-adapted value of 0.3d#1 [19,26]. ER  PMCA that maintains a low intraterminal [CJain order to
cisternae were widely distributed throughout the rod and coniacrease the sensitivity and signal-to-noise ratio of rods [17-
terminals and often were in close apposition to mitochondri&21]. Furthermore, the RFI appeared higher in the presumed
as observed in other tissues [89,104,105]. SERCAS extensivdlycation of the rod spherule mitochondria than in the cone
labeled the IS and OPL. It has a low affinity and relativelypedicle area where mitochondria cluster. This observation is
low turnover rate (Kd approximately 1pM; kcat approxi-  in agreement with our suggestion that rod spherule mitochon-
mately 130-150, but ER have a high capacity for®Cap-  dria actively participate in intraterminal €auffering, which
take (0.5-uM) [169,170]. This is consistent with the role of also increases their ATP production capacity. The recent find-
ER Ca&*uptake, which helps lower the intraterminatf@an-  ings of Krizaj and colleagues [176], who compared the mor-
centration with PMCA and NCX. phology and light responses of retinas from control mice and
Our results, in concert with those from many other studdeafwaddler dfw2J mice that lack the functional PMCAZ2 pro-
ies, enabled us to construct a spatiotemporal model of radin, confirm our suggestion and results that PMCA-mediated
spherule and cone pedicle regulation of*Gavels during Ca*extrusion selectively modulates the rod spherules and not
darkness (see Figure 14 for illustration) and light adaptatiorthe cone pedicles. That is, the rod-mediated electroretinogram
In the dark-adapted mouse retina, a low level ¢f €aters b-waves recorded from dfw2J mice were markedly smaller
rod and cone synaptic terminals throughiGaand Cd.3  and slower than those in control mice, however, there were no
channels, respectively [160,161], and glutamate is continwalterations in the cone-mediated b-wave. At the light micros-
ously released. Although dark-adapted mammalian rods ao®py level, the retinas from both mice looked similar.
slightly more depolarized than cones [61], it appears that the Second, during light adaptation the estimated fre&JCa
activation values for these voltage-gated calcium channels cone pedicles was 0.28/, which is significantly (3.2 fold)
match their resting membrane potentials [161,171]. This shouldwer than that in rod spherules. This is consistent with our
produce one or more, depending upon the number of actismunocytochemical, EM and ET findings that cone pedicles
zones, overlapping microdomains of elevated plasmalemmabssess the structural components and functional mechanisms
C&"*. By extension, this should result in highe?Gancen-  (e.g., low affinity/high turnover NCX) to more rapidly remove
trations around the cone active zones, compared to the radraterminal free Ca compared to rod spherules as well as
active zone, which likely accounts for the 10 fold faster initiaPMCA to lower the free [C below the Kd of NCX. Fur-
rate of exocytosis in salamander cones compared to rods [18ermore, it is compatible with the observation that the recov-
In dark-adapted salamander rod terminals, the intraterminaky and kinetics of exocytosis is faster in cones than rods
C&"* concentration is estimated to range from 0.34419,26],  [9,18,118,119].
whereas the microdomains likely contain 2044@ Ca* Third, in dark-adapted retinas €anicrodomains were
[17,172]. Some of this Gain the microdomain will bind to observed adjacent to the plasmalemma and synaptic ribbons
CaBP4, a Cabinding protein in photoreceptor terminals that of rod spherules and cone pedicles. Theser@iarodomains
directly associates with Ch4 channels [173], and were larger in cone pedicles than rod spherules and they over-
synaptotagmin 1 in the active zone [70,113]. Following lightapped in cone pedicles. Interestingly, the estimated size of
adaptation, NCX should rapidly remove much of the remainthe C&" microdomains in dark-adapted cone pedicles were
ing intraterminal C# in cooperation with the high capacity similar to those measured in dark-adapted goldfish Mb1 reti-
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nal cells [24]. Although the relation between 2Ca In summary, rod spherules and cone pedicles have sig-
microdomains in rod and cone synaptic terminals and the reguificantly different morphology, ultrastructure, mitochondrial
lation of exocytosis remains to be determined, odri@e&g-  density and location, patterns of protein expression, and regu-
ing findings suggest that cone pedicles will release more syitatory mechanisms that control their fGaduring dark and
aptic vesicles and exhibit faster exocytosis than rods spheruldigiht-adaptation. Compared to rod spherule mitochondria, in-
This is consistent with the physiology of these two photoredividual cone pedicle mitochondria are smaller and more ovoid,
ceptor terminals [9,17-21,36] and the goldfish Mb1 retinal cellseside more remotely from the active zone, possess less cris-
[9,24,36]. C& microdomains, which cluster near®ehan-  tae surface and volume, and have a very small CJ diameter.
nels, were visualized at the ribbon synapses of frog saccul@hese distinct characteristics play a fundamental role in the
hair cells, turtle cochlear hair cells and goldfish retinal Mblability of rod and cone presynaptic terminals to regulate and
cells [24,177-179]. produce ATP as well as to buffer €microdomains. In addi-

The mitochondria certainly provide the Mg-ATP neces-tion, the ER, PMCA and NCX all play essential and inter-
sary for NAKA3, SERCA3 and PMCA in both rod spherulesdependent roles in rod and cone presynaptic terminals. Their
and cone pedicles. The proximity of the rod spherule mitodifferences in cellular distribution and location, amount of
chondria to the active zone and its relatively high*Can-  protein expression, affinity and capacity fofGand their turn-
centration (at least 20M) leads us to speculate that theseover rate of C# significantly contribute to the kinetics of exo-
mitochondria play two additional important and interrelatedcytosis in rods and cones. The results from these LSCM, EM,
roles. First, they may participate in localPQauffering in or-  ET, and C& imaging experiments can help design new elec-
der to limit the expansion of the €anicrodomain [24] and trophysiological, pharmacological, molecular/transgenic and
thereby maintain the rod’s single photon sensitivity [20,21]imaging experiments that will enable us to gain a deeper and
This likely operates because as the cytosolic ATP concentréuller understanding of the spatiotemporal control of verte-
tion decreases and ADP concentration increases, the electlrate rod and cone synaptic terminat'‘Gancentrations and
genic mitochondrial Cacarrier (uniporter) increases its rate mitochondrial ATP production as they relate to exocytosis and
of C&* uptake and retention of €doads. When the cytosolic endocytosis. In addition, our results illustrate the need to iden-
Ca* concentration returns to baseline, mitochondria releastfy and determine the spatial distribution, compartment-spe-
their stored C# loads [165,166]. Second, the activity of the cific differences and interrelation of €dandling proteins
mitochondrial dehydrogenases increases in response to taed mitochondria in other neural tissues so that the structure-
increase in the free mitochondrial matrix*Gaoncentration.  function relations in different neurons and chemical synapses
This results in an increase in the rate of electron transport aidn be ascertained. Moreover, additional new retinal experi-
subsequently the amount of ATP production [180,181]. In sunments will provide important data on the role and sensitivity
mary, we suggest that reciprocal cooperation between mit@f rod and cone synaptic terminal mitochondria té* Gaer-
chondria, ER and the €dransporters in rod spherules andload and cell injury as compared to RIS and CIS mitochon-
cone pedicles during darkness control presynaptitt@m-  dria [39,40,182]. Finally, we hope that the results from our
dling, ATP production and glutamate release (Figure 14). work, the suggested experiments as well as future experiments

The third possibility, though not mutually exclusive from will provide further groundwork for understanding, and treat-
the first two, is that cone pedicle mitochondria cluster at @ng, the pathophysiological effects and visual deficits that re-
distance from active sites to protect themselves frotha@ar-  sult from inherited, disease-related as well as chemically- and
load during synaptic transmitter release. As noted, in darkpharmacologically-induced retinal degenerations.
adapted retinas there are likely numerous overlapping
microdomains of elevated Ealose to the synaptic ribbons ACKNOWLEDGEMENTS
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