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Purpose: Reorganization of cytoskeleton and membrane biogenesis are dynamically coordinated during lens fiber cell
differentiation and development to produce an organ with precise dimensions and optical properties. Cargo vesicle traf-
ficking is fundamental to cell elongation and has also been implicated in degenerative disease mechanisms. Alzheimer
precursor protein (BPP) acts with kinesin, synapsin, and synaptic vesicle proteins to mediate cargo vesicle transport and
membrane fusion in neurons. In our previous studies we demonstrate@®iatstalso a key element in lens fiber cell
formation, and in early-onset cataract that occurs along with early-onset Alzheimer disease in Down syndrome. In the
present study we examine lens expression and regulation of a complement of genes associated with cargo and synaptic
vesicle transport in neurons.

Methods: RT-PCR, immunoblot, and immunohistochemical methods were used to characterize expregsRip axfid\

kinesin associated motor proteins, synapsins, and synaptic vesicle proteins in mouse and rat embryonic, post-natal, and
adult lenses. Phospho-specific anti-synapsin antibodies were used to determine the distributions of site-1 phosphorylated
and dephosphorylated synapsin protein.

Results: Wedemonstrate that a substantial complement of cargo and synaptic vesicle proteins invghrilimediated

vesicle transport are expressed in lenses along the anterior-posterior axis of fiber cells in embryonic and adult lenses,
consistent with vesicles, actin filaments, and neuron-like arrangement of microtubules in lenses shown by others. We
identify temporal regulation of synapsins I, I, and Ill during embryonic and post-natal lens development consistent with
their roles in neurons. Regulation of vesicle cytoskeleton attachment, actin polymerization, and the capacity to stimulate
cell differentiation by synapsins are governed in large part by phosphorylation at a consefvesidser (site-1). We
demonstrate discrete distributions of #rospho- and dephospho-synapsins along the axial length of rapidly elongating
embryonic lens fiber cells, and decreased levels of site-1 phosphorylated synapsins in adult lenses.

Conclusions: The present findings demonstrate several fundamental parallels between lens and neuron vesicle trafficking
cell biology and development, and suggest that more extengRe related vesicle trafficking disease mechanisms may

be shared by lens and brain.

Lens formation requires coordinated fiber cell differen-7]. Our previous studies in lens demonstrated ti&@Ahas a
tiation to produce an organ of specific size and shape. Letk®y role in normal fiber cell development and in
fiber cells extend from the anterior to posterior surfaces andataractogenesis [8,9], consistent with the demonstration of
elongate in a concerted manner to form its convex shape withicrotubules and vesicles in lens by Lo et al. [10]. In our ex-
optical properties that coordinate with the cornea to producamination of mice expressing3RP from a complete copy of
focused images on the retina. In adult humans, lens fibers ajre human PP gene locus from chromosome 21 [11], in
proach 1 cm in length. In addition, plasticity of fiber cell elon-addition to the native mouseRP gene, we identified dis-
gation is required to maintain visual acuity during the proporfrupted fiber cell organization and intracellular vesicle forma-
tional enlargement of the eye after birth [1,2]. tion.

A fundamental requirement for cell elongation involves  Additional proteins present in vesicles transported by
the transport of membrane and protein constituents to cell sSU3PP and kinesins that have fundamental roles in cell devel-
faces distal from the cell nucleus and surrounding organellespment and in Alzheimer pathophysiology include Notch re-
This process, intensively studied in neurons, involvegeptors, receptor tyrosine kinases, and secretases (proteases),
Alzheimer precursor protein @®P) and Alzheimer precur- which are also present in lens [12,13]. Secretases not only
sor-like proteins (APLP1 and APLP2) that interact with kinesirrelease receptor C-terminal domains that regulate processes
proteins to tether vesicles to the cytoskeleton for transport [3a the cytoplasm and in the cell nucleus to control gene ex-
pression, but also have well-characterized roles in cleaving
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others showed p\mediated protein oxidation in lenses [16], rons. These functions are utilized for cell differentiation and
which have well-characterized contributions to plasticity, as well as for neurotransmitter release.
cataractogenesis [17]. Using an in vivo model of systemic Inthe present study we examine lens expression and regu-
oxidative stress that also produces Alzheimer related pathdhtion of a number of additional proteins that act wiPR in
ogy in brain we demonstrated Alzheimer protein accumulaeargo vesicle transport. We also identify neuron-like temporal
tion in regions of lens pathology [9]. expression of synapsin genes, and provide evidence of synapsin

Additional links between cargo vesicle transport and oxisite-1 phospho-regulation in lens. The present study strongly
dative stress come from studies demonstrating that Jun N-tesuggests that cargo and synaptic vesicle trafficking mecha-
minal kinase (JNK) interacting protein (JIP1b) is required tanisms strikingly similar to those required for neuronal devel-
facilitate ABPP-kinesin interactions to tether membraneopment and synaptic plasticity are utilized for the coordinated
vesicles to the cytoskeleton for transport [7]. However, JIP1klongation of lens fiber cells. These data further suggest that
has a second critical function by providing a scaffold for nucleABPP related vesicle transport defects may also contribute to
ating MAP kinase and JNK proteins [18,19] that have fundalens disease.
mental roles in cell proliferation and in cell signaling for re-
sponses to oxidative stress [18-21] in the brain and lens [20,22]. METHODS

It has become increasingly recognized that cargo vesiclBT-PCRanalysis. Wild-type Sprague Dawley rats and C57Bl/
trafficking defects contribute to disease [23,24]. Inappropri6 mice (Taconic, Germantown, NY) were used according to
ate ratios of KPP and kinesins lead to aborted vesicle transguidelines prescribed by the US Public Health Service Policy
port and accumulation, or “traffic jams”, and also disrupt transen humane care and use of laboratory animals. Males only
port of other vesicle types [23-26]. Thus, it appears that devere used in these initial studies of cargo vesicle proteins in
fects in ASPP-JIP1b-kinesin vesicle transport can act synerens to help obviate hormonal considerations. Lenses were
gistically with ABPP mechanisms involvingffand stress re-

sponses to produce disease. TABLE 1. OLIGONUCLEOTIDE PRIMERS USED FOR RT-PCR AMPLIFICA-
A variety of synapsin and synaptic vesicle associated pro- TION OF SPECIFIC GENE TRANSCRIPTS
teins also have critical roles in vesicle-cytoskeleton attach- Accessi on
ment and transport, as well as for vesicle docking and recyene nunber Sequence Exon
cling at target cell surface membranes. Synapsin proteins cogpe MUSABPPA  1553- TGCTCTACAATGTOCCTGOGS: 1573 13
synaptic vesicle surfaces, representing 9% of total vesicle pro- 2033- ACCATGAGTCCGATGATGCCG 2013 17
. . . APL BC021877 372- GTACTGCAGACAGATGTACC- 391 1
tein, and regulate vesicle-cytoskeleton attachment in large part 894- CTCTTCTTCTTCAGOCTGAG 875 7
i i i Ho- i- APLPI | NMVD09691 176- TGGCTGGCTACATAGAGGECT- 195 1
via phosphorylation 'at a highly cpnservedg$elte 1) resi ' T AT T COACTOGT T 445 3
due [27-30]. Interestingly, synapsins also have the capacity tau BOD14748  555- ATGOCTACCAACACCG 570 9
H H 7 7 Ha 850- GCTTGTAGACTATTTGCACA- 831 11*
promo.te.actln polymerization [31,321 and to stimulate cell dif-;, AFOS4611  1355. AGTCACGAAAGCGACT. 1350
ferentiation [33-36], and these functions are also governed by 1809- CGCTGTTTTTGGCAAGG 1793
H H H H : LCl BK000675 1005- GTACGGTAAGCGAGGG- 1020
site-1 phosphorylation. Cyclic AMP dependent Protein K|n'asé 1519- GOOGTOOGTAMGT G, 1504
A (PKA) strongly regulates synapsin site-1 phosphorylationg.ai i AF055666  758- TTCACAAGGOCGCTATG 774
: : e : 1177- CTCCGGTAGTAGTATTCCAC- 1158
with synapsins providing the most abundant PKA substrate ig,q5 BOD48395 905 GOGACTTTGOCTACGT- 920 o
neurons [27-30]_ 1348- AGGAGAGAAACCGCAC- 1333 3*
. | . f . . . Kl F5A BC058396 1396- CATTGTGGTACGCATCG- 1412
Individual synapsin gene functions are indicated by sepa- 1682- GGTOGTAGT TGACCGE: 1667

rate temporal expression patterns during neuronal differenti-Fs8 NMD08448  2246- GGTGAGGAGCTAGTCC- 2261
2648- GCTTACGCAGGTTGIG 2633

tion. Synapsin Il is required for initial cell elongation and pia ML2303 743- GACAGACTTCGGTTTTGE. 760 7
elaboration of neuronal processes [34-37]. As neurons ma- 1168- AGTTACTCGTGTCCCCA- 1152 10
. . . Kl NML44817 471- CTGCGGTGAAATACCTT- 487
ture, synapsin Ill expression decreases and synapsins | ancﬁl 881- ACCGTTCGITTGGGTC- 866
i i i i i n | BC022954 1686- CAGGGTCAAGGCCGCCAGTC- 1705
increase. .ConS|stent Wlth thgse opservatlons, synapsin 1 1050 CACATCOTOMCT GaGTTTCT G 1038
enriched in neurogenic brain regions, and also provideSsn 11 NW13681  903- AGGGGAGAAATTCCCAC 919
H H 1252- CCCAGAGCTTGTACCG 1237
markgr of axonal growth cones [38].. Synapsms are also dl%—m 111 NMLO013722 1566, CCAAGAGOGACTCTOG 1581
tinguished from one another by distinct ATP binding proper- 1903- GGTTGOGGATTGTCTC- 1888
: H H Syt | BC042519 873- ATACTCGGAATTAGGTGGC- 891
ties in the presence of caIC|'um [39]. . 1281 TTOCT COAACCGAACT. 1266
In addition to ABPP, kinesins, and synapsins, cargosyp! BCO14823  154- TGCCAACAAGACGGAG 169 3
. . . . . 463- GGCGGATGAGCTAACT- 448 4*
vesples in neurons also contain a variety of other synaptig,,s 086066 605- TTCTGTOGTGATOO0C- 620
vesicle proteins. Among these are synaptotagmins, 908- CTGGTOGTTGGOCTTC- 893
. . . . {\‘ab3A NMD19400 564- TGTCACACTTGITTCCCA- 547 4*
synaptophysin, and Rab GTP binding proteins that regulate 197~ CCAGAACLTOGACTATATGITG. 218 o
vesicle fusion and recycling at cell surface membranes [40- 134- CCTTAGAGAGGGTAAGATGG: 153 2
. . . 433- GCGCCTCGGTAATAGG 418 3*
42]. In neurons, synaptotagmin | has an important role in sengsppy BC020407  582- TOCACCACCCTGITGCT- 603
ing calcium levels and regulating interactions with Rab and 1032- CCACAGTCCATGCCATCACTGC- 1016

other proteins that catalyze vesicle membrane fusiongenpank accession numbers and exon position are indicated. (the
Synaptophysin has a key role in the biogenesis of membragterisk indicates exon number inferred from human or rat gene ho-
vesicles at the cell surface during vesicle recycling in neunologues).
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removed for analysis of total RNA and extracted in Trizol re-equal aliquots of random-primed cDNA template from a single
agent (Invitrogen, Carlshad, CA). RNase free DNasdens were amplified with synapsin and GAPDH gene specific
(Invitrogen) was added to aid in removal of contaminatingorimers for 28, 32, and 36 cycles. The resulting cDNA prod-
DNA. Total lens RNA was used to produce cDNA templateucts were resolved on agarose gels stained with ethidium bro-
with random primers (Invitrogen) and Superscript reverse trarmide for comparison of products with expected molecular
scriptase (RT, Invitrogen) for PCR amplification. Gene speweight at increasing amplification cycles, using a Typhoon
cific PCR primers, listed in Table 1, have been designed usirgel documentation system (Amersham Biosciences,
sequence information from neighboring exons where the geriéiscataway, NJ).
organization is known. Immunoblot detection of proteins: Lens and brain tissues
Control cDNA synthesis reactions with RT omitted did were removed and placed in “M-per” extraction buffer with
not produce cDNA products in parallel reactions, and all cDNADTT (Pierce, Rockford, IL). Samples were homogenized with
products were sequenced to verify their identity. Three lenses pestle and SDS sample buffer with DTT added. In some
were used in parallel reactions. For semi-quantitative assaysases separate crude soluble and insoluble fractions were ob-

>
P

Figure 1. RT-PCR and immunoblot
analysis of genes involved irBRP me-
diated cargo and synaptic vesicle traffick-
ing. A: RT-PCR analysis of lens expres-
sion of transcripts associated witf AP

L

T

3 0

o =

|_ -
= = mediated vesicle transport. Random

primed lens RNA was amplified using

Hl PP
HAPLP

:‘: gene specific primers listed in Table 1.
E Top row: cDNA products representative
(11} of three lenses corresponding tgPP,
o U Alzheimer precursor-like proteins
(APLPI, APLPII), microtubule associ-
= - ated Tau protein and Jun N-terminal Ki-
nase Interacting Protein (JIP1b). Middle
row: Kinesin Light Chains (KLCI,
c KLCII), ABPP binding protein Fe65, and
-— Kinesin Heavy Chains (KIF5A, KIF5B),
and cDNAs corresponding to cCAMP de-
pendent Protein Kinase A (PKA) and Cal-
cium/Calmodulin dependent Kinase |
(CaMKI). Bottom row: synapsins |, Il,

Rab SA IIl, synaptotagmin | (syt I),

-_— LD
.. o Q
— Y F-'.'i
n 0N X : |
synaptophysin | (syp 1), and GTP bind-
- = H - ing proteins Rab5 and Rab3A (two
L primer sets). All cDNAs were sequenced
to confirm their identity. A representa-
B tive control (no RT) is present in the
lower panel.B: Western blot detection
of synapsin |, synapsin I, KIF5B, tau,
Br Lens Lens Len S synaptotagmin |, and synaptophysin | in
S I I S lens protein samples. Crude soluble and
- W insoluble fractions preparation are de-
- scribed in Methods and total brain pro-
—
—la v, 64 kDa B 110 kDa tein samples have been included for com-
! =,~72 kDa - ) . . }
Ib : parison. Diagnostic molecular weights

Synapsin|  Synapsinil  KIF5B are indicated

H«cc i [Japp

Synapsin |l ﬂ
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tained by centrifuging samples at 12,000x g aC4for 30  filters (described in previous studies [8,13]). Filters blocked
min. Equal amounts of protein in sample buffer with DTTin PBS (pH 7.4) with 2% horse serum were probed with anti-
were resolved on 10% or 12% SDS-PAGE gels and blotted taodies raised against synapsin 1 (catalog number S193; Sigma,
St Louis, MO), synapsin lla (catalog number 8293; Santa Cruz,
Santa Cruz, CA), synaptotagmin | specific (catalog humber
S2177; Sigma), synaptophysin | (catalog number S5768;
Sigma), and Tau microtubule associated protein (catalog num-
ber T6402; Sigma). In addition, anti-Kinesin heavy chain pro-
tein KIF5B and kinesin light chain antibodies were provided
by L. Goldstein (UCSD, San Diego, CA). Immune complexes
were visualized with ABC secondary antibody and VIP detec-
tion kits (Vector, Burlingame, CA) or by chemiluminescence
(Perkin Elmer, Shelton, CT).

Immunofluorescence detection of protein in histological
sections: Eyes and staged embryos were prepared for histol-
ogy by fixation in 4% paraformaldehyde in PBS (pH 7.4) for
24 h before embedding in paraffin for sectioning. To detect
proteins in situ, deparaffinized and re-hydrated sections were
incubated in antigen unmasking solution (Vector) for 20 min
at 60°C, and blocked in 2% horse serum in PBS. Sections
were probed with antibodies listed above and with antibodies
raised against JIP1b (gift from K. Verhey, University of Michi-
gan, Ann Arbor; MI) [7], kinesin heavy and light Chains (gift
from L. Goldstein UCSD) [6], Synapsin llla (sc-8292; Santa
Cruz), and APP (22C11; Roche, Indianapolis, IN). Synapsin
site-1 specific phospho-synapsin and dephospho-synapsin an-
tibodies (HT Kao, NYU, New York City, NY) [36] for 4 h at
room temperature, and visualized with Alexa fluor conjugated
secondary antibodies (Molecular Probes, Eugene, OR). Fluo-
rescence photomicrographs were digitally recorded with a lig-
uid cooled SPOT Il CCD camera (Diagnostic Instruments, Ster-
ling Heights, MI).

21d 42d 10 mon

GAPDH »» == e v an es e e s
Synapsin | - —— e — -
Synapsinll eewes s o=

Synapsin Il -
Cycle# 28 32 36 28 32 36 28 32 36

Figure 2. Immunolocalization of cargo vesicle associated proteinBigure 3. RT-PCR analysis of synapsin gene expression profiles in

and synapsins in embroynic rat lenses. Immunofluorescence detdenses. RT-PCR analysis of synapsin I, Il, Ill, and GAPDH tran-
tion of proteins in embryonic day 17 rat lenses (equivalent to mousscripts present in total RNA from post-natal day 21, day 42, and 10
stage about E15.5). Lenses are about 0.6 mm in diarAet@API month old mouse lenses. Data is representative of three eyes. Equal
nuclear stainB: ABPP.C: JIP1b.D: Kinesin heavy chain KIF5HEE: aliquots of random primed cDNA template from a single lens were
Synaptotagmin |F: Tau microtubule associated protei@: amplified in separate reactions with gene specific primers. cDNA
Synaptophysin IH: Synapsin I1: Synapsin 11.J: Synapsin Ill.K: products generated after 28, 32, and 36 cycles of PCR amplification
Primary antibody omitted. are resolved on agarose gels stained with EtBr for comparison.
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RESULTS mouse lenses by RT-PCR amplification of random primed lens
Expression of ABPP-kinesin associated protein and synaptic ~ RNA (Figure 1A) using gene specific primers listed in Table
vesicle proteins. To explore further a role for PP cargo 1. In our previous studies we characterized the expression and
vesicle transport biology in lens fiber cell formation and dis-alternative splicing of human and moug&P® transcripts [8].
ease we examined lenses for expression of a substantRésults shown in Figure 1 are representative of three lenses
complement of genes that function together wi)PR to  and demonstrate lens expression PR, as well as expres-
mediate membrane vesicle transport. We analyzed 6 weealkon of Alzheimer precursor-like proteins APLPI and APLPII.

Cornea __

Cc

Figure 4. Immunolocalization of site 1 phosphorylated synapsin proteins in embryonic mouse lens. Distribution of sitesfylattedph
synapsin and site-1 dephosphorylated synapsin protein in mouse E15.5 Aerl38$2| nuclear stainB,C: anti-site-1 phosphosynapsin
specific antibodies,F: anti-site-1 dephosphosynapsin specific antibodiesverlay of phosphorylated and dephosphorylated synapsins in
mouse E15 lenses using Photoshop version 7.01 (Adobe Systems Inc., San Jose, CA). Brzadi identify equivalent positions i@ and

F, respectively.
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In addition, JIP1b, neuron specific kinesin heavy chain KIF5Atypes to the membrane for fusion in neurons [42]. We also
and the ubiquitously expressed KIF5B [43] are also expresseatbtected expression of protein kinase A and Calcium/
in lenses. We also identified expression of Kinesin light chain€almodulin dependent kinase |, involved in the regulation of
KLC | and KLC Il in mouse lenses. In addition, th@P  each of the diverse functions identified for synapsins.
binding partner FE65, implicated in regulation of actin-based  In the following experiments we examined expression at
membrane motility, and dynamic neurite growth and synapsthe protein level on immunoblost for Synapsin |, Synapsin
modification in neurons [44], is expressed in lenses. We alsiéa, synaptotagmin |, synaptophysin |, Tau, and KIF5B in lenses
identified Tau microtubule associated protein expression ifFigure 1B). For comparison, co-migrating bands are present
lenses, consistent with demonstrations of microtubules with mouse brain samples in parallel lanes. Synapsin,
unidirectional polarity, and vesicles in lens fibers by Lo et alsynaptotagmin |, and synaptophysin proteins were more readily
[10]. detected in crude insoluble fractions, suggesting associations
We next examined expression of a number of genes emwith membrane vesicles and cytoskeleton similar to neurons,
coding synapsins and synaptic vesicle proteins in lenses. Fighd experiments are underway to investigate these possibili-
ure 1A demonstrates expression of synapsin proteins in mouses.
lenses, as well as synaptotagmin | (involved in vesicle dock- To examine further the role of vesicle transport proteins
ing), and synaptophysin | (involved in vesicle release at syrin lenses, we began by examining the temporal and spatial
aptic terminals) [40,41]. In addition, we identify in lenses Rab%®expression patterns ofd®P and associated vesicle transport
and Rab3A GTP binding proteins that target specific vesiclproteins in embryonic lenses. Fiber cell elongation begins at

Figure 5. Immuno-localiza-
tion of site 1 phosphorylated
synapsin proteins during
early embryonic fiber cell
differentiation. Distribution
of phosphorylated and de-
phosphorylated site-1 (Sgr
synapsin proteins in rat E13
(A-C) and rat E15D-F)
lenses.A,D: DAPI nuclear
stain. B,E: anti-site-1
dephosphosynapsin specific
antibodies.C,F: anti-site-1
phosphosynapsin specific
antibodies. Lens and retina
(Ret.) are labeled.
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embryonic day about E13 in rats (equivalent to about E11.5 iare 2C), specific antibodies. Each antibody identifies over-
mouse embryonic development). By day E17 rat lens fiberspping expression along the anterior/posterior axis of actively
are about 0.5 mm long. At stage E17 (about E15.5 in mousédjfferentiating fibers in the interior region of E17 rat lenses,
the lens anterior surface is covered with cuboidal epitheligdnd equivalent day E15.5 mouse lenses (not shown), consis-
cells that begin elongating at the lateral margins of the lens ent with interactions required to tether vesicles to the cytosk-
a process that continues in peripheral coritcal fiber cells afleton for transport. Stronger signal is detected closer to the
adult lenses. cell nuclei, and may also reflect association with additional
Rat E17 embryonic sections were probed with aii*R  organelles surrounding cell nuclei. The DAPI stained lens in
(Figure 2B), anti-KIF5B, (Figure 2D), and anti-JIP1b, (Fig- Figure 2A identifies cell nuclei in interior elongating fiber cells

Figure 6. Analysis of site 1 phospho-
rylated synapsin protein distribution
in post-natal and adult lenses. Analy-
sis of site-1 phosphorylated synapsin
and site-1 dephosphorylated synapsin
protein in adultA-D) and post-natal
day 5 €-H) rat lensesA E: Hema-
toxylin and Eosin histological stain.
B,F: anti-site-1 dephosphosynapsin
specific antibodiesC,G: anti-site-1
phosphosynapsin specific antibodies.
D: primary antibody omittedH:
DAPI nuclear stain. Black horizontal
bars inA andE indicate the general
area shown iB-D andF-H, respec-
tively.
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aligned next to one another in adjacent cells across the widkigure 4F appears more diffuse and more equally distributed
of the developing lens at this stage. In Figure 2E-G, Tau macross the width of lens fiber cells. In Figure 4C and Figure
crotubule associated protein, synaptotagmin I, andF, little synapsin is detected in the epithelial cell layer, again
synaptophysin | are also present along the anterior-posterioonsistent with the presence of vesicles and microtubules in
axis of elongating fiber cells in E17 rat lenses. Tau proteiens fiber cells [10].
distribution is consistent with vesicles and microtubules present Lo et al. [10] previously demonstrated a greater abun-
in elongating lens fiber cells [10]. dance of vesicles and microtubule arrays in the interior region
We next examined the distribution of individual synapsinof elongating lens fiber cells, and identified filamentous actin
proteins in E17 lenses. Immunofluorescence analysis of lenspamarily along the perimeter of fiber cells [45]. In neurons,
in Figure 21-J identifies expression of synapsins Ila and lllaynaptic vesicles range from about 30-200 nm in diameter [46]
along the axial length of elongating fiber cells in E17 rat lensesind therefore would not be resolved by light microscopy. In
In contrast, little or no synapsin | was detected in rapidly elonlight of these observations the present data are consistent with
gating fibers at this stage, Figure 2H appearing similar to theephosphorylated synapsin proteins associated with vesicles
negative control in Figure 2K, however this antibody doedinked to microtubules in the interior of lens fibers, as well as
identify Synapsin | protein in adult mouse lens and brain prowith vesicles associated with actin fibers near the fiber cells
tein samples on immunoblots (Figure 1B). periphery. However, synapsin-vesicle associations in lenses
To compare expression of individual synapsin genes isimilar to neurons have not yet been demonstrated. In con-
post-natal lenses we analyzed 21 day, 42 day, and 10 morithst, phosphorylated synapsin is present in clustered distribu-
old lenses by semi-quantitative PCR. In Figure 3, cDNA prodtions along the fiber cell perimeter, suggestive of focal re-
ucts generated after 28, 32, and 36 rounds of amplification gfions where vesicles interact with the fiber cell surface. In
random-primed RNA from the same lens are resolved by maddition, this distribution is also consistent with a role for
lecular weight on agarose gels stained with ethidium bromideynapsins in the polymerization of actin filaments that are
Relative to synapsin I, synapsin Il, and GAPDH transcriptspresent along the perimeter of fiber cells [45].
synapsin Il is expressed at lower levels in 21 day and 42 day We next examined synapsin expression at earlier stages
mouse lenses. Thus, it appears that similar to the regulation of development in E13 and E15 rat lenses. In Figure 5, little
synapsin expression in differentiating neurons [35], synapsigynapsin protein is detected in E13 lenses using either phos-
[l expression is higher relative to synapsin | during rapid fi-phorylation state specific antibodies. In contrast, relatively
ber cell elongation in embryonic development, and later astrong expression of both phosphorylated and dephosphory-
lens fibers mature synapsin Il expression is decreased rel@ated synapsin forms are present in E15 rat lenses where fiber
tive to synapsin I. However, in 10 month mouse lens we dezell elongation has begun, consistent with a role for synapsins
tected increased synapsin Il expression that may be linkdd stimulating cell elongation, and a concomitant increase in
with stress during aging, and we are currently investigatingesicle transport. However, in E15 rat lenses we did not ob-
this possibility. Finally, in contrast to the temporal order ofserve discrete distributions of phosphosynapsin and de-
synapsin gene expression during neuronal developmermthosphosynapsins along the axial length of fiber cells at this
readily detectable synapsin Il expression was present in bostiage of development.
embryonic and post-natal lens fiber cells. In the last experiments we examined synapsin protein dis-
Synapsinsite-1 (Ser,) phosphorylationduring lensdevel-  tributions in post-natal rat lenses. In Figure 6, lower levels of
opment: We next used antibodies that specifically recognizesite 1 phospho-synapsins relative to dephosphorylated
phosphorylated or de-phosphorylated synapsin site-1 that §ynapsins are detected in P5 lenses. In addition, phospho-
conserved in synapsins to examine their relative distributionsynapsin protein is relegated to peripheral elongating fiber cells
in lens fibers. In Figure 4 phosphorylated and de-phosphoryhat continue to differentiate throughout life. In adult lenses
lated synapsins are again demonstrated along the axial lengfigure 6), in contrast to dephosphorylated synpasins, site-1
of E15.5 mouse lens fiber cells, consistent with the distribuphospho-synapsin protein is nearly undetectable under these
tions of synapsins in E17 rat lens (Figure 2). Equivalent disstaining conditions, appearing similar to the negative control.
tributions of phosphorylated and dephosphorylated synapsin
proteins were also presentin E17 rat lenses (not shown). How- DISCUSSION
ever, discrete patterns of phosphorylated and de-phosphoryn our previous studies we identifie@RP as an important
lated synapsin protein expression are present at this develagglement in lens fiber cell development, and in early onset cata-
mental stage. Site-1 de-phosphosphorylated synapsin is maeet that occurs in Down syndrome. Studies from a number of
strongly localized near apical ends of elongating fiber cellaboratories have demonstrated a fundamental rolefBPA
distal from the cell nuclei and surrounding organelles, whereds the cell biology of synaptic and cargo vesicle transport. Here,
site-1 phosphorylated synapsin is more strongly localized neare demonstrate that in addition tgRP, the lens also ex-
cell nuclei close to the center of fiber cells in these sectionpresses a substantial complement of associated cargo and syn-
In a higher magnification view in Figure 4C, site-1 phospho-aptic vesicle proteins, kinesin motor proteins, aféR in-
rylated synapsins appear in clusters in linear arrays and sugracting proteins beginning during embryonic fiber cell dif-
gests a closer association with the fiber cell perimeter. In corferentiation. These proteins are expressed along the anterior-
trast, site-1 de-phosphosphorylated synapsin distribution iposterior axis of rapidly elongating embryonic fiber cells, and
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in adult cortical fiber cells that continue to differentiate1 synapsin protein was more strongly detected near the apical
throughout life, consistent with their known roles in mem-ends of elongating fibers, suggesting synapsin coated vesicle
brane vesicle transport and regulating membrane vesicle raecumulation may also occur near distal ends of fiber cells
lease and fusion at distal cell surfaces. that is reminiscent of vesicles accumulating at presynaptic ter-
We also identified temporally regulated expression ofminals ready for regulated release from the cytoskeleton and
synapsin genes during fetal and post-natal lens developmehision with cell membranes. These observations are also sup-
Strong expression of synapsin Il occurs during the period ghorted by the presence of synaptophysin | and synaptotagmin
rapid fiber cell elongation that characterizes fetal lens devel-along the axial length of rapidly elongating lens fiber cells in
opment, similar to the requirement for synapsin Il during thdetal lens fibers. In neurons, synaptotagmins form homo- or
initial elaboration of neuronal processes [34-38]. In post-nakhetero-multimers and regulate synaptic plasticity, and
tal lenses, synapsin Il expression is decreased while synapsiypnaptophysins perform essential functions in synaptic plas-
| increases, again similar to neuronal maturation, and consisieity, which do not necessarily involve neurotransmitter re-
tent with the expression of synapsin | in adult brain. Howevetgase [40]. The present data indicate that mechanisms required
in contrast to neuronal synapsin gene expression whefer synaptic vesicle transport, and for the subsequent fusion
synapsin Il is associated with cell maturation in neuronspf vesicles with cell surface membranes in neurons are also
synapsin Il is uniformly expressed throughout fetal and postitilized during lens fiber cell elongation.
natal lens development. These expression patterns may reflect The relative distributions of phosphorylated and dephos-
the opposing effects of calcium on Synapsin | and Il and thphorylated synapsin proteins in lens fiber cells is likely to be
refractory effects of calcium on synapsin Il, with changes irdetermined by a combination of roles site-1 phosphorylation
calcium levels that occur during lens fiber cell differentiationhas in regulating each of the known synapsin functions. Thus,
[47]. the distributions of phosphorylated synapsin at different stages
The presence of kinesin heavy and light chain proteingf fiber cell development may reflect a competition and/or a
ABPP, JIP1b, synapsins, and synaptic vesicle proteins alosgnergy of synapsin functions. Furthermore, at different stages
the long axis of differentiating fiber cells suggests a role irof development specific synapsin functions may have a greater
cargo vesicle transport and regulated vesicle release at distale in determining synapsin phosphorylation states and pro-
cell surfaces similar to what has been described in neurortgin distributions.
The present study also demonstrates overlapping distributions Beginning in the 1970’s a fundamental role for cAMP
of these proteins with Tau microtubule associated protein alorend PKA was demonstrated in cell-cycle regulation of lens
the anterior-posterior axis of fibers, where Lo et al. [10] demepithelial cells and fibers, as well as for the coordination of
onstrated the presence of microtubules and membrane vesiclébker cell elongation [48-50]. Interestingly, in the 1980's in-
Consistent with these observations, we also identified ovekestigations on cAMP dependent protein phosphorylation in
lapping distributions of PP, JIP1b, and kinesins in guinea peripheral lens fiber cells of calf lenses identified a few pre-
pig lenses, as well as in mouse and rat (not shown). dominant phosphorylated proteins having molecular weights
In addition to 8PP, we provide evidence that APLPI and consistent with synapsins [51,52], however their identities were
APLPII, as well as Rab3A and Rab5 GTP binding proteingiot confirmed at that time. Those studies, together with the
are also expressed in lens, suggesting that a similar array mfesent findings, suggest that cAMP dependent PKA could
cargo vesicle types are present in lens fiber cells and neurorfisnction in the lens via regulation of synapsins to modulate
APLPs are thought to link different classes of cargo vesiclesargo vesicle transport, actin polymerization, and stimulation
to the cytoskeleton [3,6], and Rab3A and Rab5 proteins algaf cell differentiation, and we are now investigating these pos-
have been identified as targeting different vesicle types to thable relationships.
cytoplasmic membrane for fusion. A number of internal controls were used to confirm the
Each of the basic functions identified for synapsin pro-existence of synaptic vesicle protein gene expression in lenses.
teins in neurons are strongly regulated by phosphorylation &irst, similar results were obtained in mouse and rat lenses at
site-1 (Sey), a site that is highly conserved in all known various developmental stages. In addition, we demonstrated
synapsin proteins. These functions include actin polymerizasimilar protein distributions in guinea pigs lenses (hot shown),
tion, initiation or stimulation of cell differentiation and cell and we did not detect expression of synapsins, for example, in
elongation, and regulation of cargo and synaptic vesicle athe corresponding synapsin triple knockout mouse (unpub-
tachment to the cytoskeleton. A key mechanism for regulatinfished). In addition, the pattern of expression we observed for
site-1 phosphorylation involves cyclic AMP dependent PKAindividual synapsin proteins was completely consistent with
which is also expressed in lenses (in this study and [48]). the distribution of phosphorylated and dephosphorylated
In contrast to E13 rat lenses where little fiber cell elongasynapsin proteins in lens fiber cells. Moreover, expression of
tion has occurred and little synapsin protein expression waspecific synapsins and synaptic vesicle proteins was deter-
detected, we demonstrated both phospho- and dephosphmined at the protein and mRNA level, as well as identifying
synapsin proteins in elongating fiber cells in E15 rat lensegqroteins in situ.
consistent with a role for each of the known synapsin func-  Our observation that a large complement of synapsins,
tions in early stages of fiber cell differentiation. In E15.5 mous&inesin motor associated proteins, and synaptic vesicle pro-
lenses (and equivalent E17 rat lenses) dephosphorylated siteins are expressed in lenses may be viewed as surprising and
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unexpected. There have only been a few reports of non-neu- age in Down syndrome. Am J Pathol 2002; 161:1985-90.
ronal expression of synapsins and other synaptic vesicle prg_Fre_derlkse PH, F_arnsworth P, Zlgler_JS_Jr. Thiamine deﬁmgncy in
teins. Very low levels of synapsin | have been reported in the  VIVO produces fiber cell degeneration in mouse lenses. Biochem

; ; ; Biophys Res Commun 1999; 258:703-7.
ancreas [53] and liver [54]. Moreover, analysis of synapsin | > i .
P [53] L [54] y ynap 18. Lo WK, Wen XJ, Zhou CJ. Microtubule configuration and mem-
and Il promoters driving transgene expression demonstrate . . T
branous vesicle transport in elongating fiber cells of the rat lens.

very h|g.hly neuron specific gene expression anq was also Exp Eye Res 2003; 77:615-26.
presentin the eye, however lenses were not e'xamlned [55,58]. Lamb BT, Sisodia SS, Lawler AM, Slunt HH, Kitt CA, Kearns
To our knowledge there have been no previous reports de- WG, Pearson PL, Price DL, Gearhart JD. Introduction and ex-
scribing synaptotagmin |, or synaptophysin | in non-neuronal  pression of the 400 kilobase amyloid precursor protein gene in
tissues. transgenic mice [corrected]. Nat Genet 1993; 5:22-30. Erratum
In summary, our findings demonstrate expression of a  in: Nat Genet 1993; 5(3):312. N
large complement of cargo vesicle transport proteinst2- Selkoe D, Kopan R. Notch and Presenilin: regulated
synapsins, and synaptic vesicle proteins in lenses beginning intramembrane prot_eonS|s links development and degeneration.
. i, Annu Rev Neurosci 2003; 26:565-97.

early in fetal lens development. In addition, we demonstrat;f Ui ; : .

. . . Li G, Percontino L, Sun Q, Qazi AS, Frederikse PH. Beta-amy-
developmentally regulated expression of synapsin genes ang

¢ . > loid secretases and beta-amloid degrading enzyme expression
phosphorylation of synapsin proteins that suggest a conserva- i, jens. Mol Vis 2003; 9:179-83 .

tion of synapsin functions in lens and neuronal cell differen14. Atwood CS, Scarpa RC, Huang X, Moir RD, Jones WD, Fairlie
tiation and elongation. Our findings expand the parallels be- DP, Tanzi RE, Bush Al. Characterization of copper interactions
tween lens and brain Alzheimer related cell biology and vesicle  with alzheimer amyloid beta peptides: identification of an
trafficking mechanisms that have been linked with age related  attomolar-affinity copper binding site on amyloid betal-42. J

degenerative diseases. Finally, the apparent similarity in the Neurochem 2000; 75:1219-33.

cell biology of cargo vesicle transport in lens cells and neulS' Frederikse PH, Garland D, Zigler JS Jr, Piatigorsky J. Oxidative
stress increases production of beta-amyloid precursor protein

rons suggests that the 'e',“s may also prpvide discernable phe- and beta-amyloid (Abeta) in mammalian lenses, and Abeta has
notypes related to synaptic vesicle protein gene defects, which i offects on lens epithelial cells. J Biol Chem 1996:

are linked with additional neurological or psychiatric diseases.  271:10169-74.
16. Bush Al, Goldstein LE. Specific metal-catalysed protein oxida-
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