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Abstract

The mRNAs for heat shock protein 90 (HSP90) are found at highest levels (differentially expressed) in the primate
retinal fovea, the region of highest visual acuity, compared to the peripheral retina. HSP90 expression and retinal
associations were analyzed by immuno-localizatiarsitu hybridization, and western analysis. Retinal ganglion

cells (RGCs) express much of the HSP90 mRNA present in the primate retinal fovea. A large fraction of RGC
synthesized HSP90 is apparently present in the axonal compartment. To identify the role of HSP90 protein in the
optic nerve and retina, co-immunoprecipitation experiments were performed, using antibodies specific for HSP90
isoforms. The immunoprecipitates were analyzed for neurotrophin receptor and ligand activities, and MAP kinase
activity. MAP kinase assay was used to determine the activation state of MAP kinase associated with HSP90.
HSP90 proteins selectively associate with the inactive form of full-length tyrosine kinase growth factor receptor
trkB, suggesting utilization during anterograde axonal transport. Activated MAP kinase, associated with the trk
downstream signaling cascade, was found to co-immunoprecipitate with optic nerve HSP90, suggesting that HSP90
may be utilized in retrograde transport of the secondary messengers associated with neurotrophin signaling. HSP90
can thus be hypothesized to play a role in bidirectional RGC axonal protein transport.
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Introduction actin, and calmodulin (Koyasu et al., 1986; Nishida et al., 1986;
Sanchez et al., 1988), and play an important role in steroid receptor

The heat shock protein 90 (HSP90) gene family codes for activation (for review see Pratt, 1993). Loss of HSP90 activity in-

evolutionarily co.nserveq‘gr.oup of intracellular chaperone plrotem%ibits the cellular response to both the nerve growth factor (NGF)-
central to protein-specific intracellular transport in nonneuronal ediated signaling pathway, as welhasrckinase activity (Xu &
systems (for review, see Csermely et al,, 1998). Two HSP9 indquist, 1993; Jaiswal et al., 1996), suggesting a role for HSP90

gg}(eﬂ)gl)s?f,\%ﬂ;iﬁftel? \;lertelk:)rgétgs:: Sslﬁa%e?slf)lf);)n?sndagssoi?x?te in the regulation of these pathways. HSP90 protein associations can
. : N e also alter intracellular protein activation and function (Picard et al.,
vivo as homodimers or heterodimers (Perdew et al., 1993). Botqggo_ Xu & Lindquist, 1993; Nathan & Lindquist, 1995)

HSP90 mRNA isoforms are constitutively expressed, but variably HSP90 mRNAs and protein are constitutively expressed at high

gg:jjcee\,f,j gfg?g 135;;3 I\(/Iiér‘irllwsc?tg eettael{ll 1333;{_}(8\3;?5& (2 g;’o\}v?qg%évels in neural tissue, including retina and brain (Izumoto & Her-
v ’ v ’ " bert, 1993; Gass et al., 1994; Tanaka et al., 1995). This suggests that

1995). . . . ;
In nonneuronal systems, HSP90 proteins help regulate intraHSPgO proteins may play a selective role in neural function. We

cellular protein activity, including protein transport (Pratt, 1993; previously found that HSP90 mRNA s expressed at higher levels in

Bohen & Yamamoto, 1994: Smith et al., 1995: Johnson et al_,total RNA from the central region of the primate retina (the fovea),

1996). HSP9O0 proteins associate with specific tyrosine and serin%S compared to the retlnal_ periphery (Berrystem etal., .1995’ 1996)'

kinases (Xu & Lindquist, 1993: Mimnaugh et al., 1995), tubulin SP90 mRNAs are selectively expressed in rodent retinal ganglion
quist ’ 9 v ' ' cells (RGCs) (Tanaka et al., 1995). Since RGCs are concentrated in

the fovea region of primate retina (Shapely & Perry, 1986; Ogden,

) .1994), it is likely that HSP9O0 plays an RGC-specific or intensive
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axoplasm may comprise up to 94% of RGC cytoplasmic volumeln situ hybridization

(Varma & Minckler, 1996). Because HSP90 proteins play a role "Min situ hybridization was performed using sections of rhesus and

nonneur_ona! _mtragel_lular protein transport, we hypothesized thalt1uman retinal tissue prepared as described for mouse (Pierce et al.,
HSP90 is utilized in intra-axonal transport.

RGC neurons also synthesize full-length tropomyosin relate 995). An antisense 385 nt digoxin-labeled cRNA fragment was

kinase B (fl-trkB) and trkC (Takahashi et al., 1993; Hallbook et al., ranscribed from a PCR-generated HSPYDNA template frag-

- : ment (Genbank accession number X15183), engineered with flank-
1995). FI-trkB is axonally transported through the optic nerve to.ng T, (sense) and 7 (antisense) RNA polymerase promotor

the presynaptic membrane in the central nervous system (CNSi,

e ) . equences. The HSP90 sense strand (control) coding sequence was
where it binds to CNS-secreted, brain-derived growth factor (BDNF)_, .
(Barde et al., 1987; Herzog et al., 1994; Meyer-Franke et aI.,5 GAC GTT CGC CTT TCAGGC AGA. The JAntisense strand

1995). TrkB-BDNF binding in the CNS results in trkB dimeriza- coding sequence was 3CT CAG CAA CCAAAT AAG CA3'.

tion, autocatalysis, and autophosphorylation of specific tyrosine

residues in the trkB molecule (Jing et al., 1992). FI-trkB autocatal\western analysis

ysis is the initial step in a signal chain required for RGC neuron o )
survival (Jing et al., 1992). TrkC binds neurotrophins-3 (Lewin Rhesus and bovine tissue homogenates were prepared and protein
et al., 1996). The BDNF-activated trkB complex is believed to peConcentrations determined using the Bradford reaction. For west-
retrograde axon transported to the RGC soma (Dechant et atm analysis, equivalent amounts of protein homogenate were

1994; Kaplan & Stephens, 1994; Lewin & Barde, 1996: Johansor#éaded per well. Po_IyacryIamide gel elc_actrophoresis (PAGE) was
et al., 1996; Johnson et al., 1996). Trk activation also initiateg?®formed on protein homogenates using the Phast system (Phar-

presynaptic MAPK kinase (MEK) and mitosis associated phos_macia Biotech, Piscataway, NJ). Following PAGE, proteins were

phokinase (MAP) and is associated with MEWAP kinase phos- either transferred to nitrocellulose or polyvinyldifluoride (PVDF)
phorylation (Cowley et al., 1994; Hill & Treisman, 1995). Activated membranes, using the manufacturers recommended protocols. Mem-

MAP kinases are retrograde axon transported to the cell nucleug’,ranes were blocked in I-block (Tropix; Waltham, MA), and

and can substitute for the trk-neurotrophin primary event, suggestr-eacted with the appropriate antibody. Blots were developed using

ing that they participate as part of the secondary neurotrophir‘?I primary a“t”?Ody species-specific alkaling phosphatase-linked
signal pathway (Cowley et al., 1994; Hill & Treisman, 1995). secondary antibody, and the CSPD chemiluminescence system

Although it has been demonstrated that HSP90 is associated Wit(‘]TrOpiX; Waltham, MA). Western analysis. using & mouse mong-
MAP kinase function (Jaiswal et al., 1996), it is unknown Whetherdonal_ antlbod_y to phosphorylated MAP klngse was perfqrmed _|n
HSP9O is directly associated with the active or inactive form of@ Similar fashion, except that 5% nonfat milk was substituted in

MAP kinase. An intra-axonal association of HSP90 with activa’[edplf’lce of I-block.
MAP/MEK would suggest that HSP90 plays a role in both an-
terograde and retrograde axonal protein transport, directly impWImmunohistoIogy of rhesus retina and optic nerve

ing a neuron-specific role for HSP90 in synaptic function and ) ] ) )
retinal ganglion cell survival. Immunohistological analysis was performed on fixed frozen sec-

tions of rhesus retina and optic nerve, using HSR%Md HSP9B-
specific antibodies (ABR; Golden, CO). Treated sections were

Methods incubated with either alkaline-phosphatase secondary antibody
) (retina; Vector Laboratories, Burlingame, CA), or fast red (optic
Materials nerve) and counterstained with hematoxylin (retina).

Rhesus retina tissue was obtained from freshly euthanized (24-36

month old) monkeys previously L_Jtilize_d in vaccine studies (a kindCo-immunoprecipitation of HSP9O proteins

gift of Dr. J. Cogan, Center for Biologics evaluation and research,

U.S. Food and Drug Administration). Before dissection, eyes werd-reshly obtained bovine optic nerve was homogenized on ice in
examined grossly for signs of ocular disease. Bovine retinae anBIPA buffer (phosphate buffered saline pH 7.4; 15 mM MgCl
optic nerves were obtained from a local abbatoir, freshly dissected MM DTT, 0.2% SDS; 0.4% NP-40; 1 mM each of aprotinin,
from the globe and snap-frozen on dry ice. Primate retina used foleupeptin, pepstatin, 500 micromolar AEBSF, and 300 mM sodium
in situ or immunohistological analysis was briefly fixed in 4% orthovanadate). Homogenates were precleared by addirg rhl
paraformaldehyde-Dulbeccos phosphate buffer (D-PBS) and eithérormal rabbit IgG (Jackson Immunoresearch; Hershey, PA), and
frozen in OCT freezing medium or embedded in paraffin. Tissuegncubating on ice with protein-G sepharose (Pharmacia Biotech).
were stored at-70°C prior to use. HSP9@- or HSP9® specific antibodies were added to the pre-
cleared homogenates, and incubated an additional 3 h. Immuno-
precipitation was performed using protein-G sepharose beads
(Pharmacia). Immunoglobulin-bound protein complexes were ex-
Polyclonal isoform-specific antibodies to HSFR@nd HSP98a tensively washed with RIPA, and either frozen-af(0°C, or used
were purchased from ABR (Golden, CO). Rabbit polyclonal anti-immediately for kinase assays.

bodies to trkB, trkB (tk-), trkC, and mouse anti-phosphotyrosine
monoclonal antibody (py-99) were purchased from Santa Cru%
Biochemicals (Santa Cruz, CA). Mouse monoclonal antibody to
phosphorylated MAP kinase (pp#4) and kinase assay kit were Activated MAP kinase activity was assayed using a chemilumi-
purchased from New England Biolabs (Boston, MA). Polyclonalnescent MAP kinase assay (NEB; Waltham, MA). Co-immuno-
chicken IgY pan-trk antibody, and antibodies to mammalian BDNFprecipitates were incubated with elf-1 fusion protein substrate,
and NT-3, were obtained from Promega (Madison, WI). along with 15 mM cold ATP, in kinase buffer (10 mM Mggl

Immunochemicals

hemiluminescent MAP kinase assay
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2 mM DTT; 50 mM Tris-HCI (pH 6.8), 10 mM orthovanadate, for both isoforms (Fig. 2c; 99 and 9(B; Ax). The optic nerve
1 mM each aprotinin, leupeptin, and pepstatin). For the calciumadventitia is also strongly positive for both HSP90 isoforms (Fig. 2c;
release experiments, immunoprecipitates were incubated°@t 37 Ps.). These results suggest that H§P80d HSP9& proteins are
in assay buffer containing 0-30 mM of calcium chloride. The associated with the intraretinal and extraretinal axon compartment
immunoprecipitates and supernatant were then assayed using tbéretinal ganglion cells, as well as the supporting adventitial cells.
chemiluminescent kinase assay (NEB). Reaction products were
separated by SDS-PAGE, transferred to nitrocellulose, and reacted .. . .
with the appropriate rabbit polyclonal antibody. Blots were devel-(9ptIC nerve HSPIO exists asABOB heterodimers
oped using a biotinylated goat-antirabbit antibody-horseradish per€o-immunoprecipitation experiments utilizing antibodies to either
oxidase (HRP) linked chemiluminescent system (NEB). HSP90 isoform (98 or 90B), generate a strong signal for both
isoforms, when the appropriate antibody is used for detection
(Fig. 3). A strong HSP9® signal is detected from the HSP®0
co-immunoprecipitate (Fig. 3a; compared9@nd 9B lane), sug-
gesting that, similar to other cellular systems (Perdew et al., 1993),
908 and 9@ isoforms exist in the optic nerve ag heteroduplexes.
HSP90 expression in rhesus monkey retinal tissue was evaluated
by in situ hybridization, using a digoxin-labeled HSFP@RNA
transcript as probe. The strongest HSP38@nal is found over the
RGC layer (Fig. 1a; GCL). A weaker but relatively strong signal is Because optic nerve full-length trkB (fl-trkB) originates in RGCs
also generated in the photoreceptor inner segment region (Fig. 1éAllendoerfer et al., 1994; Garner et al., 1996), isolated optic
IS) and the outer nuclear layer (ONL), which consists mainly ofnerve fl-trkB directly reflects RGC-axon transport. HSP90 iso-
photoreceptor neuron nuclei (rods and cones). No signal is seeiorm and trk-specific co-immunoprecipitates were prepared from
when retina is reacted with the control (sense) probe (Fig. 1b). bovine optic nerve homogenates and screened by western analy-
sis, using antibodies to fl-trkB (Fig. 4). FI-trkB is detectable by
western analysis in the rat brain control (Fig. 4a; RBC), and at
levels in unconcentrated bovine optic nerve homogenate (Fig. 4a;
Expression of HSP90 isoforms (9@nd 9(B) in the rhesus retina  RIPA) that are only detectable using western signal generation
and optic nerve were performed using western analysis and immwexposure times far longer (2 h) than that used for HSP90
nolocalization (Fig. 2). As shown in Fig. 2a, HSR9&nd HSP9g co-immunoprecipitates (1 h). In comparison, western analysis of
signal intensities are higher, per microgram of total tissue, in retinddSP90 isoform co-immunoprecipitates generate a relatively strong
than in the optic nerve (Fig. 2a; compare R and ON). signal for the full-length, 145-kDa trkB species (compare the
Immunohistologic analysis of rhesus retina using antibodies tdrkB signal from HSP9& and HSP9B co-immunoprecipitates,
both 9Qv and 9B shows that HSP® immunoreactivity is ex-  Fig. 4A, with the trkB signal generated from RIpP&ptic nerve
pressed at high levels in retinal layers associated with RGGhomogenate, Fig. 4A). Minimal HSP90 is associated with adven-
neurons, particularly the nerve fiber layer (NFL) (Fig. 2b). The titial trkB (tk-) forms (95-kDa forms; data not shown). TrkB
NFL comprises the intraretinal RGC axon component. H8H90 signal is absent when co-immunoprecipitates are prepared at
expressed throughout the retina, including the outer nuclear (phot@eom temperature, in the absence of 15 mM MgQir after
receptor cell nuclei) layer [Fig. 2b (8)Q; ONL]. Immunoreactivity  incubation of the co-immunoprecipitates afGQdata not shown),
is not seen in the control section (Fig. 2b; control). HS#8dd  suggesting that HSP90-TrkB association is not an artifact of the
HSP9@ immunostaining of rhesus optic nerve is seen in Fig. 2cimmunoprecipitation procedure, but rather occurs intra-axonally,
(908 and 9@). Strong immunoreactivity is seen in axon fascicles in vivo.

Results

HSP90 expression in RGCs

HSP90 associations with neurotrophin signaling proteins

HSP9@ and HSP9@ protein in retina and optic nerve

A. Antisense B. Sense

GCL—BLa .

ONL 4

Fig. 1. In situ analysis of HSP9® mRNA in the rhesus retina. A digoxigenin-labeled cRNA probe was transcribed using eitber T

T7 RNA polymerase as described in Methods. The RNA probes were hybridized to 8-micron-thick sections of rhesus retinal fovea
tissue. A: antisense (experimental) probe. B: sense (control) probe. GCL: ganglion cell layer; ONL: outer nuclear (photoreceptor nuclei)
layer; IS: inner segment of the photoreceptor; PRC: photoreceptor layer; and RPE: retinal pigment epithelial layer. The brown
coloration of the RPE layer is due to melanin. Magnification: 820
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Fig. 2. HSP9Q@ and 9(B expression in bovine retina and optic nerve. A: Western analysis of bovine retina (R) and optic nerve (ON).
Equal amounts of tissue homogenates (by Bradford reaction) were electrophoresed on 7.5% polyacrylamide-SDS-tricine gels using the
PHAST system. Control bovine HSP90 protein (B90) was co-electrophoresed with the homogenates (ABR). Duplicate gels were
transferred to nitrocellulose membranes (S & S), reacted with the appropriate antibody and developed as described in Methods.
Exposure time: 10 min. 38 Membrane reacted with rabbit anti-HSROM®03: Membrane reacted with rabbit anti-HSPR0B:
Immunobhistolocalization of HSP@0and HSP9@ isoforms in the rhesus retina. Frozen sections were reacted with antibodies to either
HSP9@ (90a) or HSP9® (908). Tissue was reacted with biotinylated secondary antibody, treated with perofdaSesubstrate

(ABC; Vector Laboratories; CA), and counterstained with Hematoxylin. NFL: nerve fiber layer; RGC: retinal ganglion cell layer; IPL:
inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; and PRC: photoreceptor layer.
Magnification: 9B at 160x and 9@ at 400<. Control: 160<. C: Immunohistolocalization of HSP&0and HSP9 isoforms in the

rhesus optic nerve. Frozen sections of optic nerve were reacted with antibodies to eitheaHSIA®r HSPI® (908). Tissue was

reacted with biotinylated secondary antibody, and treated with alkaline phosphatase-avidin and fast red (Extra-avidin; Sigma). Ax: axon
bundle. Ps: adventitial layer (Pial sheath). Magnification: 320

RGC-synthesized trkC has been shown to be expressed in tHéSP90 associates with the nonactivated form of trkB
rat optic nerve, retina, and tectum (Allendoerfer et al., 1994;
Rickman & Brecha, 1995). FI-trkC is detectable in western analy-Activated (phosphotyrosine positive) trkB bound-BDNF com-
sis of bovine optic nerve homogenates (Fig. 4c; RIPA) and trkC-plex is believed to be transported by retrograde axonal transport
specific bovine optic nerve immunoprecipitates (Fig. 4b; trkC).by retinal ganglion cellsin vivo (Kaplan & Stephens, 1993;
When trkC-specific antibody is used for co-immunoprecipitation Johnson et al., 1996). Fl-trkB apparently synthesized by RGCs
(Fig. 4c), no western signal for either HSRO(Fig. 4c; trkC*) or is detectable by HSP90 co-immunoprecipitates (see Fig. 4a; 90
HSPO® (Fig. 4c; trk®) is detectable. These results suggest thatand 9@B). If activated fl-trkB associates with HSP90 during
in the bovine optic nerve, HSP&O0and HSP9B may associate retrograde transport, HSP90 co-immunoprecipitates should gen-
specificallyin vivo with fl-trkB. erate a phosphotyrosine-positive signal at 145 kDa (fl-trkB).
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Fig. 3. Co-immunoprecipitation of HSP90 isoforms in the bovine optic nerve. The lower table indicates the screening strategy. Tissue
was homogenized in RIPA buffer and immunoprecipitated with either anti-H8BB8MHSPI® as described in Methods. Immuno-
precipitates were electrophoresed on 7.5% SDS-PAGE and transferred to nitrocellulose membranes (S & S). 3A: membrane screened
with antibody to HSP98. 3B: membrane screened with antibody to HSi#9@embranes were developed using a CSPD-biotin-linked
chemiluminescence system (Tropix). Lane identificatior3;3@mogenate immunoprecipitated with HSB%htibody. 9@; homog-

enate immunoprecipitated with HSR8@ntibody. B90: purified bovine brain HSP90 (control) protein. Reaction time: 10 min. The
molecular weight is indicated by an arrow.

Bovine optic nerve HSP90 co-immunoprecipitates, optic nerveresults suggest that only unactivated fl-trkB is associated with
homogenate, and an EGF-stimulated rat brain control (upstatelSP90 in the optic nerve and retina.

technologies) were screened with py-99 antiphosphotyrosine anti- FI-trkC is demonstrable in the retina and optic nerve homog-
body (Fig. 5c). To independently determine whether a portion ofenates and can be directly immunoprecipitated by anti-trkC anti-
the HSP90 bound fl-trkB is active, we also screened the HSP9®ody (see Fig. 4B; trkC). TrkC binds neurotrophins-3 (NT-3). HSP90
co-immunoprecipitates for BDNF using a chicken anti-BDNF- co-immunoprecipitates, retina homogenate, and optic nerve homog-
specific antibody (Promega, Madison, WI) (Fig. 5b). Both bovine enate were reacted with an antibody specific for neurotrophins-3
optic nerve homogenate and EGF-stimulated controls generate antibody (Fig. 5a). A signal for NT-3 is generated by the bovine
detectable phosphotyrosine signal (Fig. 5c; RIPA and Fig. Sbpptic nerve (Fig. 5a; RIPA) and retina homogenates (Fig. 5a; Ret-
control). No signal is detectable in the HSP90 co-immunoprecipitatega). In contrast, no NT-3 signal is seen in HSRAr HSPI@B
using phosphotyrosine antibody (py-99) (Fig. 5a). The anti-BDNFimmunoprecipitates (Fig. 5a; @0and 9(B).

antibody generates a signal when reacted against bovine retina

(Fig. 5b; Retina) and bovine optic nerve homogenate (Fig. 5b; . o . . )
RIPA). No BDNF signal is detectable in the trkB-positive, HSP90 HSP90-MAP kinase associations in bovine optic nerve
a/B-bovine optic nerve immunoprecipitates (Fig. 5b;a9@nd  TrkB-neurotrophin binding results in MAP kinase activation (Hill
908), suggesting that, while BDNF is present in retina and optic& Treisman, 1995). Activated MAP kinases are retrograde axon
nerve, it is not associated with fl-trkB bound to HSP90. Thesetransported to the neuron nucleus (Chen et al., 1992). To determine

A. B. C.

900 90p RIPA RBC 900c 908 trkC trkC® trkC? RIPA
GEEE Sl B oo
"“"ﬂ:‘&’;’ 9e W5 - () 9. 9y TRKC TRKC TRKC on RIPA
ﬁgffh“(ﬂf TrkB TrkB TrkB TrkB TrkC TrkC TrkC W s TrkC

Fig. 4. Trk analysis in HSP90 and trkC immunoprecipitates. Immunoprecipitates were prepared from bovine optic homogenates using
antibodies to (A) HSP39 and HSP9B, and screened with antibody to trkB. RIPA: bovine optic nerve homogenate. RBC: rat brain
homogenate (control). (B) trk (sc-112), and screened with antibody to either H$8@0), HSP9@, or trkC. (C) Immunoprecipitated

with trkC, and screened with antiHSROQTrkC®). Immunoprecipitated with trkC, and screened with antiHSPEDrkCF): RIPA:

bovine optic nerve homogenate, screened with trkC. Immunoprecipitates were prepared from bovine optic nerve as described in
Methods. Exposure time® h (Fig. 4A; RIPA homogenate). One hour all other lanes.
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Fig. 5. Bovine optic nerve immunoprecipitates screened using antibodies to (A) BDNF, (B) phosphotyrosine, and (C) NT-3. Samples
analyzed for neurotrophins were transferred to PVDF membranes; precipitates screened for phosphotyrosine were transferred to
nitrocellulose (S & S). Membranes were blocked with I-block, reacted with the appropriate antibody, and developed using the CSPD
chemiluminescent system (Tropix). 090« immunoprecipitate. 98: 903 immunoprecipitate. BON: Bovine optic nerve protein
homogenate. Retina: bovine retina homogenate. EGF: positive phosphotyrosine control (EGF stimulated rat fibroblast homogenate).

Exposure times: A: 3 min; B: 1 h; and C: 1 h. Molecular weights are indicated.

whether HSP9O0 is utilized in both anterograde and retrograde To identify whether MAP kinase is inactivated during its asso-
axonal transport, HSP90 co-immunoprecipitates were screened faiation with HSP90, aim vitro phosphorylation assay was performed
the presence of phosphorylated p42 MAP kinase, using a phosph¢Fig. 6b). HSP9@ and HSP9B optic nerve co-immuno-
MAP antibody (Fig. 6). A minimal signal for phosphorylated MAP precipitates directly phosphorylate an appropriate substrate (Fig. 6b;
kinase is generated by the bovine optic nerve homogenates (Fig. 6ASP9@ and HSP9B), suggesting that HSP90-bound phosphor-
RIPA). In contrast, a strong signal for phosphorylated MAP kinaseylated MAP kinase is active; HSP90 association does not prevent
is detectable in both HSP&0and HSP9B bovine optic nerve  MAP function. Incubating HSP90 co-immunoprecipitates with ki-
immunoprecipitates (Fig. 6a; 8@0and 9(B), suggesting that RGC nase assay buffer containing calcium (0—30 mM) does not release
axonal HSP90 associates with activated (retrograde transportedJAP kinase from the HSP90 co-immunoprecipitate (data not shown).
MAP kinase. Release does occur after heating°@8L0 min; data not shown).

MAP
HSPYo HSPYWB RIPA HSPY0a HSPYOB RIPA  Control

42 kDa wmp

PP . ! on RIPA
Precipitating Antibody 90h =) 90a 90b Ph:':plo “
ap
. . & . Phospho  Phospho Phosph f-1 pelf-1 elf-1 11-1
Screening Antibody TREFERC TATAPC T MAP pel P pe

Fig. 6. HSP90 association with phosphorylated, active optic nerve MAP kinase. A: Western analysis of HSP90 optic nerve
immunoprecipitates with antibody to phosphorylated MAP kinase. HER®IBEPO@) and HSP9B (HSP9(B) immunoprecipitates

were electrophoresed, transferred to nitrocellulose, and reacted with antibody to phosphorylated (p42) MAP kinase (NEB). Blots were
developed using the CSPD system (Tropix). Exposure time: 10 min. B: MAP kinase assay of HSP90 immunoprecipitates. HSP90
(HSP9@) and HSP9B (HSP9(B) immunoprecipitates were functionally evaluated using a chemiluminescent kinase assay (NEB).
Optic nerve-HSP90 immunoprecipitates were incubated with cold ATP and elf-1 protein as described in Methods. The reaction products
were electrophoresed and analyzed using an elf-1 phospho-specific antibody (NEB). Exposure time: 10 min.
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Discussion activation can substitute for the neurotrophin neuronal requirement
(Cowley et al., 1994; Hill & Treisman, 1995), and activated MAP
This is the first study to identify HSP90 as a participant in RGCkinase is retrograde transported to the cell nucleus (Chen et al.,
axonal transport. HSP90 proteins were previously believed to bd992), suggesting that MAP kinase activation is a secondary
absent in the axonal compartment (Gass et al., 1994). This disparitggsponse to trk phosphorylation. The HSP90-associated, phosphor-
in previous reports is likely due to an artifactual reduction of HSP90ylated MAP kinase is functionally active, and can phosphorylate
immune signal in formalin- or paraformaldehyde-fixed tissues. protein substrate® vitro (Fig. 6b), suggesting that HSP90 asso-
HSP90 mRNA is found at highest intraretinal levels in RGCs ciation does not prevent MAP kinase function. Thus, our results
(Fig. 1a). This transcriptional activity results in elevated levels ofare consistent with a model in which MAP kinase (activated at the
translated HSP90 proteins, both in the RGC-associated retinalxon terminal synapse) binds to HSP90 during retrograde axon
layers (Figs. 2a and 2b; 80and 9@B), and in the optic nerve- transport. Then vivo mechanism regulating HSP90-protein asso-
associated RGC axonal compartment (Figs. 2ar 80d 9(B). ciation and dissociation is unknown. Varying the calcium ion
While optic nerve HSP90 levels are apparently lower per gram wetoncentration from 5—-30 mM does not release either trkB or MAP
weight, in optic nerve than in retina, it must be recognized that ugkinase from HSP90 immunoprecipitatiesvitro (data not shown).
to 95% of the RGC cytoplasm is present in the axonal compartThus, intracellular calcium concentration does not, by itself, con-
ment (Ogden, 1994). The vast majority of RGC-expressed HSP9@ol HSP90-protein dissociation.
is thus likely to be found in the optic nerieptic tract compart- The intra-axonal association of HSP90 with trkB and activated
ment. Our findings thus functionally correlate with previous re- MAP kinase suggests that HSP90 is a component of axonal
ports of high-level mRNA expression (differential expression) in neurotrophin receptor and signal transport pathways. Previous
RGCs and RGC-enriched primate retinal regions (Ogden, 1994reports have shown that receptor tyrosine-kinase signaling (Cut-
Bernstein et al., 1995, 1996). forth & Rubin, 1994) and MAP kinase-protein interactions require
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