
focused by a graded index (GRIN) lens 
and was directed perpendicular to the 
catheter axis by a microprism (Fig. 1, B 
and C).  The distal optics were encased in 
a transparent housing. The beam was 
scanned circumferentially at four revolu- 
tions per second by rotation of the cable, 
fiber, and optical assembly inside the stat- 
ic housing. The catheter-endoscope was 
redesigned from an original prototype (1 7) 
to decrease its diameter, increase imaging 
speed, and reduce parasitic internal reflec- 
tions. The confocal uarameter of the distal 
lens was 1.9 mm, which corresponded to a 
focused beam diameter of 40 um. Power 
loss caGsed by suboptimal colpling and 
internal reflection within the catheter was 
3 to 4 dB. The overall SNR of the OCT 
system with the catheter-endoscope was 
-106 dB. The catheter-endoscope had a 
diameter of 1 mm, which is small enough - 
to allow imaging in a human coronary 
artery or access through the flush port of a 
standard endoscope. 

OCT images of the in vivo rabbit 
esophagus allowed visualization of all lay- 
ers of the esophageal wall (Fig. 2, A and 
B). For example, the innermost layer, the 
mucosa, was readily distinguished owing to 
its low reflectivitv comuared with the 
submucosa. Vascular structures were also 
identified within the wall (Fig. 2B). These 
high-resolution images demonstrate the 
ca~abilitv of OCT to both resolve micro- 
structural detail and image the entire 
rabbit esophagus to the serosa. In vivo 
OCT images of the rabbit trachea permit- 
ted differentiation of the ~seudostratified 
epithelium, mucosa, and surrounding hya- 
line cartilage (Fig. 3A). Because most neo- 
plasms of both the esophagus and respira- 
tory tract originate in the epithelium, the 
ability of OCT to precisely identify the 
mucosa could have important clinical 
implications. 

A technology capable of performing 
optical biopsy should prove to be a pow- 
erful diagnostic modality in clinical med- 
icine. Optical biopsy is defined here as 
imaging tissue microstructure at or near 
thevleiel of histopathology without the 
need for tissue excision. At  least three 
clinical scenarios exist in which optical 
biopsy will likely have a considerable im- 
pact on patient management. The first is 
in situations in which sampling errors se- 
verely restrict the effectiveness of exci- 
sional biopsy, such as the high failure rates 
associated with blind biopsies used to 
screen the premalignant conditions of ul- 
cerative colitis or Barrett's esophagus 
(1  8) .  A need also exists for optical biopsy 
when conventional excisional biopsy is 
potentially hazardous. Examples of vulner- 
able regions include the central nervous 

system, the vascular system, and articular 
cartilage. Finally, the ability to image at 
the cellular level could improve the effec- 
tiveness of many surgical and microsurgi- 
cal procedures including coronary atherec- 
tomy, transurethral prostatectomies, and 
microvascular repair (8,  19, 20). 
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Exchange of Protein Molecules Through 
Connections Between Higher Plant Plastids 

Rainer H. Kohler, Jun Cao, Warren R. Zipfel, Watt W. Webb, 
Maureen R. Hanson* 

Individual plastids of vascular plants have generally been considered to be discrete 
autonomous entities that do not directly communicate with each other. However, in 
transgenic plants in which the plastid stroma was labeled with green fluorescent protein 
(GFP), thin tubular projections emanated from individual plastids and sometimes con- 
nected to other plastids. Flow of GFP between interconnected plastids could be ob- 
served when a single plastid or an interconnecting plastid tubule was photobleached and 
the loss of green fluorescence by both plastids was seen. These tubules allow the 
exchange of molecules within an interplastid communication system, which may facil- 
itate the coordination of plastid activities. 

Plastids are plant cell organelles that per- fatty acids, carotenes, purines, and pyrimi- 
form metabolic and biosynthetic reactions, dines. Plastids contain multiple copies of a 
including carbon fixation and synthesis of genome that encodes a subset of the or- 

ganelle's RNA and protein molecules ( I  ). 
R. H. Kbhler, J. Cao, M. R. Hanson, Section of Genetics proteins are 'ynthesized 
and Develo~ment. Cornell Universitv, Biotechnoloav in the cvtosol as Drecursors with transit -, 
Building, lthaca, NY 14853-2703, USA; peptides ;hat targetthem to and across the 
W. R. Zipfel and W. W. Webb, School of Applied and 
Engineering Physics, Corneil University, Ithaca, NY (2)' 
14853-2703, USA. Plastids are generally regarded as autono- 
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mrh50cornell.edu and sort into daughter cells (1). We have 
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made some observations that indicate that 
vascular plant plastids are less independent 
than previously thought. 

We targeted a modified GFP (3, 4) to 
plastids of tobacco and petunia plants (5) 

Intact chloroplasts Lysed chloroplasts 

Fig. 1. (A) Chimeric gene construct (4) used to 
target GFP to plastids. 35S35S, double 35s pro- 
moter; CT, red transit peptide: S65TmGFP4, 
GFP modied coding region; NOS, nopaline syn- 
thetase terminator region. After being processed 
by the transit peptidase, 15 amino acids derived 
from mature recA (regular type) and the adaptor 
sequence (bold type) are predicted to constitute 
the NH,-terminal portion of the transgenic GFP. 
(B) Purified chloroplasts from a transgenic plant, 
imaged by CLSM (7). (a) Green channel, @) 
merged image, and (c) red channel. (C) Chloro- 
plast fractionation to determine the location of 
GFP. An immunoblot of protein fractions of an 
untransformed control plant (control) and of a 
transgenic plant (CT-GFP), probed with antibod- 
ies reacting with three different proteins, is shown. 
Lane 1 shows 50 pg of protein from a crude chlo- 
roplast fraction. Lane 2 shows 20 pg of protein 
from purified chloroplasts. Lane 3 shows 20 pg of 
soluble proteins from purified chloroplasts. Lane 4 
shows 20 pg of insoluble membrane fraction of 
purified chloroplasts. 

by expression of a chimeric nuclear gene 
(4) in which the GFP coding region was 
connected t o  the transit peptide from the 
Arabidopsis chloroplast recA gene (Fig. 
1A). The recA transit sequence resulted in 
the targeting of GFP to the stroma, the 
aqueous matrix of the plastid. When leaf 
cells were disrupted and chloroplasts were 
separated on a Percoll gradient (6) and 
examined by confocal laser scanning mi- 
croscopy (CLSM) (7), intact chloroplasts 
exhibited the green fluorescence character- 
istic of GFP and the red autofluorescence of 
chlorophyll (Fig. 1B). Purified chloroplasts 
were disrupted by hypo-osmotic shock and 
separated into membrane and soluble por- 
tions (8). The broken chloroplast mem- 
brane fraction, which contains envelope 
and thylakoid membranes as well as intact 
thylakoids, still exhibited red (chlorophyll) 
fluorescence but had lost all GFP fluores- 
cence (Fig. 1B). In immunoblots (Fig. lC), 
the GFP signal was located primarily in the 
soluble fraction, as was anthranilate syn- 
thase (AS), a stromal enzyme (9). The 

membrane fraction contained the light-har- 
vesting chlorophyll a/b protein (LHCP) 
(1 0) and a very weak GFP signal that prob- 
ably resulted from contamination of the 
membrane fraction with stromal proteins. 
In cells of transgenic plants, GFP fluores- 
cence was only visible within chloroplasts 
[(I 1 ) and Fig. 21. 

Thin green tubules emanating from 
chloroplasts are visible in leaf tissue in the 
transgenic plants when the tissue is exam- 
ined with a standard epifluorescence micro- 
scope or by CLSM [ ( l l )  and Fig. 21. Tu- 
bules are visible in all tissues studied so far 
but vary in abundance within a given cell 
type and between different tissue types. In 
some cells, tubules are evident on most 
chloroplasts, but in the majority of leaf 
cells, only a few or no tubules are visible. 
The tubular projections arise initially as 
protuberances from the chloroplast surface 
that elongate and extend (Fig. 3). They are 
dynamic in the living cell, continuously 
changing their shape, moving around, 
shrinking back, and sometimes connecting 

Green channel Merged Image Red channel Fig. 2. Tubules and tu- 
bular interconnections 
between chloroplasts of 
transgenic plants, im- 
aged by CLSM. (A) Petu- 
nia epidermal cell. Pro- 
jection of 24 optical sec- 
tions taken at 0.1 -pm in- 
tervals along the opti- 
cal axis. (B) Tobacco 
trichome cell. Projection 
of 15 optical sections 
taken at 0.2-(~m inter- 
vals. (C) Tobacco meso- 
phyll cell. Projection of 
36 optical sections taken 
0.2 pm apart. Scale 
bars, 10 pm. 
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with other chloroplasts. The tubules do not 
contain chlorophyll that is detectable by 
autofluorescence. Their width appears to 
range from 0.35 to 0.85 pm, and they may 
be as long as 15 pm [Fig. 2 and (1 1 )I. 
Sometimes a plastid protuberance extends 
and appears to encircle a nonfluorescent 
body; this is similar to a finger curled 
around a sphere. 

To determine whether exchange of pro- 
tein occurs through plastid interconnec- 
tions, we used a two-photon laser scanning 
microscope (1 2) to selectively photobleach 
individual plastids or individual intercon- 
necting tubules in living plant cells (Fig. 4). 
When the laser was targeted to an individ- 
ual plastid, loss of the GFP signal was re- 
stricted to this individual plastid, and the 
plastid remained photobleached after irra- 
diation ceased during the following 35 s of 
observation (Fig. 4A). The synthesis and 
import of GFP from the cytoplasm are not 
sufficiently rapid to restore fluorescence 
over this time period. After the irradiation, 
nearby plastids that were not connected to 
the irradiated plastid remained brightly flu- 
orescent (Fig. 4A). When the laser beam 
was targeted to an interconnecting chloro- 
plast tubule (Fig. 4B), both interconnected 
plastids exhibited some photobleaching af- 
ter 2.5 s of irradiation. A further 2.5 s of 
irradiation resulted in further loss of GFP 
fluorescence in both plastids (Fig. 4B). This 
indicates a rapid flow of GFP through the 
tubular interconnection between the plas- 
tids. We also revealed the flow of GFP from 
one plastid to another by photobleaching 
one of two interconnected plastids (Fig. 4, 
C and D). A 2-s irradiation reduced the 
GFP fluorescence in the irradiated plastid 
to -30% of the initial value. During the 
next 7 s, GFP fluorescence in the irradiated 
plastid partially recovered to 53% of the 
initial value; simultaneously, GFP fluores- 

Fig. 3. Tubule in a wild-type plant cell (18). (A 
through D) Tubule extending from the chloroplast 
surface in a living spinach mesophyll cell. Images 
were taken at about 30-s intervals. Scale bar, 10 
Pm. 

cence in the connected plastid decreased to 
-60% of its initial value, which indicates 
flow and equilibration of unbleached GFP 
between the nonirradiated plastid and the 
bleached plastid. 

Tubules emanating from the chloroplast 
are also observable in nontransgenic wild- 
type spinach and tobacco [Fig. 3 and (1 1 )] 
and have been described in a varietv of 
other wild-type vascular plant species (1 3, 
14). Light microscopic studies and a movie 
made by Wildman and his colleagues (1 3) 
show dynamic protuberances extending 
from leaf chloroplasts of tobacco and spin- 
ach that sometimes connect to other chlo- 
roplasts. Protuberances emanating from 
chloroplasts have also been imaged in dif- 
ferent species by electron microscopy (14). 
Because interpretation of these structures 
was difficult. their existence has not been 
widely known or accepted. 

Interconnections between chloro~lasts 
have also been detected in Euglena and 
Acetabularia (15, 16), although chloro- 
plasts in these unicellular organisms differ 
from those of vascular plants (1 ). In Ac- 
etabularia, chloroplast tubules that some- 
times extend over hundreds of microme- 
ters between chloroplasts are common 
(15); except for their length, these tubules 

appear quite similar to the tubules we 
describe in higher plants. In Euglena, tu- 
bules connecting chloroplasts appear at 
specific times of the cell cycle, shortly 
before chloroplast division (1 6). Cell cy- 
cle stage-specificity of chloroplast tubules 
in tobacco and petunia was not investigat- 
ed in our experiments, but obvious differ- 
ences exist in the abundance of tubular 
projections in individual cells of the same 
tissue. 

Chloroplasts are thought to have arisen 
from cyanobacterial endosymbionts (1, 17). 
The tubular connections that we observed 
are reminiscent of bacterial pili. Further 
analysis may reveal whether the tubules 
have any functional or compositional simi- 
larity to structures that allow the exchange 
of macromolecules between bacteria. 

A number of functions can be envi- 
sioned for the stroma-containing intercon- 
necting tubules. They may allow plastids to 
share molecules such as metabolic interme- 
diates, nucleic acids, enzymes, and regula- 
tory proteins. In Acetabularia, it has been 
proposed that the tubules support chloro- 
plast motility (1 7). In vascular plants, the 
tubules may permit the plastid to sample 
volumes of the cell in which concentrations 
of useful molecules are higher than in the 
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region next to the plastid body, especially if 
the tubules encircle other organelles such as 
mitochondria. 
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Regulatory Phosphorylation of AMPA-Type 
Glutamate Receptors by CaM-KII During 

Long-Term Potentiation 
Andres Barria, Dominique Muller, Victor Derkach, 

Leslie C. Griffith, Thomas R. Soderling* 

Long-term potentiation (LTP), a cellular model of learning and memory, requires calcium- 
dependent protein kinases. Induction of LTP increased the phosphorus-32 labeling of 
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate recep- 
tors (AMPA-Rs), which mediate rapid excitatory synaptic transmission. This AMPA-R 
phosphorylation appeared to be catalyzed by Ca2+- and calmodulin-dependent protein 
kinase II (CaM-KII): (i) it correlated with the activation and autophosphorylation of CaM- 
KII, (ii) it was blocked by the CaM-KII inhibitor KN-62, and (iii) its phosphorus-32 peptide 
map was the same as that of GluRl coexpressed with activated CaM-KII in HEK-293 
cells. This covalent modulation of AMPA-Rs in LTP provides a postsynaptic molecular 
mechanism for synaptic plasticity. 

Long-term potentiation is a prolonged 
enhancement in synaptic efficacy that 
may underlie certain types of learning and 
memory, but its molecular mechanisms are 
unclear (1 ). Considerable evidence impli- 
cates changes in presynaptic transmitter 
release, postsynaptic responses, and synap- 
tic structural changes. Postsynaptic eleva- 
tions in Ca2+ and Ca2+-dependent pro- 
tein kinases are required for establishment 
of LTP, and a likely target of these kinases 
is AMPA-Rs (2) because (i) their respon- 
siveness is enhanced after elevations of 
postsynaptic Ca2+ (3) or by LTP induction 
(4),  and (ii) these changes are blocked by 
KN-62 (3, 5 ) ,  a CaM-K inhibitor (6). Acti- 
vated CaM-KII enhances AMPA-R respon- 
siveness in CAI neurons in hippocampal 
slices and many other systems (7-9). In the 
slices, ex~ression or infusion of activated . . 
CaM-KII also increases synaptic current and 
occludes subseauent induction of LTP. How- 
ever, a key observation, direct phosphoryl- 
ation of AMPA-Rs in response to LTP, has 
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not been previously demonstrated. 
Induction of LTP produces a small in- 

crease in the Ca2+-independent or consti- 
tutive activity of CaM-KII (10). CaM-KII 
can autophosphorylate on multiple sites 
(2 ,  11 ), so to confirm that the constitutive 
CaM-KII activity was due to autophospho- 
rylation of Thr286, we used a phosphospe- 
cific antibody, Abp., This antibody 
was specific for P-~h$"~;n CaM-KII, re- 
acting with autophosphorylated wild-type 
CaM-KII but not with the autophospho- 
rylated Thr286-Ala mutant (Fig. 1A). Pro- 
tein immunoblot analyses with Abp-Thr286 
of a hippocampal slice extract detected 
multiple immunoreactive bands, but only 
the one corresponding to the 50-kD 
a-CaM-KII was selectively blocked by 
preadsorption with the phosphopeptide 
antigen (Fig. 1B). Induction of LTP in the 
CAI  region of hippocampal slices with 
theta-burst stimulation (10) resulted in a 
small, stable increase in immunoreactivity 
to AbKTh2,, (Fig. 1C). The magnitude of 
the increase is in general agreement with 
the estimate that about 10% of synapses 
are potentiated by theta-burst stimulation 
(12). The enhanced phosphorylation of 
ThrZa6 was not due to an LTP-mediated 
increase in CaM-KII protein, because im- 
munoreactivity with a general CaM-KII 
antibody (n  = 4) did not increase at 5 min 
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