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The initial question addressed in 1989 was that of synaptic vesicle movement as
determined by direct microscopic visualization. This research demonstrated that
vesicles were actually mobilized from the point of injection in the axon to the
cactive zones, i.e. the place wherie synaptic transmitter is released. It was also

found that a change in either oxygenation or the surface properties of vesicles
can l ad to no movement or, to change in movement direction. The second aspect of
synapse ork performed that year was a demon'stration of the category of calcium
channel t at is responsible for transmitter release. The work in 1990 demonstrated

tha m atre potentials could be modulated in the squid synapse by injection of
Synapsi I and of protein kinaiso 11. In the third year of the grant, 1991, the
first de onstration of calcium~ -'Icrodomains in synaptic transmission was performed.
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The research supported by the Air Force during the summers of

1989, 1990 and 1991 generated significant studies in four different

aspects of synaptic transmission.

1. Characterization and isolation of voltage-dependent calcium

channels responsible for transmitter release in the squid giant

synapse as well as in the neuromuscular junction in mammals.

2. The dynamics, directionality and specificity of synaptic

vesicle migration in relation to transmitter release.

3. The effect of Synapsin I, an intracellular chemical modulator

of synaptic vesicular mobility, and its effect in the regulation of

the vesicular release and synaptic facilitation in tonic synapses.

4. Finally, the presence of well-specified calcium concentration

microdomains in relation to transmitter release, was

demonstrated for the first time in 1991, using aequorin.

The initial question addressed in 1989 was that of synaptic vesicle

movement as determined by direct microscopic visualization. This

study marked the first time in which isolated mammalian vesicles

were injected into a working synapse. This research demonstrated

that vesicles (made fluorescent by Texas Red) were actually
For

mobilized from the point of injection in the axon to the active :I,

zones, i.e. the place where synaptic transmitter is released. It was ,

also found that a change in either oxygenation or the surface "L-

properties of vesicles can lead to no movement or, to change in

movement direction. These results were published in 1989 in Lity CMOJi •Avail Otwow
- - -plIot SP*Q&&X



PNAS. A second aspect of vesicular mobility relating to the paper

mentioned above was published in the Journal of Neuroscience in

1989, showing that Synapsin I modulates vesicular flow in the

squid axoplasm.

The second aspect of synapse work performed that year was a

demonstration of the category of calcium channel that is

responsible for transmitter release. In fact the channel now

known as a P-channel was isolated in the squid, as well as in

mammalian cerebellum. These results were first published in

1989 in the Biophysical Journal, Volume 55, page 438a, and in

PNAS, Volume 86, pages 1689-1693.

The work in 1990 related mostly to the study of Synapsin I in

transmitter release. The studies demonstrated that miniature

potentials could be modulated in the squid synapse by injection of

Synapsin I and of protein kinase II and was published in PNAS,

Volume 87, page 8257-8261. Another aspect of synaptic research

investigated during the same summer related to the effect of

Synapsin I on the neuromuscular junction in crayfish. This

research was published in the Biological Bulletin, Volume 179,

page 229.

In the third year of the grant, 1991, the first demonstration of

calcium microdomains in synaptic transmission was performed.

The study was done using a new type of aequorin that allowed

direct visualization of calcium concentration sites at the

presynaptic terminal. A paper was published in Science in 1992,
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in Volume 256, page 677. Another study published in PNAS the

same year, Volume 89, page 330, reported the fact that the P-type

channels present in the squid are responsible for neuromuscular

transmission in mammals.
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The molluscan neuropepuide FLRFamide potentiates ftransmission at the
isolated squid giant synapse
By G. A. COTTRELL*, J. W. LInt. R. LLINAiSt and M. SUGIMORIt. *Departmeni of
Biology and Preedinical M~edicine, University of St Andrews, KY16 DI'S. t Department
of Physiology and Biophysics. New York University Mledical Center. N.Y. 100)6. and
M1arine Biological Laboratory, Woods Hole, MA 02543, USA

Peptides of the Phe-MNet-Arg-Phe-.NH 2 -(FMRFamide-) series have many actions
on neurone perikarya (Cottrell & Davies, 1987). The action of one such peptide in
synaptic transmission at the giant synapse of the squid (Loligo pealei) was
determined using Phe-Leu-Arg-Phe-NH 2 (FLRFamide), which occurs in cephalopods
(Martin & Voigt, 1987). Pre- and postsynaptic recordings were made (see Llinas ef al.
1981) and peptide solutions microinjected close to the synaptic junction.
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Fig. 1. (A) Pre- and postsynaptic recordings showing increase in postsynaptic response in
the absence of presynaptic effect after injecting FLRFamide from a micropipette
containing I mms FIftFamide in ASW (4 mm Ca). (B) EPSCs before and 75.a after
injection. The response recovered after 6 min. (C) FLRFamide increased the rate of rise
of the EPSP (C]) without changing pre-spike width (0) or amplitude (0).

FLRFamide (n = 9) potentiated transmission, whereas control injections were
without effect (n = 3). Potentiation was detected as an increase in size of the EPSC
(Fig. I B) and also as an increase in rate of rise (Fig. I1A, C) and amplitude of EPSP.
No change in presynaptivz membrane potential, spike amplitude or duration (Fig. IA.
C) was detected. FMRFamide injected into the blood supply to the ganglion has also
been observed to potentiate transmission (S. Hess, personal communication).

G. A. C. thanks the William Ramsav Henderson Trust for financial support. Supported by
AFOSR850368.
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Reprinted from THE BIOLOGICAL BULLETIN, Vol. 177, No. 2, October 1989
Printed in U.S.A.

Preliminary molecular structure of FTX and synthesis of
analogs that block Ica in the squid giant synapse. B.
CHERKSEY, R. LLINAS, M. SUGIMORI, AND J.-W. LIN
(Dept. Physiology and Biophysics, NYU Medical Cen-
ter, New York, NY 10016).

FTX, a specific P channel blocker, is one of many channel blocking
factors contained in the venom of the American funnel web spider. We
have previously reported (Cherksey el al. 1988. Biol. Bull. 175: 304;
Llinas et al. 1989, PNAS 86: 1686) on the use of FTX to construct an
affinity gel for the isolation and characterization of P-type Ca- chan-
nels from squid optic lobe and mammalian CNS.

Purification and structural analysis of FTX have been performed.
FTX could not be adequately purified by reverse phase HPLC using
acetonitrile:water gradients. FPLC on Superose indicated that FTX was
of low molecular weight (200-400 Da), but did not effect an adequate
purification. Anion exchange methods were ineffective. However, cat-
ion exchange on Mono S permitted a high level of purification of FTX,
with elution of the active factor at approximately 0.8 M NaCI. Purified

FTX exhibited a sharp UV absorption at 220 nm. No ring (aromatic)
structure was detected. The absorption at 220 nm showed a pro-
nounced shift with acidification suggesting that FTX possesses a titrat-
able amine group. FT-IR (Fourier transform infrared spectroscopy) in-
dicated the presence of C-C. C-N, N-H, C-H, and the absence of C=O,
absorptions. These results ruled out the possibility that FTX is a small
peptide and suggest that it is a polyamine. The known polyamine gluta-
mate channel blockers (which contain ring structures) are ineffective as
presynaptic blockers.

On the basis of these results, model compounds were constructed
with the general structure ofarginine-polyamine:

0

\N N14 N H H

, /_ . H2
H2 N'~ -H

These compounds exhibited the selectivity of FTX, but not its potency.
Compounds of the structure arginine-polyamine-arginine were in-
effective as blockers. Thus, the free terminal amine is critical for effi-
cacy, perhaps being the moiety that actually enters the pore of the chan-
nel. The arginyl group, perhaps via its strong charge, may act to secure
the toxin in the channel. Therefore, the difference in potency between
FTX and the model compounds may be due to the negative charge on
the carbonyl of the latter, which, on the basis of FT-IR spectra, is absent
from FIX.
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Reprinted from THE BIOLoGICAL BULLETIN, VOI. 177, No. 2, October 1989
Printed in U.S.A.

Dose-response for FTX blockade of presynaptic I(ca) in
the squid giant synapse. R. LLINAS, M. SUGIMORI,

J-W. LIN, AND B. CHERKSEY (Dept. Physiology and
Biophysics, NYU Medical Center, New York, NY
10016).

The dose-response relationship for the blocking action of FTX (a
toxin fraction from Agalenopsis aperta venom, Sugimori et al. 1988
Biol. Bull. 175: 308; Cherksey et au. 1988, Biol. Bull. 175: 304, Llinas
et al. 1989, PNAS. 86: 1689) on the voltage-dependent presynaptic cal-
cium current (1c,) in the squid stellate ganglion, was determined from
voltage clamp measurements. In addition to the purified toxin, we
tested the raw venom, and a synthetic poly-amine with an arginine at
one end, constructed on the basis of chemical analysis of the FTX frac-
tion (Cherksey et al. 1989, these Abstracts). These substances were
added to the bathing solution in concentrations ranging from 0.2 to
190 nl/ml (volume of venom or liquid synthetic toxin in nl/ml seawa-
ter). Each of the three fractions had an ED 50 of 5 nIl/ml and produced a
total blockade at 80-100 nl/mi. The block caused by 100 nl/ml had a
time course of about 20 min and was very slowly reversible. Comparing
the degree of calcium current block with the reduction of the post-syn-
aptic potential, we concluded that the effect of the toxin on synaptic
release is totally ascribable to its calcium blocking effect. We reached a
similar conclusion about the synthetic polyamine. But because the
same volume of raw venom and the synthetic polyamine produced

about the same degree of block, we conclude that the active toxin may
be more potent, and that the structure of the naturally occurring poly-
amine is therefore probably a variant of the synthetic product. Finally,
we tested some polyamines with an arginine at each terminal of the
chain, but Ic. was not blocked. Thus, the polyamine may require the
terminal amine to penetrate the channel and produce the block; the
arginine group may hold the molecule in place.
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The Biological Bulletin Vol. 179, #229, 1991

Eq'ecls of synapsin I on synaptic facilitation at crayfish
neuromuscular junction. K.. R. DELANEY, Y. YAMAGATA,

D. W. TANK, P. GREENGARD, AND R. LLINAS (Marine
Biological Laboratory, Woods Hole, MA 02543).

The effects of presynaptically injected phospho- and dephospho-syn-
apsin I on transmitter release were studied in excitatory claw opener

junctions in crayfish. We examined release evoked by presynaptic action

potentials delivered at 0.5 Hz. which does not produce facilitation, and

at higher frequencies (5-50 Hz) where facilitation is prominent. Consistent

with previous work on squid giant synapse (Llinas et al.. 1985, PNAS

82: 3035) and Mauthner cell synapses (Hacket et al. 1990. J. Neuro-

physiol. 63: 701), reduction of excitatory junction potentials (EJPs) ob-

tained with 0.5 Hz stimulation was seen 5-30 min after injection. This

reduction was coincident with the appearance of Texas red labeled syn-
apsin I in the preterminals contacting the postsynaptic muscle fiber (8
of 9 expts.). The EJP amplitude continued to decline linearly over the
course of 60-120 min to near zero. In addition, the rate of facilitation
of the EJP during short stimulus trains at 5. 20, and 50 Hz was reduced
following this injection. Moreover, high rates of release, which are nor-
mally produced and maintained during several minutes of stimulation
at frequencies around 30 Hz, were not maintained following dephospho-
synapsin I injection. These effects were not seen following the injection
of phosphorylated synapsin I (n = I). We conclude that synapsin I can
modulate facilitated and unfacilitated transmitter release at this tonic
junction.
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flashes of light locahzed in time and space.
We designed special methodology to

identitY, image, and characterize these
flashes of light. Fluorescent n-aequonn-J
(minimum Cal. sensitivity of 10' M) was
injected into the presynaptic terminal (Fig.
IA) (I ), and its distribution in the termi-
nal was continually monitored by epifluo-
rescence microscopy 112). Once the termi-
nal was tully loaded with n-aequorin-J (Fig.
1 B), the presvnaptic fiber was continuously
stimulated at 10 Hz (13), and a well-
defined, stable set of quantum entission
domains (QEDs) appeared as white spots
(Fig. IC) (14). The superposition of the
fluorescent images of the terminal digit
(Fig. IB) and the QEDs (Fig. IC) revealed
that the distribution of QEDs coincided
with the presynaptic terminal (Fig. ID).
QEDs were particularly evident at the cen-
ter of the digit, where most synaptic con-
tacts occur.

Microdomains of High Calcium Concentration We also determined the distribution and
number of QEDs in an unstimulated presvn-

in a Presynaptic Terminal aptic terminal at high magnification (Fig.
IF). When QEDs were integrated for 30 s

R. Llinas,* M. Sugimori, R. B. Silver during tetanic stimulation (Fig. IG), they
were found to be organized in regions re

Increases in intracellular calcium concentration are required for the release of neurotrans- sembling semicircles or line segments and
mitter from presynaptic terminals in all neurons. However, the mechanism by which calcium were approximately equally spaced over the
exerts its effect is not known. A low-sens" calcium-dependent photoprotein (n-ae- presynaptic digit (Fig. 1, C and G).
quorin-J) was injected into the presynaptic terminal of the giant squid synapse to selectively Each QED fell within a contiguous rec-
detect high calcium concentration microdomains. During transmitter release, light emission tilinear juxtaposition of approximately 16
occurred at speclfic points or quantum emission domains that remained in the same place pixels (0.25 i.m by 0.25 I.m per pixel). The
during protracted stimulation. Intracellular calcium concentration microdomains on the size distribution of the QEDs was deter-
order of 200 to 300 micromolar occur against the cytoplasmic surface of the plasmalemma mined after measuring more than 15,000
during transmitter secretion, supporting the view that the synaptic vesicular fusion re- such events for both long-term image inte-
sponsible for transmitter release is triggered by the activation of a low-affinity calcium- grations (1,500 to 5,000 video frames);
binding site at the active zone. serially repeated shorter integrations 1600 to

1,200 national television standard code
(NTSC) video framesl; and sets of single
video frames. QEDs fluctuated in size from

The role of intracellular free calcium as a reicase (2). Mcrreover, direct measurement 0.25 to 0.6 i&ml (Fig. 2), with a mean of
trigger for initiating presynaptic transmitter of presynaptic Ca, currents suggested that 0.313 p.m2 (range, -0.25 pim to -0.375
release in chemical synapses was proposed intracellular free Ca÷ concentrations p.m2). QED patterns such as those shown in
as the "calcium hypothesis" several decades (OCa2'l,) near the Ca'* channels could be Figs. I and 2 (areas 0.375 to 0.625 Jim")
ago (1). The mechanism for this Cal+- on the order of several hundred micromolar represent individual QEDs occurring at
dependent transmitter release remains un- (3). Computer models based on these data nearly identical frame locations, with a
resolved, partly because the concentration suggested that the ICa`+, falls off steeply small overlap. On average, these sites oc-
of Ca 2 + and the distribution of Ca2+ con- away from the cvtoplasmic mouth of the cupied 8.4% of the presynaptic-postsynap-
centration within presynaptic terminals Ca2 + channels (4-7). These small domes of tic membrane contact area, which is close
during transmission are unknown. increased lCa'+I, are called microdomains. to the 5 to 10% determined by ultrastruc-

Presynaptic voltage-clamp studies in the Each Ca`÷ channel opening is thought to tural studies (15). The number of QEDs in
giant squid synapse demonstrated a very produce a rapid (microseconds) increase in a 70 p.m by 40 p.m contact area (15) was
short (200 p.s) latency between Ca2+ entry ICa'+l,, which rapidly returns to its pre- about 4500 (based on actual counting of
and postsynaptic response, suggesting that opening value when the channel closes (6). QEDs in the contact area), quite close to
Ca 2  channels are located at the site of Neurotransmitter release would thus be the 4400 calculated for the number of
vesicle accumulation and neurotransmitter triggered by a lare transient increase in active zones (range 3580 to 5400) from

R Lkinas and M Suqimcr, Denartment of Phvsioloqv lCa 2 ÷l, adjacent to the svnaptic vesicles. measurements and analysis of transmission
and Biophysics. New York University Medical Center. We have now tested directly the exis- electron micrographs (16).
550 First Avenue. New York NY 10016 and the tence of such Ca2 l, microdomains by The lCa'÷t, reached during presynaptic
Marine Biological Laboratory Woods Hole, MA 02543 using aequorin w, protein that emits light in activation (200 to 300 4.M) was determined
R 8 Silver, Section anid Department of Physiology,& (.R BSve Sct~n ndDearten o ogY.,I(¥ tepeec lrc a 89 injected in by sampling the number of QEDs over
Cornell University. Ithaca NY 14853-6401 and the the presence of tree C
Marine Biological Laboratory Wooas Hole. MA 02543 the presvnaptic terminal of the eiant squid consecutive 10-, 15-, or 30-s periods. Many

*To whom correspondence should be addressed. at synapse (10). In the presence of aequorin, loci repeated periods of photon emission
the Department of Physiology and Biophysics transient increases in lCa2 1, appear as within consecutive sampling periods, as
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Fig. 1. (A) Lajgram ot the giant Squid synapse A
'shovwir., ,.ie spatial organization at the oresyn-A
aotic and the postsynaptic elements The
square farrowi denotes the location ot the syn-
aptic junction shown in 61(B) Floecnc4lw
image of a presvnaotic digit injected with a --

fluorescent preparation ot n-aequorin-J (C) PosIsVni2pIic Pnnpi
axon P~npi

Video image at photons emitted fram GEDs axon
Image represents the accumulated light emis-
sion from n)-aeqourin-J elicited by Ca-* entry
(luring retanic ::imuiation itO s 10 Hz) '01
Superposition nt the images in 1B) and (C) (El
The number at light emissions generated by
e-aecluorin 1#t and n-aequorin-J (CI) (600 to E ooo. * 100rO
650 over a period of 3 -.1 corresponds to a______
[Ca-" 1, near 10 M about two orders ot mag- 600
nitudle less sensitive than the e-aeguorin re- -

sponse (Stippled bar) (8. 9) (F) QE~s in an 400, 5
unstimulatect lvt;71,nai (30 s. to mM extracellu- -U

lar Ca 2 ) 1G) QE Ds in Me same terminal as in C) 200'4I

(F) during tetanic stimulation 110 s. 10 Hz)
0

-a -7 -6 -5 -4 -3 -2
1500 Ca2. (M)

.. 1000.
.8
E
CI
0

0 025 03127 0375 04375 0 5 05~ 0 625

QED ala (pm2)

Fig. 2. Distribution of CEO oize in 2500) Fig. 3. IA) The '-enter n~ortion of two QED images obtained during consecutive 15-S recoraino
intervals tram tMe same area at terminal, the left panel (red) Shows the first interval after Stimuiation
the right panel iblue) shows the subsequent 15-s period (blue) MB The superposition 1>93%) of the

shown in Fig. 3, A and B, for two consec- QEDs tram consecutive 15-s recording intervals in (A) (red and blue) appears yellow
utive 15-s periods, indicating that Ca'
entry tended ti) be organized temporally and
spatially. QED% detected during the first
1 5-s penod (Fig. 3A. red) and those detect-

blue) are shown as yellow spots in Fig. 3B.
When the second period is compared to the
first period, there is an area correspondence
of -95%; when the order for companson
was reversed, the correspondence was 87%.
Subsequent sequential 15-s periods, having
correspondences between 93 and 98.81%.
indicate that within such time most of the Fig. 4. Three -dimensional projection after image integration (4800 frames. 30-Hz sampling rate) of
sites of Ca - entry tio tbe terminal are the QED image -n a terminal bulb) ot a presynaptic tiber IA) betore stimulation and (B) during

activated, stimulation. illustrating the steepness at the Ca2* microdomain profiles image intensities were
Prolonged integrations (1200 it) 5000 segmented into an 8- bit range, with the maximum intensity corresponding to the video intensity levei

o~f 255 (whitel -3r'. ttn lowest to a ievel ot 0 (black). witfh intermediate levels ranging tram highi irelIvideo tramest were performed duriniz stim-
illation to determine the percentage ut the !Phrouqn intermrorate --ieilow and green) to low ibluel probabilities that a particular microcomain
total presvnaptic terminal area containing wolbeaiv

QEDs. Ftivure 4 correspinds to the terminal
bulb ut ai prcsvnaiptic nher beto-re (Fig. 4A) cause it the h-iniz titseiuration times used. spisnd to the "hnrgerprtnts" of clawlike
and duiring (Ftii. 413) 'timulatii-n (as in Fig. tu~ed rather rhuin discrete QEDý were ob- postsvnaptic dendrites that contact the t're-
I A).- The ,iveraie ciemirl describes areas i-i 'erx-ed in k- -th T~ss he distributiion u-t synaptic digit in the active :one 17).-
high prob;ih:ihrv mi liht 1-missio-n arnd the C.) -, wis -it~ randti irn d oitten fiormed Detailed analvsis ut the temporal inj
pronounced ditterences between the pre- rinizlik-e rtrilrture,, line,, ir combinations spatial distribution of QEDs suggeqSt that
stimulation ind stimulatorv conditions. Be- -im these. Ths p;itrcrn-; pru-iablv corre- once k microdomain is activated, the rem-
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poral repeat frequencies at which a partic- where increased [Ca', triggers neurotrans- ousiy record multispectral luminescent specl-
ular microdomain is activated differ from mtter release by binding to a low-arntv mens (R B Silver unpublished data), that is wethr same iomain bsactivateddifferfroesm- C -eleasebinding s a the prenap ve obtained cdifferential interference contrast tDIC) or
those of the same mtcrokomam before stim- Ca`-bindig site at the presvnapuc vesi- fluorescence images lDageMTI Model 68 SIT
ulation. Upon activation, three classes of des and activating the release process. camera) ano single-pnoton aequorin images ilHa-
temporal repeat frequencies, not seen under Such a mechanism would safeguard the mamatsu C2400-20 VIM camera. pedestal set to

background-shot noose) Video systems were oo-
prestimulation conditions, appeared, the synapse trom large amounts of spontaneous erated at an NTSC tframe-samoling rate od 30 Hz
primary temporal class having a mean delay transmitter release because probably more The background signal of the optical system was
period between the initial activation and than onc Ca- channel must be activated typically fewer than 60 events per minute ideter-

mined for 1Oa or 1O3 S over the entire t1eldm
subsequent activation ot 1.37 N, which may per active zone to tr•izger exocvtosis (6). signal-to-noise ratio was - 10 1
indicate temporal requirements or con- Also, there would be enough time to re- 13 Stellate ganglia from small Loigo peali were
straints upon reestablishing microdomain place the expended vesicles (6). The short dissected and syinaotic transmission was mon-

toted witn standard methods [R Llinas i Z
activation. Under stimulation, the lifetime delay between Ca' entry and transmitter Steinberg K Walton. Bioonys J 33 289 11981
of a QED averaged 200 ins, clearly a high release suggests that only vesicles near the Results wer- obtained from 27 synapses oanea
value that is likelv attributable to the pho- QEDs would be released by a sziven action in artificial seawater f 10 mM Ca-')
ton etfciencv and lag characteristics of the potential (2). The fact that lCa: -I, attains 14 Video images were processed ilteread aon ana-lyzed tO aSSist in QED feature extraction and•
camera and light-intensity losses through such high concentrations at release sites quantification with a Hamamatsu Argus 100 imag-
the optical system. Under most conditions, must be taken into account in the study of ing system or an Imagel-AT lUniversal Imaging
QEDs that occurred as singlets or doublets the mechanisms of membrane fusion. Corp West Chester. PA) running on a Dell 325

AT-bus computer Aequorin luminescence meag-did not occur at high frequency at any es of GEDs. seen as discrete spots on an odier-
particular microdomain. Analysis of the REFERENCES AND NOTES wise arlk background, were analyzed as single-
activation dynamics of individual micro- video frames, as integrations of multiple-viaeo
domains suggested a quabi-sequential acti- 1 9 Katz The Release of Neurotransmitter Sub- frames (range. 10 to 48800 or as digitized se-dmisuetdt-ats The Sherrie ton LecureasX omie S- Quentiai frames Calibration curves were ¢--r
vation, that is. a low probability of imme- stances The S1errington Lectures {Thomas. structed by measuring the numoer of Ca

2* oe-diate reactivation. One possible mechanism 2 RSpingtie IL. 19691 pendent light aashes (within 33-ms erame-intelra-
Soinf n sion perioos), each resulting from a discrete inter-

for this refractorv period may be related to Neurons. W M Cowan and J A Ferencefli Eds action ot Ca- witth an aequorin molecule 8 91

the high [Ca2 1', at the active zone or to the (Society for Neujroscience. Bethesda. N1D. 1977) that accumulated during the 3 s after 20 ot ot
vol 2. pp 139-160 aequorin was infected into to- I to 10o- M Ca'"low number of readily releasible vesicles. In 3 __ , I Z Steinberg, K Walton 8,oohys J 33 [. B Saver 0ev 8iol 131 11 11989) "•

tact, high JCa 2 *l, depresses Ca2 ÷ channel 323 11981) procedures were followed for accumulating intor-
activity by blocking the channel and in- 4 J E Chad and R Eckert. ibid 45 993 (1984) mation iii ihgnt-emission points were accumuiat-
creasing its inactivation (18). Also, it is 5 S N. Simon M Sugimoon R PLnas ibid. p 264a ed during3 sof stimulation, and the OED distn-

6 S M Simon and R Llinas. ibid 48. 485 (1985) bution was studied. (it) two portions of the record-well documented that an average of one 7 R S Zucker and A L Fogeison Proc Nail Acad ing field were Indivdually accumulated and corn-
vesicle is normally released per active zone Sci USA 83. 3032 (1986) pared
(15, 19, 20). In fact, in squid, the quantum 8 0 Shimomura 8 Musicki. V Kisni Biochem J 15 D W Pumolin. T S Reese. R Uinas. Proc Nail
content is 500, close to the value ot'4500 261 313 i19891 Acad Sci USA 78, 7210 11981)

09 Shimomura S Inouye. B Musiclo. Y Kishi. 16 D W Pumolin and T S Reese. Neurosciiere 3
measured here; thus, there must be an 'old 270 309 19901 685(1978)
average of one vesicle per active :one. The '0 A oreliminarv note on these results ras aopeared 17 J Z Younq Brain Res 57 457 '1973)
presence of such "lateral inhibition," by I R Unas M Sugtmoti R B Silver dtiol Bull 181, 18 G P H Young eta). Proc Nail Acad Sc, USA

316 (1991)] 81, 5155 (1984)
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ABSTRACT We have studied the effect of the purified FTX on transmitter release and Cal' influx at the mammalian
toxin from the funnel-web spider venom (FIX) and its synthetic neuromuscular junction and on Ca 2+ uptake by cerebral
analog (sFTX) on transmitter release and presynaptic currents cortex synaptosomes in order to determine whether a par-
at the mouse neuromuscular junction. FTX specifically blocks ticular type of VDCC is more commonly involved in mam-
the a,-conotoxin- and dihydropyridine-insensitive P-type volt- malian synaptic transmission.
age-dependent Ca2" channel (VDCC) in cerebellar Purkinje
cells. Mammalian neuromuscular transmission, which is in-
sensitive to N- or L-type Ca24 channel blockers, was effectively MATERIAL AND METHODS
abolished by FTX and sFTX. These substances blocked the Electrophysioiogical Techniques. Experiments were per-
muscle contraction and the neurotransmitter release evoked by formed with the nc.ve-muscle preparation from male Swiss
nerve stimulation. Moreover, presynaptic Ca2l currents re- mice (25-30 g). Muscles were removed after cervical dislo-
corded extracellularly from the interior of the perineural cation and pinned out in a Sylgard-coated chamber containing
sheaths of nerves innervating the mouse levator auris muscle 1-2 ml of physiological solution (normal Ringer solution: 135
were specifically blocked by both natural toxin and synthetic mM NaCI/5 mM KCI/2 mM CaCI,/1 mM MgSO 4/12 mM
analogue. In a parallel set of experiments, K*-induced Cal NaHCO3/1 mM NaH 2PO4/11-mM D-glucose. pH 7.4) kept at
uptake by brain synaptosomes was also shown to be blocked or room temperature. The solution was oxygenated by contin-
greatly diminished by FIX and sFTX. These results indicate uous bubbling with a mixture of 5% CO2 and 95% 02.
that the predominant VDCC in the motor nerve terminals, and Miniature endplate potentials and evoked endplate potentials
possibly in a significant percentage of brain synapses, is the were recorded intracellularly. Glass microelectrodes of 5-15
P-type channel. M[I resistance filled with 2 M KCI were used. The electrodes

were inserted into the muscle fibers near the endplate re-
Cal- influx through voltage-dependent Cal- channels (VD- gions. which were located visually at the ends of intramus-
CCs) is the trigger for the release of neurotransmitters from cular branches of the phrenic nerve (Fig. 1A). The mean
the nerve terminals (1, 2). Three major types of VDCC named quantal content (m) of transmitter release was measured in
T, L. and N were described in neuronal cells (3). The muscles incubated in low Ca2+ (1.2 mM)/high Mg"+ (6 mM)
high-threshold L and N VDCCs are sensitive to the blocking by use of the failure-method equation m = log eN/IN, where
effect of w-conotoxin (w-CgTX), and only the L type is N is the total number of nerve stimuli and Nf is the total
affected by Ca-+ channel antagonists of the 1,4-dihydropyr- number of endplate-potential failures (14). The phrenic nerve
idine (DHP) class. An intermediate-threshold VDCC channel was stimulated at 0.5 Hz. Miniature endplate amplitudes
called the P channel was identified in the Purkinje cells of were corrected assuming a -80 mV membrane potential and
mammalian cerebellum and found to be insensitive to DHP their frequency of appearance counted over 0.5-3 min. The
and &i-CgTX. but very sensitive to a low molecular weight levator auris muscle (15) was used to study the presynaptic
fraction of the venom of the funnel-web spider Agelenopsis motor nerve terminals currents. The presynaptic currents
aperta (4). This funnel-web spider toxin (FTXI was also were recorded with glass microelectrodes of 5-15 Mfl resis-
effective in blocking Cal' conductance and synaptic trans- tance filled with 2 M NaCI and placed inside the perineural
mission at the squid giant synapse (4). Evoked release of sheath of small nerve branches near the endplate areas (Fig.
neurotransmitter was shown to be dependent on Cal- influx 1A) (16. 17). The nerves were stimulated by using suction
through the N-type VDCC in sympathetic neurons by the electrodes coupled to a pulse generator with associated
inhibitory effect of o-CgTX and the lack of effect of DHP (5). stimulus isolation unit (0.1 ms). The recording microelec-
By contrast, substance P release from dorsal root ganglia trodes were connected to an Axoclamp 1A amplifier (Axon
neurons (6, 7) and catecholamine release from chromaffin Instruments. Burlingame, CA). The signals were digitized
cells (8) are strongly inhibited by DHP. consistent with a (Scientific Solutions. Labmaster A/D converter), stored, and
major participation of L-type channels. However. mamma- analyzed by a computer.
lian motor nerve terminals are normally insensitive to either Preparation of Synaptosomes and Measurement of Cal+
uj-CgTX or DHP (9-1i). Furthermore. in brain synapto- Uptake. Cerebral cortex from three rats was homogenized in
somes. K -evoked Ca-"" uptake and transmitter release are 0.32 M sucrose with a manual Teflon/glass homogenizer. The
only partially sensitive to w-CgTX and DHP (12.13). Thus the homogenate was centrifuged at 3000 x g for 10 min at 40C.
identity of the VDCC involved in transmitter release in the and the supernatant was further centrifuged at 20.000 x g for
majority of the synapses at the mammalian central and 20 min. The pellet was resuspended in 0.32 M sucrose and
peripheral nervous system has not been defined. The exper- seeded in a 0.8-1.4 M sucrose gradient. After 2 hr of
iments presented here were designed to study the effect of

Abbreviations: VDCC. voltage-dependent Ca-' channel: FTX. fun-
The publication costs of this article were defrayed in pan by page charge nel-web spider toxin: sFTX. synthetic FTX: DHP. 1.4-dihydropyr-
payment. This article must therefore be hereby marked "adi erttsement'" idine: a.-CgTX. wp-conotoxin.
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 'To whom repnnt requests should be addressed.
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A-sti/u--s to trigger transmitter release in a high percentage of trails.
,1 as ,When transmitter release was evoked, small endplate poten-

tials were recorded with fluctuating amplitude multiples of
the miniature endplate potential amplitude (Fig. 1B). Neu-
romuscular transmission and contraction was restored a few
minutes after the preparation was washed with normal solu-
tion.

The effect of FTX on the conducted nerve action potential
was tested by studying the presynaptic currents recorded in
the perineurum near the endplate areas in a curare-treated
preparation. The negative signal recorded is associated with
Na currents in the final nodes of Ranvier and initial portions
of the unmyelinated terminals and with the K' currents from

E the nerve endings (16). The lack of effect of FTX on these
__ currents indicates that the toxin has no effect on the presyn-S~aptic action potential (Fig. 1C).

The inhibitory action of FTX on synaptic transmission was
further characterized by studying the effect of various con-

2Om V centrations of FTX on quanta( content of evoked transmitter
release. The muscles were incubated in a low Ca 2'/high

2ms Mg 2 solution. The control values for mean quantai content
- " - of evoked release were between 1.1 and 2.8. A 50% inhibition

rof the quantal content of evoked release was obtained with a
submicromolar concentration of FTX (Fig. 2). In contrast,
evoked neuromuscular transmission was completely insen-
sitive to 5 AM (o-CgTX tested under similar conditions (10).

FTX has been reported to be a low molecular weight.
nonaromatic polyamine. Synthetic arginine-polyamine (sper-
midine) adducts were found to have FTX-like activity (sFTX)
(18). Quantal content of transmitter release was inhibited in
a dose-dependent manner with low millimolar concentrations
of sFTX (Fig. 2). As a control the effect of spermidine was

FIG. t. (A) Schematic drawing of a nerve-muscle preparation studied. At concentrations up to 3 mM. spermidine had no
indicating the position of the intracellular (a) and extracellular IbN effect on neuromuscular transmission.
recording microelectrodes. (B) Upper trace. intracellularly recorded Spontaneous transmitter release was also affected L -1 FTX
muscle fiber action potential elicited by phrenic nerve stimulation: and by sFTX. A 50-100% increase in miniature frequency
lower trace, a similar recording 10 min after the bath application of was observed in muscles treated with 0.5 /l of purified taxin
FTX Q •l/ml) in normal Ringer solution. (C) Perineural recordings per ml or with 1 mM sFTX. The amplitude of the miniiture
of presynaptic currents in a paralyzed muscle (normal solution plus endplate potentials was substantially reduced (over 47c)
30,uM curare) before (Irace a) and after (trace b) bath application of without major alterations in their time course.
FTX (1 Ql/ml). To further investigate the inhibitory mechanism of FTX ,i

centrifugation at 50.000 x g. the bands in 0.8-1. 1-1.2. and synaptic transmission, the effect of the toxin on the presyr-
1.2-1.4 M layers were pooled and slowly diluted 1:4 in aptic Ca2 + currents was studied. Presynaptic currents were
Ca2 -free 132 mM NaCI. After centrifugation at 35.000 x g
for 15 min. the pellet was resuspended in solution A (132 mM 120
choline chloride/1.2 mM CaCI2) or solution B (65 mM choline
chloride/1.2 mM CaCI2). Samples from A and B suspension 100
(500 Al..500 p.g of protein) were incubated for 10 min at 32°C
with or without toxin. 4"Ca 2'+ uptake was started by the t{
addition of ̀ 'Ca2 ' (0.3 /.Ci/lzmol: 1 pCi = 37 kBq) in 200 p.A 80
of Na' Ringer solution, for basal uptake, or Na-/K' Ringer
solution for K'-stimulated uptake (final K concentration. 65 -2 60
mM). Uptake was stopped after 15 or 30 s with the addition
of 3 ml of 5 mM EGTA buffer solution. This suspension was
rapidly filtered under vacuum through Whatmann GF/B filter 40
paper and washed three times with 132 mM choline chlo-
ride/5 mM KCI. 1.2 mM CaCl,/1.3 mM MgCI 2/10 mM
glucose/5 mM Tris. pH 7.4. Filters were dried and immersed 20
in scintillation fluid for measurement of radioactivity. FTX
was purified chromatographically from the crude venom of
American funnel-web spiders (Spider Pharm. Black Canyon. * FTX -0 -2 1u

A.ZD. Synthetic FTX (sFTX) was prepared as described (18). 10 10 10 1 ul/m,
:: sFTX
A Soermiane 0.1 1.0 10 mM

RESULTS
FIG. 2. Effect of FTX to), sFrX (c) and spermidine (a) on the

Hemidiaphragms incubated in normal Ringer solution were quantal content of evoked release at the neuromuscular junction of
treated with FTX 11 p.I/mI). After a few minutes. muscle the mouse diaphragm incubated with 1.2 mM Ca. and 6rmM Mg'.
contraction elicited by nerve stimulation was abolished. Each pointi s the mean "- SE of at least six muscle fibers. TheP/rnml
Intracellular recording showed that nerve stimulation failed scale applies to FTX: the mM scale applies to sFTX and spermidine.
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FIG. 3. Effect of Cd 2
+, FTX, and sFTX on the presynaptic currents. Perineural recordings of presynaptic currents were obtained in levator

auris muscle incubated in normal Ringer solution plus 30 MM curare. 10 mM tetraethylammonium. 250 AsM 3.4-diaminopyridine. and 100 uM
procaine. (A) Before Itrace a) and 30. 60. and 90 s after (traces b-d) the addition of 500 AM Cd 2* to the bath solution. (B) Before (trace a) and
after (trace b) the addition of FTX (0.5 MI/ml). (C) Before (trace a) and after (trace b) the addition of sFTX (300 ,M). For trace c. the Ca2*
concentration was raised to 6 mM in the presence of sFTX.

recorded in curare-treated muscles incubated with K-- but not T-type channels in chicken sensory neurons and rat
channel blockers (tetraethylammonium, 10 mM, 3.4- sympathetic neurons (3-5). In cerebellar Purkinje cells, the
diaminopyridine. 250 p.M). The nerve was stimulated every P-type VDCC was characterized by its lack of sensitivity to
30 s and monitored continuously from the same site before w-CgTX and to DHP, and by its high sensitivity to FTX (4).
and throughout the application of the toxin. Typical wave- The nature of the VDCC subtype directly involved in
forms recorded from the perineural sheath have a large transmitter release in mammalian central and peripheral
negative (downward) component and a long-lasting positive nervous system is not well defined. Evoked release of
component. The latter has been shown to be Ca 2 "-dependent transmitter by nerve stimulation at the mammalian neuro-
(17) and sensitive to the inorganic Ca2*-channel blocker Cd2- muscular junction is not affected by DHP antagonists unless
(Fig. 3A) but insensitive to ca-CgTX (19). Ca2> channels have been previously activated by a DHP

The addition of FTX (0.5 lI/ml) to the bath rapidly agonist (11). w-CgTX is also ineffective against the nerve-
diminished the Cal+ wave (Fig. 3B). With a higher concen-
tration of FTX (1Ql/ml), only a brief positive wave remained A
that was still present after the addition of 15 mM Cd2-. 100-
suggesting that it is not a Ca2> component. Submillimolar
concentrations of sFTX were also effective in blocking the 80-
slow, long-lasting Cal" component of the presynaptic cur-
rents (Fig. 3C). The blocking effect of the toxin was over- • 60
come by increasing the Cal' concentration in the bath
solution in a manner similar to that reported for other divalent 40cations (20). K. CWIV K* K.

K+-Stlnsulated 'Call Uptake by Synaptoeoines. The ex- FTX Cd
periments presented above and our previous findings on the B
blocking action of FTX on squid giant synaptic transmission 100-
(4) prompted us to evaluate the effect of the toxin on central
nervous system synapses. Synaptosomes have been widely 80 4

used for the study of VDCCs. In nerve terminals. Ca2+ influx
into synapotosomes can be estimated by measuring the ) 60 -
"4 5Ca 2l uptake when synaptosomes are depolarized by K-.

FTX and sFTX were effective inhibitors of the K+-induced D 40
"4'Ca2> uptake in cerebral cortex synaptosomes (Fig. 4). FTX
(0.7 jil/ml) reduced 45Ca 2+ uptake to the same level as that 20
in the nondepolarized synaptosomes. However. 100 AM
Cd2 was more effective: it also blocked part of the non-K*-
dependent uptake. Submillimolar concentrations of sFTX Control sFTX sFTX sFTX Sperm. Atgri. Sperm.

were able to block the Ca->÷ uptake in a dose-dependent lOOuM 300uM 1mM 1mM 1mM 4gin.
manner. In contrast. spermidine or arginine alone or corn- 1mM
bined showed no significant blocking effect. FIG. 4. Effect of FTX and sFTX on K -evoked 43Ca2 + uptake in

rat cerebral cortex synaptosomes. (A) Uptake of 4SCa-,+ in synap-
DISCUSSION tosomes incubated in high K÷ (65 mM) in the absence or presence of

Electrophysiological studies have shown that VDCCs are FTX (Q l. ml) or Cd2 (100MM). Control is the uptake in normal K
heterogeneous (21). In peripheral neurons, the T-. L-. and (5 mM). iB( Uptake of K÷ stimulated 45Ca2 * in the presence of

vanous concentrations of sFTx or 1mM spermidine (Sperm.). argi-
N-type channels can be distinguished by their sensitivities to nine i Argtn.I. or spermidine and arginine. For each experiment the
organic Ca:-channel antagonists and to &s-CgTX. The control 'alue i100%) was obtained by subtracting the uptake in
L-type is sensitive to modulation by DHPs. whereas N- and normal K- to the uptake in high K*. Each bar represents the mean
T-types are not sensitive. w-CgTX blocks N- and L-channels. - SE.
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stimulated evoked release: however, it is capable of reducing similarity between the two. Our findings reaffirm the idea that
the frequency of spontaneous release of transmitter 110). polvamines. particularly amino acid-polyamine adducts, may
Motor nerve terminal presynaptic Ca2' currents measured play an important role in neuronal channel pharmacology.
with the intrapenneural technique were found to be insensi- Thus, it is important to consider the possibility that nonar-
tive to DHP agonist 117) and also to w--CgtTX (19). In omatic polyamines resembling sFTX may normally be syn-
contrast. the experiments presented in this paper showed the thesized in the body and may exert a modulatory action on
high potency of FTX in blocking synaptic transmission and VDCCs and, hence, on transmitter release.
presynaptic Ca2" currents at the mouse neuromuscular junc-
tion. Therefore. from a pharmacological point of view the This work was supported by funding from Consejo Nacional de

VDCCs involved in nerve-evoked transmitter release at the Investigaciones Cientificas y Tecnicas of Argentina. a grant from the
Muscular Dystrophy Association of Amenca. Fundacion Antorchas.

mammalian nerve terminals resemble the P-type channels U.S. Public Health Service grants (NS13742 and AG09480). and a
described in Purkinje cells. Unfortunately, neither the elec- grant from! 'e Armed Forces Office of Scientific Research (AFOSR-
trophysiological characteristics of the motor nerve terminal 89-0270).
channels at the single-channel level nor the macroscopic
voltage-clamped currents are known. Therefore. it is not 1. Katz. B. 1969) The Release of Neurotransmitter Substances
possible to compare their electrophysiological properties i Liverpool Univ. Press. Liverpool. U.K.).
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Reports of Papers Presented at the General Scientific
Meetings of the Marine Biological Laboratory

August 12-14, 1991

Short Reports are arranged (after the first featured article Fox, S. H., A. B. DuBois, and C. S. Ogilvy. "The effect
by Llinas et al.) alphabetically byfirst author within the of carbon dioxide on blood pressure, heart rate, intra-
following categories: Neurobiology and Biophysics (pp. cranial pressure, and the Cushing response in bluefish
316-333), Cell and Molecular Biology (pp. 333-342); (Pomatomus saltatrix)."
Fertilization and Development (pp. 342-350); Physiology Kaplan. Ilene M., Barbara C. Boyer, and Lesley Carmi-
(pp. 350-356); and Systems and Ecology (pp. 357-361). chael. "The impact of socio-economic trends in the

All Short Reports were reviewed by members of our New England Conch (Busy Con) fishery on environ-
Special Editorial Board. Board members include: George mental changes and seafood inspection."
Augustine (University of Southern California); David Epel Nelson. Leonard, and Lucio Carieilo. "Enzymatic cor-
(Hopkins Marine Station); Judith Grassle (MBL); Ehud relates of Arbacia punctulata gametes exposed to pes-
Kaplan (Rockefeller University); George Langford (Uni- ticides."
versity of North Carolina); Jack Levin (VA Medical Center. Reynolds. G. T., and D. A. Hajduk. "Luminescence from
San Francisco): James Olds (NIH); Robert Palazzo polymerization of acrylamide."
(MBL); Darrell Stokes (Emory University); Ivan Valiela Sheetz. Michael P. "Expansion and linearization of nu-
(Boston University Marine Program); and Steven Zottoli clear material visualized by video microscopy."
(Williams College). Silver. R. B. "Temperature induced spawning in Echi-

In addition to the reports contained in this issue, the narachnius parma experiments? Knot when they're
following papers were also presented, by title, at the meet- hot."
ings. The abstracts of these papers are available from the Sweet, Hyla C., and Barbara C. Boyer. "Multiple first
MBL Archives. quartet micromere deletions in eight-cell stage embryos

of Ilvanassa obsoleta."
Du, Jun, and Raquel Sussman. "mRNA analysis of a Zhong, Nan, and Robert M. Gould. "Partial cDNA se-

DNA-damage-inducible operon involved in mutagen- quence of phosphatidylinositol-specific phospholipase
esis of E. coli." C (PI-PLC) from squid and dogfish nervous tissues by

van Egeraat, Jan M., Richard N. Friedman, and John P. RNA-PCR."
Wikswo. "Magnetic measurement of the spatial distri- Zhou. Zhimin, Gordon L. Fain, and John E. Dowling.
bution of action currents in injured squid giant axons "Amino acid receptors in isolated horizontal cells from
and squid giant synapses." the white perch retina."
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Imaging Preterminal Calcium Concentration Microdomains in the Squid Giant Synapse
R. Llinds', M. Sugimori' and R. B. Silver2 ('Department of Physiology and Biophysics,

New York University Medical Center, New York, New York; and 2Section and Department
of Physiology, Cornell University, Ithaca, New York 14853-6401)

Intracellular calcium is the main trigger for transmitter release eotape and characterized by digital image processing and analysis
at most chemical synapses (1). The mechanisms by which cal- methods.
cium activates such release is presently unknown. The initial Results were obtained from eight different synapses bathed

* working hypothesis about the relationship between intracellular in artificial seawater (10 mM Ca 2
+); one synapse was injected

calcium concentration ([Ca2+]+) and transmitter release was based with normal aequorin, and the other seven injected with the n-
a on results from the neuromuscular junction (2), and was pro- aequorin/J. Upon tetanic stimulation, small points of light were

posed as a single-compartment release model. According to this detected over the preterminal region in the area of the "active
model. vesicles are exocytosed following a fourth-order relation zone" (Fig. I).
with respect to [Ca 2

*i,. This model, while useful, and clearly the These points had an average diameter of approximately 0.5
best that could be made at the time, did not consider the many gm and were distributed over roughly 5-10% of the total area
variables that regulate such parameters as [Ca2÷], or vesicular of the presynaptic membrane (with an average of 8.39 ;12 per
availability. Moreover, calcium was thought to flow uniformly 100 A) (Fig. 1). Results from all synapses were quite similar.
across the preterminal membrane, and the model of transmitter They show that the portion of the presynaptic terminal forming
released did not adequately consider the ultrastructure of the the active zone emits light during presynaptic activation, indi-
presynaptic terminal. Present information regarding such pa- cating that the calcium concentration is elevated in the range of
rameters demand a more complete multi-compartment model. 10-' .M, during this active period.

Indeed. the possibility that calcium channels are localized at The location of these small light sources was determined by
a discrete site in the preterminal was suggested in the late-70's two methodologies. Furs, light-emission points were accumulated
(3). The suggestion came as a result of voltage-clamp experi- during several seconds of stimulation, and the spatial and tem-
ments, which revealed the latency between the tail current cal- poral distribution of the blips was then studied. Second, to ensure
cium entry and transmitter release to be as short as 200 ms (3, 4). that the location of the patches of blips were similar within re-
This morphological prerequisite ofsynaptic vesicles being directly peating stimuli, sets of successive temporal image integrations
apposed to the calcium channels was recently confirmed his- of the recording were compared.
tologically (5). From voltage clamp data. the maximum [Ca 2 i1, Both methods illustrated a similar distribution of microdo-
against the membrane was calculated to be about 10-'M (4). mains and roughly the same size and intensity of light points.
These results shifted the focus from cytosolic residual calcium The results suggest that microdomains may belong to one of
to the problem of what is now known as calcium microdomains two varieties: (1) those frequently activated, and (2) those that,
(6-9). The term "calcium microdomains" refers to a very precise while repeating, activate less often. Finally, analysis of digitized
distribution of sites for (Ca2*]i change. These microdomains were sub-regions of the image field showed that the temporal and
expected to occur against the inside of the presynaptic terminal spatial distribution of microdomain action through time reflects
at the active zone. In fact, each active calcium channel is thought the temporal cycling of active sites from one point of membrane
to produce a rapid (i.e.. a few Ms) increase in [Ca 2 i], lasting to the next, during stimulation. This finding suggests that an
for the duration of the average open time of the channel (8). even more complex modulation of activity may be present in
This influx is thought to generate a [Ca'2+, profile as high as these terminals. Indeed, in addition to calcium microdomains.
200-300 Mmoles in the proximity of the calcium channels. This compartmentalization of other parameters such as the degree of
being the case, transmitter release would be triggered by extraor- phosphorylation of synapsin 1 (11) may also show dynamic in-
dinarily high transient calcium-concentration change in the im- teraction. which would ensure a fine control of transmitter release
mediate vicinity of the presynaptic release site where the vesicles from one impulse to the next. Of interest here is the possibility
are lodged (4, 8). that a certain number of calcium channels may have to be active

To test this hypothesis, a special type of signalling methodology simultaneously in order to activate the aequorin signals observed
was introduced. A hybrid synthetic n-aequorin/J (10), having a here. In that case, the high level of [Ca2 +]i obtained at the mi-
sensitivity to [Ca'2]i in the order of 10-', was developed for this crodomain may itself reduce, by a -lateral inhibition" type effect
purpose by Dr. Shimomura. This aequorin was injected presyn- the probability of further calcium channel activation in a given
aptically at a concentration of 5%. in conjunction with "dis- active site.
charged" normal sensitivity aequorin made fluorescent to permit We extend our deep gratitude to Dr. Osamu Shimomura for
its intracellular localization. The distribution of the injected his generous gifts of the custom aequorin preparations used in
protein following impalement of the presynaptic terminal of the this study. The authors gratefully acknowledge research grant
giant synapse of the squid Loligo pealii was visualized with a support from the NIH (NS 14014 to RL). the U. S. Air Force
fluorescence microscope using a 40x water-immersion lens. Ae- (OSRG85-0368 to RL). the NSF (DCB-9005343 to RBS) and
quorin luminescence was then detected with a VIM camera op- the Cornell-U. S. Army Biotechnology Center of Excellence
erated in the photon counting mode: the images stored on vid- Program (24629-LS-UIR to RBS).
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F~igure 1. 1,naveri cof Ca- *d, cncn aequorin ltvnineic crnce from pre-terminal of the squid giani stynapse.
.\otc' the discrete vizes of indiividual blips. Pcc'udo-icoortne is used to indicate brightness of each blip: white
and red are die briontest blips. blue ana t o/c'! blip% aire hitit teast intense. Panel . .A 10-s intezration oftihe
prc'-termzina/ 30 ) prior ito kitnuiaiton. Panei B .1 10- % inteeratioti ol the same ree~ton of the pre-terminal
'hovfl iPI Panel .1) f(' lllosicci5 Me onset of fc'fanic mtmujatton Vote ihe increase in the numt'er of blips
,i opared to Panc'i .IPanei C .in enlarec'a irnaec of t aitcon inicrodomains in the' region indicated within

rihe instet hb rat'r5 of Panel B lBar / 10 uni
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Synaptic Background Activity Influences Spatiotemporal Integration in Single P)Tamidal Cells
Ojivind Bernander and Christof Koch (Califbrnia Institute of Technology,

216-76, Pasadena. C4I 91125)

Standard I-D cable theory models the soltage behavior of overall effect of synaptic background activity on the spatial and
spatially extended cable structures in response to synaptic inputs, temporal integrative properties of a single pyramidal ceUl.
These models usuall-v assume R,, of 5-20.000 i~cm- and a small A typical layer V pyramidal cell in the striate cortex was tilled
number of' acti'ated synapses. Each sxnaptic input induces a with HRP during in vivo experiments on anesthetized, adult
transient increase in the membrane conductance. w~hich is small cats: R,, = 21 MS2 andTi,,, 22 ms (3). Lengths and diameters
relative to the total cell conductance. However, neurons do not of all 163 dendritic branches were measured, and the data was
exist in isolation, but are part of a heavily interconnected network t~ed into a modified version of NEURON. a single cell simulator
of neurons that are spontaneoush, actise: c'2.in uisual corte~x deseloped by M. Hines and J. Moore (4). Passive properties
at rates bet,.%een 0.i-5 synaptic es ens per second il-iz ( 1). Gisen w~ere set to: R,, = 100.000 J2cm:. C, = I Mr -. R, =200 SUcm.
that the a'.erave cortical pyramidal cell recei'.es input from 10- and E,, = -66 mV. Seven active Hodgkin-Huxley-like cur-rents
20.000( s~ napses. this background acti' tiv can cause an added %%ere located at the soma. including a calcium-dependent K cur-
membrane conductance comparable to (i., -I R_, In the light rent, giving such basic behavior as spike adaptation and pnmarv
of recent e, idence suggesting much higher %alues for R, 2). slope of the curve relating injected current to the number of
this osnaptic backvround actiitt\ ma,\ actual[% constitute the action potentials triggered. We modeled 4.000 excitatory synapses
hulk of the ettectise membrane conductance. Here we stud% the using ginl = const te ,tkfor the time-varying conductance in-
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mV), the membrane potential throughout the cell is pulled to-
wards more depolarizing potentials. That the spatial integrative

, .. properties vary with f is demonstrated in Figure Id. The elec-4tronic distance of three locations are plotted vs. f. As we go from
I '' 0 to 2 Hz. the distance increases almost by a factor 3, making
* the cell much less compact, effectively isolating distal parts of

the apical tree.
We showed that the synaptic background activity can modify

* -. , , - the temporal integration behavior of the cell, by computing the
minimal number of excitatory synapses necessary to generate
at least one action potential. We compare the case in which all

"42• '"synapses are activated simultaneously with the case in which
3 ....... the inputs arrive asynchronously, smeared out over 25 ms. If f

S-- = 0, 115 synapses must fire simultaneously to generate a single
- * action potential, while 1.45 are needed if the input is desyn-

- chronized. This small difference is due to the long integration
I .'period of the cell. If the background activity increases to f= I

'. .- ...... "........ Hz. 113 synchronized synaptic inputs-spread out all over the
____________ _ ", , cell-are sufficient to fire the cell. If, however, the synaptic input

is spread out over 25 ms. 202 synapses are now needed to trigger
a response from the cell. This is mainly due to the much smaller

Figure 1. Impact ofsynaptic backgrondfrequency (in synaptic events value of r= relative to the period over which the synaptic input
per second. H:.) on cellular parameters of the layer V cell described in is spread out. The difference between synchronized and unsyn-
(he text. (a) Somatic input resistance. R,_, in the absence of any active chronized synaptic input in evoking action potentials becomes
currents (top curve: passive neuron) and in our standard model (bottom
curve). Over this range, the somatic input conductance vartes from 9.1 much larger if periodic, repetitive synaptic input is considered.
nS (at f = 0) to 151 nS (at f = 7 H:). (b) Membrane time constant. r, The principal phenomenon reported here is the dramatic effect
measured at the cell body. (c) Somatic resting potential. V,.. (d) Elec- that network activity can have on the spatiotemporal integration
trotonic distance. L. from the soma to three different locations (the distal behavior of single neurons. Our results show that the large values
end of a basal dendrite, a point halfwa.v up the apical tree and the most of Rm and T7 reported by several groups for pyramidal cells (2,
distal point in layer 1). 5, 6) may simply reflect the lack of general synaptic background

activity typically observed in slice preparations. This would also
explain the lower values of V,. seen in slices as compared to in

crease (with g.k = 0.5 nS and t.,ý. = 1.5 ms). 500 inhibitory, vivo intracellular recordings. Thus. the overall activity of the
synapses of the GABAA type (with gp, = 1.0 nS and t.,. = 10 network can alter the properties and the behavior of single neu-
ms) and 500 of the GABAD type (with gpk = 0. 1 nS and t. rons. Our prediction can be simply tested by recording from
= 40 ms). The density of inhibitory synapses was highest on. or one cell and varying the overall network activity with the help
close to, the soma. and vice versa for excitatory synapses. of sensory afferents.

Figure I illustrates what happens if the synaptic background
activity. (f) is varied. In the absence of input (corresponding to Literature Cited
slice conditions). R,, = 153 Mfl and Tm. = 80 ins. while V,,• is I. LeventhaL A. G., and H. V. B. HirsCL 1978. J. Neurophysiol. 41:pulled between El.k and EK (-95 mV). At I Hz background 948-962.
activity, 5 synaptic events are impinging on the cell everyi ms. 2. Major. G. e. aL. 1990. J. Physiol. 430:13P.
contributing a total of 24 nS to the somatic input conductance 3. Dougs R. J, eta. 1991. J. Phyiol. In press.
G,i (corresponding to 34%). Along with R., Tm drops with in- 4. Hines. M, 1989. Int. J. Biomed. Comput. 24: 55-68.
creasing f. This drop is most dramatic between 0 and 2 Hz. 5. Andersom. P, et aL 1990. Symp. Quant. Biol. 55: 81-86.
Because of the reversal potential of the excitatory synapses (0 6. Spruston. N., and D. Johnston. 1991. J Neurophysiol. In press.
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SUM31AM.Y

1. Presynaptic or simultaneous pre- and postsynaptic voltage-clamp protocols
were implemented in the squid giant synapse in order to determine the magnitude

and time course of the presynaptic calcium current (Ica) and its relation to
transmitter release before and after presynaptic injection of proteins. These included
several forms of synapsin I. calcium-calmodulin-dependent protein kinase II (CaM
kinase II) and avidin.

2. The quantities and location of these proteins were monitored by fluorescence
video-enhanced microscopy during the electrophysiological measurements.

3. Presynaptic injection of dephosphorylated synapsin I inhibited synaptic
transmission with a time course consistent with diffusion of the protein through the
terminal and action at the active release zone. A mathematical model relating the
diffusion of synapsin I into the terminal with transmitter release was developed to
aid in the interpretation of these results.

4. Synapsin I inhibition of transmitter release was reversible.
5. The action of synapsin I was highly specific, as phosphorylation of the tail

region only or head and tail regions prevented synapsin I from inhibiting release.
6. Injections of heat-treated synapsin I or of avidin. a protein with a size and

isoelectric point similar to those of synapsin I. had no effect on transmitter release.
7. CaM kinase II injected presynaptically was found to facilitate transmitter

release. This facilitation, which could be as large as 700 % of the control response. was
related to the level of penetration of the enzyme along the length of the preterminal.
A mathematical model of this facilitation indicates a reasonable fit between the
distribution of CaM kinase II within the terminal and the degree of facilitation.

8. The overall shape of the postsynaptic response was not modified by either
synapsin I or CaM kinase II injection.

9. The data suggest that. in addition to releasing transmitter, calcium also
penetrates the presynaptic cytosol and activates CaM kinase II. When activated.
CaM kinase II phosphorylates synapsin I. which reduces its binding to vesicles
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and/or evtoskeletal -tructures. enabling more vesicles to be released during a
presynaptic depolarization. The amplitude of the postsynaptic response will then be
both directly and indirectly regulated by depolarization-induced Ca 2 influx. This
model provides a molecular mechanism for synaptic potentiation.

INTRODUCTION

Electrophysiological and morphological studies in the squid giant synapse
preparation have yiel, ld significant insights into the mechanisms of depolar-
ization-release coupling in chemical transmission (Katz & Miledi. 1967: Llinis.
Steinberg & WValton. 1911 a. b: cf. Augustine. Charlton & Smith. 1987). Because both
the pre- and postsynaptic terminals in this junction can be impaled directly (Bullock
& Hagiwara. 1957: Hagiwara & Tasaki. 1958). the depolarization-release coupling
process may be studied at its site of occurrence. We have recently examined some of
the biochemical steps involved in the release process. Since the presynaptic terminal
can generate action potentials (Miledi & Stater. 1966: Llinis. Sugimori & Simon.
1982). the effects of presynaptically injected proteins on depolarization-release
coupling can be directly tested using spike activation. In addition, pre- and
postsynaptic voltage clamping, combined with pharmacological blockade of Na" and
K' conductances. allow precise measurement of the presynaptic Ca 2+ current.
Transmitter release can be inferred from the time course and amplitude of the

postsynaptic potential (Llinais. Steinberg & Walton. 1976: Llinis et al. 1981b) or
the postsynaptic current (Llinas & Sugimori. 1978: Augustine & Charlton. 1986).
thereby allowing determination of the relationship between Ca 2+ entry and
transmitter release.

Several findings have suggested a prominent role for the protein synapsin I in
synaptic transmission. For instance. synapsin I has been found to be nearly
ubiquitous in presynaptic terminals, and to be closely associated with the
cytoplasmic surface of small synaptic vesicles. It represents about 1 % of the total
neuronal protein in the mammalian brain (DeCamilli. Cameron & Greengard. 1983:
Greengard. Browning. McGuinness & Llins, 1987). Earlier experiments in the squid
giant synapse have indeed shown that intracellular injection of synapsin I can block
synaptic transmission. and that Ca 2'-calmodulin-dependent protein kinase II (CaM
kinase II) has a facilitorv effect (Llinis, McGuinness. Leonard, Sugimori &
Greengard. 1985: Greengard et al. 1987).

Based nr these and other findings, we hypothesized that synapsin I serves to
immobilize synaptic vesicles by binding them to cytoskeletal elements, and that
phosphorylation of synapsin I by CaM kinase II liberates vesicles from these
attachments (Llins Ft al. 1985: DeCamilli & Greengard, 1986: Greengard et al. 1987:
McGuinness. Brady. Gruner. Sugimori. Llins & Greengard, 1989; DeCamilli.
Benfenati. Valtorta & Greengard. 1990).

The regulation of synapsin I phosphorylation is of central importance to this
hypothesis. Synapsin I can be phosphorylated at three sites: site I is located in the
globular head region of the molecule. while sites 2 and 3 are located in the elongated
tail region. Previous studies have indicated that CaM kinase II is capable of
phosphorylating synapsin I on its tail sites, while the head site can be phosphorylated
either by cyclic AMP-dependent protein kinase or by Ca 2 4 -calmodulin-dependent
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protein kinase I (Huttner & Greengard. 1979: Sieghart. Forn & Greengard. 1979:
Huttner. De(ennaro & Greengard. 1981: Kennedy & Greengard. 1981: Czernick.
Pang & Greengard. 1987: Nairn & Greengard. 1987). Phosphorylation of the tail
region by ('aM kinase 11 reduces the binding of synapsin I to synaptic vesicles
(1Huttner. Scheibler. (Greengard & De( 'amilli. 1983: Schiebler. .Jahn. Doucet. Rothlein
& Greengard. 1986: Benfenati. Bahler. Jahn & Greengard. 1989) as well as to actin
(Bahler & Greengard. l¶9s7 : [Petruc'i & Morrow. 1987). It has heen hypothesized that
synapsin I cross-links synaptie vesieles to actin. and that upon phosphorylation of
synapsin I by (aM kinase II. the vesicles are free to move from a -reserve' pool to
a 'releasable' pool (Llin~is -t it. 1985: Bahler & Greengard. 1987: Benfenati el al.
1989: DeCamilli tqal. 1990l. The size of the postsynaptic response would then depend
on both the size of the inward calcium current and the number of vesicles available
for release. Here we present results obtained following the injection of synapsin I and
CaM kinase 1I which are consistent with this hypothesis. Some of the results have
been reported in preliminary form (Llinds et al. 1985).

METHODS

Stellate qa nqlion preparation

Experiments were perfirmed in the ,iant synapse of the squid Loligo pealii at the Marine
Biological Laboratory. Woods Hole. MA. USA. After decapitation of the squid. the stellate
ganglion was isolated from the mantle under running sea water and placed in the recording
chamber. The connective tissue over its surface was removed while the ganglion was continuously
superfused with artificial sea water tir the duration of the experiment (Llinas et al. 1981 a). The
presynaptic terminal was impaled with two microelectrodes: one to inject current and the different
proteins, and one to measure voltage, which provided the feedback signal for the voltage-clamp
amplifier. Chemicals (TEA) and proteins (phosphorylated and dephosphorylated synapsin I. mock
phosphorvlated synapsin 1. avidin and ('aM kinase II) were injected into the presynaptic terminal.
using pressure pulses -0-1001 ms in duration, regulated to 106 N/mr. The postsvnaptic fibre was
impaled with two electrodes. one for voltage recording, the other for current injection. A brief
electrical stimulus to the presynaptic bundle via a bipolar electrode located proximal to the stellate
ganglion was used to confirm the viability of the preparation prior to the initiation of each
experiment. Following demonstration of synaptic transmission, the sodium and potassium
conductances (g%. ) were blocked by bath application of tetrodotoxin ('77rX: 5 x 10- M) and 4-
aminopyridine (4-AP) (final concentration 1 m.m). In addition. TEA was also injected pre-
synaptically in some experiments (see Figs 6A. 9 and 10). Careful monitoring revealed that during
this procedure the potential at the recording electrode depolarized transiently by 2-5 mV in
successful injections. Only in those experiments where the membrane potential stabilized within
5 mV of the pre-injection membrane potential level was the experiment continued. In our initial
experiments. dephosphorylated synapsin I was injected prior to any pharmacological intervention
to investigate the action of synapsin I in the absence of the ionic channel blocker. The presynaptic
as well as the simultaneous presvnaptic and postsynaptic voltage-clamp and calcium current
measurement techniques have been previously described (Llinas & Sugimori. 1978: Llinas et al.
1981a: cf. Augustine et al. 1987).

Visualization of intracelhdarly ins.iwted proteins

To visualize the proteins used in the presynaptic injections, the various forms of svnapsin I and
avidin were made fluorescent by con]jugation to the dye Texas Red (see below). Binding of the dye
to synapsin I did not alter its ability to: (a) be phosphorylated by CaM kinase II as assessed using
the procedure of Me(;uinness. Lai & Greengard (1985): (b) bind to purified synaptic vesicles using
the procedure of Schiebler ot al. f 198): or (c) inhibit neurotransmitter release (present report). A
high-gain fluorescence imaLying .Ystem consisting of a Videcon camera attached to a microchannel
plate-image intensifier (niaxinimn light magmnification. lO) allowed us to localize the protein in the

9-2
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preterminal. The iinaue na, then anatlxv-di int Hamamatsu C 1966 VIM image analysis system
which gave a weil-detined fluo~rescence profrile- The movement of the labelled protein was measured

at different time., after the injectioni azid its mnovement alouL' the terminal was determined by
entering the enhanced image into a computer tor araphic analy' sis. The rate of protein movement
was djetermined h v measuringv the advance if the wavefronts as the terminal filled, and then
calculating the percentage area -it' the terminal which remained unfilled at each time point. As
discussed below, after the protein had diffused several hundred micrometres and its concentration
had declined, the wavefront ei-care It-,s %%ell defined and thus its position gave an underestimate
oft he extent of protein mnii~ptnent into the terminal. The diffusion velovity of synapsin I and avidin
measured in this wa ' was tv 'picall ' 25-55 /tm min 'i-f. Fig. 3C) '.

The location of CaM kinaSe 11 was indirectly * vetermined hy adding Texas Red-labelled bovine
'.erlim albumin iBSA, to thie injec-tioni solution since the binding 'if dyes interfered with its
soitibilit 'v and/o ir ts abilityx ti- 1ihiisphir.v late sYnapsin 1. Addition of labelled BSA to the (aM

- --- kinase 11 solution had no idetectable effevt on the ability of the enzyme to phosphorylate synapsin
I in ritro or ion its ability ti enhanie ineurotransmitter release from the giant synapse.

In early experiment., the volume of svnapsin I injected into the presynaptic terminal was
determined using, 1 'I-labelleii s ' napsin I which was measured directly. using a gamma counter. In
five trials, the v-olume injeited was CO4.5-Il pl. i.e. _< 10"o of the total volume of the terminal digit.
corresponding to a maximal intracellular s ' napsin I concentration of 1-35um. Sy-napsin 1. avidin
and BSA had similar minbilitie-i in the terminal.

Pri~pfiration.s ij profrl~in

IDephosphor 'vlated , .. ynapsin I was purified from bovine brain by modification (Bahler &
Greengard. 110T, of th" procedure it'fSihiebler P1 al. (19861. (aM1 kinas~e 11 was purified from rat
forehrain as Iirevioiislvy iie--rihed Mc' ;iiinness #4f a/. 198.5). with the addition of hvdroxvlapatite
c-hromatography-% inserted betw~een the DEAE -4ellulose chromatography and ammonium sulphate
pirecipitation ,tep- [lie pri~nei U-0il kinase 11 0o-5 Ong mni-) Was dial ' sed extensively against
04-5 Ni-Jpotassiuin acetate.,'P lini n-Iotadsiimn phosphate. pH 7-4 (injection buffer) and stored at
- 74) O(C until imimediately tetore iise. The catalytic subunit of cyclic AMP-dependent protein
kinase. purified as ilesirihed i~aizmarek. -Jennings. Strumnwasser. Nairn. Walter. Wilson &
Greengard. 19X1II. %nas 'itrift of Dr A. C. 'Nairn. ('almodulin was purified as described (G;rand. Perry

&Weeks. 197,91 Avidiji. it basic priitein similar in size to synapsin I. was labelled with the
fluoreseent dlye Tra R~ed. Texas Red-labelled avidin and Texas Red-labelled BSA were obtained
from Molecular Probes (Eugene. 4 OR. USA). dissolved in and dialy-sed extensively against the
injection buffer. anrd -tired in aliquots at -70' 0C until immeýdiately before'use. Protein
ideterminations %%ere perturziiei 11i'v the miethod of Peterson J 19771 using BiSA as the standard.

Svnapsin I io-35 in&: ml 'Iwas phoispihor '-lated by incubation tor :341 min at 30 *C in .50 mm-Tris-
I-WI pH 7-5. 1.3o m.%t-Na( T. (4-4 mM-%tl(TA.* I rmM-dithiuerythritol. 10) mm-MgCI,. 100 jim-ATP with
trace amounts of [y-1 2PJATP. with either ('aM kinase H (3-4 jig ml-). 0)-7 mm-('aCl2 3A)jig ml-'
ealmodulin and/or the cataly* tic subunit of cyclic AMIP-dependent protein kinase (64) nw/0-l1 %1
Nonidet-P441). Mock phospho-synapsin I was prepared as above except that both kinases. (ia('l...
calmodulin and Niinidet-P44i were added while ATP was omitted from the reaction mixture.
Svnapsin I was phosphorylateil to it stoichiometry of 2-0 mol mol- by CaM kinane 11 anli

41-95 mol mo[- h '- the cataly'%tic subuinit iof cyclic AMIP-dependent protein kinase. as confirmed b 'y
one- and two-dimensional peptide mapping of the phosphori-lated synapsin I molecules (Huttner
pt ali. 1981: Kennetty & Greengard. 19S81: Kennedy. Nlc(uinnesg & Greengard. 1983).

Thes * napsin I preparatiions to be tluorescentlY labelled were dialysed extensively against 4)H ~m-
Tris;-H-WI (pH 9-Mo. 544 mMi-Na~l and then concentrated on an Amicon centricon 30 unit to a final
protein concentration of I mg nil 1. Conjugation to the fluorescent probe Texas Red (Molecular
Probes. Eugene. 4 OR. USA) \%as pierformedl according to the met hod of Titus. Haugland. Sharrow &
Segal. (1982). Briefly. I nis of Texas Red "-as dissolved in 2.54)pil of dimethylformamide and an
aliquat was immediately addled to the protein solution (0.5-I1-0l ml) using a ratio of 0-04 mg Texas
Red: I mg protein. C injuiratiiin reactions were carried out for I h at 4 *C. Synapsin 1. in both the
labelled and unlabelled pireparaktioins. %%as purified away from kinases, and/or unbound Texas Red
by- (M1-cellulose i-hromatiigraphy at pH $-41 W eda & Greengard. 1977). Sv.napsin I wan eluted from
the4 'M-'ellulose- -iilmimn %%ith in'leitiiin buffer, concentrated as (lescribed'above. diallysed overnight
against the injrcti in himtir-r. -t-itrifiuveid at 45(4M~) g for I5 min to remov-e large aggregates, and
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-ither stored at oi -( and used %% itnin 7 ila vs, oA preparation or stored at - 70 *C~ and thawed
immediately bef'ore u~se. The ab~orrian-e ratio A..... of the labelled svnapsin I ranged from 0-7 to
1:3. glivinu an e-stimated mnolar ':ve: protein ratio of .5A to 12:1. One-dimensional SDS-gel
o-leetrophoresis confirmedl that tne rtujoresvence vo-rnigrated with the svnapsin I protein staining
hands.

Elpetrolphvsiolovictal nspion~-. xi -r.-stored on a Nivolet 44)9413digital oscilloscope and transterred
to a Maits 1-optrfraa -,s ekamplitudes for the postsvflaptic potentials (PSP) or
-urrenrts (PSI) were determined u~init the averave value of the pre-stimulus baseline as reference.
In o'me experimients,. the aniplitueli. of(the postsYnaptic response was obtained bY integrating the
,urves over the pe-iod required r..r the- largest re-sponse to return to baseline. Indeed. in those cases

%%here the shiape of the response , urve did not change as a function of stimulus amplitude. the
inteural of the response vas propirtional to the peak response amplitude at all stimulus levels. This
was tested in three preparation, in which integrals of postsynaptic currents or voltage responses
were calculated and compared to teak-to-peak amplitudes. In each case, there was a high IR' -
(-9.5) linear correlation between the peak amplitudes and the integrals of the responses when
Vompared at various stimulus 1.vland there was no apparent change in the shape of the
responses. The maximum rate oi rise of the response was determined by a computer algorithm
%% hich determined ýlopes for suce-ive sets of five points 20,us apart. beginning at the onset of the
-timulus artifact to the timne ,t the response peak. The maximum slope determined by the
computer was ,veriaid on t he ra%% %%aveform for visual verification. Statistical calculations (linear
correlation coewthcients. t testsi %r lwre erormed using commercial statistics programs.

RESU LTS

The dlatabase comprised fifty-two experiments involving injections of various
dephosphorylated and phosphoryiated forms of synapsin 1. avidin and CaM kinase
11. The results of these experiments are summarized in Table 1. More than 100
experiments, in vhich the preterminal had been injected with one of the above
proteins, were excluded1 fromn this dlatabase for one of the following reasons: (a)
failure to achieve normal pre- and postsynaptic resting membrane potential values
after injection: Jo siunitwcant drop in membrane potential (more than 5 MV) or of
input resistance and (e) leakage of dlye into the extracellular compartment. Fine
adjustments of the electrode positions were sometimes needed to maintain recording
integrity. If a microelectrode came completely out of a terminal more than once, the

data ere iscar ed. y piap -iin I and tra nsemitter release

Effect of depho.-phorylated .syna psin I on neurotransmitter release elicited by
pre.-tynaptic action ple ntialbs

In twenty-one experiments. dephosphorylated synapsin I (synapsin 1) was
successfully injected into the final preterminal digit between 200 and 1100 #sm from
its distal end and allowed too diffuse throughout the remainder of the digit. In one
experiment the po~sts-na pt ic potential elicited by presynaptic nerve stimulation was
measured at reuiular inter% ati, after injection of the protein. This allowed the release
properties of the s ' napse to be (letermined in the absence of other pharmacological
agents. As shown in Fig. 1. injection of synapsin I was accompanied by a reduction
of transmitter release as nivasured by the decline in amplitude of the PSP. The
Juostsynapti(- response ducreased in amplitude after this injection as the protein
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difftusedI into the lpreterminal digit. without an 'y change in the amplitude of the
presvnaptic action potential. This decrease in the postsyflaptic response was almost
ro)iple~tet 24 min after the in)c~tiofl.

Trhese findinus are in agreemnent with our initial observations that the injection of
dcjphosjphorylated svnapsin I can block the release of transmitter induced by

TL 1ii . NurnfnarY of injection experiments

Injection NV NC I F

Ca.1 kina',e It 9. ( 8
Synapsin I 21 1 20) 4)
Mock phospfho-.Vfldnapsin I * 3 0 3 0
Heat-treated Yvnapsin 1 2 2 0) 4

Ht-ad-t:oil-p~ho)sphorvl.atedI svnapsin 1 4 3 1 0)
Head-phosphor iviated sYnapsin 1 7 1 6 0i
Tail- phosphorylated svnapsin 1 2 2 4) 0
AvIdin 4 4 0 0)
Total number 532 - - -

NV. total number: W. no 4hanize: 1. inhibition of release: F. facilitation.
*Prepared it. phnospho-Yrnapsin I except not phosphorylated.

presvnaPtic action potentials (Llinis et al. 1985) and with those recently published
on Mauthner cell function in the vertebrate central nervous sy.stem (Hackett.
Cochran. (;rventield. Brosius & Ueda. 190A)).

Relation between dephos.phorylated synapsin I diffusion into the terminal and
its, itrot ra ni.ini itte r rpe/fase Pr oked by~ presynaptir voltage steps

In order to establish the parameters that determine blockade of transmitter release
by (lephosphorylated s5 y napsin 1. calcium currents were measured before and at
several intervals after in jection of svynapsin 1. The presynaptic terminal was voltage
clampedl and transienti *v ydepolarized by rectangular v-oltage pulses of constant
amplitude (40) mV) and duration (4-5 ms) from a holding potential of -65 mV. This
allowed the time course and amplitude of the postsynaptic response to be determined
as a function of the presynalptic 1,.. (Llinis et al. 1981 a. b: Augustine. Chariton &
Smith. 1985).

The decrease 'in postsynaptic response to constant amplitude voltage steps
following syna psin I injection at the proximal end of the presynaptic digit is shown
in Fig. 2. The presvnaptic voltage step was repeated at the intervals indicated by the
numbers to the left in the top panel of Fig. 2 which indicate time in minutes after
injection. The results confirm our previous finding that synapsin I does not affect I~..
in contrast to its dframatic inhibition of the postsynaptic response (Llinis et al. 198.).
Almost complete inhibition of the positsynaptic response occurred at about 25-30 min
(see plot in Fig. 3B). In this experiment. gK was not completely blocked. as TEA was
not injected to avoid a possible interaction with the action of synapsin 1. However.
it can lbe seen that the initial rate and amplitude of 1,. was unaffected by synapsin
1. Furthermore. in subsequent experiments (see Fig. 6) it was observed that TEA, in
amounts requlliredl to abolish the K- currents. did not interfere with the ability of
sv napsin I to blovnk t rallsniit ter re~lease.
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In order to determine the mobility of synapsin I within the presynaptic cytosol,
and to investigate the relationship between the location of synapsin I and transmitter
release. a series of experiments were carried Gut in which synapsin I was injected at
various locations along the preterminal. Synapsin I was labelled with the fluorescent

Preterminal 0 3 6 Post-terminal
12

15

18 10 ms

Fig. 1. Pre- and postsynaptie potentials from the squid giant synapse before and after
presynaptic injection of.synapsin 1. Synaptic transmission was almost completely blocked
24 min after injection. No siunificant change in the presynaptic spike was observed. The
decrement in postsynaptic spike amplitude was due to g.5 inactivation and g. activation
as the time required for the PSP to reach firing level was prolonged by the progressive
block of synaptic transmission. The numbers give the time after synapsin I injection in
minutes.

dye Texas Red and imaged using video-enhanced microscopy (see Methods) which
allowed constant monitoring of the diffusion of the synapsin I-Texas Red conjugate.
The results of two experiments are shown in Fig. 3. The initial diffusion rate of
synapsin I into the presynaptic terminal, as determined by analysis of video-
enhanced microscopic images of five individual injections, ranged between 23 and
108pm min-' (mean + s.D. = 54+-33). This value is similar to that found for
injection of similar proteins, such as avidin (see below). The amplitude of the
postsynaptic response and the filling of the presynaptic terminal are plotted in Fig.
3A as a function of time for a synapse in which synapsin I was injected 300-400 #m
proximal to the beginning of the synaptic zone region. Data for a synapse in which
the injection was near the proximal edge of the active zone region are plotted in Fig.
3B. The maximal reduction in mean amplitude occurred after synapsin I had
completely filled the presynaptic terminal (Fig. 3B).

The initial rate of filling of the presynaptic terminal was best fitted by a linear
function. In cases where the injection was relatively small and/or more than several
hundred micrometres from the end of the terminal, the fluorescence intensity became
faint and the diffusion rate appeared to slow dramatically near the end of the
terminal. In Fig. 3B. for example. the fluorescence was very low after the initial
5 min following injections. This did not occur for the injection shown in Fig. 3A.
perhaps because of the relatively large size of the injection.
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In contrast to the linear time course of filling of the terminal, the initial time course
of postsynaptic inhibition was better fitted by an exponential curve. When the
injection was further from the edge of the active zone. as in the experiment
illustrated in Fig. 3A. the onset of inhibition was delayed for a period of time. In

0:00

0:40

1:20

2:00
3:00

5:30
7:00

10:00
13:0019:00 10 mV
21:00
23:001

•• JlO0 nA

125 m
2 ms

Fig. 2. Postsynaptic voltage (above) and presynaptic Ic (middle) following a presynaptic
injection of synapsin I. A constant presynaptic voltage pulse w" delivered at regular
intervals before and after the injection (bottom). The postsynaptic responses illustrated
were recorded at the intervals given by numbers to the left (in minutes).

some cases, the rate of reduction in PSP amplitude also appeared to decline as the
wavefront approached the end of the terminal, suggesting that release from the most
distal terminal region may not be as large as that from the rest of the preterminal.

Since the nmorphology of the preterminal varies quite markedly in length, position
and diameter (Martin &- Miledi. 1986), drawings were made of the terminals in all
experiments in which dye-labelled proteins were injected. The amplitude of the
postsynaptic potential is plotted as a function of time after synapsin I injection in
Fig. 4 for five terminals (including those shown in Fig. 3) along with diagrams
showing the movement of the dye through the terminal digit. The approximate
position of the active synaptic release zone. as determined by microscopic
observation, is indicated in Fig. 4B. Two injection sites were at the release zone; one
was on the proximal edge. and two were several hundred micrometres distant from
the proximal edge of the active zone. When synapsin I was injected at the centre of
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the digit and the diffusion distance to the release sites was negligible, the blockade
occurred almost immediatelY (up to 80% reduction within I min) in most cases. In
such cases. presynaptic filling and complete blockade could occur in as little as
3-5 min. and the time to complete blockade was closely related to the time taken to

A

100 O' s

,30

-60 S-.4

S40

L. 20 1 10-112(0-exp
(-01.1 (t -.9M) "

01
0 5 10 15 20 25 30 35 40

Time (min)

S80

S60

4°0 "100 -87(1 -exp (-0.32 t))

cL 20

01 4--- -e 4... __._4

0 5 10 15 20 25 30
Time (min)

Fig. 3. Comparisons of the time course of PSP amplitude and terminal loading with Texas
Red-labelled synapsin I. as determined by movement of the fluorescent wavefront. A,
injection 300-400 !m from the proximal edge of the synaptic zone. Note linear filling of
terminal by label (0). PSP amplitude began to decline exponentially about 10 min after
synapsin I injection (0). B. injection near the proximal edge of the synaptic zone.
Movement of label was initially linear, then slowed after 5 min while it diffused through
the last third of the terminal (0). PSP amplitude began to decline immediately after
injection. initially following an exponential time course, then becoming more linear after
10 to 15 min (M).

fill the entire terminal as determined by video analysis. In some cases the inhibition
of transmitter release did not begin for up to 2 min after the injection, even in cases
where synapsin I was deposited at the centre of the active zone region as, for
example. injection no. 2 in Fig. 4. This small delay might be related to the size of the
injections. Thus. in the case of injection no. 2. which was smaller than usual. diffusion
to the release zone may have been prolonged.
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N.40 2 58 14 19 25 3

1 2 33 4 5 21 30

No. 5 a

I I I
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Fig. 4. Synapsin I loading and PSP amplitude. A. plot of PSP amplitude (as a percentage
of pre-injection peak amplitude) as a function of time for five synapsin I injections at
different points along the terminal finger as shown in B. Note progressively delayed onset
and lower rate of inhibition when injection was farther from the end of the digit. B,
reconstructions of terminals from video images showing the progression of the fluorescent
wavefront at times in minutes) indicated after injection. The electrode tip is indicated by
black dot. Note that at t = 0. the volume of labelled synapsin I injected is indicated by
the size of the region immediately surrounding the injection site. The location of the
junction is indicated by the stippled pattern around the outside. The injection numbers
(nos. 1-5) appear to the left of the reconstructions. Injections nos. I and 2 were within the
active zone: no. 3 was near the proximal edge: and nos. 4 and 5 were approximately 200
and 400 pm proximal to the edge. respectively.

• I I I I I I i i i i I I -'7
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When synapsin I was injected close to the proximal border of the active zone area
(injection no. 3). inhibition began within 1-2 min. but the time required for complete
inhibition was longer. presumably because the protein had to travel farther to
penetrate the entire terminal. As seen in Fig. 3B. and in Fig. 4 injection no. 3. 80%
inhibition took 10 min to occur in this case. WVhen synapsin I was injected several
hundred micrometres from the terminal digit, a delay of 3-10 min was seen between
injection and onset of blockade. In Fig. 4 injection no. 5 (300-400 Pm from the active
zone). svnapsin I was not detected at the active zone until about 15 min after
injection, while inhibition beuan at approximately 10 min. This temporal disparity
may be accounted for by differences in threshold for visual detection versus synaptic
inhibition, as discussed below.

Theoretical model for synap.•'in I action on synaptic transmission

In order to better understand the dynamics of terminal filling and PSP blockade.
we developed a compartmental model for the diffusion of synapsin I into the
presynaptic terminal in which n equal dimension compartments were placed end to
end. and several compartments in the centre were filled with dye (or protein) at time
0 (t = 0). The fluorescent dye was then allowed to 'diffuse' through the compartments
(Fig. 5). According to Fick's First Law of Diffusion

S i = - D i x ,

where S = solute flow of the ith particle as a function of distance x. D = the diffusion
coefficient. and c = concentration, the amount of dye diffusing between two
compartments will depend on the difference in concentration between them. This is
equivalent to assuming that at each iime point, a fixed percentage ('D') of the dye
in each compartment will move to either of the adjacent compartments. Here we
have used a compartmental model, assuming for convenience that at each time point
some percentage of the dye in each compartment. j, will move into each of the
adjacent compartments. i.e.

r,.,= (1 -2 D)cj. 1 +D(cj_.1 . +CJ+11 ). (1)

where c,., is the concentration of protein in compartment j at time t, and D is the
"diffusion coefficient' of the dye (here chosen to be 0'25).

The right-most compartment was closed to simulate the end of the terminal. To
simulate the injection corresponding to the data shown in Fig. 3A. fourteen
compartments 'distal' to the injection site at CO were used. wvith C0 and the com-
partment on either side filled with 1000 units of dye at time 0.

Figure 5 shows the results of this simulation for the compartments Cn, where
n = - 14 to 14. from t = 0 to t = 50. As the dye moves through the terminal, the
concentration in each compartment rises, but progressively more slowly with
distance as the concentration gradient decreases along the terminal. Curve C13 is
closer to C,4 than to C1 2 because C, 4. being the last compartment. only loses dye to
C13" The initial time of appearance of dve in each compartment is a linear function
(indicated by the descending (lashe(l line) since the diffusion rate at any point is
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(,onstant and independent of concentration. However. if there is a detection
threshold for the fluorescence. say I unit (01 % of the initial injection; horizontal
dashed line). then beginning with compartment C7, the diffusion rate of the dye will
appear to slow significantly. Thus. between C7 and C1 4, the distances (times) between

//rDye injection
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Fig. 5. Compartment model of diffusion of synapsin I along interior of the squid axon. The
model consisted of twenty- nine compartments (C_14 -C14 ; C1 4,-C 3a not shown). The model
illustrates the diffusion of synapsin I with respect to time in compartments C0 (the centre
of the 'injection ") to C, (the end of the terminal). The 'synaptic release zone' consisted
of compartments C1-C•. each of which contained 1000 unbound 'vesicles.' A diffusion
constant of 0-33 was assumed, with k = 3010. Curves marked with 8 show the
concentration of synapsin I (in arbitrary, units) for compartments C0 through C14 as a
function of time after injection. Horizontal dashed line is hypothetical level for dye
detection. The dye detection threshold generates a delay in visual detection of the dye in
compartments C,-C14 due to slow accumulation of dye (0). 0 illustrate the theoretical
decline of PSP amplitude in the presence of synapsin I.

the intersections of the horizontal threshold line and the concentration-time curves
increase. These results are qualitatively consistent with the observed diffusion rate
of labelled synapsin I. particularly the apparent slowing of the diffusion rate near the
terminal end as in Fig. 3B.

Since the model for diffusion of synapsin I appeared to describe correctly the
principal features of the dye movement, it was then expanded in an attempt to model
the effects of synapsin I on transmission. This model, based on eqns (2) to (5) below.
is based on the following assumptions. (a) The response amplitude (R) for a given
stimulus is proportional to the sum of the vesicles released from all compartments
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(eqn (2)). (b) The number of vesicles released from each compartment (NJR) is
proportional to the number of free vesicles in that compartment (NJF) (eqn (3)). (c)
The number of free vesicles in a given compartment equals the number in the starting
pool at time 0 (iV) less the number bound (NiJB) by synapsin I per compartment
(eqn (4)). (d) The number of bound vesicles is proportional to the concentration of
active (dephosphorviated, D) svnapsin I (S') in a given compartment (j) (eqn (5))
(kr k2 and k-, are constants):

J
R = k1  ' -JR; (2)

.I--n

No = k, ýVF; (3)

-)F = LJ--VjB;'VJF 0: (4)

NjB = k3(Sf]. (5)

These equations reduce to eqn (6):

n
R k= k 1--(kD[SD]) (6)

The diffusion parameter D. the constant. k. (which presumably corresponds to the
.activity' of dephosphorylated synapsin I in terms of vesicle binding), the size and

location of the injection (1000 units of svnapsin I injected into each of compartments
C-,, C0, and C,), and the size of the active zone (compartments C, through C14, each
containing 1000 vesicles) were chosen to simulate the data of injection no. 4 (Fig. 4).
For simplicity, we have assumed that the product of the constants k~k2 =1 in this
simulation. The constant k3 was then adjusted to produce approximately 90%
inhibition at the final time point. The shape of this curve is neither linear nor
exponential. as shown by superimposing an exponential curve whose parameters
were adjusted to match the initial decline of the inhibition curve. In fact. as
"inhibition' proceeds. the curve becomes increasingly linear, precisely as seen with
injections nos. 3. 4 and possibly 5. An important feature of the model which
contributes to the changing rate of inhibition seen in this curve is the assumption
that the number of free vesicles cannot be less than zero (eqn (4)). Thus when all
vesicles in a compartment are bound, it cannot contribute further to inhibition.

Reversibility of synapsin I reduction of neurotransmitter release

In most experiments a rapid and profound block of synaptic transmission followed
synapsin I injection, indicating that the release mechanism was totally overwhelmed.
It was assumed that injection of a smaller amount of synapsin I might allow a
recovery of synaptic transmission. This experiment would also serve as a test for any
possible deleterious effects of the synapsin I injections on transmitter release per se.

As illustrated in Fig. 6. recovery of transmitter release was observed when a
smaller amount of synapsin I was injected in a synapse which remained in excellent
condition for 90 min after the injection. The pre-injection responses for a set of
depolarization steps are shown in Fig. 6A and B. Similar sets of presynaptic pulses
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were generated 12. 25 and 75 min later. In each case the corresponding presvnaptic
calcium currents (Fig. 6A) were comparable to the controls. The postsynaptic

responses. which were markedly reduced at 12 and 25 min. recovered to nearly
normal levels by 75 min. The plot of peak PSP amplitudes for each stimulus level as
a function of time after injection (Fig. 6B) showed that recovery began between 12
and 25 min after the injections.

A Control Synapsin H(25 min) Synapsin 1 (75 min)

VPre 40 mV

/__a___.______ • 100 nA
____________________ Ca

//•j••'\\ 10 mY

vpOst

3 ms
B

16T

=:8-

(a
-~4+

°10 20 30 40 so
Stimulus amplitude (mV)

Fig. 6. Reversibility of synapsin I inhibition of neurotransmitter release. A. time course
of recover- of transmission after svnapsin I injection. Four presynaptic voltage-clamp
steps (upper) were delivered at each time interval which resulted in a graded series of Ca 2

current (middle) and PSP (lower) responses. Postsynaptic responses were strongly
depressed at 25 min compared to pre-injection responses. while presynaptic Ca' current
was unaffected. PSP amplitudes recovered to near-normal levels by 75 min. B. plot of

peak PSP values as a function of voltage-step a. aplitude showing maximum inhibition at

about 12 min. M. 0min: 0. 12 min: *. 25 min: 0, 75 min.

Injection of phosphorylated synapsin I into the presynaptic terminal

Further experiments were designed to test the effect of phosphorylation of the
various sites of synapsin I on its ability to affect transmission. Samples of phospho-
synapsin I (in which only the head region or only the tail region. or both, were
phosphorylated) were prepared and injected into a number of synapses (see Table 1).

Two examples of results from each type of injection are shown in Fig. 7. In the
cases of synapsin I phosphorylated in the head and tail regions (head-tail-
phosphorylated synapsin I: Fig. 7A.). or synapsin I phosphorylated only in the tail
region (tail-phosphorylated synapsin I; Fig. 7B), the injection had no effect on
synaptic transmission. The slight increase after the injection and gradual reduction
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of the synaptic response in the case of one tail-phosphorylated synapsin I injection
(upper curve. Fig. 7B) was similar to responses seen in some control experiments
where either avidin or heat-treated synapsin I was injected (see below). In contrast.
transmission was inhibited by synapsin I phosphorylated only in the head region
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Fig. 7. Results of presynaptic injection of various phosphorylated forms of synapsin I.
Two experiments are shown for each type of injection. Note that head and tail
phosphorylation (A) or tail-only phosphorvlation (B) of synapsin I prevented inhibition.
while head phosphorylation (C) did not. D. injection of 'mock" phospho-synapsin I

(prepared as head-tail-phosphorylated synapsin I except for the omission of ATP from
the phosphorylation reaction) blocked transmission. Injections of heat-treated synapsin
I (E) or avidin (F) did not affect transmitter release. Data are plotted as a percentage of
pre-injection PSP amplitude.

(head-phosphorylated synapsin I: Fig. 7 C). Note that there was some recovery from
inhibition in the case of one of the head-phosphorylated synapsin I injections,
indicating a reversible action as shown for dephosphorylated synapsin I in Fig. 6. In
all of the cases illustrated in Fig. 7. the Ica was unchanged by the protein injection
(not shown).

Since the ineffectiveness of some of the phosphorylated forms of synapsin I could
have been due to inactivation of the protein during the phosphorylation reaction, it
was felt that an additional control for the negative results with the phosphorylated
forms of synapsin I was required. For this reason. 'mock' phospho-synapsin I was
prepared (see Methods) in which both enzymes necessary for phosphorylating both
the head and tail regions were present. but ATP was omitted to prevent actual
phosphorylation. In this case. inhibition of transmission was observed exactly as
seen with conventionally prepared synapsin I (Fig. 7D).

In summary. the results of injections of the phosphorylated forms of synapsin I
confirmed our initial findings that phosphorylation of the tail region of synapsin I
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abolishes its ability to block synaptic release (Llings et al. 198:5). Phosphorylation of

the head region does not influence the inhibitory ability of synapsin I. nor does it

reverse the effect of tail phosphorylation.

ln~jetions of i,,at-troat#-d .x!jnapsin I and of aridin

It was previouslvy determined that heating the s ynapsin I molecule abolishes its

ability to block synaptic transmission ILlinds et al. 1985). Examples of two such

injections are shown in Fig. 7 E. As an additional control for certain physical

properties of synapsin 1. Texas Red-labelled avidin was injected. Avidin is a protein

which has a -ize (Mlr fi3000) and p1 (10-6) similar to those of synapsin I. These

experiments were performed in a manner similar to those described for synapsin I.

The postsynaptie response as a function of time after two avidin injection
experiments is shown in Fig. 7 F, which indicates little or no effect on transmission.

The relationship between the p,)stsynaptie response and the diffusion of avidin as

reconstructed from video analysis for one of these injections is shown in Fig. 8. The

diffusion rate was similar to that of synapsin 1. ranging between 23 and 541um min-'

(mean + S.D. = 39 + 12: n = 4). Avidin had no effect on transmitter release even when

monitored up to 31) min after injection, at which time the fluorescence was relatively

evenly distributed throughout the terminal. Note in the experiment illustrated in

Fig. 8C that the diffusion rate for avidin is nearly constant along the entire length
of the terminal.

('aM kinase II and transmitter release

Injection of ('al kinase 1I

The previous set of experiments indicated that synapsin I in its dephosphorylated

form blocked synaptic transmission while tail-phosphorylated synapsin I had no

effect. Further studies were designed to test the hypothesis that CaM kinase II acts

to modulate the synapsin I-dependent binding of synaptic vesicles to the intracellular

matrix. If the enzyme dissociates vesicles from their attachments by phosphorylating
an endogenous synapsin I-like molecule. increasing the endogenous CaM kinase II

normally present in the terminal should increase transmitter release. In our

preliminary study in the squid synapse. the injection of CaM kinase II markedly
facilitated transmitter release without significantly modulating the presynaptic

Ca 2" current in each of three experiments (Llinas et al. 1985). The diffusion rate

of CaM kinase II was not directly assessed because labelling with any of the usual

dyes was found to interfere with its solubility and/or ability to phosphorylate
synapsin I.

In the present study injection of of CaM kinase II was followed by facilitation of

transmitter release in all but one experiment. In eight out of nine experiments.

transmitter release was facilitated after the injection of CaM kinase II as shown for

one synapse in Fig. 9. Blockage of transmission was seen in one experiment, although
there was no obvious damage to the synapse. In five experiments which were

analysed quantitatively, the mean per cent facilitation was 409+157%. The

maximal facilitation usually occurred between 10 and 20 min after injection.
Presynaptic voltage steps of different amplitudes were applied to the presynaptic
terminal while employing a double voltage clamp to determine 1c. and postsynaptic
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current UP.ot. The double voltage 'lamp was preferable in order to prevent the
postsynaptic potential from reaching the INP reversal potential during facilitation
b" CaM kinase 11. which would result in response saturation.

A double voltage-clamp experiment showing facilitation following CaM kinase II
injection is illustrated in Fil. 9i. The time course and amplitude ofIP.,t (post-injection

A

10 7 5 1 2
S" 1.2

100 prr

B C

EPSP 20 EP1400
15. 300 "

J2mV ;
2ms 10 200E S~Avidin

5 100

0 0
0 2 4 ii 8 10

Time (min)

Fig. 8. Effect of injection of Texas Red-labelled avidin on synaptic transmission. A.
diffusion of dye along synaptic digit as a function of time (numbers above drawing; in
minutes). as determined by enhanced image from the video monitor. Black dot marks
electrode tip: immediately surrounding stippled area is volume filled after initial
injection. B. PSPs between 0 and 10 min following avidin injection showing this protein
had a minimal effect on the PSP. C. plot of diffusion distance and PSP amplitude as a
function of time showing linear avidin diffusion rate and minimal effect on transmission.

current) for three different times and levels of presynaptic depolarization are shown.
Following CaM kinase II injection, the PSP was facilitated as early as 2 min post-
injection, and increased in amplitude by over 600%. This facilitation was associated
with a corresponding increase in the rate of rise in/post for a given level of Ica. In Fig.
9C. the postsynaptic current increased to the point of saturation. as evidenced by the
flattened top of the response. Note that. in this experiment, the amplitude onset
kinetics (Llinis et al. 1981a. b) and the tail component of the macroscopic inward
calcium current were not modified by C(aM kinase II. Moreover. these currents were
similar to those previously reported in the absence of CaM kinase II (Llinis et al.
1981a. 1982: Augustine 0 al. 1985). Figure 10 illustrates the relative enhancement
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of the P",P and PSI following, ('aM kinase 1I injection for four experiments. The
actual ranges ot PSPL and PSI amplitudes for each experiment are noted at the right.
Data from three expirim(,nts overlap, while one synapse had a more delayed and
slower rising facilitation. Exponential curves were then empirically fitted to this
range of data (thin continuous lines),

A S C

Control 1 pA

_ _ _ _ _J 2 4 rin

/Cf 100 n

Vpr ~ ~j______ 35 mV
3 ms

Fig. 9. Recordings showing time course of facilitation of synaptic transmission after CaM
kinase UI injection into the presvnaptic digit. A. B and C: postsynaptic currents (upper
tracesi in response to 25. 30 and 35 mV presynaptic voltage-clamp steps (lower traces).
Responses to each .t-T were recorded hefore and at the three times after the injection
noted in B. Note that I-, (middle tracesi at each stimulus level was constant over time.
At the highest stimulus level (C). postsynaptic response saturation occurred at 24 min.

Theoretical model for ILII kina8e II action on synaptic transmission

If the hypothesis is (.,rrect that CaM kinase II acts on neurotransmitter release by
regulating the phosphorylation state of synapsin I. then the model of vesicle release
presented above should also apply to the facilitation produced by CaM kinase II. In
particular. k3 can be .onsidered to be related to the degree of phusphorylation
and inactivation of synapsin I by CaM kinase II. Starting with eqn (6) above.
we may assume that the ratio of the concentrations of the phosphorylated to

dephosphorylated synapsin I ([S ]/[S0 ]) is directly proportional to the concentration
of C(aM kinase II ([C'K]). i.e.

[SPI = k4 [CK]. (7)

where k, is a constant. Equation (6) can then be rewritten with respect to the
individual compartments (j):

Ti

R = kk k. k1[Sr- (8)
.-- , I +k 4 [CK]I'

where [ST]1 is the total phosphorylated plus dephosphorylated synapsin I in each

compartment.
To simulate an injection of CaM kinase II. eqn (1) was used to model diffusion of

CaM kinase [I through the terminal, with ST set to a constant value in each
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compartment. The parameters of the model (eqn (8)) were then adjusted to produce
a ,urve which fell rouL'hlv in the centre of the range of experimental data. These
values are shown as a thick line in Fig. 10. The specific parameter values were:
k= k_. I . 'ST= IooMI k.:1 = I. and k4 = 00()2. The value of [('K] was set to

100. -20

806 16

'U 4

ZU U16

_ 60
SX Theoretical curve -3
it - -12

a 40 -12
V1 - 2

0.. 116 0i -exp (-0.08 Ut-1))
c 20 140 (1 -exp (-0.1 (t-1-5M))

S-8 8 1
010 15 20 25

Time 'min) X 10-5 V s
x 10-6As

Fig. 10. The time course of synaptic tacilitation by CaM kinase 1I in four experiments
(absolute ,cales shown at right). Two e-mpirically determined exponential curves (thin
continuous linesl which enclose the entire data range were calculated. Parameters for the
theoretical facilitation model were adjusted so the resulting inhibition curve would fall in
the centre of the data ranuze (thick stippled line).

. units except for compartments (C_ through C, which were 'filled* with 1000 units.
The active zone was modelled as extending from compartments C4 through C, 4; these
compartments were each filled with 10' vesicles at time 0 (10 = 10'). This model
produced an exponential rate of facilitation very similar to that observed
experimentally. As was the case with the synapsin I inhibition model. however, this
curve was affected by the extent to which response facilitation was allowed. Thus it
was assumed that a finite number of vesicles in the pre-terminal can be made available
for release: i.e. the size of the "releasable' pool is limited. (The same effect would be
achieved if the rate of vesicle release during depolarization is limited.)

Analysis of maxim um rate of rise of postsynaptic response

If synapsin I and ('aM kinase II affect synaptic transmis ;ion by modulating the
number of vesicles available for release-without modifying the dynamics of the
release process per se. one would not expect the rate of vesicle release to change as a
function of time. In fact. it would be expected that the effect of CaM kinase II on the
probability of release (P) would be independent of time. i.e. it would not affect the
kinetics of transmitter release (N) (Katz. 1968). If this were the case. the amplitude
of the PSP would increase, while the shape of the waveform would remain constant.

In order to determine whether synapsin I and CaM kinase II altered the release
kinetics, the maximum rate of rise (MRR) of the postsynaptic response and the peak
amplitude (Rp,,ek) were determined for each response. The normalized maximum rate
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of rise (NM.11"1 was then ,at(.ulate(l for each response as NIRR/RP.Ak. Note that if
tw%,o wavetorms are scalar mult ipi-s of ea,.h other, then their NMRR values should
be equal. In two typical uncinected synapses. postsynaptic currents were measured
in response to stimulus pulses between 25 and 40 mV and the NMRR values
calculated. The •timulus series were repeated twice in one and three times in

T %HI. F: 2. .cIan r,,,rmiliz'.,in nitmina I rate )t* rise INMRR) values I - -s.D.) for experimental
u)cLrroccp' in %%hi.h vttawe or currnt was recorded

V,ltaite remordin. (Current recording

synacpsin I (Ca.M kinase 1I S1napsin I CaM kinase II

Time .nin 225 i II 14-.5 1) 19"4 0 29-667
NN1RI- 1.-425- ___ ""- o.321O+ 0-401)+ 4)-629+ 0-630+t 0.841+ 0-7MN'+

i0-3x7 I I.2si 11-137 o- 13o 0I075 1(057 0"258 0-076

II 2 5 3

1 .ci#;3 - -212 - 00544 1-253
ji. 1:27 0'439 095.17 0337

Mean timce- )f ptst-injection re,.ordings are as noted. Paired t test values for within-group
(C'mparisons and P vores are hhown. No within-group mean differences were significant.

the other s*ynapse. The mean NMRR values at each stimulus amplitude for the
five stimuli series was calculated and plotted against stimulus amplitude. A
linear regression coefficient of R2 > ).95 was found with a slope of
-51 x 10-' mV ms' mV 1-. XMRR values for the same stimulus amplitude were
quite close in successive stimulus runs. although the mean NMRR was significantly
different fbr the two synapses (0"015 ms-c and 0-030 ms-c at 30 mV respectively).

A similar analYsis ,(if N.1IRR was carried out for synapsin I and CaM kinase II
injection experiments. For each experiment, the NMRR was calculated for a time
immediatelh" pre-inectimon and again at a point 15-30 min later after significant
inhibition or facilitation had ,,ccurred. Since the shapes of the postsynaptic response
waveforms differed depending on whether postsynaptic voltage or current was being
measured. they were analysed separately. The results of NMRR analysis for sixteen
synapsin I and five ('aMl kinase 1I experiments are shown in Table 2. in which the
means of the pre- and post-injection response amplitudes are given along with the
mean post-injection measurement times. Note that for CaM kinase II. the mean
facilitation is onlh 200-3(M)% 0due to elimination of some of the largest responses in
which saturation occurred. Within each of the four experimental subgroups (synapsin
I or ('aM kinase II) x (voltage or current)). the mean values were not significantly
different (P > 0.1. paired t test).

All experiments in which postsynaptic voltage was measured were then compared
using an unpaired t test. and similarly, comparisons were made between all groups
in which current was measured. In neither case were any significant differences found
(P > 0"1). Note that although the mean for the synapsin I voltage measurements is
considerabl" larger than that for ('aM kinase II. the latter is based on only two
experiments. Finally. linear correlation analysis of NMRR was performed in several
experiments in which multiple time points were measured (cf. Figs 3 and 10). In no
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case was a siL'nificant correlation between NMRR and time post-injection found.
These results indicate that the kinetics of vesicle release were unaffected by synapsin
I or CaM kinase It. On the basis of these data. we conclude that during the time
course of a given postsynapti, response. the probability of release was modified
uniformly by synapsin I and by ('aM kinase II.

DISCUSSION

The major findings of these experiments are as follows: (I) the degree of inhibition
of transmitter release 1) dephosphorylated synapsin I is well correlated with the
degree of invasion of the protein along the length of the presynaptic terminal. (2)
Tail-phosphorylated synapsin I and heat-treated synapsin I have no effect on
release. (3) Inhibition by dephosphorylated synapsin I is reversible. (4) CaM kinase
II facilitates svnaptic release. (5) The shape of the postsynaptic response waveform
is not affected by either synapsin I or CaM kinase II over the duration of the
response. We conclude from these data that the dynamics of synaptic transmission.
specifically the number of vesicles available for release, are probably regulated by the
ratio of tail-phosphorylated to dephosphorylated synapsin I which is determined
enzymatically by C(aM kinase 1I.

Synapsin I
The experiments involving injection of phosphorylated and dephosphorylated

synapsin I showed that the rates of blockade of synaptic transmission were highly
correlated with: (a) the state of phosphorylation of the protein. (b) the site of
injection and (c) the rate of movement of the protein through the terminal. When the
protein injections were large enough to fill rapidly most of the active release zone, the
times to onset of blockade were short. Conversely, when synapsin I was injected far
from the release site. the onset of the block was delayed. These data suggest that
synapsin I acts specifically at the active zones to affect release.

The injection procedures per se did not appear to interfere with any aspect of
synaptic transmitter release. including the availability of transmitter or the calcium
current. Rather, three sets of experiments suggest that the effect of synapsin I on
transmitter release is specific and dependent on the structure of this molecule. First.
injections of synapsin I in which the tail only or both the head and tail were
phosphorylated had no effect on release, Second, injection of heat-treated synapsin
I also failed to affect release. Third. injection of avidin, a basic protein similar in size
and pI to synapsin I did not alter synaptic transmission. In all these experiments, the
injected proteins completely filled the presynaptic terminal. Therefore it is necessary
for the tail site of synapsin I to be in the dephosphorylated state for it to block
transmitter release.

As an additional test of the ability of synapsin I to bind to intracellular elements
and inhibit vesicle movement. phosphorylated or dephosphorylated synapsin I was
introduced into extruded squid axoplasm and the effect on the movement of
subcellular organelles monitored by video-enhanced microscopy (McGuinness.
Brady. Gruner. Sugimori. Llinds & Greengard. 1987: McGuinness et al. 1989).
Following the injection of dephosphorylated synapsin I. both orthograde and



278 R. LLIN4.-; AND OTHERS

anterograde flow were sinnificantlv reduced. Injection of synapsin I phosphorylated
only at the head partially inhibited organelle movt-ment. and synapsin I
phosphorylated only at the tail lacked any inhibitory effect. Injected CaM kinase II.
in the presence of calcium and calmodulin. prevented the inhibitory effect of
synapsin I. Dephosphorylated synapsin I does not appear to directly inhibit the
transport mec-hanism subserving organelle movement, since the organelle movement
along microtubules at the edges of the axoplasm (where the cytoskeletal structure
was sparse) was unmodified bY s vnapsin I (McGuinness 0 al. 1989). These data are
consistent with the hypothesis that synapsin I immobilizes or restrains vesicles
and/or other organelles by vcross-linking them to cvtoskeletal elements and that this
cross-linking can be moaulate(l by CaM kinase II.

C'aM kina.se II

CaM kinase 1I is capable of increasing transmitter release by up to sevenfold (Figs
9 and 10). which indicates that it plays a decisive role in the release process. At this
time we cannot exclude the possibility that CaM kinase II has some minor effect on
the calcium channel. However. the results obtained would require an approximately
50% increase in calcium entry even if a fourth-order relationship between Ica and
transmitter release is assumed. This is totally inconsistent with the present data.
which shows no detectable change in Ica within the limits of a measurement error of
< 5.1/o

In the present experiments. we observed an increase in the maximum rate of rise
(MRR) of the postsynaptic response following CaM kinase II injections, confirming
earlier findings (Llinds et al. 1985). Here we investigated the MRR in more detail to
determine if the shape of the response (which is dependent on vesicle release kinetics)
also changed following presynaptic protein injections. The rationale for this analysis
is as follows. The variabie -jR (eqn (2)), which represents the number of vesicles
released from a given compartment in response to a given depolarization. may be
represented more explicitly as a function of time from the onset of the stimulus; i.e.

'•VlR =~ P(t) di,
-0

where P(t) represents the probability that a given vesicle will be released as a
function of time after depolarization, and 'N' would be proportional to the number
of vesicles available for release (Katz. 1968). Thus. doubling the number of available
vesicles should, at least within certain limits, double the amplitude of the response.
If P(t) is unchanged. then the shape of the waveform should remain constant.
depending only on N. In that case. then. the rate of change of response amplitude at
any point on the curve should be proportional to the peak amplitude. and therefore
the maximal rate of rise divided by the peak amplitude (NMRR) should be constant.
This was in fact found when all successful injections of synapsin I or CaM kinase II
were analysed either by comparing across experiments before and after injection. or
within experiments as a function of time after injection. We conclude that these
proteins do not alter d(ynamic aspects of vesicle release such as the duration of
opening of ion channels ,r the rate of vesicle exocytosis. The most plausible
mechanism, as initially smuvgsted in a previous paper (Llinas et al. 1985) and
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supported by in 'itro studies (cf. Greengard et al. 1987), is that CaM kinase II acts
to increase availability of synaptic vesicles by phosphorylating synapsin 1. The
ability of CaM kinase 1I to increase transmitter release from presynaptic terminals
has recently been confirmed using rat brain synaptosomes (Nichols, Wu, Haycock &
Greengard. 1989).

Model of preterminal protein diffusion. and of synaptic transmitter modulation by
presynaptic protein injection

The simulations of postsvnaptic inhibition and facilitation presented above were
designed as a heuristic tool to test whether the observed rates of PSP inhibition and
facilitation could be predicted by a unified model of vesicle release in which the
amplitude of a PSP is dependent on phosphorylation of synapsin I by CaM kinase II.
The data were. in fact. highly consistent with the model of release described by eqns
(1) to (7) above. The compartmental model correctly describes the time courses of
both inhibition by synapsin I and facilitation by CaM kinase II (eqns (7) and (8)). In
both cases, limits on the number of vesicles available for release were included, and
not found to affect the shape of the curves.

General hypothesis relating synapsin I to transmitter release: facilitation of
transmitter relea.se by calcium-dependent mobilization of synaptic vesicles

The ubiquitous nature of synapsin I in presynaptic terminals (DeCamilli et al.
1983), and the fact that its injection at the release site is capable of modulating
transmitter release, raises the question of the mechanism by which synapsin I affects
release. While we cannot exclude the possibility that synapsin I might be an integral
part of the machinery for transmitter release itself, several facts argue against this
view. First, if phosphorylated synapsin I were to directly promote vesicle release, one
would expect that its injection would produce, following calcium entry, a continuous
transmitter release leading to vesicle depletion and transmission failure. This was
never observed. Furthermore. recent experiments failed to find any increase in
miniature endplate potential frequency following such injections (Llinas, Sugimori,
Lin, McGuinness & Greengard, 1988; Lin, Sugimori, Llinis, McGuinness &
Greengard, 1990).

Another argument against synapsin I being a direct transmitter-release agent
involves the time course of phosphorylation by CaM kinase II following calcium
entry. The onset of transmitter release in the squid giant synapse begins as soon as
180 ps following calcium entry (Llinis et al. 1981b; Llini's et al. 1982) and peaks at
about 1 ins. In contrast. the turnover rate for phosphorylation of synapsin I by CaM
kinase II, calculated from data in McGuinness et al. (1985), is approximately 17 Ms.
It is thus difficult to see how this relatively slow phosphorylation reaction could
produce the time course associated with a PSP. which is over within a few
milliseconds.

Since synapsin I does not appear to be directly involved in vesicular release, we
propose instead that it regulates the availability of vesicles for release. The
biochemical and physiological studies noted above indicate that synapsin I restrains
vesicles. probably close to the presynaptic release site, so that they cannot be
released durin2 depolarization. Calcium entry would thus trigger two events. First.
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ýynaptiv vesieles would be r'eleased. p)ossibly by direct electrostatic shielding of

fle'ative vhargfes hr calcium or some other intermediate step. Second. a delaved
vetect ind~ependent of the release mechanism would occur after calcium had moved
beyVOnd the release site. 1)y increasinu the number of releasable vesicles following
phos~phor~vlation of' s ' napsin I via activation of' (aM kinase 11. Physiological
measurements,. indicate that the restingu calcium conductance may have a powerful
oft-ct onl the 111m11er1 1l viceavailable at a viven time (Simon. Sugimori & Llinds.
1984: Simon &- Llimis. 1!)85). Indeed, resting calcium influx near the active zones
may establish a stead'y-state level of' phosphorylated synapsin I for regulation of
residle availability' close to the release site. The occurrence of an action potential
WOUld then increase the number of readily releasable vesicles by increasing the local
calcium concentratinadeh cngs apn I phosphoryiation. Such facilitation
may- underlie what has been Considleredl to Ibe calcium-dependent facilitation. This
hypothesis is particularly attractive in the case of the squid giant synapse. as the
large diameter of the lpreterminal would make it dlifficult to accumulate Ca"~ at the
active zone.

This research was su pported hY ran*t AFI)8R8.10368 from the United States Air Force (R.L.)
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Phosphorylation-Dependent Inhibition by Synapsin I of Organelle
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Synapsin I, a neuron-specific, synaptic vesicle-associated dense network that restricts organelle movement. The rel-
phosphoprotein, is thought to play an important role in syn- evance of the present observations to regulation of neuro-
aptic vesicle function. Recent microinjection studies have transmitter release is discussed.
shown that synapsin I inhibits neurotransmitter release at
the squid giant synapse and that the inhibitory effect is abol- Synapsin I is a neuron-specific phosphoprotein that is concen-
ished by phosphorylation of the synapsin I molecule (Llinas trated in presynaptic nerve terminals, where it appears to be
et al., 1985). We have considered the possibility that syn- associated primarily with the cytoplasmic surface of small syn-
apsin I might modulate release by regulating the ability of aptic vesicles (Ueda et al., 1973; Ueda and Greengard, 1977;
synaptic vesicles to move to, or fuse with, the plasma meri- De Camilli et al., 1979, 1983a, b; Huttner et al., 1983; Navone
brane. Since it is not yet possible to examine these mech- et al., 1984). It is a major substrate for cAMP-dependent protein
anisms in the intact nerve terminal, we have used video- kinase as well as calcium/calmodulin-dependent protein kinases
enhanced microscopy to study synaptic vesicle mobility in I and II (CaM kinases I and i1) (Huttner and Greengard, 1979;
axoplasm extruded from the squid giant axon. We report Sieghart et al., 1979; Huttner et al., 198 1; Kennedy and Green-
here that the dephosphorylated form of synapsin I inhibits gard, 1981; Czernik et ai., 1987; Nairn and Greengard, 1987).
organelle movement along microtubules within the interior cAMP-dependent protein kinase and CaM kinase I both phos-
of extruded axoplasm and that phosphorylation of synapsin phorylate a single seine residue (site 1) located in the collage-
I on sites 2 and 3 by calcium/calmodulin-dependent protein nase-resistant head region of the synapsin I molecule, CaM
kinase II removes this inhibitory effect. Phosphorylation of kinase II phosphorylates a pair of serine residues (sites 2 and
synapsin I on site 1 by the catalytic subunit of cAMP-de- 3) located in the collagenase-sensitive tail region of the molecule.
pendent protein kinase oinly partially reduces the inhibitory A variety of studies using intact nerve cell preparations have
effect. In contrast to the inhibition of movement along mi- shown that physiological and pharmacological agents that affect
crotubules seen within the interior of the axoplasm, move- synaptic function also produce alterations in the state of phos-
ment along isolated microtubules protruding from the edges phorylation of synapsin I (for reviews, see Nestler and Green-
of the axoplasm is unaffected by dephospho-synapsin I, de- gard, 1 984; Greengard et al., 1987). In vitro studies have shown
spite the fact that the synapsin I concentration is higher that, under certain conditions, phosphorylation of the tail region
there. Thus, synapsin I does not appear to inhibit the fast of synapsin I by CaM kinase I reduces the affinity of synapsin
axonal transport mechanism itself. Rather, these results are I for the synaptic vesicle membrane (Huttner et al., 1983; Schie-
consistent with the possibility that dephospho-synapsin I bier et al., 1986; Benfenati et al., 1989). Taken together, these
acts by a crosslinking mechanism involving some compo- studies led to the hypothesis that synapsin I might be involved
nent(s) of the cytoskeleton, such as F-actin, to create a in the regulation of some aspect of synaptic vesicle function.

The possibility that synapsin I might regulate neurotrans-
Received Feb. 13. 1989: revised Apr. 19. 1989: accepted Apr. 26. 1989. mitter release was tested directly by injection of synapsin I into

We are grateful to Dr. Raymond Lasek for the use of his microscope. We also the preterminal digit of the squid giant synapse (Llinas et al.,
thank Philip Leopold and Bea Beverly for valuable technical assistance. Dr. Martin 1
Bahler for performing the synapsin I-vesicle binding studies. Dr. Andrew Czernik 1985). Injectton of the dephosphorylated form of synapsm I
for some of the synapsin I used in these experiments, and Dr. Angus C. Nairn for decreased neurotransmitter release, whereas injection of syn-
the cAMP-dependent protein kinase catalytic subunit. This work was supported apsin I that had been phosphorylated at sites 2 and 3 in the tail
by a Medical Scientist Training Program Fellowship GM-07205 (to T.L.M.).
U.S. P.H.S. grants NS-23868 (to S.T.B.). NS-23320 (to S.T.B.). NS- 14014 (to R.L.). region by CaM kinase I1 was without effect. Moreover, injection
A.A. 06944 (to P.G.), NS-21550 (to P.G.) and MH-39327 (to P.G.). NSF grant of CaM kinase II itself enhanced release. More recent studies
BNS-8511764 (to S.T.B.), and U.S. Air Force Office of Scientific Research grant (R. Llinas et al., unpublished observations) have expanded these
85-0368 (to R.L.)

Correspondence should be addressed to Dr. Paul Greengard. Laboratory of initial findings and have shown that phosphorylation of site I
Molecular and Cellular Neuroscience. The Rockefeller University, 1230 York in the head region of synapsin I by cAMP-dependent protein
Ave.. New York, NY 10021. kinase is less effective than tail phospho-synapsin at reducing

S Present address: Department of Psychiatry. University of Colorado Health
Sciences Center. Denver. CO 80262. the ability of synapsin I to inhibit transmitter release at the
Copynght c; 1989 Society for Neuroscience 0270-6474/891124138-12S02.00 0 squid giant synapse.



The Journal of Neuroscence. December 1989. 9(12) 4139

We believe that synapsin I is more likely to be involved in Calmodulin was purified as described by Grand et al. (1979). Protein
moduiating than in mediating release, since the fusion-release determinations were performed by the method of Peterson (1977), using

process per se can occur in less than 200 usec (Llinas et al., BSA as standard.
Synapsin 1 (0.35 mg/ml) was phosphorylated by incubation for 30

198 1). and the turnover rates for the protein kinases are on the min at 30*C in 50 mm Tris-HCI. pH 7.5, 150 mm NaCI. 0.4 mm EGTA.
order of tens of milliseconds. Furthermore. it is unlikely that I mm dithioerythritol. 10 mm MgCI., 100 AM ATP, with trace amounts
synapsin 1. which is enriched only in neurons, regulates the of -3:P-ATP. with either CaM kinase 11 (3.4 gg/ml), 0.7 mm CaCI, 30
exocytotic event itself, a process that is common to all secretory ug/ml calmodulin or the catalytic subunit of cAMP-dependent protein

cells. Finally, within nerve terminals, synapsin I appears to be kinase (60 nM), 0.1% Nonidet-P40. "Mock"-phospho-synapsin I was
"treated as above except that both kinases. CaCI,. calmodulin. and Non-

associated only with small (40-60 nm diameter) and not with idet-P40 were added, and ATP was omitted from the reaction mixture.
large (>60 nm diameter) synaptic vesicles (De Camilli et al.. Phosphorylation reactions were terminated by the addition of EDTA
1983a, b: Huttner et al., 1983: Navone et al.. 1984; De Camilli to a final concentration of 20 mm. One- and 2-dimensional peptide
and Greengard. 1986). Thus, we think that synapsin I is most mapping(KennedyandGreengard. 1981: Hutneretal., 1981; Kennedy

likely to be involved in modulating some prefusion property et al.. 1983) revealed that synapsin I was phosphorylated to a stoichi-
ometry of 1.0 mol/mol on site 2 and on site 3 by CaM kinase II and

that is unique to small synaptic vesicles. to a stoichiometry of 0.95 mol/mol on site I by the catalytic subunit
We have proposed that phosphorylation of synapsin I might of cAMP-dependent protein kinase.

regulate the availabili'y of synaptic vesicles for release and that Some of the phosphorylated and dephosphorylated synapsin I prep-
it might do so by regulating the ability of the vesicles to move arations were fluorescently labeled with Texas red (Molecular Probes.

Inc., Eugene, OR) according to the method of Titus et al. (1982) as
to or fuse with the plasma membrane (Llinas et al.. 1985). Since described by Llinas et al. (unpublished obervations). The various forms
it is not yet possible to examine these mechanisms in the intact of synapsn I were re-punfied from kinases and/or unbound Texas red
nerve terminal, a number of model systems are currently being by CM-cellulose chromatography at pH 8.0 as described by Llinas et
used to study the mechanism of action of synapsin I. One of al. (unpublished observations), using buffer A for elution. The re-pur-

these systems, the extruded axoplasm of the squid giant axon, ified synapsin I was concentrated, dialyzed against buffer A, centrifuged
in a Beckman TL 100 centrifuge at 450.000 g for 15 min to remove

is the focus of the present report. The present studies were large aggregates. stored at 0-4*C, and used within 7 d of preparation or
designed to test the possibility that synapsin I regulates the stored at - 70*C and thawed immediately before use. Labeled and un-
availability of synaptic vesicles for release by affecting the ability labeled svnapsin I preparations were assayed for the ability to be phos-
of the vesicles to move within the cytoplasm. This required S phorvlated by CaM kinase 11 using the procedure of McGuinness et al.

(1985). to bind to purified synapuc vesicles using the procedure of
relatively intact system in which we could directly and clearly Schiebler et al. (1986). to inhibit neurotransmitter release using the
visualize vesicle movement. We therefore chose to use video- procedure of Llinas et al. (1985), and to inhibit organelle movement
enhanced contrast-differential interference contrast (VEC-DIC) using the methods described in the present report.
microscopy techniquei to examine the effect of synapsin I on Manipulation of axoplasm. Squid (Loligo pealei) having a mantle

length of 10-20 cm were obtained daily from the Department of Marinev'esicle movement in the extruded squid axoplasm. Resources. Marine Biological Laboratory (Woods Hole, MA). Postgan-
VEC-DIC microscopy techniques (Allen et al.. 1981: lnoue. glionic squid giant axons were dissected, and each axoplasm was ex-

1981) make it possible to detect structures as small as one-tenth truded onto a glass coverslip. The axoplasm was then covered with a
the traditional limit of resolution of the light microscope. With second glass coverslip for viewing by VEC-DIC microscopy as previ-
these techniques. one can observe subcellular structures the size ously described (Brady et al.. 1985: Schroer et al., 1985). After recording

baseline organelle movement. axoplasm was incubated with 20-40 ;J
of individual small synaptic vesicles and microtubules (Allen et of either buffer B (buffer A plus 1 mM ATP) alone or buffer B containing
al., 198 1, Allen and Allen. 1983). The extruded axoplasm prep- 1.3-10 Mm synapsin I.
aration from the squid giant axon permits one to perform a For the kinase injection experiments, axoplasm was extruded onto a
variety of manipulations with macromolecules that do not or- glass covershp, and CaM kinase 11 (0.4 mg/ml in buffer A) was injected

from a microelectrode by means of short pressure pulses (20-65 psi,dinacopy crobss rvedirectly the pla a em necs a tose VECDiClio - 100 msec in duration) into a small region of the axoplasm. The axo-
croscopy to observe directly the effects of these manipulations plasm was then covered with a second coverslip for viewing by VEC-
on organelle movement (Brady et al., 1982. 1984. 1985). In DIC microscopy. After recording baseline organele movement. 20-40
addition. the extruded axoplasm preparation provides a useful ul of buffer B containing 1.3 - 10 MM dephosphosynapsin 1, 40 mM CaCI,
means for determining if interactions between proteins and sub- and 0. 15 mg/ml calmodulin was applied to the chamber.

The rapid directed movement of membranous organelles within ex-
cellular organelles that are suggested on the basis of reconsti- truded axoplasm occurs in both the anterograde (from the cell body to
tution studies with purified components can occur within the the terminals) and the retrograde (from the terminals to the cell body)
axonal milieu. The present results indicate that synapsin I can directions and, in neurons, is referred to as fast axonal transport (for
restrict the ability of vesicles to move within the axoplasm and review, see Grafstein and Forman, 1980). Fast transport has been shown.
that this effect is'dependent on the state of phosphorylation of using VEC-DIC techniques, to occur along individual microtubules

(Hayden et al.. 1983: Allen et al., 1985: Schnapp et al., 1985). Recent
the synapsin I molecule. A preliminary report of this work has evidence suggests that the translocating enzyme that may be responsible
been published (McGuinness et al.. 1987). for anterograde transport is different from that responsible for retrograde

transport (Vale et at., 1985 a, c, Paschal and Vallee, 1987: Paschal et
Materials and Methods al.. 1987). In all the figures, the axoplasm was oriented horizontally

such that the proximal or cell body end of the axoplasm is to the left
Preparation of proteins. Synapsin I was purified in the dephosphor'iated and the distal or terminal end is to the right. Thus, movement from left
form from bovine brain by a modification (Bahler and Greengard. i 987) to right is in the anterograde direction, and movement from right to
of the procedure of Schiebler et al. (1986). CaM kinase II was punfied left is in the retrograde direction.
from rat forebrain as described b%. McGuinness et al. (1985 I. vith the l ideo-enhanced microscopy. Organelle movement was visualized us-
addition of hvdroxvlapatite chromatography inserted between the DEAE- ing DIC optics on a Zeiss Axiomat microscope (with 100x objective.
cellulose chromatography and ammonium sulfate precipitation steps, zoom set at 2.5 x) using a Chalnicon videocamera (Hamamatsu Sys-
Purified CaM kinase 11 (0.4-0.5 mg&ml)was dialyzed extensivel' against tems. Inc.. Waltham, MA). A silicon-intensified target camera (Ha-
buffer A (10 mmi HEPES. pH 7.2. 150 mm potassium aspartate. frimm mamatsul and rhodamine filter set (Carl Zeiss, Inc.. Thornwood. NY)
MgSO,) and stored at - 70'C. The catalytic subunit of cAMP-dependent were used for fluorescence imaging. Video images were processed with
protein kinase was punfied as descnbed by Kaczmarek et al. 1i,80). a Hamamatsu C-1440 or C-1966 Image Processor (Photonics Micros-
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copy, Inc.. Oak Brook. IL) to enhance contrast and to eliminate back- ground video noise. In addition, fluctuations in the illuminator and
ground optical noise. Video signals were recorded in real-time (30 frames/ slight changes in the depth of focusduring the course ofa I hrexperiment
sec) on a Sony VO-5850 videotape recorder, often made it impossible to compare directly the trace image or total

Depending on the particular biological preparation used. one can intensity of the image before and after the experimental manipulation.
examine various parameters of fast axonal transport, including the num- As a result, this procedure provided a qualitative means of comparison
ber and types of organeiles moving, their velocity, and the direction of but was not well suited for quantitative comparison of movement in
movement. However, the intact extruded axoplasm preparation is not axoplasm.
amenable to quantitation of the number of organeles moving per unit
time. The number of moving particles in a single plane of focus within
a healthy axoplasm is so numerous and the smallest organelles. which Results
are the ones of interest in the present studies, have such low contrast
that they are detected primarily as a continuous streaming across the llect ofdephospho-synapsin I on organelle movement within

screen. Because such organeles are well below the limit of resolution the interior of the axoplasm
of the light microscope, it is physically impossible to distinguish these In agreement with previous reports (Brady et al., 1982, 1984.
small moving particles as individual elements. Any estimate of the 1985). in preparations that were not exposed to synapsin 1.
number of particles moving across even a short line drawn on the screen
could be in error by orders of magnitude. In previous studies using transport of organelles along microtubules was maintained for
intact axons (e.g.. Allen et al., 1982: Adams and Bray, 1983: Forman several hours after extrusion of the axoplasm. The situation in
et al.. 1983; Koenig, 1986) or neurites in culture (e.g., Hollenbeck and the presence of the dephosphorylated form of synapsin I is il-
Bray, 1987), only a fraction of the total number of moving particles was lustrated in Figure I and Table I, where it can be seen that
detected. In fact. the inability to detect the small synaptic vesicle-sized incubation of isolated axoplasm with dephospho-synapsin I re-
particles in these preparations reduced the total number of visible mov-

ing particles so that the small number of larger moving organelles could suited in an almost complete inhibition of directed organelle
be counted. In previous studies using dissociated axoplasm (e.g., Allen movement. Immediately before addition of dephospho-synap-
et al., 1985; Schnapp et al., 1985; Vale et al., 1985b; Weiss. 1986), sin I, organelles ofall sizes were seen moving in both anterograde
individual translocation events could be easily examined. For some of and retrograde directions (Fig. 1, A, B). In contrast. by t hr after
the intact and dissociated preparations, estimates were presented of the
number of moving particles. However. no attempt was made in any of addition ofdephospho-synapsin I to the axoplasm, virtually all

these studies to evaluate the sampling procedure to determine the pop- directed organelle movement within the interior of the axoplasm
ulation of organelles being counted or how these relate to the complete came to a complete halt (Fig. 1, C. D). The smallest organelles
set oforganeiles in transport. Fortunately, in the present study, the effect appeared to be the most quickly and completely affected, but
of the dephosphorylated form of synapsin I on organelle movement was by 30 min to I hr after addition of dephospho-synapsin 1, or-
so dramatic that precise quantitation of the number oforganelles affected
was not critical. ganelles of all sizes were clearly affected. In the absence of de-

Velocity measurements were performed with a Hamamatsu C-2117 phospho-synapsin I, the average velocity of particles moving in
video manipulator, which generates white pixels that move across the the anterograde and retrograde directions was 1.72 ± 0.098 /Am/
monitor. The direction and rate of these pixels were adjusted by eye to sec (n = 33) and 1.29 ± 0.042 gm/sec (n = 33), respectively (S.
correspond alternately to the average velocity of particles moving in the
anterograde or retrograde directions. Velocities are expressed as mean T. Brady and G. S. Bloom, unpublished observations; and the
t SEM. present report). After equilibration of the axoplasm with de-

The "trace" images were obtained using the Hamamatsu C-1966 phospho-synapsin I, the average velocity in both directions for
Image Processor to extract a trace of moving objects by sequentially most particles was essentially zero.
subtracting frames at specified intervals and accumulating the successive
subtracted images. We had hoped to calculate the total intensities of No detectable change in the structural organization of the
the trace images and to use the intensity values as a quantitative measure axoplasm was noted on the addition of dephospho-synapsin I.
of total movement. This could be done by using a root-mean-square For example, in contrast to results obtained with purified mi-
average of the subtracted images as described by Forscher et al. (1987). crotubules (Baines and Bennett, 1986), no dephospho-synapsin
However, several limitations inherent in the trace technique precluded I-induced bundling of microtubules was detected in the intact
its routine use in the present studies. Situations that limit the usefulness
of this technique include too many moving particles for their trajectories axoplasm. Furthermore, there was no loss of order or increase
to be resolved from one another, variation in intensity of illumination in Brownian motion, which can be seen in disrupted axoplasm
due to fluctuations of the light source or differences in the depth of focus. or axoplasm depleted of ATP (Brady et al., 1985). Instead, the
and particles moving in and out of the plane of focus. The first limitation axoplasm appeared to virtually freeze in the presence of de-
is the reason why only the trajectories of the high-contrast. medium-
sized and large organeiles could be clearly seen in Figure 2.4. Unfor- phospho-synapsin I, with many organeles undergoing repeated
tunately, we were most interested in the movements ofthe low-contrast, short "tugging" movements. This tugging behavior could rep-
small (synaptic vesicle-sized) organelles, which were lost in the back- resent constrained Brownian movement of particles trapped

Figure 1. Effect of dephospho-synapsin I on organelle movement within the interior of the axoplasm. Stills from video records show organelle
movement within the interior of extruded axoplasm immediately before (.A. B) and I hr after (C. D) addition of 10 pm dephospho-synapsin I.
Arrows and arrowhead in A point to a few of the numerous organelles that had moved during the 5.5 sec interval between frames A and B. The
corresponding symbols in B point to the positions originally occupied by the respective organelles. Solid. curved arrow in A points to a mitochondrion
that moved to the left. as seen in B. Open, curved arrow in .4 points to a large organelle that moved upward and to the right, as seen in B. Solid,
thin arrow and solid arrowhead in A point to 2 smaller organelles that moved out of the field in B. Open, straight arrow in A points to 2 organelles
that moved in opposite directions in B. These 2 organeiles are marked with an * in both .4 and B: the top organelle moved in the retrograde
direction, whereas the bottom organelle moved in the anterograde direction. In contrast to the movement observed between frames A and B. almost
no organelles moved during the 5.5 sec interval between frames C and D. Arrows and arrowheads in C and D indicate just a few of the various-
sized organeles that remained stationary in the presence of dephospho-synapsin I. Stills were made by playing the original videotape into the
C-1966 Image Processor. performing a rolling average of 4 frames, and recording the averaged image onto an optical disc using a Panasonic TQ-
20281F Optical Memory Disc Recorder. Single frames from the optical disc were photographed from a high-resolution monochrome monitor with
a 35 mm camera onto Kodak Tech-pan film. Scale bar. 2 umm.
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I zelr 2Irace nma~es llustrating the! etrect of'dephospho-%s napsin I on org.1nelle mov'ement within the interior of' the axoplasm. Traces were
obtained h% ýubiraeiine csers third fra me (u.1 %cc intervals) and accurociatine the subtracted images of 60 frames, as described in Materials and
\letliods. 1, Linear rairis rroiuced b% movine organciles wsithin the asoniasm irnmeaiatilv before addition ofdecphospno-synapsin 1. B. No such
piaths can be detctedCL in tne same ;isopiasm I hr after addition ot 11) u~i dcnhofnno-%%napsin 1. Sitill% were made by copying the original videotape
oito in optical disc and pnotographine singic frames a% descrired in tne lecvend ito fiure 1. Scale bar. 2 am.

w it iin ntile matrix of' the axoplasni l13radv et al., 1 1).5 1 or could term% o1f its ability to be phosphorvIated by CaM kinase If. to
represent attempted movement 01 organelles that are actuall% hind to purified synaptic vesicles. to inhibit organelle movement
tethered to some component of the axoplasmic matrix. Rcplen- Ipresent report), and to inhibit neurotra nsnit tier release i Llinas
s~hinu the ATP dild not reverse the inhihitorN etlet of dephits- ot ail.. unnublished observations). Fluorescent dephospho-ssn-

phio-ssnapsin I on axonal transport. apsin I wsas tound to penetrate the axuplasmi with a time course
Rettions in which directed movement had ceased viithin the similar to that found for the appearance of the inhibitory effect.

axoplasmi %%ere first detected within 5 min after dephospho- This time course is crnsistent with that expected ror diffusion
,,% napsin I addition and were detected throughout the asoplasmi of mtolecultes the size of synapsin I in squid axoplasm (Bradv et
bv 301 mmn. ro monitor the diffusion of s~asnI into the al.. I 9,4. 1985. Moms a~nd Lasek. 1984).
asoplasm. the protein used for most of these experiments %sas D~namic movement observed in real-time using video-en-
tluiorescentl% labeled wsith the rhodamine derivative Texas red. hanced microscopy cannot be adequately represented in still
Labeled ,%napsin I ssas comparable to unlabeled snapsin I ;n photographs. The isolated axoplasm preparation contains so

many moving organelles that frames selected at 2 different times
____________________________________- ______ ma% look very' similar because almost all organelles ha ve moved

l~abk 1. j , rect (if dephfi%pho--s% napsin I and phospho-s%napsin I tin in the interf .rame interval and other organelles have taken their
uorga~nel movernment %ithin exrruded axoplasm - place. (ften. only the positions of medium-sized and large or-

- . ~napin rganite ganelles can unequivocally be identified in successive still pho-
concen- mosemen tIra's Furthermore. the ability to even detcct the small svn-

tration lafher ',0 aptic %esile-sized particles withi~n the complex interior ofithe
Iondiliiin imp nli mini .i\oplasm is almost completely lost in the still picture. The

Contrl it . - .. chngesin contrast generated b Iy the movement ofthese particles

lDephiisphii-ssnapsin IIt contribute %ignificantl'.' to one s ability to study them.
Fioujre 2 represents an attempt to circumrvent these limita-

\tiw k tilbospho-\snapsin I 0 Uons trace images in Figure 2 ý% ere obtained by sequentiallx
I Subtracting DIC images captured at 0. 1 sec intervals and ac-

lat 'op -i asnI alniui C:~lulluat:niet tii) of the subtracted imlage~s. Traiectories of moving
kiniseIt ret~d I .. partcicýs w ere visualiied by changes in pixel brightness caused

I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I% rw, ~isii~-snisn :.ric ~ x ' nten durinQ the interfranic interval. Thie traiectorics
,c,Irpnoiii prwvlni k n~ise !rcaledi riick! te)\ osrganeolles nmoing ss it hin [ice ;isoplasin were clears'

_________________________________________________________________ CCI !`'e:.L 'eddition tof dephosph o-sna psin I (Fig. 2.H1. In eon-



trast. no trajectories were evident I hr after dephospho-synapsin transported along microtubules. Phosphorylation by cAMP-de-
I was applied to the axoplasm (Fig. 2B). This trace imaging pendent protein kinase was not as effective as phosphorylation
technique provided a qualitative measure of the extent to which by CaM kinase II in preventing the inhibitory effect of synapsin
dephospho-synapsin I reduced movement of organelles. I. but far more movement was seen in axoplasm treated with

head phospho-synapsin I than if treated with dephospho-syn-
Effect ofdephospho-synapsin I on organelle movement at the apsin I (see Table 1).
peripherY of the axoplasm The relative lack of effect of the phospho-synapsin I prepa-

The most peripheral region of the extruded axoplasm prepa- rations was not due to nonspecific inactivation of the molecule
ration. i.e.. the region nearest the buffer-axoplasm interface, has by the phosphorylation conditions, since mock phospho-
a less dense and less ordered organization than does the interior synapsin I (synapsin I that had been treated identically to
of the axoplasm proper (cf. Fig. 3.4., B to C. D, and see Brady phospho-synapsin I except that ATP was omitted from the phos-
et al.. 1982: Miller and Lasek. 1985). In the periphery. organelle phorylation reaction mixture) was indistinguishable from de-
movement is not inhibited by dephospho-synapsin 1. In contrast phospho-synapsin I in its inhibitory effect. The relative lack of
to the immobilization of particles produced by dephospho-syn- effect of the phospho-synapsin I preparations was also not due
apsin I within the interior of the axoplasm (Fig. 3, .4. B). or- to poor penetration into the axoplasm. since fluorescence mon-
ganelle movement along microtubules near the boundary be- itoring of Texas red-labeled synapsin I showed similar diffusion
tween the buffer and axoplasm (Fig. 3, C, D) was unaffected by for thedephospho- and phospho-forms. The differences in trans-
dephospho-synapsin 1. Typically, regions of the axoplasm more port blocking ability between dephospho- and phospho-syn-
than 5-6 Am away from the boundary between buffer and axo- apsin I were also observed when the proteins were pressure-
plasm were clearly reduced in the amount of organelle move- injected from a microelectrode directly into a small region of
ment within 10 min of dephospho-synapsin I addition. As the the axoplasm. In these experiments. dephospho-synapsin I in-
incubation continued, almost all organelle movement ceased hibited movement in the region surrounding the injection site.
within the interior of the axoplasm (Fig. 3. A, B). Throughout whereas axonal transport proceeded normally at distances far-
the course of the experiment, however. organelles of all sizes in ther away. In contrast, phospho-synapsin I had no effect.
the most superficial regions of axoplasm continued to move The microinjection technique was also used to test whether
along easily resolved microtubules (Fig. 3, C, D). Similarly. phosphorylation ofsynapsin I within the axoplasm itselfby CaM
organelle movement along isolated microtubules protruding from kinase II would prevent the inhibitory action of svnapsin I on
the edge of the axoplasm continued in the presence of dephos- organelle movement. CaM kinase II was pressure-injected into
pho-synapsin I (Fig. 4). Thus. axonal transport along individual a small area at the distal end of the axoplasm. Organelle move-
microtubules in the periphery of the axoplasm and in the sur- ment and the integrity of the axoplasm in the vicinity of the
rounding buffer continued unabated, despite the fact that the injection site were not noticeably different from that seen in
dephospho-synapsin I concentration was higher in these pe- other regions. The axoplasm was then incubated with buffer
ripheral regions than in the interior of the axoplasm, as deter- containing 1.3- 10 uM dephospho.-synapsin I in the presence of
mined by fluorescent monitoring of Texas red-labeled synap- 40 AM calcium and 0.15 mg/inl calmodulin to promote phos-
sin I. phor'lation. Incubation with these concentrations of calcium

and calmodulin without dephospho-synapsin I had no detect-
E~ffect otphospho-srnapsin I on organe1WIe movement able effect on organelle movement (Brady et al.. 1984, 1985:

Phosphorylation of sites 2 and 3 in the tail region of the synapsin and this study). Dephospho-synapsin I inhibited movement
I molecule by CaM kinase II abolishes the ability of synapsin I throughout the axoplasm except in the immediate vicinity of
to inhibit transmitter release at the squid giant synapse (Llinas the kinase injection site. Near the injection site, normal organelle
et al.. 1985: unpublished observations). Therefore, we examined movement was observed. Decreases in organelle movement were
whether phosphorylation of synapsin I by CaM kinase II would seen with increasing distance from the site of injection. The
also reduce the ability of synapsin I to inhibit organelle move- distribution and intensity of the fluorescent synapsin I was the
ment in the squid giant axoplasm. As shown in the previous same at the injection site as in other regions. Thus. inhibition
section. organelle movement was almost completely inhibited by dephospho-synapsin I can be prevented by CaM kinase II
when axoplasm was incubated with 1.3-10 AM dephospho-syn- within the axoplasm itself.
apsin I. In contrast, incubation of axoplasm with 1.3 AmM tail
phospho-synapsin I (synapsin I that had been phosphorylated Discussion
on sites 2 and 3 in the tail region of the molecule by CaM kinase The present studies utilized the isolated axoplasm from the
II) had no effect on organelle movement (see Table 1). and squid giant axon as one model for studying the mechanism by
incubation with 10 Mm tail phosphosynapsin I had only a slight which synapsin I might regulate neurotransmitter release. These
inhibitory effect (Fig. 5). This minor effect at the higher con- studies were undertaken to test the following hypothesis. If syn-
centration might have resulted from sites 2 and 3 being incom- apsin I regulates availability of synaptic vesicles for release by
pletely phosphorylated or partially dephosphorylated by en- restricting the ability of vesicles to move within the cytoplasm
dogenous squid protein phosphatase(s). The fact that 10 AM tail of the presynaptic terminal, then adding concentrations of svn-
phospho-synapsin I had little effect on transport indicates that apsin I that would be expected to exist within the terminal to
this concentration of dephospho-synapsin I. which abolished the isolated axoplasm might inhibit vesicle movement in the
organelle movement, did not per se cause a nonspecific pertur- axoplasm. This is. in fact. what was found (see Table 1). The
bation of axonal transport. dephosphorlated form of synapsin I virtually abolished all ves-

Phosphorylation of site I in the head region of the synapsin icle movement within the interior of the isolated axoplasm.
I molecule by cAMP-dependent protein kinase only partially Phosphorvlation of synapsin I by CaM kinase 1I removed the
reduced the ability of synapsin I to inhibit organelles from being inhibitory effect and phosphorylation by cAMP-dependent pro-
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tein kinase partially reduced the inhibitory effect on vesicle is regulated by phosphorylation of the synapsin I molecule (De
movement. These results are analogous to the inhibition ofneu- Camflli et al.. 1983b: Huttner et al.. 1983: Navone et al., 1984).
rotransmitter release by dephospho-synapsin I and the reduc- In support of this proposal, synapsin I has been shown to bind
tion of that inhibition by phosphorylation of synapsin I. Thus, with high affinity to isolated synaptic vesicles (Huttner et al..
the results are consistent with the possibility that the mechanism 1983: Schiebler et al.. 1986: Steiner et al.. 1987; Benfenati et
by which synapsin I affects organelle movement in the isolated al.. 1989) and to interact in vitro with various cytoskeletal struc-
axoplasm is similar or identical to the mechanism by which it tures, including spectrin (Baines and Bennett, 1985; Kanda et
regulates synaptic vesicle availability in the presynaptic ter- al.. 1986: Krebs et al., 1987), microtubules (Baines and Bennett.
minal. 1986: Goldenring et al.. 1986). neurofilaments (Goldenring et

The small vesicles in the axoplasm were clearly not the only al.. 1986: Steiner et al.. 1987). and F-actin (Bahler and Green-
organelles affected by synapsin I. Movement of all organelles gard. 1987: Petrucci and Morrow, 1987; Petrucci et al.. 1988:
was dramatically inhibited. This nonselective effect raises the Bahler et al.. 1989).
possibility that synapsin I directly inhibits the microtubule- Only in the synaptic vesicle (Huttner et al.. 1983; Schiebler
based motor mechanism for fast axonal transport. Several fac- et al.. 1986: Benfenati et al.. 1989) and actin (Bahler and Green-
tors, however, suggest that synapsin I does not directly affect gard. 1987; Petrucci and Morrow. 1987; Bahler et al.. 1989)
the transport mechanism itself. First. synapsin I had no apparent studies was the effect ofphosphorylation of synapsin I by cAMP-
effect on the movement of organelles along microtubules in the dependent protein kinase examined. Phosphorylation by cAMP-
periphery of the axoplasm or along isolated microtubules pro- dependent protein kinase had only a slight effect on the inter-
truding into the buffer, where the concentration of synapsin I action of synapsin I with purified vesicles (Schiebler et al.. 1986)
was the highest. Furthermore, the ability of synapsin I to inhibit and with actin (Bahier and Greengard, 1987). It is not known
organelle movement was critically dependent on a closely packed whether these relatively minor effects are of physiological sig-
cytoskeletal matrix. For example. when the axoplasm was im- nificance. Phosphorylation of synapsin I by CaM kinase II has
properly extruded so that the onginal linear organization of the been shown to decrease its interactioa with purified synaptic
cytoskeletal network was disturbed, synapsin I was much less vesicles (Huttner et al., 1983; Schiebler et al.. 1986; Benfenati
effective in inhibiting movement. Also. if a single axoplasm had et al.. 1989) and neurofilaments (Steiner et al.. 1987) and to
highly organized regions adjacent to regions where the micro- nearly abolish its ability to bundle F-actin (Bahler and Green-
tubules were disorganized and extending haphazardly in all di- gard. 1987: Petrucci and Morrow. 1987). Thus. phosphoryla-
rections, then significant inhibition was seen only in the orga- tion-dependent interactions of synapsin I with any ofthese com-
nized regions. This ability of synapsin I to inhibit movement ponents could be responsible for the present findings on organelle
only within the interior of axoplasm in which the original cy- movement.
toskeletal architecture has been maintained is not consistent Interaction with neurofilaments is unlikely to explain the ef-
with a direct effect on the fast axonal transport mechanism. It fec's of synapsin I in both the axoplasm and the presynaptic
is also not consistent with the inhibitory effect depending solely terminal, since neurofilaments are thought not to extend into
on the concentration of a particular component that may have the synaptic vesicle-containing region of the terminal (Roots,
been diluted below a critical concentration in the buffer sur- 1983: Walker et al.. 1985). Interaction with microtubules is also
rounding the axoplasm. Rather, it suggests that synapsin I may unlikely to be the sole explanation for the effects of synapsin I.
indirectly inhibit fast axonal transport by crosslinking neigh- since no microtubule bundling was observed in the present ex-
boring axoplasmic structures, thus restricting the ability of or- periments and phosphorylation of synapsin I, if anything, may
ganelles to move within the resulting network. However. the enhance the interaction of synapsin I with microtubule proteins
absence of an effect of dephospho-synapsin I on organeles mov- (Petrucci and Morrow, 1987). In addition, microtubules are
ing along individual microtubules or in the periphery of the thought not to extend into the synaptic vesicle region of the
axoplasm suggests that the organelles are not crosslinked to the presynaptic nerve terminal (Roots, 1983; Walker et al., 1985),
microtubules. Instead. some other axoplasmic structure must although evidence for some microtubules extending into the
be required. presynaptic terminal does exist (Hirokawa et al., 1989). Re-

One possible mechanism for the inhibition of movement of gardless. the absence of inhibition by dephospho-synapsin I
membranous organelles reported here is the following. De- when organelles are moving along individual microtubules in
phospho-synapsin I inhibits synaptic vesicle mobility by cross- the absence of other s.ructures (Fig. 4) makes it unlikely that
linking the vesicles to some component(s) of the cytoskeleton. interaction with microtubules is involved.
thereby creating a dense meshwork or cage. which then indi- Interaction with F-actin, on the other hand, cou!d explain
rectly restrcts the movement of other organelles as well. Indeed, both effects. The ability of synapsin I to bundle F-actin in in
it has previously been proposed that synapsin I crosslinks syn- vitro systems (Bahler and Greengard. 1987; Petrucci and Mor-
aptic vesicles to cytoskeletal structures and that this interaction row. 1987: Petrucci et al., 1988) is consistent with synapsin I

Fiture 3. Comparison of the effect of dephospho-synapsin I on organelle movement within the interior and near the periphery of the axoplasm.
Stills from video records showing organelle movement within the interior H. B) and near the periphery, (C. D) of extruded axoplasm 20-22 mm
after addition of 1.3 ,m dephospho-synapsm I. .rrows in .4 and B indicate 2 of the numerous organelles in the field that did not move dunng the
5 sec interval between frames .4 and B. Open arrows in C and D indicate a single microtubule. Solid arrows in C and D indicate the positions of
a single organelle that moved along another microtubule dunng the 3 sec interval between frames C and D In such peripheral regions. movement
was generally active to the extent that few organeiles remained in the held for more than 2 or 3 sec. Arrowhead in C indicates an organelle that is
not seer in D because it had moved out of the field. Stills were made by accumulating 4 frames (0.13 sec) from the original videotape using the
C,-1966 Image Processor and photographing the accumulated image from the monitor onto Kodak TMAX 100 film. Scale bar, 2 Mrm.
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some dispute. However, actin is clearly present in high concen- the concentrations of synapsin I used in the present experiments
tration in the extruded squid axoplasm (Morris and Lasek, 1984: are most likely reached only in synaptic terminals where syn-
Fath and Lasek. 1988) and is also found in the presynaptic nerve apsin I is specifically localized. Therefore, we do not propose
terminal (LeBeux and Willemot, 1975: Toh et al.. 1976: Walker that synapsin I regulates release by blocking fast axonal trans-
et al.. 1985). Moreover, although actin is not necessary for fast port. In fact (Llinas et al., unpublished observations), disruption
axonal transport (Al'-n et al.. 1985: Brady et al., 1985: Schnapp of microtubules or axonal transport could not account for the
et al., 1985), several actin-binding and microfilament depoly- inhibition of neurotransmitter release by synapsin I. Instead.
merizing agents have been shown to disrupt fast axonal transport we suggest that the ability of synapsin I to block axonal transport
(Goldberg et al., 1980: Goldberg, 1982: Brady et al.. 1984). might reflect its ability to modulate organelle movement in the
Significantly, these microfilament depolymerizing agents are not nerve terminal. Such modulation might involve regulating re-
effective at inhibiting organelle movement along individual mi- lease of the vesicles from the microtubules, targeting the released
crotubules (Brady, 1987), and the individual microtubules on vesicles to a cytoskeletal (actin?) matrix, or regulating detach-
the periphery do not contain detectable microfilaments (Schnapp ment of the vesicles from such a cytoskeletal matrix.
et al.. 1985: Brady, 1987). Further studies will be required to
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ABSTRACT The question as to whether synaptic vesicles proteins and labeled with fluorescent probes without losing
prepared from vertebrate brain can be transported to the active biological activity (neurotransmitter content and enzymatic
zones of the squid giant synapse was studied by using a activities). Previous studies with labeled SVs from vertebrate
coubiined optical and electrophyslological approach. In order neural tissue have demonstrated that once they are intro-
to visunze the behavior of the vertebrate synaptic vesicles in duced into isolated axoplasm from squid, the labeled SVs can
situ, synaptic vesices isolated from rat brain were labeled with interact with the motile machinery of fast axonal transport
a fluorescent dye (Texas red) and injected into the presynaptic present in the axoplasm and can then be transported along the
terminalofthesquidgiantsynapse.Thepatternoffluorescence endogenous organeiles (7). When the surface properties of
that would result from passive dlfaslom was determined by the SVs were modified prior to injection into the axoplasm,
coinjection of an unconjugated fluorescent dye (fluorescein). the ability of the SVs to move and the directionality of
The patterns obtained with fluorescent synaptic vesicles were movement were affected (refs. 1 and 7; S.T.B. and L.
strkng different from that obtained by simple dllhsion of Yamasaki, unpublished observations). The principle of using
fluorescein. Although the fluorescein difilbsed freely in both a heterologous system that combined SVs from vertebrate
directions, the vesicles moved preferentially into the terminal- sources with molluscan giant neurons and manipulating these
i.e., toward the release sites--at a rate of 0.5 gm/sec. The final constituent elements independently was thereby established
distribution of the injected fluorescent synaptic vesicles dis- as feasible. However, this type of preparation was primarily
played a discrete localization that suggested a distribution suited for studying the molecular mechanisms of fast axonal
coincident with the active zones of the presynaptic terminal, transport, particularly with regard to questions about puta-
Like fast azoal transport, but unlike fluorescein movements in tive molecular motors (i.e., kinesin or cytoplasmic dynein),
the terminal, the vesicle movement was energy dependent, and could not readily address questions about targeting or
since the addition of 24-dinitrophenol blocked the redistribu- function in the terminal.
fdon of vesicles completely. In addition, reduction of extracel- Extensive electrophysiological studies of the giant synapse
lular calium concentration reversibly blocked vesicular move- have been conducted to characterize the physiological prop-

meat as well. In conclusion, mammalian synaptic vesicles erties of synaptic transmission in the squid (8). In most
retain the cytoplasmic surface components necessary for trais- respects, the squid giant synapse is a prototypical chemical
location, sorting, and targeting to the proper locations by the synapse with the characteristic features of many vertebrate
native machinery of the squid giant synapse. synapses such as the vertebrate neuromuscular junction.

However, the large size and relative accessibility of the giant
The movement and disposition of synaptic vesicles (SVs) in synapse of the squid permit intracellular recording within the
presynaptic terminals have been areas of intensive research terminal itself as well as microinjection of materials directly
in recent years. Several different lines of investigation have into the presynaptic terminal and adjacent axonal regions (9).
led to the conclusion that SVs or their precursors are deliv- As a result, the presynaptic terminal of the giant synapse is
ered to the presynaptic terminal by fast axonal transport (for uniquely amenable to experimental manipulations for explo-
review, see refs. I and 2). Many questions remain, however, ration of the molecular mechanisms underlying synaptic
about the fate of these vesicles during and after transport to transmission. The ability to microinject materials into this
the presynaptic terminal. For example, how are these vesi- presynaptic terminal has been particularly useful for exam-
cles targeted to the tetrminal rather than to the axonal ining possible functions for specific proteins associated with
plasmalemma? What occurs once the SV enters the presyn- the terminal. For example, the injection of synapsin I has
aptic terminal: Do they proceed directly to the junctional allowed the study of phosphorylation in the modulation of
areas or are they distributed stochastically? Moreover, what transmitter availability (9), and the injection of calcium
effect does activity have on these processes? Are the same indicators (10-12) enabled the visualization of the distribu-
molecular motors involved in moving vesicles in the terminal tion of inward calcium current during synaptic release. A
and in the axoplasm? Answers to most of these questions logical extension of these two approaches is to inject intact
have been difficult or impossible to obtain because of limi- organeiles into the terminal instead of proteins.
tations in the preparations and tools available to researchers. Microinjection of fluorescently labeled vertebrate SVs into
A combination of microinjection and intracellular recording the presynaptic terminal represents a powerful paradigm for
with video microscopy techniques has now provided us with understanding synaptic function. The ability to modify inde-
the means of addressing these fundamental questions in the pendently the SV components permits analysis of those
presynaptic terminal of the squid giant synapse. vesicle components involved in the movement of organelles

Several methods are now available for preparation of in the terminal, in the targeting of organelles to the junctional
highly purified SVs from vertebrate neural tissue (3-6). regions. and in the release of neurotransmitter. The electro-
These homogeneous fractions can be stripped of peripheral physiological properties of the giant synapse can be readily

evaluated and continuously monitored, so the effects of an
The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement" Abbreviations: SV, synaptic vesicle; TRSV, Texas red SV; DNP.
in accordance with 18 U.S.C. 11734 solely to indicate this fact. 2,4-dinitrophenol.
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experimental manipulation can be quantitatively analyzed, not interfere with the ability of TRSVs to move in fast axonal
while simultaneously evaluating movements of the previ- transport (7).
ously injected fluorescent SVs. We describe here the ATP- Unconjugated fluorescein was added to the injection fluid
dependent, directional movement of vertebrate SVs in the along with the TRSVs so that two fluorescent dyes were
presynaptic terminal of the squid giant synapse. The present simultaneously injected. The fluorescein served several im-
set of experiments demonstrates that vesicles injected into a portant functions. It was utilized as a control for the diffusion
functional synapse are treated as intrinsic vesicles and are of any nonvesicular components and defined the morphology
carried to the site of synaptic release in the presynaptic of the terminals and adjacent axon. In addition, the fluores-
terminal. cein provided a measure of the relative thickness in different

regions of the presynaptic terminal and axon. The choice of
unconjugated fluorescein as the second dye was made on the

MATERIAL AND METHODS basis of two criteria. (i) Fluorescein and Texas red have

The following work was performed at the Marine Biology sufficiently different excitation and emission wavelengths so
Laboratory in Woods Hole, MA. Reagents were obtained that the two dye distributions could be compared at all times
from Sigma unless otherwise stated. The squid giant synapse by switching filters and that observation at one wavelength
in the stellate ganglion of Loligo peaoeii was removed from would not contribute to bleaching for the other fluorochrome.
squid mantle under running seawater following standard (ii) Fluorescein did not significantly interact with other
protocol (13). Typically, squid with mantle lengths between structures of the presynaptic terminal (SVs, plasmalemma,
7 and 10 cm were utilized. Following removal of the stellate cytoskeletal structures, etc.).
ganglion, it was placed in the recording chamber, and con- Injection of TRSVs and fluorescein solutions into the
nective tissue was removed to allow presynaptic and postsyn- presynaptic terminal were accomplished by using carefully

beveled micropipettes. The beveling step was crucial as
aptic recording and to facilitate visualization of the presyn- vesicular material was difficult to inject if the micropipetteaptic terminal. The design of the experiment requires a clear oeigwsntlreeog.Cneslavr ag

visualization of the complete synaptic terminals, so only opening was not large enough. Conversely, a very large
those stellate ganglia having superficial presynaptic terminals micropipette opening invariably leads to presynaptic terminal

death, due to the influx of seawater, with a consequent
and simple structures were chosen. A synapse with simple disruption of synaptic organization and paralysis of vesicular
structure was defined as having presynaptic terminals that mobility. Two important parameters were taken into consid-
ran longitudinally over the postsynaptic axons as opposed to eration: (I) to bevel the electrode with an angle sufficiently
those that either dive into the ganglion and contact the lower steep in order to combine a low resistance (<1 M11) with a
surface or those that wrap around the postsynaptic axon. In diameter sufficiently small so as to prevent injury to the
these cases, visualization of vesicular movement is very presynaptic terminal and (ii) to ensure good suspension of
much impaired, although electrophysioiogical recordings SVs, as they tend to aggregate and form large masses that
could still be feasible. Preparations were perfused with could prevent injection by blockage of the electrode. If
oxygenated, running artificial seawater to maintain viability, injected, these aggregated vesicular masses exhibited a gen-
In some experiments, Ca2l-free artificial seawater, prepared eral lack of mobility. The actual injection was performed by
by replacement of CaCI2 with MgCI2, was employed to use of pressure pulses. These pulses had a duration of
eliminate activity. 100-150 msec and the pressure varied from 20-35 psi (1 psi

Electrophysiological Techniques. Methods for electrophys- = 6.89 kDa).
iological studies were essentially as described previously Microscopic Techniques. The fluorescence was imaged by
(13). The presynaptic terminal was stimulated with extracel- using a x 10 objective with an optical aperture of 0.22, which
lular electrodes located in the presynaptic bundle, and intra- provided images to a double microchannel plate image in-
cellular recordings were obtained at the presynaptic terminal tensifier coupled to a videcon camera (C1966-20 VIM Sys-
near the point of entry of the presynaptic axon into the tem: Hammamatsu Photonics). This system allowed the
ganglion, prior to its ramification into the presynaptic digits. visualization of fluorescence at extremely low light levels.
Intracellular recordings were required to characterize the Though fine structures could not be resolved by using this
presynaptic terminal, to assess its viability, and to check its optic, this system gave excellent images of the bulk of the
ability to maintain a proper resting potential during the injected material in the interior of the presynaptic terminal.
injection procedure. The identification of the presynaptic The image was then fed to an image processor (C1966;
terminal could also be obtained optically as the injection of Hammamatsu Photonics), which allowed a variety of image
presynaptic dye immediately outlined the shape of the pre- enhancements, including a running average of fluorescence,
terminal. the subtraction of background, and greyscale or pseudocolor

Preparation and Injection of Fluorescent Vertebrate SVs. manipulations. Fluorescent images were also recorded di-
Synaptosomal fractions were prepared from rat cortex, and rectly on video tape using a conventional VHS-type video-
SVs were purified from these synaptosomes by using a minor cassette recorder, and the taped image was used for further
modification of the method of Huttner et al. (5). Following analysis after the experiment. The fluorescent images were
purification. 3 3-.g samples of SVs were resuspended in 200 then displayed either as grey level images or using pseudo-
jil of precleared Texas red (Molecular Probes) in labeling color to emphasize fluorescent profile of injected materials.
buffer (0.67 mg of Texas red per ml/0.4 M NaCI/10 mM
Hepes, pH 7.4/10 mM EGTA) and incubated for 4 hr at 4°C.
This step removes peripheral proteins and labels integral
membrane proteins of the vesicle fraction. Following label- Movement of TRSVs In the Presynaptic Terminal of the
ing, the Texas red SVs (TRSVs) were pelleted by a 15-min Squid Giant Synapse. After the pressure injection of presyn-
spin at 260,000 x g in a Beckman TL-100 ultracentrifuge and aptic vesicles, SVs-i.e., Texas red fluorescence-were
washed several times by resuspension into labeling buffer eventually distributed throughout the terminal area and out-
without Texas red. TRSVs could then-be stored as aliquots lined the complete structure of the synapse (Fig. 1). Similar
either at -80°C for 4-8 wk or on ice for up to 10 days. Prior results were obtained in four additional experiments. The
to use, TRSVs were pelleted. washed, and resuspended in image in Fig. I was taken 50 min after the initial injection. The
injection buffer (0.1 M potassium aspartate/10 mM Hepes. injection site was located at the base of the upward pointing
pH 7.2). Previous studies had shown that this treatment does digit (arrow). It is clear from the illustration that the vesicles
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FIG. 1. Distribution of SVs in the
squid giant synapse. This image high-
fights the distribution of Texas red
fluorescence-i.e., the SVs-50 min
after the initial TRSV and fluorescein
coinjection. The density of the fluo-
rescence is not uniform over the en-
tire synapse. Instead, the distal por-
tions of the digits have higher density
and indicate a higher concentration of
the TRSVs. The injection site was
located at the base of the upward
pointing digit (arrow), which con-
tained three branchlettes. By con-
trast, coinjected fluorescein never
concentrated in any portions of the
presynaptic terminal.

A U

,FIG. 2. Distribution of fluorescein

and TRSV at different times after the
initial injection. These images were

.i obtained from the same synapse as
that in Fig. 1 and have the same
orientations. The fluorescein distribu-
tion 10 mrin after the injection (A) was
mostly in the main trunk of the syn-
apse and the axon. The latter corre-
sponds to the area toward the right of
the upward pointing digit. The TRSV
distribution (B) has a similar distribu-
tion except that it is more restricted.
The injection sites are indicated by
arrows. A clear difference in the dis-
tribution of TRSV and fluorescein
was observed 27 min after the initial
injection (C and D). These images
were taken under a higher magnifica-
tion than that shown in A and B, and
the terminal region to the left is not
included. Due to prolonged diffusion,
the fluorescein density is relatively
low (C) such that its profile is smaller
than the actual size of the synapse,
which is better delineated by the dis-
tribution ofTRSVs (D). In contrast to
the distribution of fluorescein,

TRSVs move along the terminal digit"E'"purposefully" and penetrate deep
into the branches (D). The distance
that TRSVs travel along the digit is far
longer than that on the retrograde
direction--i.e., to the right.

Flu. 4. Vesicular movement is en-
ergy dependent. In the presence of
0.66 mM DNP, the distribution of
TRSV remained unchanged 35 min
after injection (B), whereas fluores-
cein faded away rapidly after the ini-

0, ftew; M ,tial injection. Terminal digits pointing
toward the left in this preparation
were not invaded by TRSVs. The
picture in A was taken shortly after a
second injection to highlight the initial
distribution of fluorescein.



only moved anterogradely as there was virtually no fluores- -oo

cence in the axon to the right. Furthermore, the SVs were
preferentially concentrated in the areas corresponding to
synaptic junctions--i.e., the last few hundred microns of the
digits. In the case of the terminal digit, the horizontal one on
the left, the vesicular material was seen to cover a large
portion of the digit but was less concentrated near its base.
The density of fluorescence in this digit is not entirely
uniform, not unlike that observed from direct measurement si0.
of calcium entry using Fura 11 (12), and suggests a correlation
with the localized distribution of the active zones in the
terminal. 0 0 2 3 4 so

In order to provide a chronological description of the tim (witn)
vesicular movement in the presynaptic arbor illustrated inFig. 1, the distribution of fluorescence observed at earlier Fic. 3. Rate of vesicular movement. The measurements were

obtained from the same synapse as that in Fig. 1. TRSV fluorescencetimes after the injection is illustrated in Fig. 2. The initial movement in the horizontal direction (n)-i.e., toward the terminal
distributions of the fluorescein (Fig. 2A) and the Texas red digit to the left-and in vertical direction (e--i.e., into the pointing
(Fig. 2B) fluorescence provide a direct measure of the digit--are plotted in the same graph. The distances were measured
location of the injected presynaptic vesicles within the ter- upward from the injection site to the boundary of fluorescence (see
minal. This image was taken 10 min after the injection of a text). The straight lines are the linear regression fits for each
lO-pi volume of fluid containing TRSVs (0.44 mg/ml), fluo- direction. The data points do not start at zero distance because the
rescein (0.14 mg/mi), and ATP (14 mM) in injection buffer. fluorescence distribution covered a significant area instantaneously;

presumably it was forced by the pressure applied through theFollowing the initial injection, the presynaptic electrode was injection electrode.
removed and the movement of vesicles was monitored by
using the epifluorescence microscopy system. IMt toa of Labeled SVs Followg Inhlbition of ATP

As illustrated in Fig. 2B, the TRSVs were still largely Syntbesis. In order to determine whether the movement
confined to the general area of injectin at 10 min, while the required ATP, 2,4-dinitrophenol (DNP) (0.66 mM) was added
fluorescein had clearly diffused beyond the original injection to the extracellular fluid in place of the ATP. This has been
site, moving both proximally and distally. After a period of 27 shown to produce a total blockage of axonal transport (14,
min, much of the fluorescence associated with the injected 15). If the movement of presynaptic vesicles in the terminals
fluorescein had diffused away and consequently outlined an were to be an active process, dependent on ATP, then
image smaller than the actual size of the synapse (Fig. 2C). inhibition of ATP synthesis should block th T redistribution of
In contrast, movement of TRSVs during the last 17 min TRSVs as it blocks fast axonal transport. Coiujection of
covered a distance of -500 p :-, measured from injection site TRSVs and fluorescein with DNP demonstrated that al-
to the tip of right branch (Fig. 2D). This measurement
provides a transport rate of 0.5 1m/sec. By comparison, fast though distribution of material due to passive diffusion (flu-
axonal transport in the isolated axoplasm has an average rate orescein) was not modified by the treatment, the redistribu-
of 1.9 Am/sec in the anterograde direction and 1.3 pm/sec in tion of SVs did not occur following inhibition of axonal
the retrograde direction. Instead of measuring the rate of transport (see Fig. 4). Specifically, the fluorescein fluores-
fluorescent vesicular movement by direct observation of cence typically faded away rapidly and required multiple
individual vesicles (7), our imaging system only allowed us to injections to outline the profile of the synapse (Fig. 4A),
estimate the transport rate by the movement of fluorescence whereas TRSV distribution remained stationary even after
boundary. This approach provided a lower limit of the multiple injections (Fig. 4B). These experiments, which were
transport rate because the criterion for defining the boundary repeated three times, demonstrateO no movement of vesicles
was to find a line where there was an abrupt change in the for periods up to 40 min after inj•uon.
fluorescence density. By this criterion, there was clearly Distrlb11i1 ofLabelsdSVsFolowhngtbeRemo.wlofxza-
weak fluorescence beyond the line but change in fluorescence cellular COkfd.. Extraceilular calcium was removed from
density was too gradual to provide a consistent boundary the bathing medium to evaluate its role on the movement of
definition. A quantitative description of TRSV movement, TRSVs in a series of experiments similar to those described
measured from the same synapse as that of Figs. 1 and 2, is in previous sections. In this case, the extraceilular calcium
illustrated in Fig. 3, where the movements to the terminal was removed from the bathing medium from the time of fine
digit (square) and to the upward-pointing digit (circle) were dissection in the recording chambers for a period of at least
plotted separately. The linear fits provide a transport rate of 30 min prior to injections of TRSVs and fluorescein. After
0.5 and 0.4 gm/sec, respectively, this treatment, the extraceilular calcium concentration was

Movement of TRSVs was preferential in the anterograde sufficiently low to prevent transmitter release, although
direction. In fact, TRSVs were always observed to advance
into the digits and to concentrate in the distal portions of the presynaptic action potentials still exhibited a normal ampli-
presynaptic terminals, there being essentially no detectable node. As a result of this treatment, repeated in four synapses,
fluorescence in the retrograde direction. A clear demonstra- no movement Of TRSVs away from the initial site of injection
tion of this point can be seen in Fig. 21), where the distance could be detected. The movement of TRSVs under these
of Texas red distribution into the digit is far longer than that conditions of low extracellular calcium resembled those
into the larger proximal part of the axon (toward the right). following blockage of axonal transport by DNP. Further-

In contrast, injected fluorescein diffused quickly both more, in three of these four experiments, partial or complete
forward into the presynaptic terminal and back into the movement of the TRSVs could be recovered when the
proximal portion of the presynaptic axon. As a result, the extracellular calcium concentration was raised to 10 mM. By
fluorescein signal soon became widely distributed and thus contrast, removal of intracellular calcium in the axoplasm by
attenuated. In fact, qualitatively the largest movement of perfusion with buffers containing as much as 10-20 mM
fluorescein occurred in the retrograde direction, reflecting EGTA had no detectable effect on the transport of organelles
the larger sink for diffusion, in fast axonal transport (14-16).



DISCUSSION vesicular movement indicates that the movement of TRSVs
eindicate that mammalian SVs is well correlated with vesicular movement in the presynaptic

The results described above indica of th e ma umalian terminal per se. SVs appear to move only when the preter-
moved when injected into the aeoplas of thesquid giant minal is fully functional and capable of releasing transmitter.
synapse. Furthermore, the vesicles were specifically trans- This is to be expected if the vesicle movements do relate to
ported to the site of synaptic release. Th rate and direction- the mechanisms of transport, sorting, and release. Moreover,
amity of this movement are consistent with the view that it is probable that the final distribution of vesicular material
movement occurs via the normal transport systems of the in these experiments concerns not only the actual accumu-
presynaptic terminal. In some respects, this movement bears lation of vesicles but also the apposition of vesicles onto the
a certain resemblance to vesicle movement due to fast axonal presynaptic axolenuna. These experiments not only demon-
transport obtained in isolated axoplasm (1, 14, 15). strate that presynaptic vesicles move in the proper direction

As in the isolated axoplasm, TRSVs in the presynaptic and accumulate in appropriate locations but also suggest that
terminal move preferentially in the anterograde direction and the system may in fact allow the vesicles to fuse with the
in an ATP-dependent fashion. When the injection electrode membrane of the presynaptic terminal.
was located near the base of the distal-most digit, SVs were The small size and inaccessibility of most presynaptic
seen to move toward that digit alone, again suggesting that terminals have hindered studies on the molecular mechanism
vesicular movement is preferentially in an anterograde di- of synaptic release and associated phenomena. A similar
rection. There are, however, some differences. For example, impasse had been reached in the study of molecular mech-
the average velocity of movement for fluorescent vesicles in anisms of fast axonal transport prior to the application of
the terminal is only 0.5 /Am/sec as compared to 1.9 Am/sec video microscopy imaging methods to the study of fast axonal
for fast axonal transport in the anterograde direction. Several transport in the isolated axoplasm (14,15). The result was the
mechanisms might be invoked to explain all or part of this discovery of a new class of mechanochemical enzymes, the
apparent reduction in velocity. These include differences in disco 19,y20f .n alyss of thehmovemenzymertethe ethds sedforrat mesureentin he wo repra- kinesins (19, 20). Analyses of the movements of vertebratethe methlods used for rate measurement in the two prepara- SVs in the presynaptic terminal of the squid giant axon using
tions (i.e., movement of large groups of organelles as op- s inath rn of the squid gia xosin
posed to movement of individual organelles), differences a combination of electrophysiological and video microscopic
between the cytoskeleton of the terminal regions and the methods promise to provide comparable insights into the

axoplasm, and multiple mechanisms for movement in the molecular mechanisms of synaptic release and transport of

terminal. Another difference is that the reduction of extra- vesicles in the presynaptic terminal.

cellular calcium seems to completely block the movement of
TRSVs in the presynaptic terminal, but fast axonal transport This research was supported by Grant AFOSR850368 from the
appears unaffected by low calcium levels (14-16). Some United States Air Force.
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ABSTRACT A Ca 2+-cbannel blocker derived from funnel- fraction, which we call FTX, is different from that initially
web spider toxin (FTX) has made it possible to define and study described as AG1 relates to its molecular mass as determined
the ionic channels responsible for the Ca 2l conductance in chromatographically, which is one-fifth that of AG1, and its
mammalian Purkinje cell neurons and the preterminal In squid high affinity for Ca2l conductance both in the mammalian
giant synapse. In cerebellar slices, FIX blocked Ca 2+-depen- CNS and the squid giant synapse. Some of these results have
dent spikes in Purkinje cells, reduced the spike afterpotential been presented as short communications (4-7).
hyperpolarization, and Increased the Na+-dependent plateau
potential. In the squid giant synapse, FIX blocked synaptic MATERIALS AND METHODS
transmission without affecting the presynaptic action potential.
Presynaptic voltage-clamp results show blockage of the inward Electrophyslological Techniques. The methods utilized for
Call current and of transmitter release. FIX was used to the brain slice work on the cerebellum and for the giant
Isolate channels from cerebellum and squid optic lobe. The synapse are the same as those described in previous papers
Isolated product was incorporated Into black lipid membranes from our laboratory (8, 9). Purkinje cell recordings were
and was analyzed by using patch-damp techniques. The obtained from in vivo adult guinea pig cerebellar slices. These
channel from cerebellum exhibited a 10- to 12-pS conductance cells were impaled at either the soma or the dendrites.
in 80 mM Ball and 5-8 pS in 100 mM Ca2l with voltage- Electrical excitability of the cell was determined by direct
dependent open probabilities and kinetics. High Ba2+ concen- stimulation of the neurons. Sodium conductances were
trations at the cytoplasmic side of the channel increased the blocked by using tetrodotoxin (TIX).
average open time from 1 to 3 msec to more than 1 sec. A The experiments on the squid (Loligo Pealeii) giant syn-
similar channel was also Isolated from squid optic lobe. apse were performed at the Marine Biological Laboratory
However, Its conductance was higher in Ba2+, and the maxi. (Woods Hole, MA). Pre- and postsynaptic recordings from
mum opening probability was about half of that derived from the giant synapse were utilized to test the action of FTX on
cerebellar tissue and also was sensitive to high cytoplasmic synaptic transmission, and presynaptic voltage-clamp was
Ball. Both channels were blocked by FTX, Cd2, and Co2 but used to determine the effect of the toxin fraction on the
were not blocked by w-conotoxln or dihydropyridines. These inward presynaptic Ca2l current and on synaptic transmitter
results suggest that one of the main Call conductances in release in the absence of action potentials.
mammalian neurons and in the squid preterminal represents Toxin. Crude venom from American funnel-web spiders,
the activation of a previously undefined dam of Ca2+ channel. including Agelenopsis aperta, Hololina curta, and Calilena,
We propose that It be termed the "P" channel, as It was first was obtained commercially (Spider Pharm, Black Canyon,
described in Purkinje cells. AZ). FTX, a factor with a molecular mass in the 200- to 400-

Da range, was purified chromatographically from the venom.
While different Ca 2+-channel blockers have been described We estimate the concentration of toxin used to block Ca2+
in past years (1), a true blocker for the main Ca2+-dependent conductance to be submicromolar, based on the elution
action potential in mammalian and in some molluscan neu- profile (OD2w) of the FTX fraction on column chromatogra-
rons had not been encountered. This lack of a suitable phy and the dilution factors of the chamber.
blocker suggested that at least one of the main Ca2l conduc- Affinity Gel Construction. Purified toxin, the activity of
tances present in the central nervous system (CNS) does not which had been previously verified, was coupled to Sepha-
belong to the categories proposed by Tsien and co-workers rose 4B via 1,4-butanediol diglycidyl ether. The purified toxin
(2, 3), as those channels respond quite specifically to dihy- obtained from 100 pl of the A. aperta venom was treated with
ropyridines and as-conotoxins. The use oi funnel-web spider 50 ml of the spacer-attached gel to form the final affinity gel.
toxin (FTX) as a CNS Ca 2+-channel blocker was first Biochemical Methods. Animals. Adult Hartley guinea pigs
described in Purkinje cells, where it blocked dendritic spiking (400-600 g) were decapitated with a small-animal guillotine
(4). At that time the fragment utilized was known as AG1 and under sodium pentobarbital (Nembutal, 40 mg/kg, i.p.)
was obtained from Bioactives (Salt Lake City, UT). Because anesthesia. A rapid craniotomy was performed to remove the
of the variability in the blocking observed, we attempted to squamous portion of the occipital bone. The cerebellum was
isolate the main factor involved in this blockage from crude then separated from the brainstem and placed in ice-cold 400
venom. We report here on the specific neuronal Ca 2 "- mM sucrose/5 mM Tris-HCI, pH 7.4/0.1% phenylmethyl-
channel blocking properties of FTX and its use in the sulfonyl fluoride/0.1% bacitracin/5 mM EDTA containing
isolation of functional channels, which we have studied in the approximately 2 units of aprotinin per ml.
black lipid membranes. That the Ca2+-channel blocking Adult squid (Loligo Pealeii) with a 10- to 13-cm mantle size

were decapitated, and the optic lobe was excised and rapidly
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Purification Procedure. Published protocols for the affinity The bathing solution was held at ground. Data obtained in the
purification of membrane proteins (10) were followed for the channel studies were amplified to a level of 500 mV/pA, and
isolation of the toxin-binding components of the cerebellar the membrane current was recorded on an HP 3960 FM
and optic lobe membranes. The membrane pellet was resus- instrumentation recorder for subsequent analysis. Data were
pended to a concentration of 20 mg of protein per ml into 100 filtered at 1 kHz and were digitized at 2500 or 5000 samples
mM sodium citrate, pH 7.4/3% sodium choleate to solubilize per sec. The digitized records could then be viewed on a
the membrane protein in a Dounce homogenizer. The solu- computer-generated display, and amplitude and open-time
tion was stirred overnight at 4*C and centrifuged at 47,000 x and closed-time distributions were obtained.
g for 30 min; the supernatant was filtered under vacuum. The
resulting filtrate was then subjected to affinity chromatogra- RESULTS
phy. The solution containing the solubilized membrane
protein was allowed to react batchwise with 20 ml of the The Effect of FTX on the Intact Mouse. The activity of the
toxin-Sepharose gel by gently stirring overnight at 4°C. The toxin fraction was tested on mice. The results indicate that for
gel was separated from the detergent solution by vacuum a 30-g mouse, a 5-jil i.p. injection of a solution diluted 1:9
filtration. The resulting gel cake was resuspended into 20 ml from the spider venom fraction produced death in 15-20 min,
of 1 M CaCI2/1% sodium choleate/10 mM Hepes, pH 7.4, and apparently by respiratory failure. No effect was observed on
was stirred for 2 hr at 49C. The suspension was then filtered, neuromuscular transmission. With half of the lethal dose, the
and the filtrate was retained. The elution procedure was animal became sleepy and rarely responded to auditory,
repeated a second time, and the resulting filtrates were visual, or tactile stimuli; when present, the response was
combined. The volume of the solution was reduced by phasic and short-lasting, emulating abrupt awakening from
dialysis against polyethylene glycol 35,000 (Merck). The deep sleep. The results suggest that FTX crosses the brain-
protein-containing concentrate was desalted on a 1.0 x 25 cm blood barrier, directly affecting the CNS. This is in contrast
column of Sephadex G-25 equilibrated with 100 mM Hepes with results reported for the dihydropyridines (14, 15) and
(pH 7.4) and was dialyzed extensively against 400 mM conotoxins (16, 17), which have little effect on mammalian
sucrose/10 mM Hepes, pH 7.4. Samples were taken at each CNS.
step of the procedure for determination of protein by the The Effect of FTX on Purkinje Cells. Intracellular record-
Bradford assay (11). The product obtained with this proce- ings from Purkinje cells were obtained from cerebellar slices
dure typically had a final yield of 0.0005% or less, consistent (4, 8). The two types of spike responses typically recorded
with the purification of a membrane protein such as an ionic from these neurons under control conditions are shown in
channel. Fig. 1. Depolarization of the neuron by square current pulses

Ca2 -Channei ReLonstitution and Recording. The purified produced rapid sodium-dependent firing, which culminated
protein was reconstituted into lipid vesicles by using a 4:1 in a set of long, low-amplitude, repetitive Ca 2+-dependent
mixture of phosphatidylethanolamine/phosphatidylcholine spikes (Fig. 1A). After bath application of FTX, the Ca2+-
(Sigma) in 400 mM sucrose formed by the sonication-dialysis dependent spikes disappeared, and the duration of the after-
procedure of Racker (12, 13). After vesicle formation, the potential hyperpolarization was reduced (Fig. 1B). This
dialysate was applied to a 1.0 x 35 cm column of Sephadex blocking occurred 5-10 min after bath application of the toxin
G-25, and the void volume was collected. The resulting at a calculated 0.5 AM final concentration and was partly
vesicle suspension was used for the bilayer studies. reversible after washing for about 30 min. In addition to

The functional activity of the reconstituted protein was blocking the Ca2+-dependent action potentials, FTX in-
studied by using the lipid bilayer technique. Vesicles con- creased the likelihood of plateau potentials (Fig. 1B), which
taining affinity-gel-processed protein were fused to a planar are produced by the activation of the persistent Na+ con-
lipid bilayer, and the electrical activity was determined. ductance (8,9). Both of these plateau potentials and the initial
Bilayers were formed on two-pull micropipettes with opening fast spikes were blocked by the addition of TTX (10-6 g/ml)
diameters near 1 Am by using a lipid solution composed of a to the bath (Fig. 1C). Nearly identical results were obtained
3:1 mixture of phosphatidylcholine/phosphatidylethanol- with FTX from the three different types of funnel-web spiders
amine (Avanti Polar Lipids). Voltage was applied via the tested.
micropipette by using a Dagan 8900 patch/whole-cell clamp In a second set of experiments, recordings were made from
with a 10-Gfl head stage (Dagan Instruments, Minneapolis). the Purkinje cell soma after TTX administration. Under these
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FIG. 1. (A) Intracellular recording from a Purkinje cell shows fast Na'-depep|dent spikes and Ca 2 -dependent action potentials (arrows). (B)
Five minutes after application of FTX. Ca2÷ spiking disappeared, and a prolonged Na -dependent plateau potential is observed that far outlasts
the duration of the stimulation IVower trace). (C) Addition of TTX to the bath blocks the fast action potentials and the plateau potentials shown
in B. (D) Ca 2+-dependent slow action potential is generated by direct stimulation of the Purkinje cell in the presence of TTX. (E) Addition of
FTX to the bath produces a blockage of the voltage-dependent Ca2÷ electroresponsiveness.



Neurobiology: Llinds et al. Proc. Natl. Acad. Sci. USA 86 (1989) 1691

conditions, Purkinje cell stimulation is known to elicit a slow potential was between -90 and - 120 mV, which, to the limit
Ca 2+-dependent plateau potential (8, 9). One such response of the accuracy of the measurements, is the theoretical value
is illustrated in Fig. ID. In this case, a short, direct depolar- for a Ba2+ permeable channel.
ization of the soma initiated a prolonged dendritic potential A second type of channel-like activity was found when the
that outlasted the pulse by about 20 msec. However, after solutions were reversed so that the high-Ba2 ÷ solution was on
application of FTX (-0.5 aiM), this Ca 2+-dependent conduc- the cytoplasmic face of the channel. Typical recordings are
tance was blocked (Fig. 1E). shown in Fig. 2D, which were made at holding potentials of

Single-Channel Properties. The functional activity of the -45, -30, and -15 mV. In this particular experiment, three
isolated protein was assessed by the lipid-bilayer technique. channels with identical conductances had fused with the
Electrical activity was measured in asymmetric solutions bilayer. An unexpected characteristic was the predominance
containing 80 mM BaCI2 and 10 mM Hepes (pH 7.4) on the of openings longer than 1 sec. Also present are rapid openings
cis side and 120 mM CsCi, 1 mM MgCI 2, and 10 mM Hepes with durations of less than 100 msec. From these data we
(pH 7.4) on the trans side or in the patch pipette. Recordings estimated a unitary channel conductance of 20 pS.
were also obtained with the solutions reversed. When vesi- The measured Ca2" currents represent contributions from
cles containing the purified protein were added to the bilayer both the individual currents and the opening probabilities of
chamber, an increase in the conductance of the bilayer was the channels. Thus, it should be possible to approximate the
usually detected within 10 min. In general, it was difficult to macroscopic current by multiplying the single-channel cur-
obtain recordings of only a single channel when vesicles were rents by the opening probabilities at each potential as has
added to the BaW+-containing solutions because of the fusion- been done for the "fast" Ca2+ channel (18). The voltage and
promoting effect of divalent cations. time dependence of the current obtained in this way is

Two types of single-channel activity were found. The first comparable to the results from current clamp experiments in
was seen when Ba2+ was present on the extracellular face of the dendrites of Purkinje cells (8). However, in the absence
the channel protein and was characterized by short-duration of Ca 2+-current measurements for Purkinje cell dendrites,
openings. Fig. 2 A-C illustrates this activity from the cere- only a qualitative statement can be offered. The effect of
bellar preparation at holding potentials of -45, -30, and -15 known blockers of the neuronal Ca 2

1 channels was deter-
mV. The voltage dependence of the open probability is mined for the reconstituted channels. Single channels were
shown in Fig. 2F. The channel was closed at -60 mV and blocked by both Cd2 + and Co 2

' at concentrations of less than
began to exhibit openings as depolarizing potentials were 100 jLM in a manner consistent with a fast-block mechanism
applied. The maximum open probability, 0.6-0.65, occurred (18). The single channels were also blocked by the microliter
at holding potentials greater than 0 mV. The mean open time addition of a 1:10 dilution of FTX.
was also found to be voltage-dependent and ranged from less Cephalopod Ca"+ Channels. A set of experiments similar to
than 0.6 msec to 5 msec. The I-V relationship constructed those described for the Purkinje cell were carried out at the
from six experiments is nonlinear as shown in Fig. 2E, where squid giant synapse. Two experimental paradigms were
each point represents the mean of the current at each voltage followed. Pre- and postsynaptic intracellular recordings were
step. Voltage steps above 0 mV generated unitary currents obtained, and synaptic transmission was tested by electrical
too low to be measured reliably (Figs. 2E and 4 F and G). A activation of the presynaptic fiber. Presynaptic stimulation
conductance of 10-12 pS in Ba2+ and 6-8 pS in 100 mM Ca 2

1 generated a presynaptic action potential that served as a
was obtained from these data. The extrapolated reversal trigger for transmitter release and the generation of a postsyn-
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FiG. 2. Functional properties of channels isolated from guinea pig cerebellum by an FTX affinity gel. (A-C) Single-channel recording with
80 mM external Baz. obtained for protein reconstituted in lipid vesicles and fused with lipid bilayer. Holding potentials: -45 mV (A). -30 mV
(B). and - 15 mV (C). (D) Single-channel recordings obtained with 80 mM Ba2 ' on the cytoplasmic face of the channel. Holding potentials of
-45. -30, and -15 mV are shown. In this particular experiment, three identical channels had fused with the bilayer. The long duration of the
open time seems to be an effect of the high amount of internal Ba,+. as it can be converted into the short-duration channel (A-C) when Ba2 *
is removed from the cytoplasmic side. (E) I-V curve in 80 mM Ba2• for the -fast" channel of A-C constructed from the single-channel events
obtained from six different experiments. Each point represents the mean current from 200 or more events at each voltage. (F) Plot of open
probability vs. applied voltage showing the voltage dependence of the channel, which reaches a maximum value of 0.6-0.65 above 0 mV. (G)
Values from E-F multiplied to give an approximation of the macroscopic current.
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FiG. 3. Action of FIX on synaptic transmission at the squid giant synapse. (A-C) Effect of FTX on synaptic transmission evoked by presynaptic
action potentials. Pre- (first arrow) and postsynaptic (second arrow) action potentials were evoked after direct stimulation of the preterminal fiber
(A). Five minutes after the application of FTX, a total block of synaptic transmission was observed without affecting significantly the presynaptic
action potential (B). Superimposition of the records in A and B (C) shows the small reduction in the amplitude of the afterpotential hyperpolarization
after application of FTX. (D-F) Presynaptic voltage-clamp records and postsynaptic recording. Traces: upper, voltage step; middle, postsynaptic
response; lower, inward calcium current. Results are shown before (D) and 10 min after (E) the application of FTX. Note the block of the calcium
current and the postsynaptic response. Superimposition of records in D and E is shown in F.

aptic response (Fig. 3A). After administration of FTX in on postsynaptic channels, since no reduction of the postsyn-
submicromolar concentrations, synaptic transmission was aptic response to pressure-injected glutamic acid was ob-
blocked within 5-8 min, and the presynaptic afterpotential served after the synaptic transmission was blocked by the
hyperpolarization was slightly reduced (Fig. 3B). In a second toxin (not shown).
set of experiments, the presynaptic terminal was voltage- Isolation of Caz+ Channels from tne Squid Optic Lobe.
clamped, and the relation between the presynaptic Ca 2 + Channel protein derived from the optic lobe was extracted
current and transmitter release was studied as shown in Fig. and studied in the black lipid membranes. In Fig. 4 examples
3D. Addition of FTX at similar concentrations to that used in of the single-channel currents are illustrated. In the same
the experiment illustrated in Fig. 3E blocked the Ca2 + current asymmetric solutions used for the cerebellum, two types of
within a few minutes. This was accompanied by a block of channel-like activity were found. The first, shown at three

transmitter release, as judged by the absence of a postsyn- holding potentials in Fig. 4 A-C was characterized by
aptic response. The toxin fraction did not have a direct effect voltage-dependent openings with a mean duration of 1-3
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FIG. 4. Single-channel properties of protein from squid optic lobe. (A-C) Single-channel recordings at potentials of -10, -30. and -50 mV
were obtained with 80 mM Ba 2+ on the external face of the protein. JD) Opening probability of the channel reaches a maximum of 0.32-0.35
at 0 mV and above, exhibiting a clear voltage dependence (n = 6). (E) Mean open time vs. potential shows the voltage dependence of the length
of time the channel remains open as the holding potential is varied (n = 6). (F and G) I-V curves obtained in 80 mM Ba2 * (F) and 100 mM Ca2 *

(G). The conductance of the channel is 20 pS in Ba2* and 8 pS in Ca 2 ' (200+ events at each potential). (H) o, Current obtained by multiplying
values in D and G to approximate macroscopic behavior; -, actual values for 'c. in squid as previously published (9).



msec (Fig. 4E). The unitary conductance of the channel was physiological criteria that there exists yet another Ca 2*
18-20 pS in 80 mM Ba2l (Fig. 4F)and 5-8 pS in 100rmM Ca 2* channel. This P channel is, in our estimation, one of a large
(Fig. 4G). The opening probability, which was also voltage- variety of Ca 2÷ channels that will probably be encountered in
dependent, reached a maximum of 0.35 at a membrane the years to come.
potential of 0 mV. When the cytoplasmic face of the protein In addition to the differences in pharmacology, single-
was exposed to high-concentration Ba2+ solutions, long open channel conductances, and voltage-dependence kinetics, it is
times of the channel were induced, and replacement of the possible that the different channels have fundamentally
Ba2 ions on the cytoplasmic side with Cs + resulted in different properties from a biochemical point of view as well.
conversion of the long openings to short openings. High One of the interesting aspects of the present results relates to
concentrations of internal Ca2 * (100 mM) did not induce the the action of calmodulin kinase II (CAMkinase II) on Ca2"
long open times. As both the probability of opening and the channels. This enzyme is known to phosphorylate the L-type
single-channel current are dependent on voltage, multiplica- Ca2 2 channels, increasing their average open times, resulting
tion of these two parameters would give the current-voltage in an increased Ca 2  current when these channels are
relationship for the macroscopic current. Such a plot for the phosphorylated (21). In the squid giant synapse, presynaptic
fast channel, as shown in Fig. 4H. is quite similar to the injection of CAMkinase II has been shown to increase
macroscopic lca recorded from the squid preterminal (19, 20). transmitter release as much as 7-fold without an observabie

Results similar to those determined for the cerebellar effect on the Ca2l current (22), indicating that CAMkinase II
channel were found in the channels from squid optic lobe. may modulate transmitter release by phosphorylation of
Both long-duration and short-duration opening time were synapsin I at site 2 (23, 24), which would increase vesicular
recorded. The squid fast channel differed from the cerebellar availability at the presynaptic release site (22). Thus, specific
channel in two respects. First, the conductance of the squid biochemical modulation of the different Ca2l channels may
channel was higher. The I-V curve constructed from a series be a fundamental variable in their role in nervous system
of experiments on the short-duration channel is shown in Fig. function.
4 F and G. The unitary conductance was estimated to be 20
pS. A second difference between the two channels is that the This work was supported by National Institute of Neurological and
cerebellar channel has a 2-fold higher maximum probability Communicative Disorders and Stroke Grants NS13742 and
of opening. However, the voltage-dependence of the chan- AFOSR85-0368.
nels and their pharmacological characteristics are quite 1. Tsien, R. W., Lipscombe, D.. Madison. D. V., Bley, K. R. &
similar. Fox, A. P. (1988) Trends NeuraSci. 11, 431.

2. Fox, A. P., Nowycky, M. C. & Tsein. R. W. (1987) J. Physiol.

DISCUSSION (London) 394, 149-172.
3. Fox. A. P., Nowycky, M. C. &Tsien. R. W. (1987)J. Physiol.

The present paper indicates that FTX, a fraction of funnel- (London) 394, 173-200.
web spider poison having a molecular mass of 200-400 Da, 4. Sugimori, M. & Llinds, R. (1987) Soc. Neurosci. Abst. 13.
blocks Cal' channels both in mammalian Purkinje cells and 5. Tank, D. W., Sugimori, M., O'Connor, J. A. & Llinls. R.
at the presynaptic terminal of the squid giant synapse. (1988) Science 242, 773-777.
Because this channel has unique pharmacological properties 6. Sugimori, M., Lin, J. W., Cherksey, B. & Llinds, R. (1988)

Biol. Bull. 175, 308.
and kinetics that are somewhat different from those described 7. Cherksey, B.. Sugimori, M., Lin, J. W. & Llins, R. (1988)
for the L, N. and T channels (2, 3). we propose that it should Biol. Bull. 175, 304.
be referred to as the -P" channel, since it was first described 8. Llinis. R. & Sugimori, M. (1980)J. Physiol. (London) 305, 171-
in Purkinje cells. Whether the P channel observed in Purkinje 195.
cells and in the squid giant synapse are indeed the same is 9. Llin~s. R.. Steinberg, 1. Z. & Walton. K. (1981) Biophys. J. 33,
difficult to say at this time. From an electrophysiological 289-322.
point of view, the macroscopic Cal" currents obtained from 10. Cherksey, B. D. (1988) J. Comp. Physiol. Biochem. 90A, 771-
presynaptic voltage clamp studies (18, 19) and those obtained 773.
from black lipid membrane recordings of channels isolated 11. Bradford, M. (1976) Anal. Biochem. 12, 248-254.

12. Racker. E., Knowles, A. F. & Eytan. E. (1975) Ann. N.Y.
from cerebellum show a similar I-V relation. Because reliable Acad. Sci. 264, 17-33.
voltage-clamping of Purkinje cells so far has not been 13. Cherksey, B. D. & Zeuthen, T. (1987) Acta Physiol. Scand.
technically feasible, we cannot compare the computed I-V 129, 137-138.
relation obtained from single Ca 2+-channel recordings with 14. Fleckenstein, A. (1977) Annu. Rev. Pharmacol. Toxicol. 17,
macroscopic ic.. However, the similarity between the kinet- 149-166.
ics of those observed in squid and Purkinje cells suggests that 15. Weiss, G. B., ed. (1981) New Perspectives on Calcium Antag-
these two channels are similar. onists (Am. Physiol. Soc., Bethesda. MD).

A comparison of the P channel with previously described 16. Gray, W. R., Luque, A.. Olivera, B. M., Barret, J. & Cruz.
L. J. (1981) J. Biol. Chem. 256, 4734-4740.Cal' channels (2. 3) indicates clear differences. Indeed. the 17. Olivera. B. M., McIntosh, J. M.. Cruz. L. J.. Luque. F. A. &electrophysiological properties of both the squid giant syn- Gray. W. R. (1984) Biochemistry 23, 5087-5090.

apse presynaptic spike as well as the action potential re- 18. Hille, B. (1984) Ionic Channels of Excitable Membranes (Sin-
corded from Purkinje cell dendrites are quite different from auer. Sunderland. MA).
the low-threshold calcium spike observed in central neurons 19. Llinds. R.. Steinberg, I. Z. & Walton, K. (1981) Biophys. J. 33,
(20), which corresponds to the activation of the T channels (2. 323-352.
3). Neither can the P channel be considered to be similar to 20. Llins. R. (1988) Science 242, 1654-1664.
the L channel, since the voltage-dependence of this channel 21. Armstrong, D. (1988) J. Gen. Physiol. 92, 10a (abstr.).
is far more negative (-60 mV) (19. 20) than that reported for 22. Llinds. R.. McGuinness. T. L.. Leonard. C. S.. Sugimori. M.
the L channel Q. 3). In addition. at least in the squid & Greengard. P. (1985) Proc. NatI. Acad. Sci. USA 82, 3035-

3039.
presynaptic terminal, a degree of inactivation may be ob- 23. DeCamilli. P.. Cameron, R. & Greengard. P. (1983)J. Cell Biol.
served. If anything. our channel may resemble the N channel. 96, 1337-1354.
However. the P channel is not blocked by w-conotoxin. In 24. Huttner, W. B.. Schiebler, W.. Greengard. P. & DeCamilli. P.
short, we must conclude on pharmacological and electro- (1983) J. Cell Biol. 96, 1374-1388.


