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SUMMARY

Sodium channels from rat brain have been studied at the single channel
level in planar phospholipid bilayer membranes in the presence of the activating
neurotoxins, batrachotoxin (BTX) and veratridine (VER). Three problems have been
investigated. First, an Eyring rate theory model has been developed to account
for ion movement through the channel under a variety of experimental conditions
assuming that permeant and blocking cations interact with the toxin binding site
as they enter the channel. In addition to satisfactorily describing the movement
of sodium ions through the channels and block by calcium ions, the model predic-
ted that the marginally-permeable potassium ion should be a voltage-dependent
blocker. This prediction has now been verified experimentally. In order to
examine the generality of voltage-dependent toxin block, we have begun to study
some of the properties of veratridine (VER) activated sodium channels. Although
voltage-dependent gating and voltage-dependent block by STX and TTX were similar
in VER and BTX-activated channels, there appeared to be two dictinct VER-acti-
vated channel types but only one BTX-activated channel. The single channel
conductances of VER-activated channels were only about 5 and 10 pS as compared
to 25 pS for BIX-activated channels under the same ionic conditions. Biochemical
experiments indicated that BTX and VER-activated Na channels can be purified
from detergent extracts of rat brain and reconstituted in phospholipid vesicles.
The purified channels can then be incorporated into planar bilayers for charac-
terization. With this procedure, the two types of VER-activated Na channels were
separated and were revealed to have slightly different molecular weights (about
235,000 and 265,000 corresponding to the 10 pS and 5 pS channels when reconsti-
tuted into planar lipid bilayers). The development of STX/TTX-sensitivity of Na
channels has been studied in primary cultures of neonatal rat brain astrocytes
(glial cells), Initially, the cells haiztoxin-insensitive (Ki > 100 nM) Na
channels as revealed by BTX-activated ““Na influx. High toxin sensitivity ap-
pears from day 7 - 10 in culture, probably by insertion of newly synthesized
toxin-sensitive channels.
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FOREWORD

R L s

In conducting the research described in this report, the investigators
adhered to the "Guide for the Care and Use of Laboratory Animals" prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of Labora-
tory Animal Resources, National Research Council (DHEW Publication No. NIH 85-

23, Revised 1985).

Animals are maintained in the Central Animal Facility of the University of
Maryland School of Medicine. Animals are housed, cared for, and used strictly in
accordance with USDA regulations. The University of Maryland School of Medicine
Central Animal Facility is fully accredited by the American Association for the
Accreditation of Laboratory Animal Care. The program of animal care is directed
by a full-time, speclalty trained, laboratory animal veterinarian. This institu-
tion has an Animal Welfare Assurance on file with the NIH Office for Protection
from Research Risks (OPRR), Assurance Number A0472.
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The person responsible for the Central Animal Facility is:

Diane Barnal, Associate Director

Central Animal Facility

University of Maryland School of Medicine

Medical School Teaching Facility, Redwood and Pine Streets
Baltimore, Maryland 21201 Phone (301) 528 7612
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A. Specific Aims of Original Proposal.

o

ok

The original specific aims (listed below) have not changed. During the

:ﬁ first year, substantial progress was made on aims 1, 2, and 4 (see report AN-1l-
:3 1986). Progress during the present reporting year has been made on specific aims
- 4 and 5. In addition, work has ~xpanded on aim 1 in new area related to the
:u development of STX and TTX bi. .ag and block in brain glial cells in culture
. (section E).
N 1. to determine the molecular basis of the voltage dependence of saxitoxin
:j- (STX) and tetrodotoxin (TTX) block of neuronal sodium channels.
:ﬁ- 2. to examine the effects of trimethvioxonium (TMO; a modifier of the nega-
o tively-charged toxin binding site) on ion permeation through the channels and on
channel block by calcium and strontium.
AN
35 3. to examine the effect of other carboxyl modifying reagents on ion permea-
S tion and block. Special attention will be paid to carbodiimides which render
{? sodium channels insensitive to TTX.
N
e 4. to utilize the information in 1 - 3 above to derive a rate theory model
e for ion permeation through the channel.
k; 5. to determine the rates of opening and closing of single sodium channels at
;u: varying membrane potentials and the effects of TMO treatment on these processes.
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B. Publications and Scientific Meetings.

Publications: (The first two items were listcd in the first annual report [AN-1-
1986] but appeared in print during the present reporting year.)

ey

I

Krueger, B. K., J. F. Worley III, and R. J. French. 1986. Block of sodium
channels in planar lipid bilayers by calcium and guanidinium toxins. Are the
mechanisms of voltage dependence the same? Annals of the New York Academy of
Sciences. 479: 257-268.
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French, R. J., J. F. Worley, W. F. Wonderlin, and B. K. Krueger. 1986. Three
sites of calcium block in single sodium channels? Proceedings. of the

;i Eighth Annual Conference of the IEEE Engineering in Medicine and
o Biology Society. 962-965.
~ ’
o Worley, J. F., R. J. French, and B. K. Krueger. Effects of divalent cations

and membrane surface charge on ion permeation through single sodium channeis
~a from rat brain incorporated into planar lipid bilaye—=s. Submitted to Journal
e of General Physiology.
::j Worley, J. F., W. F. Wonderlin, B. K. Krueger, and R. J. French. Ion permeatiocn,
o divalent ion block and chemical modification of single sodium channels.
'y Description by a 4-barrier, sirgle occupancy, rate theory model. Submitted to
< Journal of General Physiology.
AL
QQ Cukierman, S., W. C. Zinkand, R. J. French and B. K, Krueger. Effects of mem-

brane surface charge and calcium on the gating of rat brain sodium channels
in planar bilayers. in preparation.
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Wonderlin, W. F., French, R. J. and N. J. Arispe. Recording and analysis of

"
.

L

ﬁ{ currents from single ion channels. in preparation.

;:: Abstracts:

) Corbett, A. M., W. C. Zinkand, and B. K. Krueger. 1986. Saxitoxin (STX) and calcium
- interactions with purified sodium channels reconstituted in planar lipid

o bilayers. Society for Neuroscience Abstracts 12: 45.

hj Yarowsky, P. J., R. Johnson, W, C. Zinkand and B. K. Krueger. 1927. Development
™ of sodium channels in rat cerebral astrocytes. 1987. Federation Proceedings
» 46: 504.

o

:{: Corbett, A. C., W. C. Zinkand, and B. K. Krueger. 1987. Activation of single

-}: neuronal sodium channels by veratridine and polypeptide neurotoxin in planar
5;\ lipid bilayers. Biophysical Journal 51: 435a.

‘—‘\‘!

!; Corbett, A. M. and B. K. Krueger. 1988, Purification and characterization of two
hj: sodium channels from rat brain with different alpha subunits and distinct

Q;. functional properties. Biophysical Journal. submitted.

s

K;- Cukierman, S., W. C. Zinkand, R. J. French, and B. K. Krueger. 1988, Effects of
;-’ calcium and 1lipld surface charge on sodium channel gating. Biophysical Jour-
- nal. submitted.
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Scientific Meetings.

v s a

j R. J. French presented a paper at the Eighth Annual Conference of the IEEE/En-
* gineering in Medicins and Biology Society, Fort Worth, TX, 11/86. (B. K. Krue-
8 y
' ger, co-author) ‘
$ B. K. Krueger, W. C. Zinkand and A. M. Corbett presented a paper at the Biophys-
o ical Soclety meeting, New Orleans, LA, 2/87. '
o
N B. K. Krueger, W. C. Zirkand and P. J. Yarowsky presented a paper at the
E FABEB meeting, Washington, D.C., 3/87.
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C. Rate Theory Modeling.

Methods. All experiments described in this section have been carried out
usigg membrane vesicles prepared from homogenates of rat brain that are enriched

H-STX binding sites (l). Sodium channels were Incorporated into phosphati-
dylethanolamine phosphatidylserine planar bilayers and studied in the presence
of the activating toxin, batrachotoxin (BTX; 2,3). We have described ion move-
ment through BTX-activated sodium channels by assuming that each permeant ion
must traverse a saries of energy barriers as it moves through the channel pore.
Between each pair of adjacent barriers is an energy minimum or well, occupancy
of which is energetically relatively favorable. In gereral. according to such a
so-called "rate theory" model, highly permeant ions encounter low energy bar-
riers and shallow wells, whereas ions that encounter one or more very high
barriers are impermeant and chose that enter very deep wells are minimally
permeant and actually block the flow of permeant ions., Voltage-dependent sodium
channels have been modeled in this way (4) using a three-well (site), fcur-
barrier rate theory model, however, the number of barriers and sites and their
positions werer chosen arbitrarily to allow for good fits to macroscopic cur-
rent-voltage data. The basic outline of our modeling and the application of the
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Eﬁ model to the experimental data were described in report AN-1-1987,

bﬂ Subsequent analysis revealed additional features. First using the optimal
P‘ four-barrier, three-site model parameters, the occupancy by blocking calcium ion
T of each site was computed as a function of the membrane potential, The fraction
. blocked is proportional to the total occupancy. As can be seen from figure 1A
Sy below, where the occupancy of each site by calcium is indicated by the black

}3 vertical bar, external calcium can only enter the outermost two sites because

_the third (from the outside) barrier is too high to allow calcium to cross and
permeate the channel. Hyperpolarization (more negative potentials) dramatically
increases the channel occupancy (primarily at the ceatral site) resulting in
voltage-dependent block. In contrast, internal calcium (Figure 1B) can enter
only the innermost site. Occupancy of this site is slightly favored by depolari-
zation and thus block by internal calcium is only slightly voltage dependent.
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- ploited as a function ot potential. Thus, at 1V mff externalL va~ , tne cnannes iy
.,::'_, much more occupied (blocked) at hyperpolarized potentials whereas at 10 mM

'_\ internal calcium, the channel 1s nearly equally occupied (blocked) at all poten-
. tials. The fits of the model to the data are shown for external (Figure 3A) and
= internal (Figure 3B) calcium.
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prediction is shown in Figure 4 for symmetrical 57 m* >dium with and without

:: symmetricl 29 mM potassium. It can be seen that only outward currents are

' blocked by potassium. This voltage-dependent block has recently been experimen-
tally verified independently by Garber and Miller (5) cn muscle sodium channels

3 in planar lipid bilayers.

‘,

~

N 2.58_ I (PR

i_ Nz

: Na + K

:: E (m\) .29 .

I -tea’ 2 : 109

N

iy

3 - 2.30

4

- Figure 4. Rate theory model prediction of veltage-dependent block by symme-
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D. Purification saad Characterization of Twc Sodium Channels.

ﬁ 3n-sTx binding sites have been purified from homogenates of rat brain by
.f, solubilization in Triton X-100 and fractionacion by normal and HPLC column
] chromatography (6). The binding sites were first fractionated by ion exchange
) and lectin-affinity chromatography. Concentrated samples were then sized by HPLC
H y
» gel filtration and tke final purification step was by HPLC DEAE ion exchange
- with a 100 - 250 mM KC1l gradient. The overall purification scheme is summarized
‘;{ below:
,a SODIUM CHANNEL PURIFICATION
3 5-Step Method Specific Activity Yield Purification
:f.." {(pmol/mi) {percent) © (told)
'5 Solubilized F3 5.1 100 1
j DEAE Sepharose 73 8s 14
f Hydroxylagatite - 83 21 16
' NGA 423 13 83
HPLC Molecular Sleve 1238 4.5 242
HPLC DEAE Grudient 2921 3.4 547
9
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were incorporated into planar bilayers for determination of ;unccional activitv
(2,7). In the presence of BTX, the channels were similar to unpurified chaﬂnels
incorporated directly from native membrane vesicles. Depolarizing potentials
induced channel opening, the single channel conductance was about 25 pS in 150
mM NaCl and external STX blocked in a voltage-dependent manner (Figure 5).

A

; -
bl M\m-'w.o

-50 mv ~75mv

mw«. i o =g bt st ebvifiripiriapris by, 8 =G
™ -~ '

-50mV + Snid 37X
“78mV + SnM STX

I 1pa
2 sec

In K,(STX)
-l

[ A 1 ] 4

-80 -40 0 +40 +80
Potential (mv)

Figure 5. Voltage dependent block by STX. A Two purified BTX-activated
channels were incorporated into a planar bilayer. Five nM STX induced long-lived
closing (blocked) periods. B. The potency of block (inversely related to K;) was
greater at depolarized (positive) potentials.
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In tracer flux experiments, veratridine (VER) has been found to act on
sodium channels synerglstically with polypeptide toxins from scorpion and sea
anemone venoms (8). This synergism may be also be seen in bilayer experiments
(ref. 9 and report AN-1-1986) in which polypeptide toxins increased the probabi-
lity of the channel being open.

With purified channels, in the presence of VER, two STX-sensitive conduc-
tance states were observed (about 5 pS and 10 pS). Interestingly, sea anemone
polypeptide neurotoxin dramatically increased the probabllity of being open for
only the channels with the larger conductance (Figure 6). In prelimingry experi-
ments, critical examination of the polypeptide composition of active “H-STX
binding fractions from the HPLC DEAE ion exchange column revealed that-the early
part of the peak was composed primarily of a 232kD a subunit whereas the later
part of the activity peak contained a 265 kD a subunit. Scorpion polypeptide
toxin greatly increased the open probability of the large conductance channel
(235 kD, 10 pS) and Increased the single channel conductance of the 265 kD
channel from 5 to 9 pS. The possible relationship of these two types of brain
sodium channels to the two distinct sodium channel genes reported by Noda =t al.
(10) will be investigated. -85 mV, Control

"”
1"
19
L]
134
12

T
re 4

Observations (x10?)

. e.¢ [ A ) L 1.6

Current (pA)

-85 mVY, + AxTx

Observations (x103)

I S R
. . hnd

o 0.4 ‘e 1.2 e

Current (pA)

Figure 6. Amplitude histograms of purified, reconstituted sodium channels
in planar bilayers in the presence of VER and sea anemone polypeptide toxin.
Top: The large peak represents the closed state and the smaller peak is the
combination of 5 and 10 pS sodium channels. Bottom: addition of 200 nM sea
anemone toxin (AxTx) selectively increases the probability that the larger, 10
pS channel will be open.
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E. Development of STX/TTX-sensitivity of Sodium Charnels in Rat Cortical Astro-

cztes .

In collaboration with Dr. Paul J. Yarowsky, Department of Pharmacology and
Experimental Therapeutlcs, University of Maryland, we have been studying changes
in the STX and TIX sensitivity of sodium channels in neonatal rat cortical
astrocytes. These glial cells, previous thought to have few Lf any voltage-
dependent channels, have recently been shown to have a variety of channel types
simflar to those In nerve and muscle cells (%%). In early cultures (up to about
7 days), there is sulstantial BTX-activated ““Na-influx but virtually nc detec-
table high affinity “H-STX binding activity. Block of Influx by STX behaved as a
single site blocking reaction with a K; of more than 100 nM. From day 7 to 12,
high-affinity (K4 = 1 nM) “H-5TX binding activity increased rapidly with no
overall change in BTX-activated influx. At two weeks or later, there were two
components of block, one with a K; estimated to be somewhat less than 1 nM and
the other with a K; of 100 - 500 nM. We Interpret thcse results to indicate that
initially, the astrocytes have only STX/TTX-insensitive sodium channels and that
from 7 - 12 days in culture, some of these are replaced with (possibly newly
synthesized) STX-sensitive channels that may be simllar to those in neurons with
a K4 of about 1 nM.
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Figure 7. Changes in BTX-activated 2255 influx (filled circles) and 34-sTX
binding (open circles) as a function of time in neonatal rat cortical astro-
cytes, Left: STX binding undergoes a five-fold change from day 6-8 to times
older than 13 day. Sodium influx is about the sgme at early and later times.
Right: detail of the increase in high affinity “H-STX binding from day 7 to 14.
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F. Effects of Surface Charge on Sodium Channel Gating.

In experiments begun by Dr. S. Cuklerman during the last mont? of this
reporting period, we have found that both internal and external Ca‘? can shift
the gatirg of BTX-activated sodium channel incorporated into planar lipid ti-
layers (11,12). Experiments were conducted with channels incorporated into
either negatively-charged (phosphatidylserine) bilayers or neutral (phosphati-
dylethanolamine or phosphatidylc?oline) bilayers. We believe that these effects
are due to the interaction of Ca‘! with negative cha§§es on both the lipids and
the channel protein itself. Asymmetric binding of Ca“’ neutralizes the charge
and alters the steepness of the transmembrane electric field sensed by the
voltage-dependent gating machinery of the channel. We have found that 1. charges
on the lipid headgroups and on the channel protein contribute about equally to
these shifts, implying that the gating machinery i{s close enough to the charged
lipid headgroups to be electrostatically affected, and 2. that there are more
negative charges on the extracellular side of the channel than on the intracel-

lular side.
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