these experiments. After impalement
there was a rapid downward (negative)
deflection of the microelectrode poten-
tial, which reached a minimum (— 87
mV) about 1 minute after impalement.
The delay probably reflects local mem-
brane damage followed by spontaneous
repair at the site of impalement (/, 3, 6).
On reaching its minimum value after im-
palement, the potential remained steady
until the microelectrode was withdrawn
3 minutes after a steady state was estab-
lished. After withdrawal, the potential
returned rapidly to its initial value (7
mV) in the mucosal medium.

The equation aiy./a’; = 2.303 exp
[(AE — E.;)/Sxak] Was used to calculate
a'ya from 14 recordings, similar to Fig.
1B, in tissues from six different animals.
Here AE is the difference between the
steady-state microelectrode potentials in
the cell interior and mucosal medium
(average value, — 88.2 mV), E,, is the
mucosal membrane potential, and S y.x is
the slope of the microelectrode used to
measure each value of AE. The average
E., (= 35 mV) found previously (6) in 104
impalements with tissues from 11 dif
ferent animals was assumed in the pres-
ent study.

The a'y, in these experiments was
9.1 £ 0.9 mM. This agrees reasonably
well with the value previously found (6)
with Na*-selective microelectrodes con-
taining monensin (6.3 mM). We believe,
however, that this agreement reflects the
capacity of poorly selective micro-
electrodes, when properly used, to yield
reasonably accurate estimates of a'y, un-
der steady-state conditions (¢, 6), rather
than the utility, for this purpose, of the
highly Na*-selective microelectrodes de-
scribed in this report.

J. O’DOHERTY
J. F. GARcIA-Diaz
W. McD. ARMSTRONG
Department of Physiology,
Indiana University School of Medicine,
Indianapolis 46223

References and Notes

1. A. A. Lev and W. McD. Armstrong, Curr. Top.
Membr. Transp. 6, 59 (1975); W. McD. Arm-
strong, in Water Relations in Membrane Trans-
port in Plants and Animals, A. Jungreis et al.,
Eds. (Academic Press, New York, 1977), p. 215;
J. L. Walker and A. M. Brown, Physiol. Rev.
§7, 729 (1977); M. M. Civan, Am. J. Physiol.
234, F261 (1978).

2. I. M. Glynn and S. J. D. Karlish, Annu. Rev.
Physiol. 37, 13 (1975).

3. J. L. Walker, Jr., Anal. Chem. 43, 89A (1971); in
Ion and Enzyme Electrodes in Biology and Med-
icine, M. Kessler et al., Eds. (University
Park Press, Baltimore, 1976), p. 116; R. N.
Khuri, J. J. Hajjar, S. K. Agulian, J. Appl.
Physiol. 32, 419 (1972); J. F. White, Am. J.
Physiol. 231, 1214 (1976).

4. L. G. Palmer and M. M. Civan, J. Membr. Biol.
33, 41 (1977).

5. R. P. Kraig and C. Nicholson, Science 194, 725
(1976).

6. J. F. Garcia-Diaz, J. O’Doherty, W. McD. Arm-
strong, Physiologist 21, 41 (1978); W. McD.

SCIENCE, VOL. 203, 30 MARCH 1979

Armstrong, W. R. Bixenman, K. F. Frey, J. F.
Garcia-Diaz, M. G. O’Regan, J. L. Owens, Bio-
chim. Biophys. Acta, in press.

7. A. Agtarap, J. W. Chamberlain, M. Pinkerton,
L. Steinrauf, J. Am. Chem. Soc. 89, 5737 (1967).

8. J. O’Doherty, J. F. Garcia-Diaz, W. McD. Arm-
strong, Physiologist 21, 86 (1978).

9. M. Giiggi, M. Oehme, E. Pretsch, W. Simon,
Hely. Chim. Acta 59, 2417 (1976). W. Simon,
Eidgendssische Technische Hochschule, Zu-
rich, kindly supplied this compound.

10. We pulled micropipettes (tip diameters, ~1 um)
from Kwik-Fil borosilicate glass tubing (outer
diameter, 1.2 mm; inner diameter, 0.68 mm; W-
P Instruments, New Haven, Conn.), silanized
their inside surfaces with dimethylchlorosilane
(Pierce Chemical Co., Rockford, IIl.), in-
troduced a column (200 um to 2 mm long) of the

liquid ion-exchanger solution into their tips, and
filled them with 0.5 or 0.1M NaCl. Calibration
and intracellular recording were performed as
described elsewhere (6).

11. P. Léauger and B. Neumke, in Membranes, G.
Eisenman, Ed. (Dekker, New York, 1973), vol.

,p. 1.

12. Asli)de from the Nat-selective ligand (9), this so-
lution is similar in composition to Corning
477317 K+*-exchanger. We found that a solution
of the ligand in Corning 477317 can be used to
make Na*-selective microelectrodes similar to
those described here.

13. Supported by USPHS grant AM 12715. J. F. G.-
D. was partially supported by the Ministerio de
Educacion y Ciencia, Madrid.

23 October 1978; revised 19 December 1978

Membrane Surface Potential Changes May Alter Drug
Interactions: An Example, Acetylcholine and Curare

Abstract. Curare is known to be less effective as an acetylcholine antagonist when
the divalent cation concentration of the extracellular solution is increased. This ob-
servation can be accounted for by the negative surface potential on the end plate; an
increase in divalent cation concentration decreases the negativity of the surface po-
tential and thereby lowers the concentrations of cations at the membrane-solution
interface. The concentration of divalent cations, such as curare, will be reduced
more than the concentration of univalent cations, such as acetylcholine. The obser-
vations can be accounted for by a surface potential of about —50 millivolts. The
same principle can explain the reported actions of divalent cations on the affinity of
receplors for acetylcholine. The effects of surface potential on concentrations at
active sites may play an important role in drug interactions.

The potency of drugs that act on the
acetylcholine (ACh) receptor at the
neuromuscular junction can be modified
appreciably by changes in the concentra-
tions of ions in the extracellular solution.
Increasing the concentration of either
Ca* or Mg?* decreases the effective-
ness of tubocurarine as an antagonist of
ACh or of carbachol-induced depolariza-
tions (/). However, the effectiveness of
curare is enhanced when the Na* con-
centration in the extracellular solution is
reduced (2). These observations can be
accounted for by the negative surface
potential found at the end plate.

Most biological membranes have an
excess of fixed, anionic groups at the
membrane-solution interface. The mem-
brane potential as measured with an in-
tracellular microelectrode is the total
voltage drop across the system. In real-
ity this is the sum of at least three sub-
components: the surface potentials at the

outer and inner interfaces and the volt-
age drop through the membrane itself.
Increasing the divalent ion concentration
in the extracellular solution reduces the
negativity of the external surface poten-
tial, by screening or binding to the fixed
anionic groups. If the membrane poten-
tial is held constant (with a voltage
clamp, for example) the decrease in the
external surface potential is accom-
panied by a corresponding increase in
the voltage drop within the membrane.
Consequently, an increase in the extra-
cellular divalent ion concentration has
the same effect on the voltage gradient
through the end-plate membrane as a hy-
perpolarization produced by a voltage
clamp (3). Both treatments increase the
duration of miniature end-plate currents
(MEPC’s). Mallart and Molgo )
showed that a similar lengthening is pro-
duced by lowering the extracellular pH.
This can be accounted for if the hydro-

Table 1. Estimates of the surface potential of the muscle end plate based on curare-ACh inter-
actions in a variety of experimental solutions. See Jenkinson (/) for details of the solutions. The
mean y value is 49.7 + 14.2 mV (= standard error of mean).

Experimental , ¢ Control
solution Method K,'/K; Ay (mV) (mV)
1. 5.4 mM Caz* Microelectrode 0.52 +8.15 —87
2. 8.6 mM Mg?**+ Microelectrode 0.63 +5.87 —-42
3. 5.4mM Cazt External recording 0.72 +4.07 —45
4. 2/3 Na*, 1/3 sucrose External recording 1.11 —-1.28 -7
5. 1/3Na*, 2/3 sucrose External recording 2.41 -11.01 -74
6. 8.6 mM Mg?* External recording 0.62 +6.08 —43
0036-8075/79/0330-1351$00.50/0 Copyright © 1979 AAAS 1351



gen ions neutralize anionic groups on the
membrane and thereby reduce the sur-
face charge. A comparison of the time
course of MEPC’s in solutions with in-
creased divalent cations or decreased pH
with the time course of MEPC’s during
hyperpolarization produced by the volt-
age clamp suggests that the end plate has
a surface potential approximately be-
tween —50 and —100 mV (5).

The external surface potential is re-
lated to the pharmacology of the neuro-
muscular junction because it sets the
concentrations of ions close to the mem-
brane, [X];, compared to their concen-
trations in the bulk solution, [X],, ac-
cording to the Nernst equation:

s = —RT/(zF) In {[X])s/[X}} (D)

where s is the surface potential, R is the
gas constant, F is Faraday’s constant, T
is absolute temperature, and z is the va-
lence of the ion. The larger the valence,
the greater the effect of the surface po-
tential. Acetylcholine is a univalent cat-
ion. With a surface potential of — 60
mV, ACh will be concentrated ten-
fold at the membrane surface com-
pared to the bulk solution. The same
—60-mV surface potential will concen-
trate the divalent antagonist tubocura-
rine 100-fold near the membrane surface.
Since the effect of the membrane surface
potential is to concentrate the agonist
and antagonist to differing extents,
changes in the magnitude of the surface
potential should alter the apparent affini-
ties of ACh and curare.

The relevant data for quantifying this
hypothesis have been published. Jenkin-
son (/) recorded the depolarization of the
end-plate region of frog extensor digito-
rum longus IV muscles in response to
ACh, using an air-liquid interface as an
extracellular electrode or with an intra-
cellular electrode. The response was re-
corded with different concentrations of
ACh and tubocurarine, and also in solu-
tions with altered concentrations of Ca?*
or Mg?*. When both agonist and antago-
nist bind to the same site on the receptor
(competitive inhibition) the affinity of the
antagonist, K;, is given by

[Al/[A'] = 1= Ki[l] (€]

where [A] is the concentration of agonist
that elicits a given response in the pres-
ence of a set concentration of antagonist
[1], and [A’] is the concentration of ago-
nist that produces the same response in
the absence of antagonist (6). The con-
centrations are those in the bulk solu-
tion. If the receptor is on a membrane,
and if the membrane has a surface poten-
tial, then the effective concentrations at
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the receptor site are as described by Eq.
1.

Suppose that the membrane surface
potential is changed. The concentration
of ACh in the bulk solution required to
produce the same response will change
to an equal extent for both [A] and [A’].
In other words, a change in surface po-
tential leaves the left-hand side of Eq. 2
unaltered. Differences in the measured
Ki’s then reflect the change in antagonist
concentration at the membrane pro-
duced by the change in surface potential.
On these assumptions

~RT/(zF) In K{'/Ki = Ags~ (3)

where K; is the measured affinity con-
stant in the control solution and Kj’ is
that from the solution with altered cation
concentrations. Since the valence of
tubocurarine is two, a tenfold change in
apparent affinity indicates a 30-mV shift
in surface potential.

If the concentration of univalent ions
in the extracellular solution is decreased,
there will be an increase in the negativity
of the surface potential and therefore a
relative increase in the concentration of
tubocurarine at the receptors and an in-
crease in the calculated affinity constant.

By using the Grahame equation (7)
along with the change in surface poten-
tial calculated with Eq. 3, it is possible to
estimate the control membrane surface
potential in each experiment. Table 1
summarizes Jenkinson’s results and our
calculations of the changes in surface
potential for each of his experiments.
Though there is appreciable scatter, it
appears that there is a substantial nega-
tive potential at the external membrane
surface of the end plate. The average val-
ue is about —50 mV, which is lower than
our initial estimate of roughly —100 mV
from experiments with altered divalent
cation concentrations (3, 5) but identical
to the estimate of Mallart and Molgo ¢)
from experiments with lowered pH.

Our calculations involve important as-
sumptions. We assume that the actual af-
finity of the receptor is unaltered by the
experimental treatments. We assume
that there is a smeared, uniform charge
density on the end plate, and that the
changes in univalent and divalent cation
concentrations change the potential only
by screening. If, as seems likely, the
divalent cations bind to negative charges
on the membrane, our estimates of sur-
face potential are high. We also assume
that the binding of the agonist and antag-
onist to the receptor does not significant-
ly modify the local charge density.

We suggest that the surface potential
on the membrane containing the recep-

tor, and its modification by changes in
the ionic composition of the bathing so-
lution, will help to explain many curious
observations in the pharmacology of the
neuromuscular junction and of other sys-
tems as well. For example, the blocking
potency of decamethonium, a divalent
antagonist, is increased about twofold
when the extracellular solution contains
1.8 mM Ca?" instead of 10 mM Mg?* (8).
This is readily accounted for by a —50-
mV surface potential on the end plate.
Some apparent experimental paradoxes
may also be resolved. Del Castillo and
Engbaek (9) reported that (i) Mg2* reduc-
es the depolarization produced by bath-
applied ACh and (ii) Mg?* in the pres-
ence of curare increases the depolariza-
tion produced by bath-applied ACh. The
two observations are reasonable as long
as there is a significant end-plate surface
potential. Mg?* reduces the surface po-
tential and this reduces local ACh con-
centration (and ACh-induced con-
ductance changes), but Mg?* causes an
even greater reduction in the local curare
concentration. This effect is dominant
and leads to a net increase in the re-
sponse. There are many observations re-
ported about the effects of changes in the
cation concentration of the extracellular
fluid on the potency of ACh, which have
lead to some elaborate theories about the
binding of ACh to the receptor involving
an ion exchange reaction (10). Clearly
these observations should now be re-
evaluated in view of the surface potential
on the end-plate membrane, which pro-
vides a simple explanation for many of
the experimental results.

In a more general context, the results
point out the importance of considering
the valences of agonist and antagonist,
as well as the surface potential of the
membrane, in estimating the affinity of
drugs for their receptor sites. Similarly,
alteration of the valence of agonists and
antagonists should provide a means of
modulating apparent affinities of drugs
for receptor sites without changing their
concentrations in the bulk solution.

WiLLiaM G. VAN DER KLooT
IrRA COHEN
Department of Physiology and
Biophysics, Health Sciences Center,
State University of New York at
Stony Brook, Stony Brook 11749
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Lateral Geniculate Nucleus in Dark-Reared Cats:
Loss of Y Cells Without Changes in Cell Size

Abstract. In cats reared in the dark from birth until 4 months of age, the dorsal
lateral geniculate nucleus contained few normal Y cells in either the binocular or
monocular segments. Although most of the neurons appeared to be normal X cells
unaffected by light deprivation, many cells with abnormal receptive field and re-
sponse characteristics were encountered. These effects were permanent, since 1 to 2
years of normal visual experience following initial light deprivation did not lead to
~any functional recovery. The sizes of cell bodies in cats reared in the dark were
similar to those of normal animals, an indication that changes in geniculate cell
physiology need not be related to changes in cell size.

The cat’s retino-geniculo-cortical
pathways have been subdivided on the
basis of electrophysiological criteria into
at least two subsystems. These sub-
systems, called the X and Y pathways,
are composed of retinal ganglion X and
Y cells that project to geniculate X and Y
cells (/-3). These neurons in turn project
to the visual cortex. Compared with X
cells, Y cells generally (i) have axons
that conduct more rapidly, (ii) respond to
more rapidly moving visual stimuli, (iii)
are more phasic in their response to
standing contrast, (iv) have larger recep-
tive fields, and (v) display less linear re-
sponse summation to visual stimuli.

During postnatal development, Y cells
in the dorsal lateral geniculate nucleus
are more susceptible to visual depriva-
tion than are geniculate X cells. For in-
stance, if the lids of one or both eyes of a
kitten are sutured shut just after birth
and maintained in this manner for sever-
al months, there is a significant reduction
in the percentage of geniculate Y cells
encountered with microelectrodes in the
laminae receiving input from the sutured
eye or eyes (4-6). In contrast, the devel-
opment of Y cells in the retina appears to
be unaffected by lid suture (7). Although
eyelid suture essentially eliminates pat-
terned visual input, the amount of light
striking the retina is reduced during de-
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velopment by only 1 to 2 log units (8). To
determine the effects of total light depri-
vation on the development of geniculate
X and Y cells, we raised four cats from
birth to 16 to 18 weeks in complete dark-
ness. No light source of any sort includ-
ing infrared was introduced into the rear-
ing area during this period.

At the end of the dark-rearing period,
single geniculate neurons were recorded
extracellularly in two of the kittens (DR
cats), and the two remaining animals
were given 1 to 2 years of normal visual
experience prior to recording (DR-LR
cats). We used tungsten microelectrodes
to isolate and study 156 single units in
laminae A and Al of the four dark-reared
cats. Electrodes were placed near the
rostro-caudal middle of the nucleus, and
thus all receptive fields were within a few
degrees of the horizontal zero parallel.
Details of recording and criteria used for
classifying cells as X or Y have been re-
ported (I, 2, 4, 7).

All cells encountered in the binocular
segment of laminae A and Al of normal
adult cats can be classified as X or Y
cells, and they are sampled with roughly
the same frequency (Fig. 1A) (9). By
contrast, in the A laminae of DR and DR-
LR cats, X cells comprised the vast ma-
jority of the total (Fig. 1A). Only a few of
the neurons could be classified as normal
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Y cells, and about a fifth of the cells had
abnormal response properties and could
not be classified as normal X or Y cells
(10, 11). No difference was found be-
tween animals dark-reared with or with-
out additional normal visual experience.
Furthermore, no significant interanimal
variability was observed among the four
animals of our experiment, since the
range in percentage of Y cells was 0 to 7
percent.

The ratio of X and Y cells encountered
in the A laminae depends on the eccen-
tricity from the vertical meridian of the
receptive fields sampled, which in turn
relates to the medio-lateral location of
the electrode within the lateral genicu-
late nucleus (Fig. 1B) ). The effects of
monocular and binocular eyelid suture
differ not only in the ratio of X and Y
cells encountered, but also in these ra-
tios as a function of eccentricity (¢). Cats
with monocular lid suture have few Y
cells throughout the deprived, binocular
segment of the nucleus, yet have a nor-
mal ratio of Y cells in the deprived, mo-
nocular segment. Such evidence sug-
gests that the Y cell loss observed in cats
with monocular lid suture results from an
imbalance in visual input between the
two eyes (binocular competition) and not
from deprivation per se (¢, 12). In com-
parison with normal animals, cats with
binocular lid suture suffer a reduction of
Y cells throughout the nucleus, including
the monocular segment. A similar but
more pronounced effect is seen in DR
and DR-LR animals (Fig. 1B). In these
animals, we found a reduced percentage
of Y cells throughout the nucleus. More-
over, we also found that the percentage
of Y cells in cats reared in the dark was
reduced in comparison with cats with
binocular lid suture (P < .01, x? test). In
fact, the percentage of Y cells encoun-
tered in the binocular segment of animals
reared in the dark is essentially as low as
that reported for the binocular segment
of monocularly deprived cats. However,
the monocular segment of cats with mo-
nocular lid suture differs from that of
cats reared in the dark (Fig. 1B).

In addition to the electrophysiological
experiments, we also measured the
cross-sectional areas of 100 cells in each
DR and DR-LR animal. These samples
were taken from a zone in the binocular
segment of lamina A near the rostro-
caudal middle of the nucleus (typically
from sections just rostral or caudal to
those containing electrode tracks), and
only cells with nucleoli in the plane of
the section were measured. Medio-
laterally, the sample zone was in that
area of lamina A which represents the
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