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How fast do drugs

work?
D. Colquhoun

Dipartnent of Phurmacology, University College, Gower Street, London WCIE E6BT. U.K

Bemg u very-simplest introdiction to those
beautiful methods ofreckoning which are
generally called by the terrifving names of
fuctuation und relaxation analvsis.
(With acknowledgement to Silvanus P
Thompson. 1910)

It js my purpose to discuss some recently
developed methods for the investigation of
the rate of drug action: in particular. to dis-
cuss how the methods work, and what they
tell vs, rather than to review the many
results that have been obtained by their
use.

The nature of the problem

The question of how rapidly drugs
interact with receplors was probably the
first quantitative pharmacological question
evertobe asked. While A. V. Hill wasstilt a
scholar of Trinity College Cambridge. he
published, in 1909, aremarkable paper®. In
this paper he obtained. 9 years before
Langmuir, Langmuir's well-known result
for the binding of a drug (nicotine and
‘curari’ in his experiments) 0 adsorption
sites (the ‘receptive substance’ of muscle).
He derived the relationship between the
amount of binding at equilibrium and the
free drug concentration; he also found the
rate at which this equilibrium binding
should be approached when drug was
added to, or removed from, the tissue bath.

When first approaching the kinetics bus-
iness, there are a number of obstacles to be
overcome. One obstacle is the frightful jar-
gon that has grown up around some aspects
of the subject; another lies in the fact that
this jargon is not always used accurately. A
particularly common, and misleading, mis-
take is the confusion of the terms kinetic,
steady-state and equilibrien. The proper
definition of these ideas (in terms of
entropy production) is not very helpful to
most people. but their meanings can be
llustrated by an analogy. Take, for exam-
ple, the simple Michaelis-Menten mechan-
ism for combination of enzyme (E) with
substrate (S) to produce product (P), i.e.
E + S==ES — P. At cquilibrium all the
substrate will be used up; it will be com-
pletely converted 1o produci (because the
last reaction js wreversible). More gener-

ally. at equilibriunt the forward and back-
ward rates for each reaction step will be
equal. and the amount of ecach reactant will
be constant (not changing with time). A
steadv-state is defined by the second condi-
tion alone; for example it is well known
that enzyme reachions will often, after a
short transient period. reach an approxi-
mutely steady state in which the concentra-
tion of cnzyme—substrate complex vanes
little with time. even though the rate of
assoctation of substrate with enzyime, and
dissociation of substrate from ¢nzyme may
be proceeding at quite different rates. The
study of the rates of reactions, e.g. the rate
al which equilibrium is approached is cal-
led kinetics®. The reason that one ofien
sees equilibrium studies referred to as
‘kinetics’ hes presumably in the fact that
the equalion which describes a simple
enzyme reaction in the (quasi-) steady state
bears a formal resecmblance to the Hill-
~Langmuir equation for adsorption at
equilibrium.

Another common bit of jargon is the
term relaxation. Wheo, for example, the
drug concentration is suddenly changed, it
15 obvious that the occupancy of receptors
will change, more or less gradually. until
the equilibrium occupancy appropriate to
the new drug concentration is attained.
Instead of referring to this period of chang-
ng occupancy simply as re-cquilibration it
is often referred to as ‘refaxation of the sys-
tem (towards equilibrium)’. And the sud-
den change of concentration is referred (o
as a concentration jump.

Simple binding reactions

Hill considered the simple binding reac-
tion

k1

A+ R AR

(1)

-1

in which A represents the drug, and R the
receptor. The tendency of an unbound

“The term pharmacokmeticsy has, curiously, heen
sequestered by common usage to describe one small
aspect of the subject - the disposition of drugs in the
body. This hardly ever reflects the fundamental rite of
drug action on receptors and therefore tells us nothing
aboul how drugs work, though, as an empirical sub-
ject, 108 useful in practice,

molecule to become bound is measured by
the association rate constant, k'vi, which is
defined by the law of mass action. When
the drug concentration is xa the effective
association rate constant will be k +1xa. The
tendency of the drug-receptor complex to
dissociate is likewise measured by the dis-
sociation rate constant. k—i. The ratio of
these rate constants (k—1/k+ = K) is the
equilibrium constant, which is the concen-
tration of drug at which half the binding
sites are occupied at equilibriumt. One aim
of 2 kinetic study would be to determine
separately the two rate constants, k+1 and
k. Hill showed that when drug i1s added,
the fraction ol occupied sites (the occu-
pancy) should approach its eventual equ-
librium value along a simple exponential
time course, and that the time constant (7
say) for this exponcential curve (ie. the
half-time/0.693) should depend simply on
the sum of the rate constants for associa-
tion and dissociation, thus

=k nxa + ko) (2)

More generally, imagine that the drug
concentration is suddenly changed from
any original value, (10 some new value, xa
(this is what might, according to current
fashion. be called a concentration jump
experiment). The new concentratnon will
correspond to a new equilibrium occu-
pancy. and the transition to this new occu-
pancy should follow an exponential time
course with the time constant given above.
Notice that the time constant gets shorter
(i.e. re-equilibration gets faster) when the
drug concentration i mgh, and that i
becomes simply 1/k - when the drug con-
centration is zero, e.g, the drug is removed
and the dissociation of bound drug is fol-
lowed. Thus, observation of the re-
equilibration rate, with a series of different
drug concentrations, should allow the
determination of the two rate constants,
k-1 and k +1. in the reaction mechanism.

Behaviour of individual receptors

It s easy to show in a formal mathemati-
cal way why re-equilibration should foilow
an exponential time course, but it 1s also
possible. and much more illuminating, to
explain this phenomenon in terms of the
way that individual drug-receptor com-
plexes behave. Each drug-receptor com-
plex will not exist for the same fixed length
of time; the lifetime of the complex will be
random: The bonds holding the complex -
together will be streiching and bending
very rapidly (on a picosecond timescale) as
T Hill showed that the occupancy at equilibrium
should be x /(x5 + K). a result usually, but unjustly,

known as the Langmuir equation.
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the complex is bombarded randomly by
water and solute molecules. Occasionally
the bands will be stretched so much that
they break, and the drug dissociates. The
lifetime of the complex will therefore be
very variable. But this variability of the
lifetime will not be described by the famil-
iar symmetrical Gausgian {or ‘normal’) dis-
tribution; it will be described by a probabil-
ity distribution with a strong positive skew,
the shape of the distribution being, in fact,
that of a decaying exponential curve
(rather than a bell-shaped Gaussian curve).
This is the sort of distribution expected for
random time intervals (see Ref. 2 for
further details). It we consider, for cxam-
ple, the case in which the drug concentra-

tion is suddenly reduced to zero, we expect”
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Fig. 1. A End-plate current evoked by stimulanion of
nene¢ (mean of seven). Frog muscle wiuh membrane
porential dlamped af =130 mV. The continuous line fit-
led to the decay phase is a sumple exponentidd curve with
a time consiant of 7.1 ms (reproduced from Ref. 7.
with permission). Inward curreni i plotted downwards
according (0 the usual convendion. About 9000 ion
channely ure open ar the peuk.
B. Simulated behaviour of five indwidual channels
that were open ai the time (1 = 0) ai which the acelyl-
choline concentrarion had fallen 10 1ero (opening is
ploted downwards). They stay open for random
lengihs of time (mean | ]a).
C. Sum of the five records shown in B. The total
: number of open charinels decays exponenually, as is
I. observed (see A), with a time constani }fac

the receptor occupancy to fall (towards
zero) along an exponential time course
with time constant 1/k—«. Because we are
supposing that there is no drug m solution,
it follows that whenever a molecule dis-
sociates from a receptor, the receptor can
never be re-occupicd, so the fact that the
occupancy does not instantly fall o zero
when the drug is removed simply reflects
the fact that drug-receptor complexes
endure for a certain, random, length of
time before dissociating. Some dissociate
soon after removing the drug; some last
much longer. When we observe the expo-
nential decline of occupancy we are simply
observing the random (exponentally dis-
tributed) lengths of time that elapse before
each drug—receptor complex dissociates.
The time constant, 1/k- (from equation 2)
for the exponential decay of occupancy, is
simply the mean lifetime of the drug-recep-
tor complex (and the half-time for decay s
the median lifetime). This argument is illus-
trated explicitly below (Fig. 1) for a differ-
ent, but exactly anaiogous sort of experi-
ment. Simjlarly, the length of time for
which a particular receptor stays unoc-
cupied is also random (exponentially dis-
tributed). On average it is 1/k+wxa so, as
expected, it is shorter for high drug con-
centrations than for low concentrations.

Why concentration jump experiments
rarely work

It has been well known for some time
that equilibrium constants (K = k-y/k+)
for the tinding of competitive antagonist
drugs can be obtained by the Schild
method, or from direct binding expen-
ments (though measurement of equilib-
rium agonist binding has proved much
more difficult). It might be supposed that
the sort of experiment described above
would have allowed the estimation of the
rate constants (k+1 and k -1) for the associa-
tion and dissociation, at least for competi-
tive antagonists. But this, unfortunately, is
far from being the case. Ever since 1909
people have continued to ask how rapidly
drugs interact with receptors, though they
almost all (including Hill) got the wrong
answers until about 10 years or so ago. The
reason for this lack of success lay, in almost
every case, in the obstacle posed by diffu-
sion through the tissue. The approach
originated by Hill assumed that the drug
concentration in the solution immediately
adjacent to the receptors was known and
constant. But in fact the rate of diffusion of
drug into the tissue has, in most cascs,
turned out to be a good deal slower than
the rate at which the drug interacts with the
receptors so the assumptions of the method
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were contravened and the observed rate of
equilibration reflected nothing but the rate
of diffusion into the tissue. Of course this
probiem did occur to many workers; so, in
some cases, they checked their results by
seeing whether the ratio of the dissociation
rate constant and association rate constant,
which were inferred from the observed
equilibration rate, did actually agree, as
they should, with the value of the equilib-
rium constant (which could be indepen-
dendly determined by the Schild method, or
from binding experiments). Often quite
good agreement was found, and this
seemed to suggest that the rates of associa-
tion and dissociation must be about right.
This sounds very reasonable, but unfortu-
nately it is not. The reason lies in the fact
that in many cases the rate of diffusion of
drug into the tissue is strongly dependent
on the extent of the binding of the drug.
When a molecule of drug becomes bound,
it is no longer free 1o diffuse towards the
centre of the tssue so if a drug can be
bound by the tissue 1t will diffuse more
slowly than a molecule that cannot be
bound. Furthermore, the extent of this
slowing will depend on, among other
things, the fraction of the drug that is
bound, and hence on the equilibrium con-
stant for binding of the drug. Thus it turns
out that the diffusion rate of the drug may
be dominated by its equilibrium coostant
for binding so it is not surprising that the
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Fig 2 Re-equilibranon afier a sudden change in mem-
brane potential. Aceryicholine, applied (o a frog muscle
end-plate, produces an inward current (ploited down-
wards) of34.3 nA at e membrane potental of =70 mV,
After tmpostion of a sudden change of membrane
potennal io —130mV at zero time (as shown ar the (op),
the current changes gradually 1o its new equilibrium
value of 183 nA. The time course of this re-
equilibration has been fitted with a stmple exponential
curve wuh a time constant of 5.17 ms. (Colquboun,
Drever and Sheridan; unpubhshed).



observed rates of onset and offset of the
drug can tell us something about its equilib-
rium constant, even when these rates are
quite unrelated to the true rates of associa-
tion with, and dissociation from, the recep-
tors. Diffusion mimic the Kkinetic
behaviour predicted by equation 2 with
alarming precision, hence the frequent lack
of success (see for example, Ref. 6). Other
methods are elearly needed.

can

Methods that do work

During the last 10 years or so. some
methods have been developed thit really
can measure rates. Responses 1o drugs can
be roughly classified into tast mechanisms
which equihbrate in a few milliseconds
(generally those involved in fast synapses.
¢.g. the nicotinic acetylcholine receptor or
GABA responses), and. on the other hand,
slow mechanisms which take more than 0.1
sec to equilibrate (such as responses of
smooth muscle or gland cells to muscarinic
acetylcholhine or B-carecholamine recep-
tors). Curiously enough, much more is
known about the rates of the faster
responses than ot the slower ones: this is
because (a) faster responses can be fol-
lowed by (relativery rapid) electrical meas-
urements (because the eftect of the agonist
is 1o open 1on channels), whereas the low
ones are often still not slow enough to be
tollowed by the appropriate (much slower)
chemical measurements, and (b) the
mechanisms of fast responses seem (so far)
to be much simpler than those of the slower
responses. so observauons on fast reactions
are easier to interpret.

A simple mechanism for fast responses

A convenient mechanism with which to
illustrate many of the principles involved js
that first postulated by Castillo and Katz in
1957 for the nicotinic acetylcholine recep-
tor at the neuromuscular junction. An
agonist molecule (A) binds to an mauctive
(i.e. ion channel shut) receptor (R), to torm
a complex (AR) which may then isomenze
to the active state (AR¥) in which the ion
channel is open.

shut
1
ks B
R AR /'\R*
ko & J
vacant ovccupred

open

(3)

Electrical measurements allow us to follow
the number of 10n channels that are open
(AR), though they cannot tell us how the
shut channels are divided between the two
shutstates, R (vacant), and AR (occupied).
The chemical (mass action) rate constant
for each step js indicated on the appropri-

o 100ms |

Fig. 3. Examples of the carrents that flow when iedi-
i'!dlm/ won L'thl’li("\ I'i"]('” U”J[t" /ht' n’f.[ﬂlﬂ'”f_'{' H_I th'
choliriomimetic agonist siubervicholine (20 nv) (open-
ingis shown as a downward de flection). Notiee the con-
stancy of the amplitude (3.6 pA ), but grear variability o f
the tength af me Jor which the channel stavs open (see
text), Two opemings occur i quack succession o the lust
{and perhups the _J’HH:) events shown, Records ure from
perisynaptic receplors of frog cutangus pectorts miccle
atamembrane potentiaf of = 130mV (B Siakmann and
D. Colquhoun: unpublishied abservation),

ate arrow in equation (3}, The rate at which
this mechanism approaches equilibrium
can be derived by standard chemical kin-
ctic methods. but, just as above, it is more
enlightening to think in terms of the
behaviour of single receptors. For exam-
ple. the length of time for which an ion
channel stays open (its open lifetime) will
vary randomly. as shown in Fig. 3. with an
average duration of 1/« Similarly the
length of time spent in the occupied but
shutstate, AR, will*, on average, be /(5 +
k-v).

A special case

The mechamsm i (3) postulates that the
system cuan existin three distinct states. [tis.
however, commonly believed that the first
(drug binding) reaction is very much faster
than the second (channel opening) redc-
tion. I this were the case (which is prob-
ably not strictly true: see below) then the
mechanism in (3) could be simplified to:

shut channel {R or AR) ? open channel (AR)

(4)
The true opening rate. 8. has been replaced
here by the effective opening rate. 37,
which (unlike B) increases with agonist
concentration so 1/8" is simply the meun
litetime of the shut statet. Just as in the
simple binding reaction discussed above,
the mechanism in cquation (4) would be

* Notice that the meun lifetime ol any stute depends
on the sum of the rate constants for all the pathways by
which that state can be left. And the vanability of the
litetime will, as in the case of the occupied lifetime dis-
cussed above, be deseribed by an exponential proba-
bility distnibution (xee Rets 4 and 5 tor details)

f The effecave opening rate is the true rate multiplied
by the fruction of shut churncls 1hit are occupied
(becuuse only the occupied shut channels ure capable
of apening). so, from equation (2), 3" = v /o, +
KA). The fraction of channels open at cyuilibrium is

Bl + 37,

expected to approach equilibrium along a
simple exponential time course: the time
constant (half time/0.693) for this expo-
nential will again depend on the sum of the
forward and backward reaction rate con-
stants, thus:

T= 1/ +3") (3)

= mean open time X fraction of chan-
nels shut (at eqguilibrium).

Thus. when the agonist concentration is
low (so the opening rate 87 is much slower
than the shutting rate, e. and the fraction
shut is near to one) the time constant is
approximately equal to 1/a. the mean open
chunnel lifetime.

Twao types of method

There are two classes of method for
measuring rates. These are as follows,

(1) Relaxation The
method. exemplified above. is to change

{‘jump’) some varble (drug concentra-

methods, ohvious

tion in the example above) so that the sys-
tem is no longer in equilibrium (it 18 “per-
turbed?), and then to follow the rate al
which the approaches  (reluxes
towards ) its new equilibrium,

In the cuse of enzvmes, the position of
equilibrium can be changed by sudden
changes (jumps) in temperature Or pres-

syslem

sure, (as well as concentration), but these
methods ure not (yet) feasible for most

drug responses, The method

of this class
that has been most successtul is to change
the position of equilibrium by a sudden
change in membrane potential (a voltage
jimp). This. of course. was the method
used by HodgKin and Fuxtey (long before
the ruther pompous cxpression “voltage
jump relaxation” came nte common use),
for their classical work on axons: examples
of its use with drugs are discussed below

In all of these methods u suedden change
of concentration (or tlemperature, or menm-
brane potential) is desirable so that the
concentration (etc.) stays constant dl]!'mg
the ensuing re-equilibration.
(2) LEguilibrivem  methods.
class of method can be (and usually is)

I'he \L'L'Lmd
applicd when everything is at equilibrium.
It sounds odd. at first, that rares can be
measured when the system is i equilib-
ritom. But it is quite clear that this can be
done. at least
events': for example the lifetumes of indi-
vidual ion channels can be measured from
records such as that in Fig. 3. and the aver-

if we can see mmdividual

age of these lifetimes can be interpreted (1if
a mechanism like that in equation 4 is
appropriate) as l/a. We can therefore
obtain an estimate of the chemical rate

constant. «. for channel closure. This
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method works because the erm eqralib-
rium refers only to the average characteris-
lics of the system. [f, for example, halt the
ion channels are open at equilibrium. this
does not mean thatevery 1on channel is haly
open all the time, but that each 1on channel
is fully open for half of the time, and fully
shut for the rest of the time. so an indi-
vidual ion channel is. in a sense. never at
equilibriom (indeed the term 1s not really
detined for single channels).

In Fig. 3 only one¢ channel is open at a
time; 1f many are open simultaneously.
individual openings and shuttings may not
be distinguishable, and the record will
merely look noisy as a result of the fact that
the number of open ¢hannels is not the
same from moment to moment. But similar
information can still be extracted from this
noise by the methods discussed below.

These various methods will now be illus-
trated.

The methods in practice

(1) Re-equilibration afier « sudden change
of concentration jump
relaxation).

The reason why attempts to produce
concentraton jumps rarely work were dis-
cussed above. One case in which this
method did. almost certainly, work was
described by  Schwarz.  Ulbricht  and
Wagnerin 1973. They were able to perfuse
single Ranvier nodes of myelinated axons
so fast that the concentration of drugs at
the site of action could be changed within a
second or s0. They found that tetrodotoxin
dissociated from the sodwm channels in
the node with a time constant of about 70
seconds, much longer than the time for
removal of (etrodotoxin from solution.
Therclore k-» could be ¢stimated as 1/(70
sec) = 0014 sec™.

An ingenious method of producing a
rapid concentration change has been used
by Lester'. He used a light-activated agon-
ist, the concentration of which could be
rapidly changed by a very bnef flash of
light.

Another way to produce & rapid change
i the concentration of agonist 1S to use
acetylcholine released trom a nerve ending
(erther spontaneously or by nerve stimula-
tion). The acetylcholine concentration in
the synaptic cleft rises quickly to u peak,
ion channels open, but then. under some
conditions, the acctylcholine disappears
(because of hydrolysis and diftusion) very
rapidly so that shordy after the peak
response, there is no acetylcholine left'.
Thus. to a fair approximation, there 1S a
jump in acetylcholine concentration trom a
high value o zero, so useful kinetic infor-

(concentration

mation can be obtained from the rate at
which 1on channels cJose afler nerve stimu-
lation, or spontaneous release of a quan-
tum of transmitter. Fig. 1B shows schemat-
ically the history of five individual ion
channels that were open at zero time (it
does not matter, for our purpose. when
they originally opened: sce Ref. 2). They
stay open on average. for a time 1/a. the
mean litetime of the open ion channel. But
individual channels stay open ior a ran-
domly variable (exponentially distributed)
length of time. and. because the agonist
concentration has fallen to zero. once a
channel shuts it can never re-open. There-
fore the total number of open channels.
shown in Fig. 1C. is expecled o decay
exponennally (with a ume constant 1/«)
until all are shut. This, as illustrated in Fg.
JA, 1s just what does happen. And there-
fore. insofar as the theory (based on a
mechanmsm like that in equation 4) is cor-
rect, the decav rate of end-plate currents
gives an estimate ot the mean open channel
lifetime*, and hence of the shutting rate
constant, ¢.

(2) Re-equilibration after a sudden change
in membrane poienual (voliage jump relax-
ation).

The opening and shutting of ion chan-
nels in axons is controlled by membrane
potential. But at chemical synapses it is
agonists that control the opening and shut-
ting of ion channels. However, even drug-
operated ion channels are usually some-
what sensitive to membrane potential, as
well as 10 agonists. so a sudden change in
membrane potential can change the posi-
tion of equilibnium; lor example a Nxed
acetylcholine concentration opens more
channels when the end-plate 1s hyperpolar-
1ized than when it is depolarized. This 1
lustrated in Fig. 2. which shows the cur-
rent that {lows through ion channely
apened by acetylchohne in frog motor
end-plale At cquilibrium the inward cur-
rentis 34.3 nA (ata membrane potential of

-70 mV). Then the membrane potential is
changed suddenly to =130 mV. There is an
immediare increase in current to 80.2 nA
(because theve is more voltage to drive it
through the channels that are already
open). Then comes the interesting bit;
there is a gradual increase (which follows a
simple exponential time curve) in the cur-
rent as more ion channels open. until even-
tually the equilibrium current {183 nA) at
the new membrane potential (=130 mV)is
reached. If we interpret the resull in terms
= With greater formahty (and less illumination) this
tollows [rom equation 5 because the opening rate. 8" s
zero if there is no agonist present,
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of the mechanism in (4), the time constant
(5.17 millisecs in Fig 2) for the experimen-
tal re-equitibravon must simply be (from
equation 5) 1/(a + B7). So. in principle
anyway, such measurements (at various
agonist concentrations) can give informa-
tion about «, B and the equilibrium con-
stant for agonist binding (see, for example,
Refs 13 and 14). And, as before, at low
enough agonist concentration, the time
constant will be close to the mean open
channel lifetime.

(3) Observation ofsingle ion channels.

Channels opening under the influence of
subervicholine are shown in Fig. 3. As
described cuarher, the mean
litetime can be measured dircetly trom
such records. Howcver, slthough each cur-
rent originites trom oneon channel only,
it 18 not necessarly the same channel that
opens each time an opening is seen on a
record like in Fig. 3. Therefore the average
interval berween openings (which is. in
principle, even more informative than the
open periods) cannot be interpreted easily
except under special conditions where jt is
known thal every opening origingtes from
the same channel (see Ref. 15). m which
case the mean interval between openings
gives an estimate of 1/8° (sec ubove).

As well as giving information about kin-
etics, single channel records also show

channel
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Fig 4. Fluctations of the current through rat dia-
phiragm end-plute, in the absence of any agonist {top)
and in the presence (below) of ugonist, as follows

(A} acetvimonoethvicholing (al o membrane potential
of =80 mV). The fluctuations have a standard devia-
tion of 0.20 n A, and were superiniposed on a respornse
(mewn current) of 27 n A, Arequilibrium about 13,000
= 190 (2 standard deviaiions) were open

(B) acerylcholine (at o membrane potential of —120
mV). The fluctuations have a stundard deviation of
0 36 nA. und were superimposed on o response (mean
current) of 64 uA. At equiltbrium abous 21,000 + 230
channels were open. | Reproduced from Rell 16, with
PErssIon)

(C) The predicied varabddity in the number of open
ion channels. Calcwluted from binomial disiribrtion for
the case where there are ane million channels, each with
achance of 1 ina 1000 of being open, so the number o f
channels thature open ou average (ie. at equilibrium) is
1000 (see text), with u stundard deviation of 31.6. For
abowt 5% of the time the number that is open deviates
from the gverage by more than bwo stundard deviations
(Le. t5 lesx than 937, or more than 1063)



directly the amplitude of current pulses
(about 3 pA). and hence the conductance
of a single open ion channel, which is com-
monly about 30 pS (i.c. resistance about
33 000 megohms: one Siemen = one
reciprocal ohm). This is information that
cannot be obtained by the ‘relaxation’
methads though it can be estimated (rom
noise analysis,

(4) Observations of noise, or fluctuarions.
in the response 1o agonists.

When many ion channels are simulta-
neously open, the individual step-like tran-
sitions shown in Fig. 3 may (depending on
the recording methoad) not be distinguish-
gble. But they are there, and they give rise
to the noisiness of ithe record in the pres-
ence of agonists shown in Fig, 4A and B,

It hus already been mentioned above
that the term equilibrium refers only 10
average behaviour. Imagine that there are
one million ion channels in the experimen-
tal preparation, and that we apply cnough
agonist (o open, at equilibrium. one chan-
nel in a thousand. Therefore at equilibrium
there are, on average. 1000 ion channels
open. But afl of the channels are opening
and shutting at random and there 15 not
exactly one thousand open atany particular
moment. Suppose that an instantaneous
picture could be taken of all the channels at
a particular mnstant, and the state (open or
shut) of cach one noted. This would be
exactly analogous (o tossing & penny a mil-
lion times and noting. each time whether it
came down ‘heads’ (channel open) or tails
(channel shut) (In this case it iy a very
biased penny. that comes down heads only
once in 1000 throws on average.) Clearly
every time the experiment was repeated
(an instantancous picture taken. or a mil-
lion tosses performed), we would not
expect to see exactly 1000 open channels
(or to get exactly 1000 *heads'). The prob-
lem can be trcated by standard coin tossing
theory ™, and the expected distribution of
the number of open channels is shown in
Fig. 4C. It has a standard deviation of 31.6
and a roughly Gaassian form. So we expect
that 95% of the time, the number of open
channels will be within two standard devia-
tions (i.e. 63.2) of the mean and we should
therefore say, not that there are 1000
channels open at equilibrium, but that
there are 1000 = 632, These
moment—to—moment  fluctuations  (of
about =6 percent in this example) 1n the
number of open ion channels are quite big

* The binamial distribution with N
= (LOOT (probability of bemg open). gives the mean
numberofopen channels as Ap = 1000, with standird
deviation /Np (1-p) =31.6

10° channels. p

cnough 1o see, and they are what gives rise
to the fluctuations, ot noise, shown in Fig,
4A. B

How. then, can useful information be
extracted from the rather unpromising-
looking signals shown in Fig. 4A, B? There
are (wo things that we can measure. the
amplitude of the nose, and its frequency.
Let us deal with these in turn

Noise amplitude. A conventional wiy 1o
measure the amplitude of a fluctuating cur-
rent (e.g. the alternating mains supply) is o
specify the rms (root meun square) current,
which is nothing other than the standard
deviation of the current. calculated in the
ordinary way from a series of values of the
current measured at different instants. This
amplitude (standard deviation) is. for
example, clearly bigger for the record in
Fig. 4B than for that in Fig. 4A. The stan-
dard deviation of the current 1s a direct
measure of the standard deviation of the
number of open channcls which was dis-
cussed above. 1f we divide the square of the
observed standard deviation by the meuan
current, we obtain an estimite ot the cur-
rent through a single 1on channel (around
3pA) and hence an estimate of the channel
conductance (as long as few channels are
open and i mechanism like equation 4 15
valid?).

Noise frequency. 10is obvious by eve that
the noise in Fig. 4A contains higher fre-
quencies than that in Fig. 4B. Itis therefore
natural to ask whether anything interesting
can be learned from the frequency. and, if
so, how 1t can be measured, The answer 10
the first question is yes: we can learn about
the rate at which channels open and shut,
The answer to the second question follows.
Fig., SA shows, schematically, the opening
and shutting of five individual ion chunnels
(mean channel ifcume = 5 my, say). and
Fig. SB shows the sum of these records.
The fluctuating record in Fig. 5B is just the
sort of noise illustrated in Fig. 4AB
(though the individual steps are o small
to be distinguished m the latter). Now ot
time zero it is seen that there are four ion
channels apen (channels number 1. 2, 4
and 3). I we look a bit later on, say 1.U ms
later (as murked in Fig. 5B). there are still
four channels open; not surprisingly, they
are the sume four as were open originally,
because. in a short time like 1.0 ms it is
Guite likely that none of these channels will

T Under these conditions Ap(1 - p) — Np sathe var-
iance uf the total conductimee is approximately y*Np
{where ¥ s the conductunce of a single channel)y
wherceus the mean conductunce is yNp. Their ratio i
simply y.

have shut vet (and that no others will have
opened). It is therefore to be expected that
the current at any given moment will be
very simjlar to the current at a short time
later if, by short, we mean short relative to
the channel lifetime. In other words the cur-
rent at any given moment will be highly
correlated with the current 1.0 ms later. Y
we cilculate an ordinary correlation coel-
ficient between these two quantities we
expect that it will be very good. j.e. near
unity. as shown in Fig. SC. Now consider
what happens if, rather than waiting 1.0
ms, we wait 15 ms (see Fig. SB). This is
quite long compared with the mean open
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Fig. 5. Explunanion of the analysis of the frequency
chaructenstics of fluctuations in the currenr elicited (1e.
in the number af won channels opened) by agonsts

A, Simmiddated behaviowr of five tndividual ton channels
fopening (v plowted downmwards), They are openimg end
shuwating at random with o mean cpen fifetime of 5 ms.
3 Sumr of the five records shown ue A The ol
ntember open (und hence the total current) shows flic-
wations of the sort that give rise to observations like
those tn Fig. 448 An arbwrarily chosen fine marks
cero time, and the tmes 1, 5 and 15 ms fater are also
mrked with vertecal lines

C. The correlation anadviis of noise, Two observations
weparated by Dns are kely 1o be highily correlaned (us
henen by the dot). The correlation will be less wien the
sepraratton s Sons, and there is hardily any corredation
with w separation af 15 ms. The corgelation (according
to the mechanism o equation 4) dies out along the
expanenttal carve Showi, willt @ lune constand of T =
e + (30 The tme consting s 3 myin the example
chown; 10 iy dess than the mewn open channed Lifetime (5
mx ), heciase, ay s elear froem A, the frnnefs are open
Jor a substantial part of the tme {Froen equation S i
Jollows that the equalibrien fraction of shut chaniels is
Lo, of open channels s 0.4, o 1S my) 2y
and B = 13338 Ve = 13333 =3 nw),

D. Presentation o) the same analvsis of noise ay
[rGWey Spectrunt. The ordinete Is aormediy i unins r))f
Amp?lHz, but is given inoarbitrary units here. The
wmptnt of neise s halved (from 100 16 30) a S3.1 Hz,
i

FOT = < 53.1) = 3 s, exactly as foind in €
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lifetime, so it is not surprising to see that alf
the channeis that were originally open have
shut in the intervening 15 ms, and some
others have opened (or the same ones
re-opened). Clearly there 1s no reason 1o
suppose that. just because the current was
above average. at zero 1ime. it will still be
above average after 15 ms. It could be any-
thing; 1n other words if we calculate the
correlation between the current at a given
moment, and the current a long time (rela-
tive 1o the channel lfetime) later, we
expect to find a low correlation, as plotted
in Fig. 5C. Naturally, at intermediate times
comparable to the channel lifeume (5 msn
Fig. 5B). we expect some of the original
channels to be still open (e.g. channels 2
and S in Fig. SA). and others to have shut.
We theretore expect an intermediate
degree of correlation as shown in Fig. 5C.
When a graph of correlation (usually called
autocorrelation in this context) is plotted
against time interval, as 1a Fig. 5C. the
reader may well not be surprised, by this
time. to find that theory (for mechanisms
like equation 4) predicts that the graph will
have the form of an ordinary decreasing
exponential curve, and that the time this
curve takes (o decay is related to the mican
open channel hfetime. [n fact, Nature. with
incredible elegance. has contrived that the
time constant for this decay is simply 1/(«
+ f3’). exactly the same value (see equation
5.and above) as found from measurements
of re-equilibration.

But, the reader may comment, correla-
tion graphs, like that in Fig. 5C, are only
rarely seen in experimental papers. This s,
perhaps sadly, true. There is another, and
more common way of plotting the analysis
of the frequency of noise. Itis exactly equiv-
alent to the correlation graph just shown

* More precisely, it gives the vanance (standard devia-
tion squared) of the noise at each frequency. It could
be found (approximalely) by feeding the noise into g
filter that was set 0 pass only frequencies between,
say, 9.5 and 10.8 Hz. The standard deviation of the
signal coming out ol the filter would be squared and
plotted sgainst 10 He on the abscissia. 1 this were
repeated with different filter settings a curve like that
in F1g. 5D could be constructed. This description also
explains why the arew under curve 15 equal 10 the var-
ance of the original current.

and may be regarded simply as a transform-
ation of it (a bit like transforming an expo-
nential curve by plotting it semi-
logarithmically); rather than plotting time
along the abscissa, reciprocal time (i.e. fre-
quency) is plotted. And the ordinate
reasonably enough, gives the amount ot
noise* at each frequency. Such a graph s
shown in Fig. 5D. It is called a power spec-
trum (or, better, as a spectral density func-
tion). The curve drawn in Fig. 5D iscalled a

Lorentzian curve; it 1s merely the equival-
ent (on a spectral densiy graph) of the
exponential curves shown in all the other
methods of analysis so far. The graph is flat
at low frequencies, bul eventually bends
dowawards. And, clearly this bend would
be expected to occur at higher frequencies
for nowe such as that in Fig. SA than for
that in Fig. 5B. because the former clearly
contains wobbles of higher frequency than
the latter. The posilion of the bend is usu-
ally measured by the cut-off frequency ({-).
that is. the frequency at which the amount
ol noise is half that at low lrequencies. As
would be expected from the equivalence of
the presentations in Figs. SC and D. this
frequency is very simply related to time
constant, 7, found from Fig. 5C (by the
relationship 7 = 1/2 7f.). Both analyses of
noise frequency. if interpreted according to
mechanism (4), give us a value for 1/(a +

B').
More complicated cases

So far we have dealt only with the sim-
plest case of the kineltics of a single agonist,
the binding of which is rapid (sce equation
4).

In fact it is quite likely that binding is not
as rapid as required by equation 4; some-
umes two OF more Openings may occur in
quick succession during the time the recep-
tor stays occupied (this may be the cause of
the multiple openings noted in Fig. 3). If
this happens, the interpreration of kinetic
experiments gets more complicated.

In the presence of certain antagonists,
the simple exponential curves (shown jn
Figs 1. 2 and §) become sums of two or
more exponentals (and, correspondingly,
the power spectrum becomes the sum of
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two or more Lorentzians). These kinetic
changes, which correspond to the occur-
rence of openings in clusters. have given
valuable information about how somce
antagonists  work. Thuir interpretation
procecds along much the same lines as
have just been discussed for simple prob-
lems but the details are beyond the scape of
this article. An account will be found in
reviews (e.g. Refs 3 and 12).
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