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Summary. This review discusses several aspects of the kinetic analysis of the gating function of membrane channels, as carried 
out on single channel data obtained by the patch clamp method. In particular, the following three aspects of channel behavior 
are reviewed in some detail: 1) estimate of the number of states or conformations the channel can enter; 2) the lifetime of 
each state as a function of transmembrane voltage (voltage-gated channels), or of ligand concentration (ligand-gated 
channels); 3) estimates of the rates at which the transitions between the various states occur, and assessment of reaction 
mechanisms. An introductory description of conformational transitions of channel proteins is also provided. 
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Introduction 

Ionic channels are integral membrane proteins regulating the ~2 passive transmembrane flow of  ions . A large number of  
different channels that mediate these fluxes have been identi- 
fied. Although channels may differ greatly in structure and 
function, they all share the distinctive feature of gating, the 
mechanism whereby a channel switches from its non- 
conducting (closed) to conducting (open) conformation. The 
switching (gating process) may be governed by several 
different mechanisms. Two such examples include: 1) the 

-changes in membrane voltage that induce transitions from 
one configuration to another (voltage-gated channels); 
2) a specific ligand that binds to the receptor site of the chan- 
nel and causes it to open or to close (ligand-gated channels). 
Although in principle these two mechanisms are not mutual- 
ly exclusive, in practice most channels use either one or the 
other of them. Only rarely do channels use both gating 
modes: The Ca-activated K channel is an example of this 
double sensitivity 2 In this case, an increase of Ca 2 + concen- 
tration at the cytoplasmic side of the membrane activates the 
channel, and membrane potential, additionally, modulates it. 
Understanding the gating mechanism of an ionic channel 
primarily means to define: I) the number of states or confor- 
mations the channel can enter; 2) the time spent in each state 
(lifetime) as a function of voltage (voltage-gated channels) or 
ligand concentration (ligand-gated channels); 3) the rates at 
which transitions between the various states occur, and the 
underlying reaction mechanism. 
These aspects of gating have classically been studied by elec- 
trophysiological methods. These consist of measuring: 1) the 
macroscopic currents through the entire cell membrane, i.e., 
through a large number of channels (total currents) 13; 2) the 
fluctuation of the macroscopic current around its mean val- 
ue, due to the random opening and closing of individual 
channels (fluctuation analysis)6, 2o; 3) the gating currents, 
due to the displacement of charges within the channel 
protein that may accompany the closed--, open and the 
open --+closed transitions of the channels 1.16.24. Although 
these methods are still commonly and profitably used, the 
method of patch clamping, which allows the direct measure- 
ment of ionic currents flowing through a single open chan- 

nel, has recently been introduced in the study of channel 
behavior (fig. 1 a) 11,19 
This review discusses how the information content of single 
channel data can give clues to the gating behavior of ionic 
channels. This follows a review of the various patch clamp 
configurations used to obtain single channel data, which 
appeared in an earlier issue 9. The present review describes 
the first-step analysis of single channel data. It focuses on 
procedures for estimating the number of states a channel 
protein can enter, and rate constants of the transitions 
between these states. Use of chi-squared and maximum 
likelihood statistical analyses on single channel data is dis- 
cussed as a means to determine appropriate reaction mecha- 
nisms. The discussion is preceded by a short description of 
conformational transitions of channel proteins. Advantages 
and disadvantages of the single-channel recording method, 
as compared to other electrophysiological methods, are dis- 
cussed elsewhere 9, 21.25 

Conformational transitions of membrane channel proteins 

General 
Ionic channels are integral membrane proteins. Like all 
proteins, a channel protein may  assume a large number of 
conformational states among which it spontaneously fluctu- 
ates 1 s. The frequency of the fluctuations (i.e., the number of 
transitions per unit time) pertaining to different domains of 
the protein depends on the group considered, and covers 
several orders of magnitude. As summarized by Hille 12 
methyl groups, for instance, make a half rotation on average 
every 10 ps, while amino acid side chains change conforma- 
tion with a frequency ten times slower. The peptide back- 
bone shows a frequency of motion of the order of nanosec- 
onds. Since these fluctuation rates are several orders of 
magnitude faster than the transit time of an ion through the 
channel pore (10-200 ns), these groups may rearrange hun- 
dreds or thousands of times during the passage of the ion. 
These very fast conformational changes, therefore, do not 
appear to be relevant factors to the gating process, which 
instead seems to be linked to the much slower tertiary and 
quaternary conformational changes of the channel protein. 
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Figure 1. a Schematic drawing of the pipette-membrane arrangement, as 
obtained with the patch clamp technique, together with a simplified 
equivalent circuit. Two channels are shown in the patch membrane. Cur- 
rent flowing through the channels appears at the output, b in the typical 
square-wave signal of the single channel recording. The slow, 1 pA step 
is due to the C1- ions going inward through anion-selective channels. The 
superimposed brief 8 pA step is instead the result of outward going K § 
ions moving through Ca-activated K channels. The record was taken in 
cell-attached configuration. Pipette solution was standard Ringer; hold- 
ing potential was + 30 inV. Lower panel shows chloride currents through 
anion-selective channels. The clearly resolved three current levels indicate 

the presence of at least two channels in the patch. The membrane patch, 
in the outside-out configuration, separates symmetrical 140 mM CsC1 
solutions. Holding potential, + 60 inV. Calibration for both traces: hor- 
izontal, 25 ms; vertical, 8 pA. e Free energy profiles for ionic channel 
transitions in terms of energy barriers and wells. Solid line shows a 
hypothetical energy profile at hyperpolarized voltages, when the closed 
conformation has lower free energy, as compared to the open conforma- 
tion, and the channel higher probability of being dosed (see eqn 3). 
Broken line shows the energy profile at a depolarized voltage, when the 
situation is reversed. 

As these major readjustments of the protein molecule occur 
in the frequency range of microseconds to milliseconds and 
seconds, the lifetimes of their conformational  states are long 
enough to observe experimentally. On the basis of recording 
accessibility, they are referred to as macroscopic confonna-  
tional states, as opposed to microscopic states which escape 
our experimental observation. Macroscopic states, the con- 
formational  states of the channel protein relevant to the 
gating and permeation processes, are therefore those re- 
ferred to throughout.  

Thermodynamics of conformational transitions of channel 
proteins 

Let us consider a channel protein that fluctuates between the 
closed (C) and the open (O) state. In the common represen- 
tat ion with energy profiles, the two states C and O, with free 
energies Gc and G O respectively, correspond to energy wells 
separated by an energy barrier, the Gibbs free activation or 
transit ion energy, G* (fig. 1 c). 
Suppose the channel is in the closed state. Because of the 
thermal energy, the channel molecule vibrates continuously 
with frequency kT/h s -  1 (at 20 ~ 6.11.10 lz s -  1). (Here, k is 
Boltzmann's  constant, h is Planck's constant,  and T the ab- 
solute temperature.) This frequency can be thought of as the 
number  of times the channel protein attempts, by stretching 
and bending its bonds, to exceed the Gibbs free energy bar- 
rier, and fall into the open state. The percent of successes in 
gaining the open state is only dependent (at T constant) on 
the height of the energy barrier, G*, separating the two wells. 
Transition rates between the two macroscopic states, as well 
as the relative probabilities of finding the channel protein in 
the closed or in the open state are quantitatively described b y  
Eyring rate theory 8'I~ Briefly, the closed ~ o p e n ,  and 
the open --,closed transi t ion rates, k 1 and k_ 1 respectively, 
are exponential  functions of  the energy barrier to be over- 
come: ( G * - G o )  for the closed-- ,open transition, and 
(G* - Go) for the open ---,closed transition. 

k 1 = kT/h e x p [ ,  (G* - Gc)/kT] (1) 
k 1 = kT/h e x p [ -  ( a *  - ao)/kT] (2) 

The probabili ty of finding, at equilibrium, the channel 
protein in the open state, po, is instead determined by the 

difference between the free energies of the two (closed and 
open) states, (Go - Go). (Closed-state probability, Pc, is ob- 
viously the complement to that of  po). 

Po = (1 + exp[(Go - Go) /kTI ) - I  (3) 

The lower the free energy associated with a given state, the 
higher the probabili ty of finding the molecule in that state 
(that is, the longer the relative amount  of  time a channel 
spends in that state). Since the mean length of time a channel 
spends in a given state is the inverse of the rate constant  
leading away from that state, it follows that the two most 
relevant parameters characterizing the kinetics of an ionic 
channel (namely, occupancy of each state, and rate constant  
among states) depend on the free energies of its closed (Go), 
open (Go) , and excited (G*) states. 
In a thermodynamic system, the free energy associated with 
a given state is not  a fixed value, but  depends on the thermo- 
dynamic parameters such as pressure (P) and temperature 
(T), and on the electric field or voltage (E), provided the 
transition between the two states occurs with a variation of 
volume, a change in temperature, or a displacement of 
charge, respectively. Displacement of charge as a result of 
spatial reorientation of charged groups and dipoles within 
the channel protein, which may accompany the 
closed ~ o p e n  and the open--*closed transitions has been 
shown to take place in the voltage-dependent Na  channel, 
and is assumed to occur in all voltage-gated channels. There- 
fore, as long as pressure and temperature are kept constant, 
the electric field applied across the membrane is the only 
parameter governing the equilibrium distribution of open 
and closed states, as well as the transition rates between 
them. In general, at resting (negative) membrane potential, 
closed states reside at the lowest energy, and are thus the 
favorable states. U p o n  depolarization of the membrane,  the 
open state(s) becomes the lowest in energy, thus favoring the 
transition of closed channels into their open conformation.  

Kinetic analysis of gating 

General 
Since ionic channels are proteins that randomly undergo 
transitions between their various conformational  states, 
their kinetic behavior can be described by the stochastic 
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analysis of random processes 4. The simplest case is a channel 
that switches between one closed and one open state 

kl  

closed r open (4) 
k 1 

With reference to the thermodynamic treatment of channel 
transitions described above, the following assumptions may 
be made: 1) the channel exists either in the closed or in the 
open state, and the transitions between them are governed by 
a random process; 2) the probability that a given transition 
occurs is constant with time, i.e., it does not depend on the 
past history of the channel, thus the probability that an open 
channel closes within a given length of time is the same 
whether the channel has spent 1 or 1000 ms in the open state; 
3) the rate constant of a given transition is only determined 
(T constant) by the probability of the transition occurring, 
which is constant with time, as shown above. 
Two consequences arise from these assumptions. First, the 
lifetime of each state is a random variable. This means that 
on each occasion that a channel enters a given state, the 
lifetime is different for each excursion into that state, al- 
though the mean lifetime remains constant. Second, since the 
rate constant between two states represents the number of 
transitions per unit time, this parameter is linked to the mean 
lifetime of a given state. For  the simplest reaction mechanism 
above, (4), the rate constant for leaving a state is the inverse 
of the mean lifetime of that state, i.e., the rate constant of the 
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closed ~ open transition, kl, is 1/(mean closed time), and the 
rate constant of the open ~ closed transition, k_ 1, is 1/(mean 
open time). 
An example of analysis which shows several features of the 
kinetic behavior of ionic channels follows. 

Mean open and mean closed time 

Since the switching of a channel from closed to open, or 
vice-versa, is always signalled by a discrete current jump 
(figs 1 b and 2 a), the measurement of the time the channel 
spends in the closed or in the open state is in principle unam- 
biguous and relatively easy to do. One simply measures the 
duration between two successive current jumps (fig. 2a). 
In practice, however, the analysis is less simple and unambig- 
uous. When a channel opens, a small current of  the order of 
a picoampere flows through it. Because of the electrical 
background noise, the single channel current can be resolved 
only if the signal is subjected to low-pass filtering that ex- 
cludes the high frequency component of the noise. Low-pass 
filtering, however, has the side effect of distorting the origi- 
nal square-wave signal typical of the single channel current. 
The distortion, due to the attenuation by the filter, makes the 
response follow the input current step due to single channel 
transition with some delay. While for long (as compared to 
the cut-off frequency of the filter setting) input current puls- 
es, the output will only show exponential rising and decaying 
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Figure 2. a Current records obtained by single channel recording from an 
inside-out patch excised from the somatic membrane of a neuron from rat 
hippocampus. The patch, perfused with symmetrical 300 mM NaC1, con- 
tains a (background) chloride channel of 55 pS conductance. Membrane 
potential is + 50 mV; low-pass filtering was 0.5 kHz ( -  3 dB). b Expand- 
ed (9-fold) display of the open event marked with a star in (a). The 
enlarged drawing shows that the 'single' open event in (a) is in fact 
composed of three openings (1, 2, 5), and two closures (2, 4). However, 
while the fllreshold-crossing analysis catches the first closure (2) even 
though it does not reach the baseline, it misses altogether the second 
shorter closure (4), since it fails to reach threshold. In this case, the second 
and third (3 and 5) open events are not resolved, and are counted as a 
single open event whose duration is given by the sum of the two single 
events (3 and 5), plus the closed event in between (4). e Open time 
histogram of a 42 s (964 openings) single channel recording which in- 
cludes the segment shown in (a). Abscissa displays the event duration in 
milliseconds; ordinate displays the number of events per bin. Bin width 
is 2.25 ms. Open time distribution was fitted by eye with a single exponen- 
tial curve (time constant 21.5 ms), as indicated by the dotted line. No 
allowance was made for missed events. 
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time courses at the beginning and end of the pulse but no 
amplitude distortion, in the case of brief current pulses, the 
output may fail to reach full amplitude. The amplitude 
reached is a function both of pulse length and filter setting. 
Because of the large number of single channel events needed 
for statistical accuracy, essentially all methods developed to 
measure channel lifetimes make use of automatic computer 
processing of data. In most of these methods, an estimate of 
channel amplitude is used to set a threshold level, most com- 
monly made equal to half amplitude of the single channel 
current (see Sachs et al. 23, for the convenience of using half- 
amplitude threshold). Every crossing of the threshold is in- 
terpreted as an opening or a closing of the channel. Times 
between two consecutive threshold crossings represent state 
lifetimes. This method clearly misses altogether brief events 
which, after low-pass filtering, do not reach threshold 
(fig. 2b). 
The major consequence of missing events is the overestimate 
of state lifetimes (see legend to fig. 2b). For  example, two 
(or more) consecutive closures separated by a brief (below 
threshold), missed opening are in fact counted as a single 
closure. Similar considerations apply to consecutive open 
events separated by missed closures. The overestimate of 
channel lifetimes due to missed events is usually serious, and 
appreciable errors in estimating underlying kinetic mecha- 
nisms are introduced. Recently, however, several possible 
methods have been proposed for correcting single channel 
data for missed events 3.5, z2, 23. 
Once the open times of  an appropriate number of openings 
have been measured, the rate constant leaving the open state 
(i.e., the rate constant of the open --, closed transition) can be 
derived from the mean open time as k_ 1 = 1/(mean open 
time). However, the mean open time is not calculated by 
ordinary statistics of summing all the open lifetime values 
and dividing by the number of events considered. In single 
channel analysis, event count versus lifetime histograms are 
used to calculate the mean lifetime, since this representation 
of data also provides information on the reaction mecha- 
nism, as will be seen later. In this type of plot, the vertical 
scale gives the number of events whose lifetimes fall in the 
corresponding time interval (bin) into which the abscissa has 
been divided (fig. 2c). In the case of a two-state mechanism, 
the open time distribution will be fitted by a single exponen- 
tial curve (as expected for a stochastic process) whose time 
constant, zo, gives the mean lifetime of the open state. Similar 
considerations apply to the closed state. 
The finding that channel lifetimes are distributed exponen- 
tially, with short lifetimes occurring more frequently than 
long ones, may appear to contradict one of the basic assump- 
tions of channel kinetics; transition probability is invariant 
with time. A thermodynamic-statistical approach is present- 
ed to show the physical basis for the exponential distribution 
of state lifetimes. In order to gain the open conformation, a 
closed channel must overcome an energy barrier (fig. 1 c and 
related section). A channel protein makes an attempt to 
jump over the energy barrier about every picosecond (more 
precisely, every 1/(kT/h)s, i.e., every 0.16.10-12 s, on aver- 
age). Considering that lifetimes of channel states (those that 
can be measured) are of the order of milliseconds to seconds, 
it follows that a channel in the closed state makes on average 
up to 10~~ ~3 unsuccessful attempts before it opens. If  
each attempt to exceed the energy barrier is considered as a 
binomial trial, binomial statistics for discrete variables can 
be applied. Since the probability of opening, po, is very low, 
and the number of trials, n, correspondingly high, the more 
convenient Poisson distribution can be used. (This is justified 
because the Poisson distribution can be derived as the limit- 
ing case of the binomial distribution when n approaches 
infinity and Po approaches zero.) According to the Poisson 
distribution, the probability of failing (not opening) to ex- 

ceed the energy barrier in a given time is P(failure) = exp(k~t), 
where t is time, and k~ is the ordinary rate constant for the 
closed ~ open transition, in this instance to be viewed as the 
mean number of successes in unit time. The probability of 
having no success (no transitions) throughout the time from 
0 to t is then the probability that the lifetime of that state is 
greater than t, thus giving an exponential distribution for 
channel lifetimes. 

Rate constants and reaction mechanisms 

So far the reaction mechanism of the most simple ionic chan- 
nel has been considered: a channel with a single closed and 
a single open state. However, virtually all ionic channels so 
far described have more than two states. In general, channels 
show several closed states, and often more than one open 
state. Therefore, to examine a more realistic (although still 
rather simple) situation, let us consider a channel with two 
closed states and one open state. One possible reaction mech- 
anism is 

C 1 ~ ' O ~ C 2  (5) 

In this case, the open state separates the two closed states, C 1 
and C2. Although the two closed states are experimentally 
indistinguishable (i.e., it is not possible by simply looking at 
the current trace to say which of the two closed states a given 
closed episode belongs to), this particular reaction mecha- 
nism is relatively easy to study. Since the two closed states 
communicate only by passing through the open state, each 
closed episode must represent a single sojourn either into the 
closed state C1, or into the closed state C2. Moreover, as the 
two states are thermodynamically distinct, the lifetimes of 
the two closed states, C1 and Cz, will be distributed exponen- 
tially. Thus the total distribution of closed lifetimes will be a 
mixture of the two exponential distributions, in proportion 
determined by the frequency of sojourns in the closed states 
C 1 and C 2. If  the individual components of the double-expo- 
nential distribution have sufficiently well-separated time 
constants (usually, a factor of four or more), the two individ- 
ual distributions will be unambiguously resolved. 
A channel with one open and two closed states may, how- 
ever, have a different reaction mechanism. For  instance, in 
the following mechanism 

C~ ~:~ C2 ~ 0 (6) 

the two closed states communicate. In this case, the interpre- 
tation of experimental data is somewhat more complex. As 
in the previous case, the closed states C1 and C 2 are experi- 
mentally indistinguishable. Moreover, with such a reaction 
mechanism, a closed episode can be a single transition into 
C2 (an open channel closes into C2, then reopens; O - C 2 - O ) ,  
but could also be a compound sojourn in C2 (twice), plus a 
sojourn in C1 ( O - C 2 - C 1 - C z  O), or a compound sojourn 
in any combination of the two closed states between which 
the channel could make any even number of transitions be- 
fore reopening. In this case, the overall distribution of closed 
times would be a mixture of all possible combinations of 
compound states. (A compound state refers in this case to 
multiple transitions between the closed states which are un- 
detectable electrophysiologically.) 
Although in principle the theoretically infinite number of 
possible compound states could generate a complex distribu- 
tion of closed times, in practice such a reaction mechanism 
often produces only two exponential distributions of closed 
times. The distribution with shorter mean closed time would 
arise from sojourns in the closed state C 2 ( O - C 2 - O ) ,  and 
the distribution with longer mean closed time would arise 
mainly from sojourns in the compound state C2" C1 "Cz, as 
a result of the transition O - C 2 - C 1 - C 2 - O .  Sojourns 
in more complex compound states are less frequent, and 
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seldom contribute to the overall distribution with distinct 
exponential  components.  (Compound states are discussed 
thoroughly by Colquhoun and Hawkes 4.) 
So far, a reaction mechanism has been considered, and the 
expected open and closed time distributions derived from it. 
In ordinary experimental practice, however, the situation is 
reversed. F r o m  given distributions of  closed and open times 
one has to estimate the number  of  closed and open states, as 
well as to envisage a reaction mechanism that  could account 
for the channel gating behavior.  As a rule, the number  of  
single exponentials one can fit onto closed and open time 
distributions gives the min imum number  of  closed and open 
states the channel can enter. Proposing a reaction mecha- 
nism is less straightforward, since it must also account for 
the voltage or ligand concentrat ion dependence. 
An example of  this type of  analysis follows. Magleby and 
Pallotta 17 studied the kinetic behavior of  the Ca-activated K 
channel. They found that  the closed time distribution could 
be fitted by the sum of  three exponentials, and the open time 
distribution by the sum of  two exponentials, thus suggesting 
three closed and two open states. On the basis of  the effect 
produced by changes of  Ca concentrat ion at the intracellular 
side of  the membrane,  [Ca 2§ the following reaction mech- 
anism was suggested 

R ~=~ CaR ,~  Ca2R 

CaR* ~:~ CazR* 
(7) 

Here R represents closed states, and R* open states of  the 
Ca-activated K channel. By measuring the lifetimes of  the 
various states the channel can enter, the authors found that 
the mean lifetimes were differently sensitive to [Ca2+]i . A 
long mean closed time was shown to be a logarithmic func- 
tion of  [Ca 2 +]i, whereas a long mean open time was a linear 
function of  [Ca 2 +]i. The other lifetimes were, instead, insen- 
sitive to [Ca2+]i. Another  feature of  the Ca-activated K 
channel is that  a l though it shows intrinsic voltage sensitivity, 
it can only be gated into the open state in the presence of  Ca 
ions ([Ca2+]~ > 10 .8  M). These observations suggest that 
the short open distribution results f rom opening to CaR* 
following the binding of  one Ca ion, and the long open 
distribution results f rom openings to Ca2R* following the 
binding of  two Ca ions (cf. reaction mechanism (7)). 
To assess whether a proposed complex reaction mechanism 
and the attached rate constants are quantitatively consistent 
with the kinetic behavior of  a given channel, mathematical  
expressions have been developed, that  relate a set of  rate 
constants at tached to a given reaction mechanism and the 
expected distribution of  open and closed times. The basic 
idea is to define a measure of  goodness of  fit of  the theoret- 
ical distribution to the observed data. Different sets of  rate 
constants associated with various reaction mechanisms will 
give different degrees of  goodness of  fit to the experimentally 
observed distribution. The principle is therefore to allow the 
parameters (rate constants and reaction mechanisms) to take 
any possible value, and see which set maximizes the goodness 
of  fit. This set of  parameters and the associated reaction 
mechanism will be taken as the most  likely. 
Two methods for optimizing this type of  analysis make use 
of  the statistical chi-squared function, X 2, which provides a 
measure of  badness of  fit, and of  the likelihood function 
which gives a measure of  the goodness of  fit. Thus, the values 
of  the parameters are adjusted by optimizing computer  pro- 
grams so as to minimize X 2, or  to maximize the likelihood 
function. Both methods are commonly  used and give similar 
results when applied to the appropriate amount  of  data. A 
sound discussion of  this problem, and criteria for choosing 
between these methods,  can be found in Dahiya  7, 
Colquhoun and Sigworth s, and Horn  and Lange 14 
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Conclusions 

A few aspects of  the kinetic behavior of  ionic channels as 
elucidated by analysis of  single channel data have been dis- 
cussed. After  an introductory description of  the biophysical 
meaning and interpretation of  channel states and conforma- 
tional transitions of  channel proteins, the discussion has fo- 
cused on procedures for estimating the number  of  states a 
channel can enter, and the rate constants of  the transitions 
from the lifetimes of  open and closed states. The use of  
statistical analyses on single channel data, namely the chi- 
squared function and the maximum likelihood function, 
have been mentioned to show how conclusions can be drawn 
about  reaction mechanisms of  ionic channels, and what these 
conclusions are. 

Acknowledgments. The authors are grateful to Dr M. Rizzo for critical 
reading of the manuscript, and to Mr M. Baldracchini for technical assis- 
tance. 

1 Armstrong, C. M., and Bezanilla, F., Currents related to movement 
of the gating particles of the sodium channels. Nature 242 (1973) 
459-461. 

2 Barrett, J. N., Magleby, K. L., and Pallotta, B. S., Properties of single 
calcium-activated potassium channels in cultured rat muscle. J. Phys- 
iol. 331 (1982) 211-230. 

3 Blatz, A. L., and Magleby, K. L., Correcting single channel data for 
missed events. Biophys. J. 49 (1986) 967-980. 

4 Colquhoun, D., and Hawkes, A. G., On the stochastic properties of 
single ion channel. Proc. R. Soc. 211 (1981) 205-235. 

5 Colquhoun, D., and Sigworth, F. J., Fitting and statistical analysis of 
single-channel records, in: Single-Channel Recording, pp. 191-263. 
Eds B. Sakmann, and E. Neher. Plenum Press, New York 1983. 

6 Conti, F., and Wanke, E., Channel noise in nerve membranes and 
lipid bilayers. Q. Rev. Biophys. 8 (1975) 451 505. 

7 Dahiya, R. C., An improved method of estimating an integer param- 
eter by maximum likelihood. Am. Statistician 35 (1981) 34-47. 

8 Eyring, H., The activated complex in chemical reactions. J. Chem. 
Phys. 3 (1935) 107-115. 

9 Franciolini, F., Patch clamp technique and biophysical study of mem- 
brane channels. Experientia 42 (1986) 589-594. 

10 Glasstone, S., Laidler, K. J., and Eyring, H., The Theory of Rate Pro- 
cesses, pp. 611. McGraw-Hill, New York 1941. 

11 Hamill, O.P., Marry, A., Neher, E., Sakmann, B., and Sig- 
worth, F. J., Improved patch-clamp techniques for high-resolution 
current recording from cells and cell-free membrane patches. PfRigers 
Arch. 391 (1981) 85-100. 

12 Hille, B., Ionic Channels of Excitable Membranes, p. 426. Sinauer 
Associates Inc., Sunderland, Mass. 1984. 

13 Hodgkin, A. L., and Huxley, A. F., Currents curried by sodium and 
potassium ions through the membrane of the giant axon of Loligo. J. 
Physiol. 116 (1952) 473 496. 

14 Horn, R., and Lange, K., Estimating kinetic constants from single 
channel data. Biophys. J. 43 (1983) 207-223. 

15 Karplus, M., Dynamics of proteins. Ber. Bunsenges. Phys. Chem. 86 
(1982) 386 895. 

16 Keynes, R. D., and Rojas, E., Kinetics and steady-state properties of 
the charged system controlling sodium conductance in the squid giant 
axon. J. Physiol. 239 (1974) 393-434. 

17 Magleby, K. L., and Pallotta, B. S., Dependence of open and shut 
interval distributions from calcium-activated potassium channels in 
cultured rat muscle. J. Physiol. 344 (1983) 585-604. 

18 Moore, J. W., and Pearson, R. G., Kinetics and Mechanisms, 3rd 
edn, pp. 455. John Wiley, New York 1981. 

19 Neher, E., and Sakmann, B., Single-channel currents recorded from 
membrane of denervated frog muscle fibres. Nature 260 (1976) 799 
802. 

20 Neher, E., and Stevens, C. F., Conductance fluctuations and ionic 
pores in membranes. A. Rev. Biophys. Bioeng. 6 (1977) 345-381. 

21 Patlak, J., The information content of single channel data, in: Mem- 
branes, Channels, and Noise, pp. 179 234. Eds R. S. Eisenberg, 
M. Frank and C. F. Stevens. Plenum Press, New York 1984. 

22 Roux, B., and Sauve', R., A general solution to the time interval 
omission problem applied to single channel analysis. Biophys. J. 48 
(1985) 149-158. 



188 Experientia 44 (1988), Birkh/iuser Verlag, CH-4010 Basel/Switzerland Renews 

23 Sachs, F., Neil, J., and Bakakati, N., The automated analysis of data 
from single ionic channels. Pfliigers Arch. 395 (1982) 331-340 

24 Schneider, M. F., and Chandler, W. K., Voltage-dependent charge 
movement in skeletal muscle: A possible step in excitation-contraction 
coupling. Nature 242 (1973) 244-246. 

25 Sigworth, F. J., The patch clamp is more useful than anyone had 
expected. Fedn Proc. 45 (1986) 2673-2677. 

0014-4754/88/030183-0651.50 + 0.20/0 
�9 Birkhfiuser Verlag Base1, 1988 

Casein, a prohormone with an immunomodulating role for the newborn? 
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Summary. Maternal colostrum and milk, the earliest food of the newborn, should not only be considered as supplying 
nutrients, but also as agents providing protection against aggressions from the new environment. Indeed by enzymatic 
digestion of the main milk proteins, the caseins, biologically active peptides are released; they may be implicated in the 
stimulation of the newborn's immune system. From this point of view a 'strategic active zone' has been characterized in 
/~-casein. A possible role of casein as a 'prohormone' for the newborn is suggested. 
Key words. Casein; immunomodulation; casomorphin; immunomodulators. 

After birth, the newborn enters into a temporary period dur- 
ing which its immature immune system still depends on ma- 
ternal help, particularly when host defenses are considered. 
Its polymorphonuclear leukocytes (PMNL) have a de- 
creased chemotaxis function and deformability of their 
membranes, and show both depressed oxidative metabolic 
responsiveness and lower bactericidal activity, compared to 
adult PMNL 37.38. The percentage of T lymphocytes is sig- 
nificantly lower in the first days after birth in healthy 
neonates compared to adult controls 51. Even though the 
number of suppressor T cells has been reported to be signif- 
icantly lower in cord blood compared to adult blood, with a 
corresponding increase in the proportion of helper T 
cells 19,s7, global helper function manifested by newborn T 
cells is low compared to their suppressive function 18; new- 
born B cells differentiate into plasmocytes in response to 
pokeweed mitogen stimulation less well than adult B cells 
and synthesize exclusively IgM 18. Nevertheless, the new- 
born must protect himself from the aggressions of its new 
environment, and breast-feeding facilitates transmission of a 
passive immunity. 
Multifunctional factors contained in the maternal colostrum 
and milk have a direct effect on the newborn's resistance to 
bacterial and viral infections and on the harmonious devel- 
opment of  the bacterial flora of the gut. High levels of im- 
munoglobulins are present, mainly secretory IgA (sIgA) but 
also IgM and IgG 14. Enzymes such as lysozyme (EC 
3.2.1.17) 1, 24 and peroxidase (EC 1.11.1.7) 15 and iron-bind- 
ing proteins such as lactoferrin and transferrin z3 play impor- 
tant bactericidal and bacteriostatic roles. Other factors are of 
cellular nature, such as macrophages, granulocytes, T and B 
lymphocytes 21, 4-2; they promote humoral and cellular im- 
munity against enteric bacteria (like E. coli) and favor indi- 
rectly growth of  Bifidobacterium bifidum type IV which is 
able to transform lactose into glucose and lactic acid. 
Meanwhile the newborn immune system must try to estab- 
lish its autonomy. We suggest that its evolution may also be 
influenced by milk components or their degradation prod- 
ucts. The most abundant milk protein, casein, has been 
found to generate, during enzymatic digestion, short pep- 
tides endowed with biological activities. We wish to discuss 
their possible involvement with the immune system. 
Casein consists of several proteins, ~sl-, ~s2-, fl- and x-ca- 
seins which are associated into micelles in milk; its coagula- 
tion is triggered by the action of chymosin on K-casein. Bovi- 

ne casein contains 45 % a-casein, 30 % t-casein and 15 % 
Jc-casein; human casein which contains 20 % K-casein differs 
by its high level of t-casein (50%) in contrast with its low 
content of a-casein (10 %)10 

Immunostimulating easein peptides 

Assuming that the first food of the newborn might con- 
tribute to its natural immunostimulation thanks to peptides 
from milk proteins, we decided to submit tryptic or 
chymotryptic fragments of human caseins to some tests of 
biological activity. We chose two in vitro screening tests: 
phagocytosis of opsonized sheep red blood cells (SRBC) by 
resident peritoneal mouse macrophages and secretion of 
hemolytic antibodies by spleen cells from mice which have 
been immunized in vivo by SRBC, and also an in vivo test: 
protection of mice against KlebsielIa pneumoniae infection. 
Several fractions were found to be active in these tests 25 and 
we purified two peptides, an hexapeptide Val-Glu-Pro-Ile- 
Pro-Tyr (residues 54-59 of B-casein)44 and a tripeptide Gly- 
Leu-Phe, not yet located in the known sequences of human 
caseins 5. These peptides stimulated phagocytosis of mouse 
macrophages at a concentration as low as 0.1 gM (table 1) 
and exerted in mice a protective effect against KI. pneumo- 
niae infection when injected intravenously at 0.3 and 1 mg/ 
kg, 24 h before lethal infectious challenge (table 2). An ana- 
logue of the tripeptide, Gly-Phe-Leu (residues 60-63 of 
human/3-casein, just following the hexapeptide) exhibited 
weaker but significant activities. We also demonstrated that 
these peptides stimulated human macrophages to phago- 
cytize senescent human red blood cells 12. 

Other biological active casein peptides implicated in 
immunomodulation 

Inhibitors o f  angiotensin I -  converting enzyme 
Angiotensin I-converting enzyme (ACE, EC 3.4.15.1) cata- 
lyzes the production of the vasoconstrictor angiotensin II as 
well as the inactivation of the vasodilatator bradykinin and 
of the enkephalins in the guinea pig ileum 3. Inhibitors of this 
enzyme might increase bradykinin and enkephalin activities. 
Bradykinin, known as a mediator of the acute inflammatory 
process, is able to stimulate macrophages, to enhance 
lymphocyte migration and to induce the secretion of 
lymphokines from lymphocyte cultures 43. Furthermore, the 


