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Abstract

A quantitative model for the transduction dynamics whereby intracellular
transmitter in a vertebrate cone mediates between light input and voltage
output is analyzed. A basic postulate is that the transmitter acts to multi-
plicatively gate the effects of light before the gated signal ever influences the
cone potential. This postulate does not appear in the Baylor, Hodgkin, and
Lamb (BHL) model of cone dynamics. One consequence of this difference
is that a single dynamic equation from our model can quantitatively fit
turtle cone data better than the full BHL theory. The gating concept also
permits conceptually simple explanations of many phenomena whose
explanations using the BHL unblocking concept are much more complex.
Predictions are suggested to further distinguish the two theories.

Our transmitter laws also form a minimal model for an unbiased miniatur-
ized transduction scheme which can be realized by a depletable transmitter.
Thus our theory allows us to consider more general issues. Can one find an
optimal transmitter design of which the photoreceptor transmitter is a
special case? Does the cone transmitter obey laws that are shared by trans-
mitters in other neural systems, with which the photoreceptors can be
compared and contrasted to distinguish its specialized design features from its
generally shared features?

1. Introduction

Abundant experimental evidence has shown that many vertebrate photo-
receptors undergo large sensitivity changes during light and dark adaptation, and
that receptor adaptation is a significant component of the adaptive process
(Boynton and Whitten, 1970; Dowling and Ripps, 1971, 1972; Grabowski et al.,
1972; Kleinschmidt, 1973; Kleinschmidt and Dowling, 1975; Norman and Werblin,
1974). Various studies also suggest that light liberates internal transmitter mole-
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cules, possibly of Ca**, which close Na* channels in the plasma membrane of
the photoreceptor outer segment, thereby decreasing the ‘dark current’ of Na™*
ions entering this . membrane and hyperpolarizing the photoreceptor (Arden and
Low, 1978; Béckstrém and Hemild, 1979). Extensive parametric experiments on
turtle cones have shown the adaptive process to be highly nonlinear (Baylor and
Hodgkin, 1974; Baylor et al., 1974a,b). From these data, Baylor et al. (1974b)
constructed an ingenious model of cone dynamics which quantitatively repro-
duces many data features. However, the model’s voltage reactions are a factor of
ten off in response to flashes on variable backgrounds and, more importantly, the
timing of voltage peaks does not fit the data well. Other quantitative difficulties
can also be cited.

We will suggest that the quantitative difficulties of the BHL model are also
qualitative, and are due to the model’s omission of a major feature of cone
design. The BHL model omits the basic postulate that the transmitter acts to
multiplicatively gate the effects of light before the gated signal ever influences
the cone potential. Without the notion of a multiplicative transmitter gate, the
full BHL theory grew in a different direction than our own.

We have achieved a bétter quantitative fit of the BHL data using a trans-
mitter model that was introduced in 1968 (Grossberg, 1968, 1969). In fact, for key
experiments we achieve a better quantitative fit using a single dynamic equation
from our theory than BHL do with their full theory with many equations. These
successes can be traced to the inclusion within our theory of a multiplicative
transmitter gate.

Our goal in this article is not merely to use this transmitter model to fit photo-
receptor data. We wish also to make a general point concerning neural modelling.
The BHL model, despite its many partial successes, is in a sense profoundly
disturbing. It leaves one with the impression that the photoreceptor is not merely
complex, but also that its complexities describe a rather mysterious transduction
scheme with properties that seem impossible to guess a priori. If this is the true
situation at each photoreceptor, then what hopes can we sustain for finding under-
standable principles of neural organization in the large?

We will derive our transmitter laws as a minimal model for an unbiased
miniaturized transduction scheme that can be realized by a depletable chemical
(Grossberg, 1980). Because the principles from which these laws are derived have
a general significance, our theory allows us to suggest affirmative answers to the
following more general questions: Can one find an optimal transmitter design of
which the photoreceptor is a special case? Does the cone transmitter obey laws
that are shared by transmitters in other neural systems, with which the photo-
receptor can be compared and contrasted to distinguish its specialized design
features from its generally shared features?

A gating concept appears in the model of Hemild (1977, 1978), which Hemili
used to explain adaptation in the rods of the frog retina. Hemild does not, however,
suggest dynamical laws for the gating process. Both the BHL theory and our
theory suggest that transmitter can close Na* channels. BHL call this process
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‘blocking’. It is at this point that the two theories diverge. The BHL t'heory invokes
a process to ‘unblock’ the blocking process. We never need such an 'xdea. Onc'e‘the
unblocking concept is accepted, however, it naturally suggests a series of auxnlxa}ry
hypotheses which diverge significantly from the ideas that emerge from a gating
concept. -

Our theory also explains photoreceptor data from systems other than turtle
cones, such as data from Gekko gekko rods (Kleinschmidt and Dowling, 1975).
Because gating mechanisms are also used in nonvisual transmitter systems,
adaptation, overshoot and rebound of the rod potential can be compared and
contrasted ' with analogous phenomena in midbrain reinforcement centers
(Grossberg 1972a,b, 1981a,b). The Gekko gekko data can, for example, be expla.ine.d
by a gated dipole model which shows how slow gates acting on the signals within
competing channels can elicit adaptation, overshoot and rebound. In tl'fle.rod, the
dipole is due to intracellular membrane interactions: in the midbrain, it is .due to
intercellular network interactions. This type of insight would be impossible to
achieve were our theory not derived from a general principle of neural design.

In Sections 2-13 of this article we derive the gating theory and its predictions.
In Section 14 we fit the theory to photoreceptor data. In Sections 1415 we contrast
the gating theory with BHL’s unblocking theory.

2. Transmitters as gates

We start by asking the following question: What is the simplest law whereby
one nerve cell could conceivably send unbiased signals to another nerve cell? The
simplest law says that if a signal S passes through a given nerve cell vy, the signal
S has a proportional effect
(N T=SB
where B > 0, on the next nerve cell v,. Such a law would permit unbiased trans-
mission of signals from one cell to another.

We are faced with a dilemma, however, if the signal from v, to v, is due to the
release of a chemical z(7) from v, that activates v,. If such a chemical transmit.ter
is persistently released when S is large, what keeps the net signal 7 from getFmg
smaller and smaller as v, runs out of transmitter? Some means of replenishing,
or accumulating, the transmitter must exist to counterbalance its depletion due
to release from v,.

Based on this discussion, we can rewrite (1) in the form

(2) T=2S5z
and ask how the system can keep z replenished so that
3) z2(y= B

at all times r. This is a question about the sensitivity of v, to signals from v,,
since if z could decrease to very small values, even large signals S would have
only a small effect on 7.
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Equation (2) has the following interpretation. The signal S causes the transmitter
z to be released at a rate T = Sz. Whenever two processes, such as S and z, are
multiplied, we say that they interact by mass action, or that z gates S. Thus (2)
says that z gates S to release a net signal T, and (3) says that the cell tries to
replenish z to maintain the system’s sensitivity to S. Data concerning the gating
action of transmitters in several neural preparations have been collected by
Capek et al. (1971), Esplin and Zablocka-Esplin (1971), Zablocka-Esplin and
Esplin (1971).

What is the simplest law that joins together both (2) and (3) ? It is the following
differential equation for the net rate of change dz/dr of z:

dz

4 7= A(B — z) — Sz.

Equation (4) describes the following four processes going on simultaneously.

I and Il. Accumulation and Production and feedback inhibition.

The term A(B — z) enjoys two possible interpretations, depending on whether
it represents a passive accumulation process or an active production process.

In the former interpretation, there exist B sites to which transmitter can be
bound, z sites are bound at time ¢, and B — z sites are unbound. Then term
A(B ~ z) says simply that transmitter is bound at a rate proportional to the
number of unbound sites.

In the latter interpretation, two processes go on simultaneously. Term AB
on the righthand side of (4) says that z is produced at a rate 4B. Term — Az says
that once z is produced, it inhibits the production rate by an amount propor-
tional to z’s concentration. In biochemistry, such an inhibitory effect is called
Jfeedback inhibition by the end product of a reaction. Without feedback inhibition,
the constant rate 4B of production would eventually cause the cell to burst. With
feedback inhibition, the net production rate is A(B — z), which causes z(¢) to
approach the finite amount B, as we desire by (3). The term 4(B — z) thus enables
the cell to accumulate a target level B of transmitter.

I and IV. Gating and Release.

Term —Sz in (4) says that z is released at a rate Sz, as we desire by (2). As in
(2), release of z is due to mass action activation of z by S, or to gating of Sbyz
(Figure 1).

The two equations (2) and (4) describe the simplest dynamic law that ‘corre-
sponds’ to the constraints (2) and (3). Equations (2) and (4) hereby begin to recon-
cile the two constraints of unbiased signal transmission and -maintenance of
sensitivity when the signals are due to release of transmitter. All later refinements
of the theory describe variations on this robust design theme.
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B
Production + feedback inhibition
S i > Sz
gating release
a
accumulation
S > G2z
gating release

b

Fig. 1. (a) Production, feedback inhibition, gating and relsase of a transmitter z by a sigqal S.
(b) Mass action transmitter accumulation at unoccupied sites has the same formal properties as
production and feedback inhibition.

3. Intracellular adaptation and overshoot

Before describing these variations, let us first note that Equations. (2) and (4)
already imply important qualitative features of photoreceptor dynamics; namely,
adaptation to maintained signal levels, and overshoot in response to sudden
changes of signal level. .

Suppose for definiteness that S(r) = S, for all times 1< 7, and that at time
t =t,, S(t) suddenly increases to S;. By (4), z(¢) reacts to the consta'nt level
S(r) = S, by approaching an equilibrium value z,. This equilibrium value is found
by setting dz/dt = 0 in (4) and solving to get

) T AT S,

By (2), the net signal T, to v, at time £ = {g iS
ABS,

6) Sozo = A4S0
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Now let S(7) switch to the value S; > S,. Because z(f) is slowly varying, z(f)
approximately equals z, for some time after ¢ = #,. Thus the net signal to v,
during these times is approximately equal to

ABS,
A+ Sy

Equation (7) has the same form as a Weber law J(4 + 7)~!. The signal S, is
evaluated relative to the baseline S, just as J is evaluated relative to I. The Weber
law in (7) is due to slow intracellular adaptation of the transmitter to the sustained
signal level. A Weber law can also be caused by fast intercellular lateral inhibition
across space, but the mechanisms underlying these two adaptive processes are
entirely different (Grossberg 1973, 1980).

The capability for intracellular adaptation can be destroyed by matching the
reaction rate of the transmitter to the fluctuation rate in S(r). For example, if
(1) reacts as quickly as S(7), then at all times ¢,

) ‘ S1z0 =

- ABS(1)
() . T(f)=A TS0
no matter what values S(¢) attains, so that the adaptational baseline, or memory
of prior input levels, is destroyed.
A basis for overshoot behavior can also be traced to z’s slow reaction rate.
If z(¢) in (4) reacts slowly to the new transmitter level S = §,, it gradually
approaches the new equilibrium point that is determined by S = §;, namely

AB
9 L1 ==
® YT A+ S,
as the net signal decays to the asymptote

"ABS
10 Sz, = L
(10) =TS,

Thus after S(¢) switches from S, to S, the net signal T = Sz jumps from (6) to (7)
and then gradually decays to (10) (Figure 2). The exact course of this overshoot
and decay is described by the equation

n_ ABS, ~ _
(1D $i2(0) = — n Soexp{ (A4 + S = 1)} +

ABS,

+
A+ 5,

(1 = exp{—=(4 + S)(t — 1,)})

for + = ro. Equation (I1) shows that the gain, or averaging rate 4 + S, of T
through time increases with the size of the signal S,. The transmitter law (4) is
thus capable of ‘automatic gain control’ by the signal. The sudden increment

7
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followed by slow decay of T is called ‘overshoot’ in a photoreceptor and
‘habituation’ in various other neural preparations.

Syt
S(t)
SO '
" ——
to t
(S2)(t)
e
t

Fig. 2. Overshoot and habituation of the gated signal T = 5z due to a sudden increment insignal S.

4. Monotonic increments and nonmonotonic overshoots to flashes on
variable backgrounds

The minimal transmitter model implies more subtle properties as well. Some of
these properties figure prominently in our explanation of the BHL dgta. Others
stand as experimental predictions. Baylor er al. (1974b) found that, in response
to a flash of fixed size superimposed on a succession of increasing backgljound
intensities, the cone potential ¥ reacts with a progressive decrease in'the size of
its transient response. By contrast, Vs transient response reache.s 1t§ peak at
successively earlier times until a sufficiently high background i.ntensxty is r'eached.
In response to even higher background intensities, the potential reaches its peak
at successively later times (Figure 3). This is a highly nonlinear effect. '

In our theory, T is the input to the photoreceptor’s potential V. We. study 7 in
its own right to provide a better understanding of Vs behavior in Fhe.full
theory. Simple approximations make possible analytic estimates th'at quahtatlvely
explain the behavior in Figure 3. Since a flash sets off a chain rc?actlon in the cone, -
and the chain reaction lasts for some time after the flash terminates, we approxi-
mate the chain reaction by a rectangular step of fixed size 5. When a flash occurs
at a succession of background intensities, we superimpose the step ¢ on a succes-
sion of background intensities S (Figure 4). We.estimate the effect of the flash on
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Fig. 3. The transient reactions of a cone potential to a fixed flash superimposed on a suécession
of increasing background levels. The potential peaks decrease, whereas the times of maximal
potential first decrease and then increase, as the background parametrically increases. Effect of
increasing intensity of conditioning step on response to 11 msec flash applied 1-1sec after
beginning of a step lasting 17 sec. The abscissa is the time after the middle of the flash, and the
ordinate is U(t)//At, where U(r) is the hyperpolarization, At is the pulse duration, and / is propor-
tional to flash intensity. The numbers against the curves give the logarithm of the conditioning
light expressed in photoisomerizations cone~ ! sec-". Redrawn from Fig. 3 (Baylor and Hodgkin
1974), p. 734.

the potential peak by computing the initial change in T due to the change in S
by 6. We also estimate a possible initial ‘hump’ in the potential through time by
measuring the height and the area of the overshoot created by prescribed back-
ground levels S (Figure 4).

The initial change in 7 to a change in S by & is found to be a decreasing function

- -.toreceptor dynamics

S(t) 5

T(t) AT

Fig. 4. An input step of fixed size é on a background S causes a transient change in T of size AT
& and an overshoot of size Q.

of S. This result is analogous to the decreasing size. of th.e.potentlal chanie cz'lusc;(}
by a fixed flash at successively higher backgroupd intensities. Howevgr, t ; size ¢
the overshoot, or ‘hump’, need not be a decreasing functlon of . If & is suf cxer; 5y
small, then the overshoot size can increase before it decreases as a functu(njn' ot en:
In other words, a more noticeable hump can appear at. largg ba.ck.groun dm v
sities S, but it can eventually shrink as the background mtensny.xs 1ncT§ase Sev:en
further. Baylor et al. (1974b) report hump; fdtthlght.background intensities a

i i e at very high background intensities.
as';l;elerstsitrll:la[::iie changye A%‘ due to a step size of d, we subtract (6) from (7) to
find

_ AB(S, — So)
(12) AT =—y7s,

Let S, — S, == 4, corresponding to a step of fixed size & superimposed after S(7)
l ' . .
equilibrates to a background intensity So = S. Then



10
GAIL A. CARPENTER AND STEPHEN GROSSBERG

(13) AT = ABd
A+ S

which is a decreasing function of S.
To estimate the overshoot size Q, we subtract (10) from (7) to find
(4 + So)(4 + 8,)

Again setting S, — S, =5 and S, = S, we express Q as the function of S

15) s) AB(S + 8)5
(4 + S)4+ S+

How does Q(S) change as a function of S$? To test whether Q(S) increases or
decreases gs a function of S, we compute whether dQ/dS is positive or negati
One readlly proves that dQ/dS >0 at S=0 if 4 > 1 + /5)6; angatllr:t'
dQ/dS <0if S > —5 + JA(4 — 8) orif 4 < 6. In other words the,size of the
overshoot always decreases as a function of S if S is chosen sufﬁci’ently large, but
the'ov.ershoot size increases at small S values if the increment & is sufficientl gsr,na]l
A similar type of nonmonotonic behaviour describes the total area of the oveyrshoot.

5. Miniaturized transducers and enzymatic activation of transmitter production

] \th will now dlscuss'how the time at v.vhich the potential reaches its peak can
rst decrease and then increase as a function of background intensity. Our discus-
;on again .centc'ers on thg design theme of ensuring the transducer’s sensitivity
y proceeding in this principled fashion, we can explain more than the ‘turn-.

around’ of the potential peaks. We can al i
. . so explain why the st -
a function of S can obey a law of the form P ’ weady Stat-e orTs

(16) T PS(L + QS)
I + RS + US?

with P, O, R and U constants, rather than a law of the form

{7 T = s
I + RS
as in (6).
Equation (16) is the analog within our theory of the BHL equation
(18) i:PS(I+QS)
K I + RS

fo;lctihe steady-state level of their ‘blocking’ variable :,. Equation (18) cannot be
vah! haF very lgrge S valu§s because it predicts that z, can become arbitrarily large
which s physically meaningless. This does not happen in (16). The appearance»of
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term US? in (16) allows us to fit BHL’s steady-state data better than they could
using (18). More important than this quantitative detail is the qualitative fact
that the mechanism which replaces (17) by (16) also causes the turn-around in the
peak potential. We now suggest that this mechanism is a light-induced enzymatic
modulation of transmitter production and/or mobilization rates. Thus we predict
that selective poisoning of this enzymatic mechanism can simultaneously abolish
the turn-around in the potential peak and reduce (16) to (17).

The need for enzymatic modulation can be motivated by the following considera-
tions. Despite the transmitter accumulation term A(B—z) in Equation (4),
habituation to a large signal S can substantially deplete z, as in (5). What compen-
satory mechanism can counteract this depletion as S increases? Can a mechanism
be found that maintains the sensitivity of the transmitter gate even at large S
values?

One possibility is to store an enormous amount of transmitter, just in case;
that is, choose a huge constant B in (4). This strategy has the fatal flaw that a very
large storage depot takes up a lot of space. If each photoreceptor is large, then the
number of photoreceptors that can be packed into a unit retinal area will be small.
Consequently the spatial resolution of the retina will be poor in order to make its
resolution of individual input intensities good. This solution is unsatisfactory.

Given this insight, our design problem can be stated in a more refined fashion
as follows: How can a miniaturized receptor maintain its sensitivity at large input
values?

An answer is suggested by inspection of Equation (4). In Equation (4), the trans-
mitter depletion rate — Sz increases as .S increases, but the transmitter production
rate A is is constant. If the production rate keeps up with the depletion rate, then
transmitter can be made continuously available even if B is not huge. The marriage
of miniaturization to sensitivity hereby suggests that the coefficient 4 is enzymatic-

ally activated by the signal S.
Let us suppose that this enzymatic step obeys the simplest mass action equation.

(19) [—fg = —C(A — Ag) + DIE — (4 — Ap)]S.

In (19), A(¢) has a baseline level 4, in the dark (S = 0). Turning light on makes §
positive and drives A(r) towards its maximum value 4, + E. Rewriting (19) as

. dA
(20) o —(C + DSYA — A4,) + DES
shows that the activation of A(f) by a constant signal S increases the gain C + DS
as well as the asymptote
DES

21 A= C+ DS
@b Ao+ & Ds

of A(t). This asymptote can be rewritten in the convenient form
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@) A= 4, 1+ FS
1 +GS
by using the notation
(23) F=(A0 +E)DA0_1C_1
and
(24) ' G=DC™ 1

To m%_lke our main qualitative points, let us assume for the moment that the
ex;zygla;}c activation of A by S proceeds much more rapidly than the release of
z by S. Then A(r) approximately equals its asymptote in (22) at all times . Equation
(4) can then be replaced by the equation .

dz 1
Ao( + FS

(25) AN i)
dr 1+GS

)(B - z) — Sz

Let us use (25 to ¢ - i
Ty th(a ; ) ompute the steady-state response T = Sz to a sustained signal S.

26) __PS( + 08)
1 + RS + US?

where

P=2B
@n Q =F=(do + E)D4,”'C!
(28) R=A4" "+ F=4,""[1 + (4 + E)DC 1]
and
(29) . U=GAy™ ' = D4, 'C 1,

Note that the form of (16) d if Si ight i i
hove that the f (16) does not change if S is related to light intensity / by a

ul
I+ vl

(30) S() =

Only the coefficients P, Q, R, and U change.

6. Turn-around of potential peaks at high background intensities

DespxFe the 'fzssumption that 4 depends on S, all of our explanations thus far
use a single differential Equation (25). We will qualitatively explain the turn-
arouqd of potential peaks, the quenching of a second overshoot in double flash
experlme.nts, and the existence of rebound hyperpolarization when a depolarizin
current is shut off during a hyperpolarizing light using only this dri)ﬂ'erentia%
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equation. In the BHL theory, by contrast, a substantial number of auxiliary
differential equations are needed to explain all of these phenomena at once.
Moreover, we can quantitatively fit the data using only Equation (25) better than
BHL can fit the data using all their auxiliary variables. Our full theory provides
an even better fit. More importantly, Equation (25) suggests that all these pheno-

mena are properties of a transmitter gate.
To qualitatively explain the turn-around of peak potential as background

intensity increases, we consider Figures 5 and 6.

S(t) |
I
l
So 1
|
|
]
A T e
tS t
z(t) |
|
| —
t, t

-
—~
~e
N
?

e -
t

ke e
-

Fig. 5. Signal S(¢) peaks at time ¢ = f5 before transmitter z(f) reaches its minimum at time £ = f..
Consequently, the gated signal T = Sz peaks at a time ¢ = ¢ earlier than ¢ = fs.

In Figure 5, S starts out at a steady-state value S,. Then a flash causes a chain
reaction which creates a gradual rise and then fall in S. Function § reaches its
maximum at the time 7 = fg when dS/dr = 0. The transmitter z responds to the
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increase in S by gradually being depleted. As the chain reaction wears off, z
gradually accumulates again. Function z reaches its minimum at the time t=, t
when dz/dt = 0. From Figure 5, we can conclude that the gated signal T = S;
reaches a maximum at a time ¢ = ;. before S reaches its maximum. This is because

@ | aI_4a5 . s*

@ at TS
After time r = Is, both dS/dt and dz/dt are negative until the chain reaction wears
off: Thus dT/dr is also negative during these times. Consequently dT/dt = 0 at
atime fr < fs.
Figure 6 explains the turn-around by plotting the times when dsjdt = 0,
dz/dt = 0, and dT/dt = 0 as a function of the background level S,. In Figure 6,

we think of 75(S,), 1.(S,) and 1,(S,) as functions of So. Two properties control
the turn-around:

(a) the function 75(S,) might or might not decrease as S increases, but eventu-
ally it must become approximately constant at large S, values;

(b) the function 7(S,) decreases faster as So increases until 7,(S,) approxi-
mately equals 14(S,) at large S, values. :

At

T
So

Fig. 6. As- 1:(Sy) is drawn closer to 14(S,) at large S, values due to enzymatic activation of trans-
mitter accumulation rate, /1(S,) reaches a minimum and begins to increase again.
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Property (a) is due to the fact that the photoreceptor has a finite capacity for
reacting to photons in a unit time interval. After this capacity is exceeded, higher
photon intensities cannot be registered. Property (b) is due to the light-induced
increase of z’s reaction rate to higher S, levels. Light speeds up z’s reaction rate,
so that at higher S, values z can equilibrate faster to the chain reaction S. In
particular, £,(S,) approaches #5(S;,) as So increases.

Using properties (a) and (b), we will now explain the turn-around. When S,
is small, dz/dt is also small. By (31) this means that dT/dt =0 almost when
dS/dt =0, or that f; = fs. As S, increases to intermediate values, the chain
reaction S also increases. Consequently dz/dt becomes more negative and makes
z smaller. Also z’s gain is sped up, so that t, approaches closer to fs. In (31), this
means that Sdz/dr will be large and negative at times when z is small. To achieve
dT|dt = 0, we therefore need dS/dt to be large and positive. In other words, T
reaches its peak while S is still growing rapidly. Hence ;. occurs considerably
earlier than fs. This argument shows why the peak of T occurs earlier as S
increases.

Why does turn-around occur? Here properties (a) and (b) are fully used. By
property (b), z reaches its minimum right after S reaches its maximum if S, is
large. In other words, , approaches fs as S, becomes large. This means that both
dS/dt=0 and dz/dt=0 at almost the same time. By (31), also dT/dt =0 at about
this time. In all, #; = t5 = 1, if $>>0. Now we use property (a). Since #5(S,) is
approximately constant at large S, values, r1(S;) must bend backwards from its
position much earlier than rg(S,) at intermediate S, values to a position closer
to t5(S,) values. This is the turn-around that we seek.

7. Double-flash experiments

In BHL’s double flash experiments, a bright flash causes the potential to over-
shoot. A second bright flash that occurs while the potential is reacting to the chain
reaction caused by the first flash does not cause an overshoot even though it
extends the duration of the chain reaction. This effect can be explained as follows
(Figure 7).

The first bright flash causes an overshoot due to the slow reaction of z to the
onset of the chain reaction, as in Section 4. For definiteness suppose that z(0) = B
at time ¢ = 0 and that the chain reaction starts rising at time ¢ = 0 to a maintained
intensity of approximately S. By (16), z(¢) decreases from B to approximately

B(1 + Q35)

32 —
(2) 1 + RS + US?

This decrease in z(r) causes the overshoot, since the product Sz(¢) first increases
due to the fast increase in S(¢) and then decreases due to the slower decrease in
z(r). Once z(¢) equilibrates at the level (32), it thereafter maintains this level until
the chain reaction decays. In a double-flash experiment, the second flash occurs
before the chain reaction can decay. The second flash maintains the chain reaction




16 GAIL A. CARPENTER AND STEPHEN GROSSBERG

a while longer at the level S. No second overshoot in z occurs simply because z

has already equilibrated at the level (32) by the time the second flash occurs

Wheq T i? coupl;d to the potential ¥, the overshoot in T also causes a gain
change in ¥’s reaction rate. BHL noticed this gain change and introduced another

conductancfe into their model whose properties were tailored to explain the double
flash experiment. In the BHL model, this second conductance is a rather mysterious
quantity (see Section 15). In our model, it follows directly from the slow fluctuation
rate of the transmitter gate (Section 9).

Our model’s predictions can be differentiated from those of the BHL model
because; they all depend on the slow rate of the transmitter gate. Speeding up the
transmitter’s reaction rates should eliminate not only the overshoot and the

second conductance, but also the photorece ’ ili
: ' ) ptor’s ability to remember -
tational baseline (Section 3). g an adapta

-10
mV
A
-20
—
B

msec

flg.R7. Effect of a bright conditioning flash on the response to a subsequent bright test flash.
ﬂa) ; espopse to test flash alone. (b) Response to conditioning flash alone. (c) Response to both
ashes, with the upper two responses dotted. Redrawn from Fig. 15 of Baylor et al. (1974a)
p. 716. '
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8. Antagonistic rebound by an intracellular dipole: rebound hyperpolarization
due to current offset

The ubiquity of the gating design in neural systems is illustrated in a striking
way by the following data. Baylor et al. (1974a) showed that offset of a rectangular
pulse of depolarizing current during a cone’s response to light causes a rebound
hyperpolarization of the cone’s potential. By contrast, offset of a depolarizing
current in the absence of light does not cause a rebound hyperpolarization (Figure
8). In other words, an antagonistic rebound in potential, from depolarization to
hyperpolarization, can sometimes occur.

mV a
0 b
-20 c
L Y 1 1 3 ! !
120
msec

Fig. 8. Changes in potential produced by current in darkness (a), and during the response to

light (b), superimposed tracings. Between arrows, a rectangular pulse of depolarizing current

(strength 1+5 x 10~1°) was passed through the microelectrode. (c) is the response to light without
current. Redrawn from Fig. 10 of Baylor et al. (1974a), p. 706.

One of the most important properties of a slow gate is its antagonistic rebound
property. This property was first derived to explain data about reinforcement and
attention in Grossberg (1972a,b; 1975) and was later used to explain data about
perception and cognitive development in Grossberg (1976, 1980). These results
show how antagonistic rebounds can be caused when the signals to one or both
of two parallel channels are gated before the gated signals compete to elicit net
outputs from the channels (Figure 9). In reinforcement and cognitive examples,
the two competing channels have typically been interpreted to be due to inter-
cellular interactions. The competing channels implicated by the BHL data are, by
contrast, intracellular. They are the depolarizing and hyperpolarizing voltage-
conductance terms in the membrane equation for the cone potential (Section 9).

In the remainder of this section, we will review how slow gates can cause
antagonistic rebounds. Then we will have reached the point where the gated
signal must be coupled to the potential in order to derive further insights. This
coupling is, however, quite standard in keeping with our claim that most of the
interesting properties of the BHL data are controlled by the fluctuations of T
under particular circumstances. .
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. _'I
+N+
z1 Izz
SZ

»

1

Fig. 9. A gated dipole. Signals S and S, are gated by the slow transmitters z, and z, respectively,
before the gated signals T, = S,z, and T, = S,z, compete to generate a net reaction.

Tg explain the main idea behind antagonistic rebound, suppose that one channel
receives mput §; and that the other channel receives input S, = S, + ¢, ¢ > 0.
Let the first channel possess a slow gate z, and the second channel possess a slow
gate z,. Suppose for definiteness that each gate satisfies

(33) g = P4+ 0S)
1 + RS, + US?

i=1, 2 as in (.32). The explicit form of (33) is irrelevant. All we need is the
property that z; is a decreasing function of S;. In other words, larger signals can
deplete more transmitter. This is true in (33) because, by (27) and (28), O < R.

However, the opposite is true for the gated signals T, = Sz, and T, = §,z,.
The function

16) o _PSUL+ 0S)
1 + RS + US?

is an incrgasing function of S because, by (27)-(29) QR > U. In other words, a
la}rger § signal produces a larger output T even though it depletes more z. This
simple yet subtle fact about gates lies at the heart of our explanation of antago-

Photoreceptor dynamics 19

nistic rebound. The property was first derived in Grossberg (1968, 1969). The lack
of widespread knowledge of this property among experimentalists has caused
much unnecessary confusion about the dynamics of transmitters in various neural
systems. Because this fact was not known to BHL, they found an ingenious,
albeit unintuitive, way to explain the rebound in terms of their second conductance.
Our theory differs from theirs strongly on this point. Their steady-state Equation
(18) does not embody either the intuitive meaning or the mathematical properties
of our steady-state Equation (16).

In our theory, antagonistic rebound can be trivially proved as follows. When ¢
is on, S, > S,. Consequently, despite the fact that z, <z, it follows that
T, > T,. After competition acts, the net output 7, — T, of the on-channel is
positive. To see how rebound occurs, shut ¢ off. Then S, and S, rapidly equalize
at the value S,. However z, and z; change more slowly. Thus the inequality
2, < z, persists for some time. Consequently the net output reverses sign because

34) T, - T, = S8/(z;, —21) <0

and an antagonistic rebound occurs. The rebound is transient due to the fact
that z, and z, gradually equilibrate to the same input S, at a common value z;,
and thus

(35) T, - T, = Sz, — Sz, =0

after equilibration occurs. A similar argument shows how antagonistic rebound can
occur if only the channel whose input is perturbed contains a slow gate.

9. Coupling of gated input to the photoreceptor potential

The photoreceptor potential ¥ is assumed to obey the standard membrane
equation

» dv

(36) CoE=(V+—V)g++(V'—V)g_+(V"—V)g"
where V(¢) is a variable voltage; C, is a capacitance; V' *, V7, and V? are
excitatory, inhibitory, and passive saturation points, respectively; g, g ,and g°
are excitatory, inhibitory, and passive conductances, respectively; and

(37) VoK VP < VT,

Then V- < V() < V' forallt > 0if V™ < V() < V7. By rewriting (36) as

av
38 Co—
(35) O dr
we notice that the total gain of V¥ is g* + g~ + g” and the asymptote of V in
response to constant conductances is

= (gt +g +gW+ Vgt + Vg + Vg

Vigt 4+ V7gT + VPP

(39
) g - +g +2°
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Both the gain and the asymptote are altered by changing the conductances. In the
special case of the turtle cone, light acts by decreasing the excitatory conductance
g* (Baylor et al., 1974b). We will assume below that the gated signal T causes this
change in g*. Light hereby slows down the cone’s reaction rate as it hyperpolarizes
the cone (driving ¥ towards ¥ 7). We wish to emphasize at the outset that similar
results would hold if we assumed that T increased, rather than decreased, g*. The
main difference would be a speeding up of the potential change rather than its
slowing down by inputs T In all situations wherein ¥ can react more quickly than
T can fluctuate, differences in the gain of ¥ do not imply new qualitative prop-
erties, although they can imply quantitative differences. One of these differences
is that a decrease of V’s gain as T increases prolongs the duration of ¥’s reaction
to light.

We will couple T to g* using a simple mass action law. Suppose that there
exist g, membrane ‘pores’ of which g* = g(r) pores are open and g, — g(¢) are
closed at any time ¢. Suppose that T closes open pores by mass action, so that g,
pores will open after T shuts off. Then
(40) % ot - )~ JeT
where H and J are positive constants. Suppose also that this process is rapid
compared to F’s reaction rate to changes in g. We can then assume that g is
always in approximate equilibrium with 7. Setting dg/dr = 0, we find

Lo
4] ==t
D) & T1+«kr
where K = JH ~'. To achieve a more symmetric notation, we write g~ = g, and

for simplicity set g7 = 0. We also rescale the time variable so that C, =1 in
(36). Then Equation (36) takes the form
dv go

(42) ~—=(V+—V)1+KT

V—-V7)g,.
dt ( )gl

Our next steps are to compute the equilibrium potential ¥, that occurs when
T =0, and to write an equation for the amount of hyperpolarization

(43) x=Vy, -V
that occurs in response to an arbitrary function 7. We find
Vige + V-~
(44) V=20 " &1
g t &:

and

dx o LT
45 _— = — - _
“3) dr [g‘+1+1<r]x+1+1<r
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where
(46) L=Kg,(Vo— V7).

The steady-state value x,,, of x, in response to a constant or slowly varying T
is found by (45) to be

__MT_
@7 X = NiT
where
(48) M=Vy,—-V~>0
and
(49) N =(g + g)g. 'K~
From (47), it follows that
Nx

_T® __-T

(50) M x.

where M is the maximum possible level of hyperpolarization. This equation is
formally identical to the BHL equation (in their notation)

alU _ 4
G1) u,-U K

except that their blocking variable z; is replaced by our'gated signal T = Sz
(Baylor et al., 1974b). The formal similarity of (50) to (51) is one cornerstone on
which our fit to the BHL data is based. Another cornerstone is the fact that T

satisfies the equation

__PSU+08)
(16) "1+ RS+ US?

whereas z, satisfies

z; _PS(1 + QS)
(18) K 1+RS

BHL relate data about U to data about S via the hypothetical process z; using
(18) and (51) just as we relate data about x to data about § ‘v.ia the hypothetlcfal
process T using (16) and (50). Despite these formal similarities, th<': substant'nal
differences between other aspects of the two theories show how basic the gating

concept is in transmitter dynamics.
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10. ‘Extra’ slow conductance during overshoot and double flash experiments

Baylor er al. (1974a) found that a bright flash causes an overshoot in hyper-
polarization followed by a plateau phase before the potential returned to its
baseline level. They also found that an extra conductance accompanies the over-
shoot. Because their blocking and unblocking variables could not explain these
overshoot and conductance properties, they added a new conductance term,
denoted G}, to their voltage equation and defined its properties to fit the data.
Baylor et al. (1974b) also defined the properties of G, to explain double flash
experiments. If a second bright flash occurs during the plateau phase of the
response to the first flash, then the plateau phase is prolonged, but a second
overshoot does not occur (Figure 7).

We will argue that such an ‘extra’ conductance follows directly from the coup-
ling of the gated signal 7 to the potential V. In other words, an extra conductance
can be measured without postulating the existence of an extra membrane channel
to subserve this conductance.

To qualitatively understand this property, note that the gain of x in (45) is
(52) ’ r:g0+gl+g1KT
1 + KT

Approximate the chain reaction that is elicited by a bright flash with a rectangular
step

0ifr <0,
(53) S(r) =

Sifr=0.
Then (25) and (53) imply z(t) = B for 1 < 0, whereas

- BA(S)
54 (1) = Be~tA®1+su OO a4k
(54) Q) e + A0+ S( e )
for 1 > 0, where
1 + FS

55 A(S) = .
(55) ($) Ao[l n GSiI

Equation (54) can be rewritten as

_ BA(S) BS
TASY+ S AS)+ S

e A +8T

(56) (1)

Thus z reacts to the chain reaction with a fast component BA(S)[A(S) + S]7!
and a slowly decaying component BS[A(S) + S}~ ! exp [—(A(S) + S)7]. The
slow component causes an overshoot in 7 = Sz, and thus in x's asymptote
MT(N + T)~'. The gain I' of x also possesses fast and slow components. We
identify the slow component of I with the extra conductance that BHL observed.
Note that the same process which causes the overshoot of x also causes the
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emergence of the slow conductance; namely, the slow equilibration of z(¢) to the
new level of the chain reaction.

This explanation easily shows not only why a second flash (Figure 7) does not
create another overshoot, but also why the slow component in the gain of x does
not reappear in response to a second flash. In the BHL model, this slow conduc-
tance and its relationship to the overshoot had to be added to the theory to fit
the data. In the gating model, the slow component and its relationship to the over-
shoot occur automatically.

An estimate of T’ as a sum of constant, fast, and slow conductances can be
computed by using the approximation

(57) ' 1117(} ~1— KT + K?*T? — K*T?
to rewrite (52) as
(58) I =gy + 81 — 8oKT + goK*T? — goK°T>.
Then substitute
BSA(S) BS?

+ e—[A(S)+S]t

(59) TUAS) + ST AS) + S

into (58), and segregate constant, fast, and slow terms. This computation is un-
necessary, however, to understand the qualitative reasons for correlated overshoot
and gain changes.

11. Shift property and its relationship to enzymatic modulation

An important property of certain isolated photoreceptors is their ability to shift
their operating range of maximal sensitivity, without compressing their full
dynamic range, in response to shifts in background light intensity (Figure 10).
Such a shift property can be caused by the action of shunting lateral inhibition
within a network of cells (Grossberg 1978a,b). Herein we show how it can be
caused when a transmitter gate reacts to changes in light level more slowly than
the light-mediated chain reaction that causes transmitter release. The result also
predicts a relationship between the amount of shift and the influence of light on
the enzymatic activation of transmitter at high light intensities. By Section 5, the
amount of shift should also be related to the size of the turn-around in the timing
of potential peaks to fixed flashes on increasing background intensities.

The result follows from (47). Suppose that z, has equilibrated to a steady
background level S, so that

P(1 + 0S,)
Zn =
® 71 4+ RS, + US,?

(60)
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Fig. 10. Shift of dynamic ran i i
ge to increments in log S after transmitter ili i
. equilibrates to d
background intensities S0, S1, 82, ... s Herent

;i llanrig??. Now ;f)iara:jmc;trically change the input level S and measure the hyper-
lon x a fixed time after the change in S and before z i
- fixe . can substantiall
change. Fo.r simplicity, denote the series of S values at this time by S and thz
corresponding hyperpolarizations by
. MSOz,
TN+ 5Oz

Also perform the same experi i i
: periment using a different b,
causes a different z level ¢ eekground level 5, that

1+ RS, + US?

and a different series of hyperpolarizations

(61) X

(63) X = _M&_
N + SWz,

;nlfesponse to the test inputs S, The theoretical question to be answered is the
ollowing. If the series of test inputs S and S™ are plotted in logarithmic co-

ordinates does the series x(© diffe i
: r from the series x(*) by a constant shift 1?
other words, if we write §'© = ¢ and §( = K+4 ;g d shift A% 1n

(64) (K + 1) = xOK)

(65) i=In (@)
21
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The effect of light-induced enzymatic activation of z on 4 is controlled by the
quadratic terms US,? and US,? in (60) and (62), respectively. Without enzymatic
activation, U=0. Thus as S, — o and S; — o, both z, and z, approach
PQR™!, so A — 0. By contrast, if U > 0, then at large values of Sy and §;,

- Sl

Consequently by choosing a series of background inputs S, and S; such that
S, = MS,, an asymptotic shift 4 of size In (M) can be achieved. Of course, all of
these estimates are approximate, since z begins to adapt to the new level of S as
soon as S changes the chain reaction, z’s adaptation rate depends on S, and S
can asymptote at a finite level whether or not U = 0 because the photoreceptor
possesses only finitely many receptors with which to bind photons. Nonetheless,
the qualitative relationship between asymptotic A values and the”highest power of
S in the steady-state equation for z is worth noting as a possible tool for inde-
pendently testing whether an experimental manipulation has altered the enzymatic

step.

12. Rebound hyperpolarization, antagonistic rebound, and input doubling

The rebound hyperpolarization depicted in Figure 9 can be explained using
Equation (42); namely,
dv
dt
Rebound hyperpolarization can be explained if the depolarizing pulse interferes
with the ability of the signal S in the g* channel to release transmitter. This sug-
gestion is compatible with the data in Figure 9, since the depolarizing pulse acting
by itself achieves the same depolarization as the pulse acting together with hyper-
polarizing light. We therefore suppose that the effective signal strength during a
depolarizing pulse of intensity J is S, where the function 6 = 0(J) is a non-
negative decreasing function of J such that 6(0)=1 and 0(J)<<1 if J>>0.
To see how this mechanism works, suppose that S(¢) is a rectangular step with
onset time ¢ = O and intensity S. After the light and the depolarizing pulse are
both turned on, z(¢) will approach the asymptote

P(1 + Q0S)
1 + RS + U#*S?

8o

V: —-V)
l + KT

@) —(V-=V)g.

(67

rather than the smaller asymptote

P(1 + 0S)

g P+ 95
(68) 1 + RS + US?

that would have been approached in the absence of the depolarizing current. If 8
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is small, the asymptote of ¥ with and without current will be similar because the
gated signal

__6SP(1 + Q6S)
1 + ROS + UB*S?

(69)

approaches zero as 0 does. If the pulse is shut off at time ¢ = ¢4, 8 rapidly returns
to the value 1, so that S can bind transmitter with its usual strength. Hence shortly
after time ¢ = ¢, the gated signal will approximately equal

__SP(1 + Q6S)

1+ ROS + UH*S?

by (68), rather than the smaller value

SP(1 + QS)
71 = —
an T 1 + RS + US?

(70) Ty

that it would have attained by (68), had the depolarizing pulse never occurred.
By (70), (71), and (42), mote hyperpolarization occurs after the current is shut off
than would have occurred in response to the light alone.

This explanation of rebound hyperpolarization can be tested by doing para-
metric studies in which the asymptote of V in response to a series of J values is
used to estimate 8(J) from (42) and (69). When this 8(J) function is substituted
in (70), a predicted rebound hyperpolarization can be estimated by letting
T = Ty in (42).

A related rebound hyperpolarization effect can be achieved if, after the photo-
receptor equilibrates to a fixed background level S, a step of additional input
intensity is imposed for a while, after which the input is returned to the level S.
An overshoot in potential to step onset, and an undershoot in potential to step
offset, as well as a slowing down of the potential gain, can all be explained using
(42) augmented by a transmitter gating law. Kleinschmidt and Dowling (1975)
have measured such an effect in the Gekko gekko rod. It can be explained using
Figure 11. Figure 11a depicts the (idealized) temporal changes in the input signal
S(#); Figure 115 depicts the corresponding depletion and recovery of z(f), and
Figure 11c¢ depicts the consequent overshoot and undershoot of the gated signal
T(r), which has corresponding effects on the asymptote and gain of the poten-
tial 7(z).

Baylor et al. (1974a, p. 714) did a related experiment when they either inter-
rupted or brightened a steady background light. In particular, they first exposed
the turtle eye to a light equivalent to 3-7 x 10* photon um~2sec™! for one
second. Then the light intensity was either doubled or reduced to zero for 40
msec. The net effect is to add or subtract the same light intensity from a steady
background. The depolarization resulting from the offset of light is larger than
the hyperpolarization resulting from doubling the light. This follows from (42)
by showing that the equilibrium hyperpolarization achieved by setting S = S,
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is greater than the change in hyperpolarization achieved right after switching S
to 25, given that the transmitter has equilibrated to S = S,. In other words,

72) g_a+ab>a+ab_a+2ab
¢ c+b c+ b c+ 2b
where
(73) a=g0V+ + gV
S(t)

Z(t) ——\/_.-———'

c t

Fig. 11. (a) Rectangular step in S(r) causes (b) gradual depletion-then-accumulation of z(f). The
combined effect is (c) overshoot and undershoot of T(¢).
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(74) b - glKSOZO

(75) =g + &

and_

(76) a=V".

Inequality (72) can be reduced to the inequality ¥* > ¥~ and is therefore true.

Another inequality follows from ¥* > ¥V~ and is stated as a prediction.
Twice the equilibrium hyperpolarization achieved by setting S = S, exceeds the
total hyperpolarization achieved right after switching S to 25, given that the
transmitter has equilibrated to S = S,. In other words,

an 2<§_a+ab>>g_a+2ab

c ¢+ b c c+2b

13. Transmitter mobilization

Baylor et al. (1974a).found that very strong flashes or steps of light introduce
extra components into the response curves of the cone potential. These com-
ponents led BHL to postulate the existence of more slow processes z;, z,, and z;,
in addition to their blocking and unblocking variables z, and z,. The time scales
which BHL ascribed to this augmented chain reaction of slow processes are
depicted in Figure 12.

Below we will indicate how transduction processes that are familiar in other
transmitter systems, say in the mobilization of acetylcholine at neuromuscular
Jjunctions (Eccles, 1964, p. 90f) or of calcium in the sarcoplasm reticulum of
skeletal muscles (Caldwell, 1971), can account for the existence of extra com-
ponents. We will also indicate how these processes can cause very small correction

terms to occur in the steady-state relationship (16) between the gated signal T
and the signal intensity . '

Z, «222234_24._25—-» precursor of Z1
O1—.1 .1 1 10 100

Fig. 12. Order of magnitude of the time constants of the z; processes in seconds. Backward reac-
tions are all small compared to forward reactions. Redrawn from Baylor and Hodgkin (1974),
p. 757.

Let us distinguish between transmitter that is in bound, or storage, form and
transmitter that is in available, or mobilized, form, as in Figure 13. Let the amount
of storage transmitter at time ¢ be w(t) and the amount of mobilized transmitter
at time ¢ be z(r). We must subdivide the processes defining (4) among the com-
ponents w(r) and z(¢), and allow storage transmitter to be mobilized and con-
versely. Then (4) is replaced by the system
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(78) % = K(L — w) — (Mw — N2)
and

dz _ 5
(79) i (Mw — Nz) .

Term K(L — w) in (78) says that w() tries tg m.ai.n-tam aTlevel I; 8; v:rz:njvnzl)tt?;
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50) K el = Ko+ Fule — (K = K,
t
@81) D (M = M) + Bulse =~ (M = Mo,
t ,
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and

dN
82) Z = —ay(N — Np) + Bulyy — (N - No)]S.

The BHL data are insufficient to conclude whether all the terms K, M, and N can
vary due to light activation.

A possible empirical test of how many terms are activated will be suggested
below. Before this test is described, however, we note an interesting analogy with
the five slow variables z,, z,, z3, z,, and z5 that BHL defined to meet their data
and the five slow variables w, z, K, M, and N. BHL needed the two slow variables
z, and z, to fit their data at moderate light intensities, and the three extra variables
23, Z4, and z; to describe components at very high light intensities. By comparison,
the variables w, z, K, M, and N are five slow variables with w and z the dominant
variables at intermediate light intensities, and X, M, and N possibly being slowly
activated at high light intensities. Apart from the similarity in the numbers of
slow variables in the two models, their dynamics and intuitive justification differ
markedly, since our variables have an interpretation in general transmitter
systems, whereas the BHL variables were formally defined to fit their data.

A possible test of the number of enzymatically activated coefficients is the
following. Recall that enzymatic activation of transmitter production changed the
steady-state law relating 7" to S from (17) to (16). In other words, enzymatically
activating one coefficient adds one power of S to both the numerator and the
denominator of the law for 7. Analogously, enzymatically activating n coefficients
adds n powers of S to the numerator and denominator of this law. When n = 3,
the law takes the form

P*S(l + Q*S + R*Sz + U*S3)

83 - .
> L+ V*S + W*S? + X*S* 4+ y*5*

The higher-order coefficients R*, U*, X*, and Y* are very small compared to the
other coefficients P*, O*, V*, and W*. Thus the enzymatic activation terms add
very small corrections to the high intensity values of T, and thus to the corre-
sponding values of x, via (50). If these high-intensity corrections could be
measured, we would have an experimental test of how many terms K, M, and N
are enzymatically activated. These higher powers do not alter the asymptotic
shift 2 in (66), but they do alter the rate with which the asymptotic shift is
approached as a function of increasing light intensity.

We have hereby qualitatively explained all the main features of the BHL data
using a minimal model of a miniaturized chemical transmitter. It remains to
comment more completely on the form of the chain reaction which we used to
convert light intensity /(r) into the signal S(r) and to display quantitative data
fits. The simplest chain reaction is the one used by BHL:
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( dy,

= = cl(t

dt + V1)1 ®

d ;

";% + V2¥2 = V1N
(84) W

d

7:_:5 + VYaVn = Yn-1Yn-1>
and

S() = yal1)-

d results. However, this law possesses
—> oo as I — oo0. Only finite responses
ds this difficulty and also fits the
) values. It is

We have used this chain reaction with goo
the physically implausible propert.y that Vi .
are possible in vivo. A related chain reaction avol
datzf well. This modified chain reaction approximates (84) at small I(z

r

D1y gy =6 — eyI®)
dt
a% + yy, =(0 — e¥2)¥s
(85) <
dy
=2 n = 6 - Eyn)yn— s
dt + W ( 1
L
and

S(0) = yul?)-

It is easily checked that in response to a step of light‘ of intensity 7, all. ;t;e asy:‘rilsl:t);
totes y(c0) in (85) have the form ul(1 4+ vI)~1, as in (30). The possxTnh l'ty eOllld
that each step in this chain reaction is gated by a slow transducer. This w

help to explain why so many slow variables appear at high light intensities even

’ ’

of the model adds no new conceptual insights and will remain
more precise biochemical data are available.



32 GAIL A. CARPENTER AND STEPHEN GROSSBERG

14. Quantitative analysis of models

In this section we will compare the experimental measurements of Baylor and
Hodgkin (1974) with the predictions of their model (Baylor et al., 1974b) and our

models I (Equation (25)) and II (Equations (4) and (19)). The BHL model is out-
lined in Section 15. For each of Models I;

- dz 1 + FS
(25) Ft = Aol:iTG_g'](B - Z) — Sz
and II:
dz
4 : E:A(B—z)—Sz
(19) dj; = —C(A4 — Ay) + D[E — (4 — 4,)]S,

we will examine the properties of the gated signal
2 T =Sz

That is, we present a model in which the amount of hyperpolarization, x, is
directly proportional to Sz — Syz,, Where T, = Syz, is the steady-state level.
Similar results, with better quantitative fits, are obtained when the potential
obeys the equation

dV go
2 — =WVt -V
(42) Co ( )1+KT

dt
Recall that, if the potential obeys Equation (42), then the amount of hyper-
polarization is given by the equation

-V =-V)g.

dx Lo LT
45 — = -
43) Cod [g‘+1+KT]x+1+KT
and, if x equilibrates quickly relative to z,
MT
47 x .
“7) YEN+T

Equation (47) says that x is approximately proportional to T if N is large relative
to T.

For the rest of the section we will consider the experiment (Section 4) in which
a short flash of fixed intensity is superimposed on ever-increasing levels of back-
ground light. Let x be the amount of hyperpolarization and x, the equilibrium
level for a fixed background intensity. As presented in Figure 3, the peak x — x,
decreases as background intensity increases, but the time at which the peak occurs
first decreases and then increases as the intensity increases.
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Fig. 14. Intracellular response curves x(f) — xo showing 'thc effect of a ﬂas.h sup.erimp}c\)sed c:lrcll ]:
background light of fixed intensity. Each horizontal axis represents the time since the mi l
of the flash, which lasts 11 msec. The vertical axis is scaled so the'xt the peak value of x(¢) — x]9 ;]-t
x(¢) in the ’dark is equal to 25. The number above each curve is logio (lb(f tl;e :)z;ckgroupd c:ia]
i i ich i i I, = 3-26, the peak of x() — xq 15 €
ntensity [o, which is calibrated so that when log,o fo s

1to IZ-S?(a; The Baylor-Hodgkin (1974) data. (b) The BHL model (redrawn from Baylor et al.

(1974b), p. 785).
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Fig. 14 (cont.). (c) Model I. (d) Model II. Note that the vertical scales are not all the same.
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Figures 14-17 show that, of the three models under consideration, Model II
provides the best fit to the data and BHL the poorest. Figure 14a presents the
results of the intracellular recordings of Baylor and Hodgkin (1974); Figure 14b
gives the predictions of BHL model; and Figures 14c and 144 give predictions
of Models I and II. In each case, the peak potential in the dark is scaled to the
value 25. The minimal background intensity is calibrated by finding that level at
which the peak potential is 12-5, or half the peak in the dark. Thus each model
fits the peak data exactly in the dark and with the lowest positive background
intensity. Note that the vertical scale in Figure 144 (Model 11) is the same as that
of Figure 144, which depicts the data. By contrast, the scales of Figure 145 (BHL)
and Figure 14¢ (Model I) have been adjusted to accommodate the poorer match
between the data and BHL and between the data and Model 1. These results on
peak potential are summarized in Figure 15.

‘loglx-xol
1.
I
ot DATA
-1r
I
ol BHL
_3.
H 1 ! ) L —
3 4 5 6 7

log 'O

Fig. 15. The size of the peak hyperpolarization, as a function of log,, /o, for the Baylor-Hodgkin
data and the three models. Note that at high input intensities, BHL differs from the data and
Model 11 by a factor of 10.
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Figure 16 indicates the time of peak hyperpolarization as a function of back-
ground intensity. Here, BHL gives a poor fit to the data; Model I gives a much
better fit; and Model 11, with the slow enzymatic activation, gives the best fit of all.

Figure 17 shows the fit of the steady-state data (equilibrium levels of x,) for the
parameters chosen in each model.

The chain reaction

In Models I and II, the signal S(¢) is given by a chain reaction described by
Equation (84) (Baylor et al., 1974a). The constants n and y, ... y, are chosen so
that, when the light stimulus I(¢) is a flash in the dark, S(¢) matches the experi-
mental dark response (top curve of Figure 14a). Since equation (84) is linear, S(f)
is equal to the sum of the dark response curve plus a constant which is propor-
tional to the background intensity. Consequently, in this paradigm, any choice of
chain reaction constant which provides a good fit to the dark curve will fit the data
as well as any other choice. A simple function form which provides an adequate
fit in the dark is

Lt msec
100}
90
80 BHL
701 I
uy
60
DATA
501
1 L 1 H 1 .
3 4 5 6 7
log Io

Fig. 16. Times at which the peak hyperpolarizations occur for the Baylor~Hodgkin data and the

three models. Note that the input intensity at which the turn-around occurs and the dynamic

range of peak times are much too small in the BHL model. BHL consider this the most serious
defect of their model.
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Fig. 17. Graphs of the steady-state hyperpolarization x,, in response to the constant light intensity
I, for the Baylor-Hodgkin data and the three models.

(86) S =Je (1 — e >,

A suitable choice of constant J makes f(r) equal to S(r) in the dark when n = 6
and

(87) 1 =677, =57, ..., 7 = ¥

This is the ‘independent activation’ form of Baylor et al. (1974a). This form is
used in Model I (y = 17-3) and Model II (y = 17-6). Other chain reactions give
similar results.

In the BHL model, a similar chain reaction is used, except that the last step is
modified to incorporate the unblocking variable z, and the slow process z3
(Sections 13 and 15).

Parameter values for Model I and Model 11

Equation (88) contains the parameter values chosen for Model I in Figures
14-17. Equation (89) contains the parameter values for Model 1I. We wish to
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emphasize, however, that the model properties described in this section are robust

over a wide range of parameter values and are not particular to the choices listed
below.

Model I ‘

dz 1 + FS

== T2 NB - o) —
(25) 4o [1 ¥ GS]( 2) = 8z
(88) Ao =18, F=0-00333, G = 0-00179.
Model 1T

dz
4 — = —-2) —
4) o AB — z) — Sz
dA

(19) P —C(4 — Ay) + DIE - (4 — Ay))S
(89) Ay =0-5,C=0-2, D = 0:00047, E = 18-836.

For each model, B is arbitrary, since the gated signal is assumed to be propor-
tional to Sz: a particular B would just multiply Sz by a constant factor.

15. Comparison with the Baylor, Hodgkin, Lamb model

BHL first observed that the voltage response of a turtle cone to a weak and
brief flash of light (e.g., 11 msec) can rise for over 100 milliseconds before it
slowly decays over a period of several hundred milliseconds. In order to maintain
a prolonged response after the flash terminates, they assume that light sets off a
chain reaction (84). They also assume that, in response to small light signals, the
change U(r) in membrane potential is proportional to y,(1).

The main physical idea is suggested by the fact that, in response to higher input
intensities, the chain reaction fits the data during the rising portion of the poten-
tial, but yields higher values than the potential during its falling phase. Because
this effect occurs at later times, it is ascribed to a process that is triggered at the
end of the chain reaction. Because the potential undershoots the chain reaction,
itis assumed that this late process interferes with the potential. Such considerations
led BHL to argue that the chain reaction activates a process which elicits the
initial hyperpolarization of the potential. Thus it is assumed that ‘after a certain
delay, light liberates a substance, possibly calcium ions, which blocks sodium
channels in the outer segments’ (Baylor et al., 1974b, p. 760) and thereby tends to
hyperpolarize the cone. The larger hyperpolarization produced by the chain
reaction than the data is then ascribed to subsequent processes that interfere with
(‘unblock’) the blocking substance during the falling phase of the potential. Their
entire model is based on this assumption.
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Denote the concentration of blocking substance by zl'(t) and the concen;lratlxosll
of the unblocking substances by z,(?) and z,(). Flu?;:;;c:‘rz )ZIS) r;pi;ze:qtu :ti :ns

i tion in (84). Baylor ef al. choose the
stage y,(f) of the chain reac ) y he cquations

in Fi these and related data, it 1

fit the data in Figure 3. To exp!am .

flcl):ltz;!:eo z, act on each other via a nonlinear feedback process that is defined as

follows:
(90) o V=E—-WV1l+G;+G)
G,
oD 6=
K
92) 1,G, = F(V) - G,
Gf
©3) FV) = T exp [V = VIV
d n—1 _,
— o, =a" %I()
95 2y =ay,—1 — Kp221 + K;, 2,
(%6) 2, =Kyzy — (K2y + K;3)z; + K3323
o 2y = Ky3z; — (K32 + K34)23
and ]
o Kiom — Kiz ]
(98) AKy = Ky, =Ky + 02, Kooy — K1z + 022

= , the
Initial conditions on all y(t) and z;(¢) for £ <0 are 0, ¥(0) = Vp,and Vp

potential in darkness, satisfies

Gf G ] =F
99) VD[‘ T T exp (Vo - VDIV e

to make ¥, an equilibrium point of (90) in the absenc;j of gght.[;l'he potential V'
i i i tion = bt D
is related to the hyperpolarization U via th&? equal ' .
® ;Eeqelll:tion (90) c)i’escribes how the potential V is hypérpolarézed szincghzfxgﬁzfi (;1;
i 1) shows that G, 1s a decre ‘

the conductances G, and G,. Equation (9 : dec v

of z,. Equations (95.) and (93) say that G, tlme-averages a logistic fu(r;cﬁl(;r: ;)prm

Equation (94) describes the chain reaction with em}i] ;-Jroductt i}:),,n_ 10 ?nbloci "y
i i linear chain reac '

I(?). Equations (95)—(98) describe the nonlir o

u(n)bloc(llcing variables z,, z, and z, that is driven by the output yﬁ) 1 3,; the0 :; taof

reaction. Equation (99) defines parameters to make Vp the equilibrium p

0) when I(z) = 0. ' ' _
© 'I)’h‘: Eguéti)ons (90)~(99) are an ingenious interpretation of the data, but their
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main features, such as the chain reaction of blocking and unblocking variables
in (95)—(98), the non-linear dependence of the blocking and unblocking rates on these
variables in (98), and the existence of the voltage-dependent conductance
G, in (92)~(93) are hard to interpret as logical consequences of a well-designed
transducer, and have difficulties meeting the data quantitatively, as shown in
Section 14.

To explain the turn-around of potential peaks, BHL use the nonlinear feedback
process between blocking and unblocking variables in (90), (91), (95)—(98) to
argue that ‘the shortening of the time to peak occurs because the concentration
of z, increases and speeds up the conversion of z; to z,” (Baylor et al. 19745,
p- 784). To explain the eventual slowdown of response to high background inten-
sities, the parameters are chosen (e.g., 4 > 1 in (98)) so that ‘at very high levels
of z, the reaction is so fast that there is no initial peak and the reaction is in
equilibrium throughout the whole response. This results in an increase in the time
to peak because the rate of destruction of z, at a high intensity is less than the
rate of destruction of z, at some lower intensity’ (Baylor et al. 1974b, p. 784).
Thus, the existence of process z, and its properties are postulated to fit these data
rather than to satisfy fundamental design constraints. Of great qualitative impor-
tance is the fact that this explanation of the turn-around in potential peak implies
the nonexistence of overshoots at high flash intensities. This implication does not
hold in our gating model. It forces the following auxiliary hypotheses in the BHL
model.

Baylor, Hodgkin and Lamb note that the above mechanisms do not suffice to
explain certain phenomena that occur after a strong flash. In particular, the
potential transiently overshoots its plateau, achieving a peak change of 15-25 mV,
before it settles to a plateau of 12-20 mV. They did their double flash experiments
(Figure 7) to study this phenomenon. In Figure 7, the second flash does not elicit
a second overshoot, but rather merely prolongs the plateau phase. They.need two
variable conductances G, and G to account for these data. The light-sensitive
conductance G,in (91) is a decreasing function of z,, which is, in turn, an increas-
ing function of light intensity due to (94) and (95). The conductance G, in (92)
depends on light only through changes in potential. In particular G, is a time-
average of a logistic function (93) of the potential. The main idea is that the light-
sensitive conductance G, is shut off by the first flash. This leads to an initial
hyperpolarization which changes G,. This latter change decreases the potential at
which the cell saturates from 30 to 20 mV, and causes the potential to return
towards its plateau value. At the plateau value, G, is insensitive to a new flash,
s0 a second overshoot does not occur, but the newly reactivated chain reation
does prolong the plateau phase.

Even without the extra conductance G r» some overshoot can be achieved in
the model in response to weaker lights which hyperpolarize U(r) by 5-10 mV.
These overshoots are due to delayed desensitization, but they disappear when
strong lights perturb the BHL model, unlike the situation in real cones; hence
the need for G,.
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The authors also use the conductance G, to explain why oﬁ’“set ofa rectanglgl;r
pulse of depolarizing current that is applied during a cone’s response tq lght
does cause a rebound hyperpolarization, whereas a depolarizing current in the

absence of light does not (Figure 8).

16. Conclusion

We have indicated how a minimal model for a miniaturized pnbiased transduccler
that is realized by a depletable chemical Fransmitter prov‘ldes a concept:jxai y
simple and quantitatively accurate descrl:ptxon of parametrlc.turtl(ii (fneb :rz.
These improvements on the classical studies of Baylor, I-Eodgkm, .an, am : t,
at bottom, due to the use of a ‘gating’ rather than an -unblockmg concept to
describe the transmitter’s action. Having related the. expenments'on turtlefconi to
a general principle of neural design, we can recognize the great'mterestuo t;s mﬁ
whether analogous parametric experiments perfor.med on nonwsu'fll f;e S W :'re,l, !
slowly varying transmitters are suspected to act will als‘o prodl_lce similar reac 11'(2)ed
in cell potential. Where the answer is ‘no’, can we attribute this fa}ct to speciali o
differences in the enzymatic modulation of photorec'eptor.transmntters th;lt ena
them to cope with the wide dynamic range of light intensity fluctuations?
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