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Voltage-Dependent Calcium and Potassium Ion Conductances:

A Contingency Mechanism for an Associative Learning Model

Abstract. Persistent light-induced depolarization results from Ca** influx across a
photoreceptor membrane. The marked dependence on potential of this Ca*" influx
and a Ca**-dependent K+ efflux accounts for enhancement of the light-induced depo-
larization when light is paired with rotation. A positive feedback cycle between light-
induced depolarization and synaptic depolarization due to stimulus pairing can ex-
plain long-lasting behavioral changes produced by associative training but not con-
trol paradigms. The sensitivity of this Ca** influx to intracellular levels of adenosine
3',5"-monophosphate suggests biochemical steps for this model of associative learn-

ing.

Learning, as it has been most general-
ly defined, refers to a change of an ani-
mal’s behavior as a result of training.
Specific definitions of learning have been
quite different, depending on the view-
points and interests of individual investi-
gators. Habituation, the decrement of a
behavioral response with repetition, has
been regarded by some as a simple form
of learning. Others require in their defini-
tions features of associative learning (/)
such as pairing specificity or contin-
gency, acquisition, retention, and stimu-
lus specificity.

It cannot be assumed that these phe-
nomena (habituation, sensitization, con-
ditioning, and so forth) depend on com-
mon neurophysiologic and biochemical
mechanisms. It is quite reasonable that
the training regimens and neural net-
works important for a nonassociative
process such as habituation involve cel-
lular bases different from those that
underlie associative learning.

One approach to the study of cellular
mechanisms responsible for learning is
to use relatively unevolved species that
have fairly uncomplicated neural sys-
tems. Changes within these neural sys-
tems are sought as they relate to behav-
ioral changes produced by training pro-
cedures.

An outstanding disadvantage of these
species for this approach has been their
rather limited capacity for learned be-
havior. Yet, for any possible general-
izability of mechanisms uncovered in
“*simple’” neural systems, the learned
behavior should closely resemble that of
higher organisms. Learning behavior of

gastropod molluscs (which have ‘‘sim-
ple’’ neural systems) cannot be identical-
ly compared to the sophisticated learning
(such as conditioning) of which primates
are capable. However, enough might be
found in common for learned behavior of
lower organisms and more evolved spe-
cies to direct our attention to common
biologic principles.

In previous studies, I have found that
movement of the Pacific nudibranch
Hermissenda crassicornis toward a light
source is markedly reduced after repeat-
ed pairing of a light stimulus with rota-
tion (2). Crow and Alkon showed that
this behavioral change is associative
(that is, randomized light and rotation do
not produce the same effect), persists for
at least several days after training, and
increases with practice (2). Specificity of
this training effect was suggested by the
fact that trained animals did not show
changes in responsiveness to food (3).
Thus, this behavioral change of Hermis-
senda shares defining features of, and
can serve as a model for, associative
learning (3).

Because of the relative simplicity of
the Hermissenda nervous system it has
been possible to ascertain many of the
invariant aspects of the three sensory
pathways essential to the associative
learning model: the visual, statocyst, and
chemosensory pathways (4). These three
sensory pathways interact with each oth-
er, but are selectively responsive to the
sensory stimuli (light, rotation, and food)
used for the training and control proce-
dures (4, 5). Within these neural systems
of Hermissenda specific changes oc-
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curred only in animals subjected to asso-
ciative training paradigms and not to
control paradigms (5, 6).

A possibly primary neural change
(which could account for the other
changes within the networks) occurred
within the type B photoreceptor (6). This
involved, in part, persistent depolariza-
tion and increased membrane resistance
of this cell. I describe here how this cell,
through its receptor and membrane prop-
erties, in addition to its synaptic relation-
ships, provides for the associative nature
or contingency of the associative learn-
ing model. The sensitivity of this cellular
mechanism for contingency to intra-
cellular adenosine 3’,5'-monophosphate
(cyclic AMP) also suggests biochemical
mechanisms for the behavioral changes
produced by the associative training pro-
cedure.

There are three type B (and two type
A) photoreceptors in each of two Her-
missenda eyes. These photoreceptors
have identifiable loci, geometries, and
electrophysiologic characteristics (4).
The type B photoreceptor, locdted in the
anterodorsal portion of the eye, is ~ 35
wm in diameter. Its axon, ~ 1 um in di-
ameter, leaves the base of the eye, enters
the optic nerve, passes ensheathed
through the optic ganglion (for ~ 50
um), enters the optic tract, and termi-
nates in a spray of fine endings ~ 20 um
from its point of entry into the cerebro-
pleural ganglion. Simultaneous intra-
axonal and intrasoma recordings (4) and
lesion experiments indicate that the gen-
erator potential arises at the rhabdome of
the cell body and spreads passively
down the axon. Impulses arise within the
axon near the cerebropleural ganglion
point of entry but do not actively invade
the cell body. Synaptic interactions only
occur at the terminal endings.

Thus, a lesion (cut nerve) proximal to
the impulse-generating zone leaves a cell
body that contains the phototransduc-
tion apparatus without impulses or syn-
aptic interactions. Voltage and current
clamp recordings can then be made with
two electrodes in the cell body under fa-
vorable space-clamp conditions (7).

Type B photoreceptors in cut nerve
preparations depolarize for 1 to 2 min-
utes (Fig. 1A) after a 30-second light step
of moderate intensity (10° to 10* erg cm—2
sec™!). This long-lasting depolarization
(LLD) was always associated with a
membrane resistance 1.5 to 3 times high-
er than the resting or dark value (8). Pos-
itive current injection, causing depolar-
ization comparable to that produced by
light, was not followed by an LLD or in-
creased membrane resistance. With suf-
ficient hyperpolarization during the light
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response, however, the LLD and its as-
sociated conductance decrease could be
eliminated. These observations sug-
gested that the LLD arises from a volt-
age-dependent decrease of K* conduct-
ance (8). This LLD increased when the
light step was paired with rotation (8);
this increase with pairing could be due to
the LLD’s voltage dependence. These
light and rotation stimuli were essentially
identical to the stimuli that, when pre-
sented repeatedly to intact animals and
isolated nervous systems, cause behav-
ioral and neural changes (5, 6). To better
understand the LLD and its increase
with stimulus pairing, I recorded from
type B cells under current and voltage-
clamp conditions.

Techniques of intracellular recording
and details of animal supply and mainte-
nance were as described ¢, 5, 7). Volt-
age clamp was effected with two micro-
electrodes, one for current injection, the

Fig. 1. Voltage and volt-
age-clamp recordings dur-

ing and after light steps. s

(A) Voltage recordings of
type B cells during and af-
ter a light step. Isolated
nervous  systems
bathed in artificial sea-
water (ASW); Ca?*-free
ASW; Na*-free ASW; K+-
free ASW containing 2.5
mM Ca?* and 65 mM Mg?+;
Nat-free ASW containing
120 mM K+*. Dashed lines
indicate level of resting
membrane potential (RP).
(B to E) Voltage-clamp
recordings; up = inward
current. Values at left are
absolute holding poten-
tials. Dashed lines indicate
steady-state current in

were T

other for voltage recording (9). Current
was monitored simultaneously by a bath
virtual ground amplifier and as the volt-
age drop on the current passing elec-
trode. The settling time of the clamp ap-
paratus was 3 to 5 msec. During light-in-
duced photoreceptor responses under
voltage clamp, no voltage changes (= 20
uV) were observed. Voltage-clamp mea-
surements were made at different hold-
ing potentials after at least 15 seconds at
each potential in the dark. No obvious
differences in response to light were ob-
served when a voltage-clamp series was
made at sequentially more positive (or
negative) holding potentials as compared
to returning to the resting membrane po-
tential (RP = —55 mV) after a light step
at each test holding potential (7, /10). For
many preparations it was possible to use
two or three different external bathing
solutions for the same cell. However, for
each treatment condition a voltage-

ASW

Na™- free ASW

sec sec

darkness for each holding

iSmV

I5mv

potential. Voltage traces at
top were recorded simulta-
neously with current (flow-
ing from reference element
in the bath) recordings.
Lowest trace in each set in-

+20 mv i

|
omvi—

dicates duration of light
step. The upper two re-
cordings in (A) and (B)
were all from the same cell.
All responses in (B) were f

recorded at the same hold- S50 mv N

-25mv \\

ing potential: —20 mV. A . T 20ni/ T
sustained inward current '

(Ca?*) is induced by light at 5wy D [4na -55mV

holding potentials > RP in :

Nat-free ASW. Most im- ‘

portant, the sustained in- l —
ward current (Ca?*) is still -85mvV | \\

present (B) in 120 mM K+, R -10 mv

Nat*-free ASW at —20 mV, 1 I ———
which is the approximate [\ -130 mV

reversal potential for the -90mv | \ )
outward K+ currents (Fig. — et

2C). The early outward

clamp analysis was made for at least five
photoreceptors that had no previous
treatment. The total number of photore-
ceptors studied was 65. All records pre-
sented here were made on a Brush pen
recorder (/1) (Gould, Inc., Cleveland,
Ohio). Light stimuli (/2) were provided
by a tungsten 6-V, 15-W bulb (Philips,
Netherlands). Light stimuli were repeat-
ed at 2-minute intervals after 10 minutes
of dark adaptation.

Under voltage clamp of the type B
photoreceptor in artificial seawater
(ASW) (/3), a large initial transient in-
ward current and a much smaller sus-
tained inward current appeared during a
30-second light step (Fig. 1B). The initial
transient inward current reached its
maximum value ~ 200 msec after light
onset and rapidly decreased from its
peak amplitude. This initial inward cur-
rent was almost entirely eliminated (Fig.
1, D and E) by replacing external Na*+

B
e
) o ) _Ismv
14 nA
ez
- e
S S 2 nA
n N 1

No'- free ASW
sec

I5mv

current (K+) is marked at higher light intensity (D). Light intensity: in (C) and (D), 1.8 x 106 erg cm~2 sec~! (unfiltered); in (A), (B), and (E): 1.1 X

106 erg cm~2 sec™! (unfiltered). Paper recording amplifier (/) saturates for some records of (C).
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with equimolar tetramethylammonium
(TMA), while the sustained inward cur-
rent was largely unaffected. This sus-
tained inward current, as it appeared in
Nat-free ASW, reached its peak ampli-
tude in ~ 1 second and maintained its
maximum amplitude throughout the light
step. It appeared to increase slightly at
the cessation of the step and decreased
slowly for 5 to 7 seconds thereafter (Fig.
1, B, D, and E).

The initial transient inward current in-
creased at holding potentials more nega-
tive than the RP and decreased at hold-
ing potentials more positive than RP
(Fig. 1C). The sustained inward current,
however, did not occur at holding poten-
tials less than RP (Fig. 1, D and E), in-
creased at more positive holding poten-
tials up to +80 mV, and decreased with
still more positive holding potentials
(Fig. 2, B and D).

ASW I(nA)
— 7
&—0 Dark Current
®—-@ |ight Current {peak)
Ve
-95 -75 ] 25 45 65
[ i T |
a1
L P Em (mV)
4/.44 .
//./. Y-
-’ —ghk
Ll K
P 10k
- 10
7 -12F-
[}
v 14
./ 14
r -16 -
B .
N -
a - free ASW 1(nA)
&—0 Dark Current 12r-
o0 Light Current (peak at ~5") 101

®©--@ Light Current (minimum at ~2")

These observations can be explained
by an increase during light of an inward
Na* current (initial transient) and an in-
ward voltage-dependent Ca?* current
(sustained). Additional experiments gave
further confirmation of this explanation.
The reversal potential of the putative
Na* current, as extrapolated from the
linear portion of its current-voltage rela-
tion (Figs. 1C and 2A) was ~ +60 mV.
The nonlinearity of the relation was
probably due to contamination by the
voltage-dependent putative Ca?* current
(Fig. 2, B and D).

An initial small inward current in Na*t-
free ASW became more apparent (Fig. 1,
D and E) at holding potentials progres-
sively more negative than the RP of the
cell. This small inward current had a
time course similar to that of the putative
Nat current in ASW and thus may repre-
sent a residual Na* current. This residual
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Fig. 2. Current-voltage plots from voltage-clamp recordings in darkness and during and after
light steps (unfiltered); negative current = inward current. (A) Dark current and maximum
initial inward current (Na*) in ASW in response to 1.8 x 10 erg cm™2 sec™! at different holding
potentials. Arrow indicates reversal potential extrapolated from linear portion of current-volt-
age of I-V plot of Na* current. Plots are for recordings illustrated in Fig. 1C. (B) Dark current
and isochronal (2 and 5 seconds after light onset) values of initial outward current (K+*) and
sustained inward current (Ca®*) in Na*-free ASW in response to 1.8 x 10¢ and 1.1 X 10° erg
cm~2 sec™!, respectively, at different holding potentials. Plots are from recordings illustrated in
Fig. 1D (outward current) and Fig. 1E (sustained inward current). There is no measurable sus-
tained inward current at holding potentials < RP. (C) Dark current and isochronal (2 seconds
after light onset) value of initial outward current (K*) in 120 mM K* in Na*-free ASW in re-

sponse to 1.8 X 106 erg cm~2 sec™ at different holding potentials. Reversal potential (arrow) of
outward current has shifted toward more positive holding potential. (D) Absolute values of
sustained light-induced inward current (Ca?*) and late outward current (K*) as a function of

holding potential. Ca®* value was measured 3 seconds after light step cessation; K* value, at 35
seconds after light step cessation. Note the parallel relation of the two currents to holding
potential. Light intensity, 1.1 X 10° erg cm~ sec™'. Values are taken from recordings illustrated

in Fig. 1E.
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initial inward current in Na*-free ASW
also increased somewhat (Fig. 1B) when
external Ca?* was reduced (2.5 mM) and
external Mg?* elevated (65 mM). The ini-
tial inward current also increased some-
what and inactivated more slowly when
external Ca?* was replaced in ASW with
equimolar TMA (Fig. 1B).

In Na*-free ASW the putative Ca2t
current (/4) was reduced by lowering ex-
ternal Ca?* in the bathing medium and
was largely eliminated when external
Ca?t was lowered to 2.5 mM, while ex-
ternal Mg?* was raised to 65 mM and ex-
ternal K+ lowered to zero (Fig. 1, A and
B). The Ca2* current was also reduced 25
to 40 percent in ASW containing 1 mM
NiCl, (Fig. 4C), as has been reported for
other Ca** currents (/5). This putative
Ca?* current, however, was not affected
by intracellular injection of tetraethylam-
monium (TEA) ions (see below for con-
ditions). Finally, intracellular iontopho-
resis (under voltage clamp and with no
voltage change) of cyclic AMP (—0.5 nA
through the voltage-recording electrode
for 1 minute) reduced the amplitude of
the Ca?* current (in Na*-free ASW) by
30 to 50 percent while iontophoresis (un-
der identical conditions) of 5'-AMP had
little or no effect (Fig. 3A). The same re-
sults were obtained when injection was
performed under current clamp condi-
tions (Fig. 3, B and C). [Under current
clamp conditions in Na*-free ASW the
voltage-dependence of the Ca*"-mediat-
ed voltage responses to light was also ap-
parent (Fig. 3C).] Cyclic AMP had no
clear effect on either membrane resist-
ance or potential in the dark.

During light a transient outward cur-
rent was also clearly apparent in Na*-
free ASW only with more intense light
stimuli (Fig. 3, A and B). With less in-
tense 30-second light steps this outward
current could be observed in Nat*-free

ASW containing 2.5 mM Ca?**, 65 mM

Mg?*+, and no K* (Fig. 1B). Under these
conditions the outward current reached
its peak amplitude 1 to 2 seconds after
light onset and decreased to approxi-
mately zero within 4 seconds after light
onset. In Na*-free ASW with normal
Ca?* and Mg?*, a small outward current
occurred as a notch which also reached
its peak amplitude 1 to 2 seconds after
light onset (Fig. 1E). With a brighter light
step the reversal potential in Na*-free
ASW of the outward current was ~ —80
MV (Figs. 1D and 2B). This is comparable
to the reversal potential measured out of
voltage clamp for the hyperpolarizing
wave within the light response of the
photoreceptor (/6). The reversal poten-
tial of the outward current became more
positive (~ —20 mV) when external K+*
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was raised (Fig. 2C) to 120 mM in Nat*-
free ASW (adjusted with TMA to main-
tain equimolarity). The outward current
was almost eliminated when 4 mM 4-
aminopyridine was added to the bathing
medium (Fig. 4C). This concentration of
4-aminopyridine also reduced the putative
Na* current but had little effect on the
sustained putative Ca?* current (Fig.
4C). The outward current was also re-
duced by iontophoresis under voltage
clamp of TEA (—1.0 nA through the volt-
age recording electrode for 2 minutes).
Addition of Ni** (1 mM) also greatly re-
duced the outward current while reduc-
ing but not eliminating the putative Na*
current (Fig. 4, A to C). These observa-
tions indicated that the light-induced out-
ward current is carried by K* ions. The
effect of Ni2* on this putative K* current
is consistent with previous reports (/7)

A

that a light-induced K+ current (in Her-
missenda photoreceptors) results from
increased intracellular Ca?*. Ca?**-depen-
dent K* currents have been reported in
other preparations (/8).

To summarize, the three currents in-
duced during a light step were most
likely carried by Na* (a rapidly decreas-
ing inward current), K* (a rapidly de-
creasing outward current), and Ca*" (a
sustained inward current which de-
creased slowly following the cessation of
the light step). After a light step, there
was a prolonged outward current (Fig.
1B). This current increased with holding
potentials more positive than RP and be-
came small but did not entirely disappear
with more negative holding potentials in
ASW and in Na*-free ASW (Fig. 1E). At
holding potentials = +45 mV in Na*-
free ASW the late outward current began

to decrease (Fig. 2D). The late outward
current was eliminated by 4 mM 4-amino-
pyridine (Fig. 4C), intracellular TEA in-
jection (see above for conditions), and
1 mM Ni** added to ASW. These data
indicate that the late outward current at
holding potentials = RP is a K* current
which depends on a light-induced Ca**
current. The Ca?* current induced during
light had a slow recovery after the light
step. After the light step in 4-aminopyri-
dine, when there was no apparent late
outward current, there was a prolonged
slowly recovering inward current, pre-
sumably Ca?*, which was quite potential-
dependent (Fig. 4C). Thus, following a
light step, a substantial prolonged Ca**
current (most apparent in 4-aminopyri-
dine) will occur only at holding poten-
tials > RP. The K* current (or currents),
therefore, could be enhanced by intra-

secC

sec C

(1)

(2)

(3)

— T

Fig. 3. Effect of intracellular cyclic AMP on Ca?* conductance. (A and B) Light steps indicated by bottom trace) of increasing intensity [(1), 3.2 X
10% (2), 6.1 x 105 (3), 1.1 x 10% and (4), 1.8 X 10° erg cm™2 sec™! of unfiltered light] elicited responses in type B photoreceptor in Na*-free ASW.
(A) Under voltage clamp at —20 mV, net inward currents elicited by light [upper recordings, (1) through (4)] were reduced (lower recordings) after
intracellular injection of cyclic AMP (—0.5 nA for 1 minute). Top trace shows no voltage changes recorded under voltage-clamp conditions. (B)
Voltage responses for different type B cell were also reduced after intracellular injection of cyclic AMP: I, before injection; II, after first injection,
—0.2 nA for 1 minute; III, after second injection, —0.2 nA for 1 minute. (C) Voltage responses (in Na+*-free ASW) for third type B cell current
clamped at holding potentials indicated on left. Light step intensity: 1.8 X 106 erg cm™2 sec™! of unfiltered light; I, before, and II, after injection of
cyclic AMP (1 minute, —0.2 nA). Currents of —0.2 nA displaced membrane potential to —75 and —35 mV, respectively. The late depolarizing
response is enhanced at —35 mV and is absent at —75 mV. (D) Voltage responses for fourth type B cell, before and after injection of 5'-AMP (1
minute, 0.5 nA). Injection has little or no effect; light intensity as in (C). Note the absence of a hyperpolarizing voltage wave and an outward
current during the least intense light step in (B) and (A).
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cellular Ca?*, and the Nat* current sup-
pressed by Ca?** (/7) (Fig. 1B) only at
holding potentials > RP. Although the
late outward current probably consists
mainly of a Ca?*-dependent K* current,
at holding potentials = RP an apparent
late outward current could also result
from inactivation of a resting Nat or
Ca?* current present in the dark.

Out of voltage clamp, the photorecep-
tor depolarizes by ~ +35 mV in re-
sponse to the same intensity of light step
used for the voltage-clamp recordings
(Fig. 1, A and B) and then the photore-
ceptor shows LLD after the light step.
This LLD and its associated increased
membrane resistance (8) (Fig. 4A) can-
not be explained by a net outward cur-
rent at —20 mV under voltage clamp.
That is, the LLD voltage response must
arise from a voltage-dependent process
that cannot occur when the voltage is
held constant as it is under voltage
clamp. The process which was most ob-

viously voltage-dependent was the light-
induced Ca** current. When the poten-
tial of the photoreceptor becomes in-
creasingly negative (out of voltage
clamp) after ‘a light step, the light-in-
duced Ca?* current becomes progres-
sively smaller. Similarly, as the photore-
ceptor repolarizes after a light step, the
K* current which depends on the light-
induced Ca?* current decreases at a fast-
er rate. These events provide a reason-
able basis for the LLD: a slowly decreas-
ing light-induced Ca** conductance and a
potential-dependent light-induced K+
conductance that decreases rapidly after
a light step. These conductance changes
would cause depolarization (the LLD) as
well as the associated increased mem-
brane resistance. The decreased K+ con-
ductance during the LLD may be due to
an increase in intracellular Ca%* as was
suggested for another outward current
(19). Thus, while a light-induced rise of
intracellular Ca?* may cause or facilitate

a light-induced K* conductance, it may,
after a light step, reduce K+ conductance
normally present in darkness. This could
explain why in 1 mM Ni** the LLD oc-
curred with reduced magnitude and for
some of its duration without an associat-
ed increase in membrane resistance (Fig.
4A).

The potential dependence of the Ca**
and the Ca?*-dependent K=* con-
ductances is also consistent with the po-
tential dependence of the LLD (5). That
the LLD increases at more positive
membrane potentials explains the effect
of stimulus pairing. After light was
paired with rotation, depolarization of
the type B photoreceptor (LLD) in-
creased (8). Stimulus pairing (Fig. 5) was
always followed by greater depolariza-
tion and increased. firing of the type B
cell than with either stimulus alone or
than the summed depolarization follow-
ing the individual stimuli. Type B im-
pulse activity and depolarization was al-

I5mv

-55 mv

-85 mvV

L

Fig. 4. Effects of blocking agents on voltage and voltage-clamp recordings during and after light steps. (A) Voltage recordings from type B cell in
ASW containing 1 mM NiCl,. Two microelectrodes recorded voltage simultaneously (upper two recordings). Current pulses injected through one
microelectrode via a bridge circuit caused smaller voltage change during light (compared to before light) and transiently a larger voltage change
(compared to voltage change before light); this indicates decreased membrane resistance after light (compared to membrane resistance before
light). The LLD after light persisted in NiCl, when membrane resistance was not elevated. This was not so without NiC1,. The LLD was reduced
at more negative potentials (produced by injecting steady negative current through one microelectrode); light intensity (indicated by bottom
trace), 1.1 X 10® erg cm~2 sec™' (unfiltered). (B) Voltage-clamp recordings from same cell as in (A) under same conditions at comparable holding
potentials; up = inward current. Note the long-lasting inward current after light step. Voltage traces at top were recorded simultaneously with
current recordings. (C) Voltage-clamp recording during and after light steps in presence of blocking agents. Voltage traces at top were recorded
simultaneously with current recordings. Upper recordings [in Nat-free ASW, 1 mM 4-aminopyridine ¢ A-P), and 1 mM NiCl,] were all at =5 mV
absolute holding potential. Current records at lower holding potentials were for same cell in 4-aminopyridine. Note absence of measurable early
or late outward currents during and after light (intensity, 1.8 x 10% erg cm~2 sec™!, unfiltered), and presence of slowly decreasing sustained inward
current (Ca?*). Dashed line indicates steady-state current level in darkness.
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so substantially increased in those ani-
mals that had received the associative
training paradigm, but not in those that
had received the randomized control
paradigms (6). These and other experi-
ments (5, 6) suggest a possible causal
relationship of increased type B activity
and decreased velocity of movement to-
ward a light source for intact animals.

What is the cellular mechanism by
which type B impulse frequency in-
creases in darkness with the learning
paradigm? These data are consistent with
primary modification (during training) of
the type B membrane properties. This
primary modification is observable as a
long-lasting nonsynaptic depolarization
of this photoreceptor (6). Let me suggest
how this occurs.

Because of the synaptic interactions
within and between the visual and stato-
cyst pathways (Fig. 5A), rotation paired
with light is followed by disinhibition of
the type B cell (8) and an increased num-
ber of excitatory postsynaptic potentials
(EPSP’s) in this cell (20). Because mem-
brane resistance (and thus the membrane
time constant) is increased following a
light step, the synaptic depolarization
(due to disinhibition and the EPSP’s) is
enhanced (8, 2/). The synaptic depolar-
ization following stimulus pairing, how-
ever, also facilitates the light-induced de-
polarization which the present study in-
dicates arises from voltage-dependent
Ca?* and K* conductances.

Thus, a kind of regenerative or posi-
tive feedback phenomenon is implicated
for the mechanism of our associative
learning model. Light-induced depolar-
ization enhances stimulus pairing-in-
duced synaptic depolarization which in
turn enhances the light-induced depolar-
ization, and so forth. With each succes-
sive trial, residual depolarization could
potentiate and add to depolarization fol-
lowing the next stimulus pair. For behav-
ioral and neural changes lasting for days,
this depolarization may be both consid-
erable and fairly permanent. It will be of
interest to further investigate the rela-
tionship of cyclic AMP to these findings,
particularly with respect to long-term
modification of animal behavior. Intra-
cellular Ca%* and cyclic nucleotide levels
are now thought to have regulatory ef-
fects on each other in a number of tissues
(22). Intracellular Ca?* could control en-
zymes which catalyze the synthesis (23)
or the degradation of cyclic nucleotides.
Cyclic nucleotides, in turn, could control
Ca?" and H* pumping mechanisms (24,
25).

Thus far, at least two distinct neuro-
physiologic functions have been sug-
gested for Ca?*t-cyclic nucleotide inter-
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action. One concerns phototransduction
or adaptation properties of photorecep-
tors (24); the other involves mediation of
synaptic transmission (26). As an exten-
sion of the latter function, heterosynap-
tic facilitation might depend on presyn-
aptic enhancement of Ca** influx by cy-
clic AMP (27).

A possible means for, or expression
of, Ca?*-cyclic nucleotide interaction
might be provided by intracellular
phosphorylation of proteins. There is
evidence, for instance, of cyclic nucle-
otide-dependent phosphorylation of pro-
teins in retinal rods (28), Ca?*-dependent
protein phosphorylation in neural mem-
branes (29), depolarization-induced pro-
tein phosphorylation mediated by Ca?**

influx in synaptosomes (30), and light-de-
pendent phosphorylation of rhodopsin
(31). Phosphorylation of proteins would
not be an unreasonable biochemical
mechanism for the long-lasting behavior-
al changes of Hermissenda produced by
the associative learning procedures. It is
possible, for instance, that in the type B
photoreceptor intracellular cyclic AMP
regulates protein phosphorylation which
in turn is responsible for the light-in-
duced Ca?* conductance and Ca?*-de-
pendent K* conductances. Associative
training may affect intracellular cyclic
AMP levels and membrane protein
phosphorylation. This in turn might
cause accumulation of intracellular Ca?*
and reduced K* conductance ultimately

A
Eye Positive Inhibition of
2nd order  Mutual Intersensory 2nd order
feedback inhibition inhibition  visual cells
N\ | S R
Optic
ganglion
Statocyst
A Negative
In HC™ F~In HC 2nd order Mutual
A feedback inhibition
B Rotation
e |
Hair cell Ut ‘[ ’w‘ Il

\ !

Light

Seconds

Fig. 5. Neural responses to stimulus pairing. (A) Neural system (schematic and partial diagram)
responsive to light and rotation. Each eye has two type A and three type B photoreceptors; each
optic ganglion has 13 second-order visual neurons; each statocyst has 12 hair cells. The neural
interactions (intersection of vertical and horizontal processes) identified to be reproducible from
preparation to preparation are based on intracellular recordings from hundreds of pre-and post-
synaptic neuron pairs. Abbreviations; In HC, hair cell ~45° lateral to caudal north-south equa-
torial pole of statocyst; S, silent optic ganglion cell, electrically coupled to E cell; E, optic

ganglion cell, presynaptic source of EPSP’s in

type B photoreceptors. The E second-order

visual neuron causes EPSP’s in type B photoreceptors and cephalad hair cells and simultaneous
inhibitory postsynaptic potentials (IPSP’s) in caudal hair cells. (B) Intracellular recordings (si-
multaneous) from caudal hair cell and type B photoreceptor shows increase of EPSP’s (type B
cell, lower record) and simultaneous IPSP’s (caudal hair cell, upper record) after light paired

with rotation. The LLD after stimulus pairing is

greater that that after light alone (line of long

dashes). The line of short dashes indicates level of resting membrane potential. The lowest trace
indicates light duration; top trace, angular velocity of turntable (effecting 1.2g).
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causing depolarization of the type B cell.
Analysis of protein phosphorylation in
the type B cell, particularly in relation to
the training procedures described, may
eventually suggest specific biochemical
steps within the associative learning pro-
cedure for Hermissenda and possibly for
more evolved species.

DaNIEL L. ALKON
Section on Neural Systems, Laboratory
of Biophysics, Intramural Research
Program, National Institute of
Neurological and Communicative
Disorders and Stroke,
Marine Biological Laboratory,
Woods Hole, Massachusetts 02543
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5-Bromodeoxyuridine Inhibits Sequence Changes Within

Inverted Repeat DNA During Embryogenesis

Abstract. Previous studies on the genome of Strongylocentrotus purpuratus sea
urchin have shown that changes in the nucleotide sequence of inverted repeat se-
quences occur during embryogenesis. The present study indicates that these se-
quence changes fail to occur when the embryos are raised in the presence of 5-
bromodeoxyuridine. This drug is an analog of thymidine, is incorporated into the
DNA during embryogenesis, and inhibits cell differentiation in these embryos.

Previous experiments on Strongylo-
centrotus purpuratus sea urchin em-
bryos suggest that there are sequence
changes during embryogenesis within in-
verted repeat DN A sequences in the ge-
nome (/); we now show that these se-
quence changes do not occur when sea
urchin embryos are cultured in the pres-
ence of 5-bromodeoxyuridine (BrdU).

Incorporation of the thymidine analog
BrdU into DNA arrests differentiation in
many biological cells (2), including S.
purpuratus embryos (3, 4). With 50 ug of
BrdU per milliliter of seawater media
present from the time of fertilization of
these embryos, development is altered at
gastrulation (3), numerous anatomical
changes occur prior to the completion of
blastulation (3, 4), 30S to 60S duplex
DNA pieces accumulate during the
cleavage period of development (5-7),
and BrdU replaces as much as 41 percent
of the thymidine in the embryo DNA by
the time that development has reached
morula stage (7).
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We have tested inverted repeat DNA
sequences for sequence changes during
embryogenesis by comparing the bulk
adjacent inverted repeats taken from S.
purpuratus sea urchin embryos at dif-
ferent stages of development (/). When
isolated, sheared, sea urchin DNA is
denatured and renatured at < 107 Cyt
(moles of nucleotide per liter times time
in seconds) and the duplex DNA is col-
lected on hydroxyapatite, the final DNA
preparation recovered after three rounds
of this renaturation is largely hairpin-like
in structure (/); the hairpins are formed
by foldback with subsequent intrastrand
hydrogen-bonding of those homologous
sequences that are inverted relative to
each other and are adjacent or nearly so
on the same strand of DNA (/, &, 9).
Folding of isolated strands of inverted
repeat DNA in vitro causes base-pair
mismatches to be formed at points on the
stems of the hairpins wherever there are
departures in the homology of the left
and right arms of the individual adjacent
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