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observed flow-field. resulting in reduced scatier in the pereeived
heading. Without static depth information. visual heading judge-
ments are more vulnerable to noise and the confounding effects
of eve and head rotation. O

Recewved 30 Mai n: accepted 26 August 1994,

. Gibson. J. J. Perception of the Visual Worid (Houghton Mifflin, Boston. 1950).
- Longuett-Higgins, H. C. & Prazdny. K. Proc. R. Soc. B208, 385-397 (1980).
. Rieger. J. H. & Lawton. D. T. /. opt. Soc. Am. A2, 354-359 (1985},

. Koenderink. J. J. & Van Doorn, J. A. Biol. Cybern. 88, 247-254 (1987).

. Heeger. D. 1. & Jepson, A. Neural Comp. 2, 129-137 (1990).

- Warren. W. H. & Hannon, D. J. Nature 336, 162-163 (1988).

- van den Berg, A. V. Vision Res. 32, 1285-1296 (1992).

. Royden. C. S.. Banks. M. S. & Croweli. J. A. Nature 360, 583-585 (1992).

- Warren, W. H. & Hannon, D. J. J. opt. Soc. Am. AT, 160-169 (1590),

10. Rieger, J. H. & Toet, L. Biol. Cybernet. 52, 377-381 (1985).

11. van den Berg A. V. Nature 365, 497498 (1993).

12. van den Berg, A. V. & Brenner, E. Vision Res. 34, 2153-2167 (1994).

WONOUDWNR

p-Adrenergic activation and
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SUBSTANTIAL evidence from animal studies suggests that enhanced
memory associated with emotional arousal results from an activa-
tion of B-adrenergic stress hormone systems during and after an
emotional experience'™’, To examine this implication in human
subjects, we investigated the effect of the B-adrenergic receptor
antagonist propranolol hydrochloride on long-term memory for an
emotionally arousing short story, or a closely matched but more
emotionally neutral story. We report here that propranolol signifi-
cantly impaired memory of the emotionally arousing story but did
not affect memory of the emotionally neutral story. The impairing
effect of propranolol on memory of the emotional story was not
due either to reduced emotional responsiveness or to nonspecific
sedative or attentional effects. The results support the hypothesis
that enhanced memory associated with emotional experiences
involves activation of the B-adrenergic system.

Subjects received either propranolol or a placebo 1 h before
viewing a scrics of slides accompanied by an emotional or neutral
narrative, and were tested for memory of the story onc weck
later (see Fig. | for methods). The stories were those uscd in an
carlier study demonstrating an enhancing cffect of emotional
arousal on memory (L.C. and J.L. McG., manuscript in prepara-
tion), and were developed from carlicr work by other investiga-
tors demonstrating enhancing cffects of emotional arousal on
memory' (Box 1). If the enhanced memory for the cmotional
story involved activation of B-adrenergic receptors (cither cen-
trally or peripherally), then blockade of those receptors should
impair memory for the emotional story, while leaving memory
for the neutra! story relatively unaflected. Our results confirm
this prediction.

The memory test results revealed significant and seleetive
effects of propranolol on memory of the emotional story. Focus-
ing first on the free recall results, we examined the mean number
of slides recalled (out of 12 possible). The placcbo subjects who
viewed the emotional story recalled significantly more slides
(6.0+0.6) than did propranolol subjects (4.09 £0.55) (1 (17)y=
2.33, P<0.05). In contrast, the placebo and propranolol groups
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who viewed the neutral story did not differ in the number of
slides recalled. Similar results were obtained in an 80-item multi-
ple-choice recognition memory test (which assessed memory for
both visual and narrative story clements). Placcbo subjects who
viewed the emotional story answered signficantly more questions
correctly (489+1.47) than did the propranolol subjects
(42.4+1.72) («(17)=2.73, P<0.02). The placebo and proprano-
lol groups who viewed the neutral story did not differ in number
of questions correctly answered.

The enhancing effects of emotional activation on rccognition
memory and the impairing effects of propranolol on emotionally
cnhanced memory were obtained primarily in story phase 2, the
phasc in which the emotional eclements were introduced
(Fig. 1). The placebo subjects displayed superior memory for
those story clements associated with emotional arousal. whereas
the propranolol subjects did not. A 2-factor ANOVA for the
arousal story results with repeated measures on the story phase
revealed significant effects of the drug treatment (£ <0.05) and
story phase (P<0.01). Subjects in the placeboarousal story
condition answered significantly more phase 2 questions cor-
rectly than cither phase | (P<0.01) or phase 3 (P<0.05) ques-
tions. Furthermore, and most importantly, the retention
performance of the placebo group was significantly better than
that of the propranolol group for questions pertaining to phase
2 of the arousal story (P<0.02). In contrast. for subjects in the
propranolol/arousal story condition. as well as subjects in the
placcbo and propranolol groups given the neutral story, the

BOX i’Na‘r:ra'tiv'esfaécoMpanﬁhg slide presentation
Slide - ‘Neutral.version . Arousal version

1.© A mother. and.her son are
leaving home in the morning.

2. She is taking him to.visit his
father's workplace.

3. The father is a laboratory

orial Hospital.

4. . They check before crossing.a
busy. road.

5. . While walking along, the boy
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recognition test scores for phase 2 did not differ from those of
phases 1 or 3.

The subjects’ heart rate and blood pressure were measured
immediately before administration of the placebo or propranolol
and again before presentation of the story. As expected (Table
1). propranolol significantly decreased heart rate and reduced
blood pressure. B-Blockers have been reported to induce side
effects, including sedation and difficulty in focusing attention in
some patients™®. If propranolol treatment impaired memory in
the present study simply by increasing sedation or impairing
attention, then memory for both the neutral and arousal storics
should have been affected. That was clearly not the case: pro-
pranolol treatment selectively impaired memory for the more
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FIG. 1 Results of the recognition (multiple-choice) memory test for the
three phases of the arousal and neutral stories. A/P, arousal story/
placebo treatment; A/BB, arousal story/p-blocker treatment; N/P, neu-
tral story/placebo treatment; N/BB, neutral story/B-blocker treatment.
ANOVA indicated significant effects of drug treatment (F(1, 17)=6.62,
P<0.05) and story phase (F(2, 34)=6.84, P<0.01). Placebo subjects
given the arousal story had enhanced memory for phase 2 (arousing
phase) of the story: O, <0.01 compared to phase 1 arousal story/
placebo scores (t(14)=3.18) and % <0.05 compared to phase 3
arousal story/placebo scores (t(11)=2.58). Propranolol blocked the
enhancing effect of arousal on memory: 4, P<0.02 compared to
arousal/p-blocker group story phase two (1(17)=2.58). Resuits are
expressed as per cent of questions answered correctly because of
different numbers of questions given for each phase. Subjects (19
females, 17 males, mean age (£s.e.m.)=27.4(+4.6) years) received a
placebo or propranolol hydrochioride tablet (Inderal, 40 mg; Wyeth-
Ayerst Laboratories) 1 h before viewing either an emotionally arousing
story, or a closely matched but more emotionally neutral story (Box 1).
There were 8-11 subjects per group (the differences in group sizes
were due primarily to failure of some subjects to appear for the memory
test session). The stories were presented as a brief (about 4 min) nar-
rated slide show. The one-sentence narrations were identical for the
first 4 (of 12) slides (referred to as phase 1), nearly identical for the
last three slides (phase 3), and differed primarily in the middle five
slides (phase 2), during which the emotional events were introduced
into the arousing story. Subjects were blind to the drug treatment
received, and were tested individually. They were connected to heart
rate and blood pressure monitors while viewing the story, and were told
that the study concerned physiological responses to different types of
stimuli. Testing was conducted between 9:00 am and 1:00 pm. One
week later the subjects were given surprise memory tests. A freg recall
test, in which subjects were asked to recall as much as po_s_snble of
the story, was followed by a 4-choice multiple-choice recognition test
consisting of 5-8 questions per slide pertaining to visual and narrative
elements for each story slide. For each question, one correct and three
plausible (but incorrect) alternatives were provided. The free recall
responses were tape-recorded for subsequent scoring. In the »free recall
test, subjects were credited with recall of a slide if they desc_nbgd some
story information that could only have been known from viewing that
slide. The entire study (including scoring of the reca!litapes) was con-
ducted with the experimenter blind to the drug condition.
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TABLE 1 Propranolol effects on heart rate and blood pressure

A Mean blood
pressure (mm Hg,
mean £ s.e.m.)

0.11 (+2.4)
~-8.74 (£0.94)*

A Hean rate
{beats per min,
mean 4 s.e.m.)

1.7 (£2.41)
7.79 (£1.68)*

Placebo (n=15)
Propranolof (n = 20)

The scores are based on differences between measures taken imme-
diately before drug or placebo administration and immediately before
presentation of the slides and narration. Propranolol produced the
expected decreases in baseline heart rate and blood pressure (for both
measures P < 0.0005 from placebo group {t -- test)). Propranoiol hydro-
chioride blocks both 8, and 3, adrenergic receptors and readily crosses
the blood-brain barrier. It is widely used for the treatment of certain
cardiac disorders such as angina pectoris and high blood pressure.'®
Propranolol was used in this study because it impairs fB-adrenergic
transmission both centrally and peripherally and because it attenuates
memory in animal experiments using aversively motivated training
tasks'®'®,

emotional story. Furthermore, as propranolol did not block sub-
jeets” subjective emotional reactions to the story assessed imme-
diately after story viewing (Fig. 2), it is clear that the effects of
propranolol on memory reported here are not casily attributable
to reduced subjective emotional responsiveness.

The results support the hypothesis that memory storage is
modulated by B-adrencrgic systems. In particular, they suggest
that the enhanced memory for cvents associated with emotional
arousal involves activation of B-adrenergic receptors and that i
adrenergic activation is not essential for storage of cmotionaily
neutral information. It is well established that highly emotional
experiences can activate the sympathetic nervous system as cvi-
deneed. for example, by increases in plasma adrenaline and /or
noradrenaline”™. There is also extensive evidence indicating that,
in animals, administration of adrenergic and other stress-related
hormones and drugs can modulate (cither enhance or impair)
memory in a wide variety of learning situations’. Such findings
suggest that emotional experiences activate a memory-modulat-
ing system involving the release of both peripheral adrenergic
hormones and brain noradrenaline®'®. Although there is exten-
sive cvidence that high doscs of adrenaline can impair memory
storage™, it is not known whether endogenous adrenaline
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FIG. 2 Mean (&s.e.m.) ratings of emotional reaction to the story viewed
in each experimental group. N/P, neutral story, placebo; N/BB, neutral
story, B-blocker; A/P, arousal story, placebo; A/BB, arousal story, p-
blocker. #, P<0.01 from both N/P and N/BB groups (t-tests). Immedi-
ately after viewing the story, subjects rated how emotional they found
the story to be on a scale of 0 to 10 (with 0 as 'not emotional at all’
and 10 as ‘highly emotional’) by marking a scale at the appropriate
point.
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released by high levels of emotional arousal can produce memory
impairment. Findings of animal experiments indicate that
memory storage is influenced by drugs affecting many neuro-
modulatory systems, including a-adrenergic systems'**'",
Studies to date have not investigated the selective involvement
of other systems in regulating cmotionally influenced memory
in human subject.

Although clinical reports suggest that B-blockers may induce
memory loss in some patients'*'”, controlled laboratory investi-
gations have so far generally failed to find consistent effects of
B-blockers on memory™'?. However, previous studies generally
investigated memory for relatively unemotional events and typ-
ically studied only short-term memory. Future research using
B-blockers with different affinities for B, and B. receptors and
differential effectiveness in passing the blood-brain barricr
should clarify the role of the B-adrenergic system in regulating
long-term memory for emotional experiences.
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Changes in reliability of
synaptic function as a
mechanism for plasticity
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SYNAPTIC transmission in the hippocampus is rather unreliable,
with many presynaptic action potentials failing to release
neurotransmitter' . How is this unreliability affected by the alter-
ations in synaptic strength seen in long-term potentiation (LTP)®
and long-term depression®’ (LTD)? We find that LTP increases
synaptic reliability, and LTD decreases it, both without a change
in the size of those postsynaptic currents that do occur. Thus LTD
is a functional inverse of LTP.

We have used ‘minimal stimulation’, a method for activating
only one or a few synapses': the stimulus intensity is reduced to
alevel that produces a postsynaptic response of uniform latency
and shape in a target neuron with a probability of less than
about 0.5. This method permits us to separate two components
of synaptic strength: reliability, the fraction of stimuli that pro-
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duce a postsynaptic current. and potency, the average peak size
of the postsynaptic current when one does occur.

Whole-cell recording™ provides a signal-to-noise ratio that is
adequate for clearly distinguishing between a release failure and
a success in almost all instances. This is illustrated in Fig. 1,
which reveals a clear separation between transmitter release and
no release.

Data for typical LTP experiments are illustrated in Figs le
and 2a-e. Separate averages were made (before and after the
induction of LTP) for all responses, all stimulation trials for
which a postsynaptic current was detected, and all records that
represented failures in synaptic transmission (Fig. 2a). Further,
non-overlapping groups of about 25 successive traces were aver-
aged throughout thetexperiment, and failure probabilities were
estimated for the same ‘groups of traces; these group averages
reveal stable LTP foliowing the tetanic stimulus (Fig. 2b), and
a sustained post-tetanic decreasc in the failure rate (Fig. 2¢).
The group average potency is roughly constant throughout the
experiment (Fig. 2d), and the histograms of cxcitatory postsyn-
aptic potential (e.p.s.c.) peak amplitude for the control and LTP
periods (Fig. 2e) arc not significantly different (Kolmogorov-
Smirnov test, P>0.1).

In this instance, stable LTP is rcpresented as an increase in
the average response, a decreasc in the synaptic failure rate,
and no appreciable change in the potency. As with the LTP
experiment, LTD is represented by a decrease in the average
response size (Fig. 34, b), an increase in the failure rate (Fig. 3c),
and no appreciable change in synaptic potency (Fig. 34, d, e).

Although we find, as reported previously'®, that LTP is diffi-
cult to induce after about 20 min of recording in the whole-cell
mode, LTD seems not to ‘wash out’. That is, we could produce
LTD as late as 80 min after the start of whole-cell recording, the
longest time tested. In six experiments, LTD reversed previously
established LTP (data not shown).

To compare data from different experiments, we note that the
average peak e.ps.c., r;, is (by definition) the product of the
probability w; that a release will occur and the average size a; of
a response (when release does occur): ;= w;q;; the subscript j
is 0 before the induction of LTP or LTD and 1 after. The prob-
ability of a failure f;= (1 —w;) is determined directly from experi-
ment as is the average potency «;. Synaptic plasticity S is defined
as the ratio S=r, /ro. If plasticity were only a change in synaptic
reliability (with no change in potency), then a, /a, would equal
I, and S would be just the ratio of success probabilities: S=
wy/wo, if ay=a,. A plot of S versus the ratio w,/w, would then
fall on a straight line with slope 1, and a plot of the ratio a,/a,
would be constant (=1). Our experiments provide the data
required for testing the extent to which plasticity is determined
by changes in reliability and changes in potency as we estimate
a, /ao and w, /w, directly.

The unfilled circles in Fig. 4a and b represent data from 26
experiments like the ones illustrated in Figs [, 2 and 3. Clearly,
the ratio w, /wy, falls along the diagonal in Fig. 4, and the ratio
a, /ay is roughly constant in Fig. 45. For these experiments, then,
we conclude that the mechanism of LTP and LTD is a change
in synaptic reliability with no appreciable change in potency.

The experimental situation here is a little different from previ-
ous investigations of LTP that activated a population of syn-
apses so that all or most failures are obscured. Because we have
activated fewer synapses than was usual for earlier studies, we
felt that we must demonstrate that the plasticity examined here
exhibits the same properties as standard LTP.

LTP is sometimes clicited by the ‘pairing’ stimulation model
instead of by tetanic stimulation. In these ‘pairing’ experiments,
low-frequency stimulation is paired with a postsynaptic depolari-
zation imposed on the cell''. Data from five ‘pairing’ experi-
ments, plotted in Fig. 4c and d as unfilled triangles, conform to
the behaviour of synapses potentiated with tetanic stimulation.

LTP is blocked by the presence of the N-methyl-p-aspartate
(NMDA) receptor antagonist AP-5'%, and by hyperpolarization
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