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Almost all experiments on short-term 
(immediate) memory in animals have 
been limited to the study of single-item 
retention, such as the ability to recognize 
among alternative visual stimuli the one 
item previously seen (1). Results from 
these experiments have provided impor- 
tant information on time-dependent pro- 
cesses in animal memory and on the ef- 
fects of irrelevant activities or stimula- 
tion during the retention interval on 
recognition performance. However, they 
have contributed little information on 
more complex memory characteristics, 
such as storage modes, memory scan- 
ning rates, span of memory, and retrieval 
and decision strategies, characteristics 
that may be better assessed by tasks re- 
quiring the retention of multiple, serially 
occurring items. Such tasks have so far 
been limited to a few investigations of 
the ability of monkeys to reproduce in 
their response sequence the serial order 
of occurrence of two or three prior stimu- 
li (2). 
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We now present results of tests of item 
recognition memory of a bottle-nosed 
dolphin, Tursiops truncatus, using serial 
lists of sounds as long as six items. In 
concept and method, these tests closely 
followed serial probe recognition tests 
given humans (3, 4). In the probe recogni- 
tion test, a list of unique items is present- 
ed and followed by a single probe item, 
which is either an "old" item from the 
list or a "new" item. The task is to clas- 
sify the probe correctly as old or new, a 
memory dependent process. The dolphin 
studied easily learned the requirements 
of the multiple-sound probe recognition 
task, and classified probes as old or new 
with great accuracy. These capabilities 
gave further evidence of the impressive 
auditory learning skills of T. truncatus 
(5). Overall, our results for the dolphin 
were similar to results obtained from hu- 
man subjects in probe recognition tasks 
and revealed many of the same capabili- 
ties and constraints observed in human 
performance. 
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The dolphin tested, an adult female of 
11 to 13 years named Keakiko, was the 
subject in earlier studies of single-item 
auditory retention (6, 7). We tested her 
twice daily in her seawater tank (diame- 
ter, 15.2 m) at the University of Hawaii. 
Each testing consisted of 30 to 48 
discrete probe recognition trials (inter- 
trial interval, 30 seconds). At the begin- 
ning of a trial the dolphin heard a highly 
familiar sound cue. In response, she 
swam through a channel of four vertical- 
ly suspended ropes and pressed a 
"start" paddle 1 m beyond the channel 
exit, turning the sound cue off. Four sec- 
onds later, while passively stationed un- 
derwater facing the start paddle, she 
heard a list of k discriminably different 
sounds (k = 1, 2, ..., 6) projected from 
an underwater speaker (Chesapeake J9) 
located 1.2 m beyond the start paddle. 
Each sound was 2 seconds long, and suc- 
cessive sounds were separated by 0.5- 
second silent intervals. After a 1- or 4- 
second pause, the probe sound, 2 sec- 
onds long, was projected from one of 
two peripheral J9 speakers positioned 
1.6 m to the left and right of the center 
speaker, diagonally facing the start 
paddle. Adjacent to each peripheral 
speaker was a response paddle. To re- 
spond "old sound (Yes)" the dolphin 
swam to the peripheral speaker that pro- 
jected the probe and pressed the adja- 
cent paddle. To respond "new sound 
(No)" she swam to the silent speaker, 
the one that projected no sound, and 
pressed the adjacent paddle. All correct 
responses immediately yielded a short 
(0.5-second) familiar conditioned rein- 
forcer sound and then a thrown-fish re- 
ward. These were omitted after incorrect 
responses. Old and new probe sounds oc- 
curred with equal probability, each type 
occurring equally often at each peripher- 
al speaker. 

Testing began with single-sound recog- 
nition trials (k = 1), a procedure in 
which the animal was previously trained 
(7), and then proceeded serially, with all 
testing of k-sound lists completed before 
testing of k + 1 sound lists was begun. 
Transfer from a list of k sounds to a list 
of k + 1 sounds was accomplished by 
gradually increasing the duration of the 
added sound over 30 to 50 training trials 
until its final value of 2 seconds was 
reached; transfer was always completed 
without any disruption in performance. 

The sounds in a list, as well as the 
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The sounds in a list, as well as the 
probe, were selected from a pool of 600 
discriminably different sounds that com- 
posed six different classes of sounds of 
100 sounds each (8). The sounds were 
generated by oscillators (Wavetek) con- 
trolled by a minicomputer. A list of k 
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Memory for Lists of Sounds by the Bottle-Nosed 

Dolphin: Convergence of Memory Processes with Humans? 

Abstract. After listening to a list of as many as six discriminably different 2-second 
sounds, a bottle-nosed dolphin classified a subsequent probe sound as either "old" 
(from the list) or "new." The probability of recognizing an old probe was close to 1.0 
if it matched the most recent sound in the list and decreased sigmoidally for succes- 
sively earlier list sounds. Memory span was estimated to be at least four sounds. 
Overall probabilities of correctly classifying old and new probes corresponded close- 
ly, as if recognition decisions were made according to an optimum maximum likeli- 
hood criterion. The data bore many similarities to data obtained from humans tested 
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sounds consisted of k different sound 
classes, with all possible permutations of 
the six sound classes being used across 
successive lists of a given size. All 100 
sounds in a class were used once before 
any was repeated (9). Except in the case 
of six-sound lists, a new probe sound 
was always of a different sound class 
than any used in the list. 

An old probe sound was equally likely 
to match a sound in any of the serial posi- 
tions of the list. Figure 1A shows, for 
each length list, except five sounds, the 
percentage of correct classifications of 
old probe sounds [P(YeslOld)] as a func- 
tion of the old probe's serial position in 
the original list (10). Since probe delay 
was not a significant variable (10), the 
data were based on combined observa- 
tions at the 1- and 4-second delays be- 
tween the end of the list and the probe 
item; the minimum number of observa- 
tions per data point were 397, 264, 204, 
108, and 81 for lists of 1, 2, 3, 4, and 6 
sounds, respectively. 

The curves for the various length lists 
overlap and a pronounced "recency" ef- 
fect is seen (Fig. 1A). The data resemble, 
in both absolute and relative terms, re- 
sults for four human subjects in a probe 
recognition task using spoken lists of 
three-digit numbers (3). For six-item 
lists, the human subjects averaged 99.7, 
97.7, 81.3, 72.0, 43.7, and 45.3 percent 
correct classifications of old items from 
the most recent to the earliest serial posi- 
tion, respectively (11). 

Our current data, together with earlier 
tests of retention of single sounds by the 
bottle-nosed dolphin (6, 7), indicate that 
auditory memory traces may remain 
unaltered over long retention intervals 
unless degraded by newly arriving 
sounds. We cannot say how memory for 
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Fig. 1. (A) The percentage of 
correct recognitions of old 
probe sounds at each serial po- 
sition for each length list. Seri- 
al positions are shown by rela- 
tive recency of occurrence 
from end of list, so that serial 
position 1 is the most recent 
(last) sound in each list. (B) 
Data from (A) summed over 
all serial positions. (C) The 
percentage of correct recogni- 
tions of new probe sounds for 
each length list. There are, of 
course, no serial position data 
for new probe sounds. 

the sounds heard is maintained over time 
by the dolphin in the absence of auditory 
interference, but so far there seems no 
reason to suppose it is necessarily by an 
active rehearsal process. In human stud- 
ies, when the covert verbal rehearsal of 
list items is poorly controlled, the first 
item in the list tends to be remembered 
especially well (12). Figure 1A shows no 
such primacy effect. 

Some information-processing models 
of human memory have postulated that 

incoming items are processed and stored 

serially in a buffer mechanism of limited 
item capacity, and that newly arriving 
items may degrade, shunt, and even- 

tually displace older items (13). This seri- 
al nature of the buffer yields the recency 
effect, which favors newer items in mem- 

ory tests (14). The buffer's item capacity, 
that is, the subject's memory span, can 
be estimated by the location on the ab- 
scissa of the asymptote of the recency 
curve. The recency effect in our data is 

interpretable within a buffer model. The 
location of the asymptote in Figure 1A 
would suggest that this bottle-nosed dol- 

phin's memory span for discriminably 
different 2-second sounds paced at 0.5- 
second intervals was at least 4 sounds. 

Within lists of each length, the per- 
centages of correct recognitions of old 
and new probe sounds were very similar 
and decreased together as the list length- 
ened (Fig. 1, B and C). The dolphin thus 
classified probes without bias, as if using 
a maximum likelihood optimum decision 
criterion (15). The decrease in correct 
classifications of new probe sounds (in- 
crease in "false alarm" rate) as list 

length increased, together with the con- 
tinued symmetry of error rates for old 
and new probe sounds, demonstrates 
that, although discriminability between 
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old and new probes decreased with in- 
creased list length, the decision criterion 
remained unchanged. Similar increases 
in false alarm rate with increased list 
length are found in human data, although 
criterion shifts may sometimes occur as 
the list lengthens (16). 

The human data are extensive and 
complex and we have here described on- 
ly some broad functional similarities to 
it. Nevertheless, obtaining these similar- 
ities within a paradigm closely following 
that used with humans encourages the 
view that we may be dealing with much 
the same underlying conceptual phenom- 
ena discussed in human memory work, 
implying a convergence of some memory 
control processes in dolphin and human, 
both highly sophisticated species acousti- 
cally. 

ROGER K. R. THOMPSON 
Louis M. HERMAN* 

Department of Psychology, 
University of Hawaii, Honolulu 96822 
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Dopamine-Sensitive Adenylate Cyclase: 
Location in Substantia Nigra 

Abstract. A dopamine-sensitive adenylate cyclase with characteristics similar to 
those measured in the striatum is present in the rat substantia nigra. Destruction of 
dopamine cell bodies by intranigral 6-hydroxydopamine application failed to abolish 
the response of nigral adenylate cyclase to dopamine. In contrast, brain hem- 
itransection between the striatum and substantia nigra, or a more circumscribed le- 
sion of striatonigral pathways, abolished the dopamine stimulation of adenylate cy- 
clase in the substantia nigra. These results suggest that dopamine receptors within 
the substantia nigra are not located on dopamine cell bodies but are associated with 
a pathway, containing y-aminobutyric acid or substance P, which projects from fore- 
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The substantia nigra (SN) is a strategic 
relay center for the modulation of dopa- 
mine (DA) function in the central ner- 
vous system (1). Dopamine-containing 
efferent projections from the SN have 
been extensively characterized (2). In ad- 
dition, neurons containing y-aminobu- 
tyric acid (GABA) (3), substance P (4), 
acetylcholine (5, 6), and serotonin (7) 
have been found in the SN, but relatively 
little is known about the synaptic inter- 
actions of these neurons. 

In an effort to unravel possible sites of 
interneuronal regulation in the SN, we 
pursued the idea that DA, released from 
nigral dendrites (8), may interact with re- 
ceptors in the immediate vicinity. Since 
DA receptors are apparently associated 
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with a DA-sensitive adenylate cyclase 
(9), and since the presence of such an 
adenylate cyclase has been demonstrat- 
ed in the SN (10), it is likely that DA 
serves a neuromodulatory function in 
this region. The suggestion has been 
made that in the SN DA may influence 
the activity of the very same neurons 
from which it is released by interacting 
with dendritic or somatic DA receptors, 
which have been termed autoreceptors 
(11). Alternatively, it is likely that non- 
dopaminergic neuronal components in 
the SN may contain receptors for this 
transmitter. 

On the basis of measurements of DA- 
sensitive adenylate cyclase activity, we 
now provide evidence that most, if not 
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all, nigral DA receptors are present in 
cells other than DA neurons. In the first 
series of experiments, rats received uni- 
lateral nigral injections (Fig. 1) of 6- 
hydroxydopamine (6-OHDA) and were 
killed 10 to 15 days later to study the 
adenylate cyclase activity of the SN. To 
ascertain the extent of DA neuron de- 
struction caused by 6-OHDA, we as- 
sayed tyrosine hydroxylase (TH) activity 
in the striatum, a terminal projection 
area of nigral DA neurons. 

In homogenates of untreated SN, the 
threshold concentration of DA for stimu- 
lation of adenosine 3',5'-monophosphate 
(cyclic AMP) synthesis was 10-f;M (Fig. 
1); with 5 x 10-';M DA, stimulation was 
virtually maximal. Norepinephrine (NE) 
was approximately ten times less potent 
than DA; threshold stimulation was ob- 
tained at 10-M NE. 

In homogenates of 6-OHDA-treated 
SN, the absolute and relative potencies 
of both DA and NE did not significantly 
differ from values obtained in untreated 
controls (Fig. 1). Since the 6-OHDA 
treatment resulted in an 80 to 90 percent 
loss of striatal TH (Fig. 1), the data dem- 
onstrate that in the SN the presence of 
DA-sensitive adenylate cyclase is inde- 
pendent of the amount of DA cell bodies. 

In a second series of experiments a 
complete cerebral hemitransection at 
the diencephalic-mesencephalic junction 
was performed in rats 7 days before they 
were killed (12). In the SN of the le- 
sioned side, the basal activity of adeny- 
late cyclase (30 ? 2.0 pmole mg-' min-') 
was comparable to that of the intact side 
(28 + 1.5 pmole mg-' min'-). In homoge- 
nates of the SN from the intact side, DA 
(10-M) produced a nearly twofold in- 
crease in cyclic AMP synthesis (54 + 4.1 
pmole mg-~' min-1). In contrast, DA 
failed to stimulate the adenylate cyclase 
activity of SN from the lesioned side 
(38 + 4.2 pmole mg-~ min-'). When the 
hemitransection was done posterior to 
the SN (13), DA stimulation of adenylate 
cyclase was not significantly altered. 

These results provide biochemical evi- 
dence that DA-dependent adenylate cy- 
clase is located in neurons connecting 
the forebrain with the SN. Since our data 
tend to exclude the possibility that DA- 
dependent adenylate cyclase is directly 
associated with DA cell bodies or den- 
drites (14), a third series of experiments 
was performed to determine more specif- 
ically what population of SN neurons 
contains the major proportion of DA- 
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most significant biochemical changes re- 
ported in the SN after hemitransection is 
the loss of GABA and its synthesizing en- 
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