pp. 61-77 in: R. Schusterman, J. Thomas, and F. Wood (Eds)
Dolphin Cognition and Behavior: A Comparative Approach
Lawrence Erlbaum Associates, Hillsdale, New Jersey (1936)

Middle- and

Long-Latency Auditory 116
Event-Related Potentials

in Dolphins

Cavid L. Woods
University of California, Davis

Sam H. Ridgway
Conald A. Carder
Naval Ocean Systems Center, San Diego

Theodore H. Bullock
Scripps Institution of Oceanography

INTRODUCTION

Following the presentation of an auditory stimulus a series of elecirical detlec-
tions, event-related potentials or ERPs, can be recorded from the scalp of hu-
mans and other animal species (Corwin, Bullock. & Schweitzer, 1982}, ERPs
have besn widely used for monitoring human sensory and cogritive processing
(Hillvard & Woads. 1979, and hold the promise of sluecidating sensory and
cognitive processes in other species {Bullock, 19811, [n the human. short- and
middle-latency auditory ERPs (latencies 1.5=20.0 msec) are exggencus m that
their amplitudes and latencies are determined primanily by the characteristics of
the evoking stimulus and are little affected by manipelations in procassing strat-
egy. In contrast. long-latency components change with attention and have been
related 10 a vanety of higher cognitive functions (Hillvard & Kuras, 1983), One
of these components, the P23 or P300, is thought to be wholly endogenous, in that
it refleces higher order optional cognitive operations which may be elicited by 2
stimelus (Donchin, 1981).

Short-latency ERPs have revealed specialized mechanisms of acoustic pro-
cessing in the cochlea. brainstem. and cortex of the bottlenose dolphin and ather
dolphin species (Bullock et al., 1968: Bullock & Ridgwav, 1972: Bullock &
Gurevich, 1979; Ladveina & Supin. 1977 Ridgway =2t al., 1981). Recemtly.
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comparative swdies of endogenous long-latency components. particularly the B3
or P300. have been undertaken on other species including the rat (O'Brien.
1982). cat (Farley & Starr, 1983; Wilder, Farley, & Starr, 1981). and monkev
CArhur & Starr, 1984: Neville & Foote, 1984).

Cine purpose of the current experiments was to determine if P300-like activiry
might be evidant in the delphin. In humans. the P300 can be elicited when
mfrequent stimuli are novel and unpredictable or when they cue an infrequent
response (Courchesne, Hillvard. & Galambos, 1975). Our first tweo gxperiments
were designed o determine if P300-like activity would be elicited in the dolphin
under either of these circumstances.

Cur third experiment was designed to compare the effects of stimulus repeti-
tien on dolphin and human ERPs. Recovery functions (changes in amplitude as a
funcrion of interstimulus interval) of human ERPs show two properties that have
not consisiently been reported in the recovery cveles of ERPs from other animal
species. First. the duration of the recoverv cvcle of the human NI0O-B200 is
extremely long: at interstimulus intervals (151s) less than 20 sec the N100-P200 is
still not fully recovered (Nelson & Lassman. 1973). Second. it is partially
specific for the stimulus repeated. For example. when a probe tone is insered
into a irain of conditioning tones the amplitude of the ERP that it elicits is
tncreased if it is different in frequency from the conditioning tones (Butler. 1973;
Ficton, Woods, & Proulx, 1978; Woods d& Elmasian. 1984}, An examination of
the recovery ¢vele of the dolphin ERP was of pamicular interest since dolphin
ERPs show long-latency components whose relative amplitudes are similar 1o
those of the M100-P200 (Seeley. Flanigan. & Ridgwav. 1978). Moreover, since
the recovery function of the human N100-P200 has been related to the per-
sistence of shor-term acoustic memeory (Picton. Campbell, Baribeau-Braun, &
Proulx. 1978). 1t was felt that investigations into the recovery cycle of ERPs in
the botlenoss d-::-Jphln might also pm'-'u:le some insight into the structure of
acoustc memory in this species.

METHODS

A 22-year-old female dolphin was studied. The animal had been used in previous
I:a::hmmra. experiments and was accustomed (o the restraining tank used for
recording. Brainstem auditory evoked potentizls previously obtained (Ridgway
et al.. 1981) had revealed normal peripheral auditory function.

Experimental Procedure

Aler the animal was hoisted from its home tank, wire electrodes (0.1 mm
Jelliff aliov C) were loaded into a 20 gauge nesdle which was inserted to the
skull. The needle was then gertly withdrawn. leaving the bare-tippsd wire hook-
¢d in place on fascia near the skull surface, The procedure was carried out rapidly
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using local anesthenc and focal cooling and resulted in little apparent discomion
to the animal. The elecrodes were inserted so as w overlay the primary auditory
areas of panetal conex as mapped by Soviet researchers {Ladveina & Supin.
1977). Refersnce electrodes were placed on the ipsilateral mastoid process and
the snout.

Following eiectrode implantation. the animal was partially submerged in the
restraining ank with the lower jaw underwater (see Seeley et al. . 1978 for further
detaiis). In order to prevent chafing and irmtation of the dorsal skin, the animal
was penodically sprayed with ¢ool water. Stimuli were presented in water through
an LC-10 hydrophone acting 25 a speaker 30 cm in front of the lower jaw.

Data Analysis

Wideband EEC (bandpass 1.0-2000 Hz) was recorded on an FM tape record-
er along with trigger codes for subsequent analysis by computer. The EEG was
digitized off-line (213 Hz/channel) after anti-alias filtering (- 3 dB ac 100 Hz).
Pror to averaging it was scanned for amifacts (excessive peak-to-peak deflec-
tions or amplifier blocking).

EAPERIMENT I EFFECTS OF STIMULUS PROBABILITY

[n humans, P300 components are produced by deviant auditory stimuli in on-
gomg trang of tones (Knight, 1984). In Experiment [, we presented novel
auditery sumuli in an effort o produce a P300-equivalent in the delphin. The
stimuli were either computer-synthesized tones (3 or 12 kHz) or sounds which
the dolpmns had encountered in their environment (dolphin calls or a tone-signal
used for training). The environmental sounds were digitized and edited bv
COMmputer.

All stimuli had 300 msec durations (3 msec rise and fall times) and were
presented at fixed 1.5 sec interstimuius intecvals ([50s). Thers were six condi-
tons {Table 3,10 2ach lasting 8 mun. In ezch. three stimuli wers presened—
probable sumuli on 80% of the tals, and two different infrequent stimuli on
0% of the trials 2ach. The stimuli were presented in random order. with proba-
mlities counterbalanced so that the frequent stimulus in one condition was the
infreguent stimulus in another. Each condition had been recorded on an acdio
tape recorder. Dunng the expeniment. these were prasented throegh the LC-10
nydrophone after amplification. Tngger pulses indicating the timing and occur-
rence of different stmuli were recorded along with EEG data for subseguent
decoding by compurer,

Six stimulus sets weree used in all with five different stimuli—tones at 3.0 and
12.0 kHz. two different dolphin calls (FM sweeps), and a 7.3 kHz ““brdge
tone  which had served as a conditioned rzinforcer dunng the traming for
experiment [l which follows.
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Results

Figure 3.1 shows the grand mean ERPs (averaged over stimuli) recorded from a
parictal-mastoid electrode pair in response to frequent (solid line) and infrequent
ithe two dashed lines) stimuli. The ERPs evoked bv both stimulus classes con-
sisted of & sharp P23 component (a relative positivity at the parietal electrode 25
msec afier sound onset). a small negative component {N200). and a broad late
positvity (P330%. followed by a stll later negativity (not illustrated) and a
positivity which was present prior to the start of the next sample (1.1 sec after
sound onsetl. The P350 component was larger to the infrequent stimuli in every
stimulus set (Table 3.1), while the N200 component showed a more variable
enhancement. The P23 compenent was similar in amplitude to frequent and
mnfrequent stimuli. :

Although enhanced P550 amplitudes were elicited by infrequent stimuli in
svery condition of Experiment 1. the greatest enhancements were observed in

FREQUENT — NOVEL ----

| l 1

=800 2 400 B0
msec

FIG. 2.1, ERP; averaged over the five differem simuli when presented with
B0% prodabilicizs tsolid line! and when they were presented 25 Seviant stimuls
with 10% probabilities idashed lines). Note the enhanced amplitude of the P550
component 16 the deviant stimuli. Al ERPs from this and following figures ane
from the parieral-mastoid dervation on the left bermisphers
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TABLE 3.1
Amplitudes {in uY)l af the PS80 Companent Recorded fram Paristal-
Left Mastoid Derivations in the Different Stirmulus Canditions of

Experiment |
Caondition
l z 3 i 3 4

Frequent shism {80%) B0 kH: 120 kH: 2.0 kHz 5.0 kHz Call | Call 2

4.6 6.3 27 4.4 .4 57
Deviane-1 1 L0%) Bridge Bridge 120 kHr 120 kHz Call 2 Call |

rane tone

16.6 3.0 5.0 9.4 4.4 | 527
Deviant-2 (10%) — 2.0 kHz Call | Zall 2 Bridge 3.0 kHz

[one
- 1.7 b4 G.5 5.0 4.3

Peak amplinudes wese measured within the latency rangs of 300-600 msec with respect to the mean
voltage dunng a <08 maec prestimulus interval,

conditions | and 2 (wheee the bridge tone was presented infrequently), and
condition & (with different dolphin calls serving as frequent and infrequent stim-
uli, see Table 3.1). Enhanced PS50 amplitudes wers most promineat in the
parictal-mastold placements. and were not observed ar panetal-spout desivarions.

EAPERIMENT Il. ERPs TO CONDITIONED TOMNE
SEQUENCES

Although the human P200 15 usually associated with low probability of stimulus
delivery, if one stimulug in 2 tr2in of low probability stmuli requires s differen-
ttal response i will ehicit larger P300s than equally improbakble nontalhied sumult
{Courchesne, Courchesne. & Hillvard, 1978}, In Expeniment [[, we axamined
the respeonse to a differentially reinforced stimulus in a random seguence, in
order 1 determine f it would elicit an enhanced P330 component.

Stimuly

The stimuli were five complex wnes which had been synthesized by computer
and recorded on a high fidelicy audio tape recorder, They consisted af sing waves
at & selected fundamental frequency mixed with first and second harmonics of
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equal energy &nd zero phase lag. The fundamentals were selected in one octave
steps from 1.0 to 16.0 kHz. Although the 1wnes had comparable RMS voliages.
they wers nol equated in acoustic energy as monitored in the tank near the
dolphin’s head. All stmuli were 300 msec in duration with 3 msec rise and fall
tmes. :

The third tone in the sequence (4.0 kHz fundamental) was differsntally
reinforced. A series of audio tapes was constructed for the conditioning pro-
cedures, First. the animal was conditioned to associate the presentation of the
bridge tone (7.5 kHz) with the delivery of fish during the fesding period. Then.
the targer tone was presented in isolation at long (20-30 sec) ISks with sach
presentation followed by the presentation of the bridge tone and fish. Subse-
guently. two tone sequences were used (tone 3 and tone 1}, with differential
reinforcement of tone 2. At this peint in the rraining. another tape was con-
structed with all of the tones except the target randomly presented at 1.5 sec 151s.
This tape was presented periodically between feedings so that responses to non-
farget tones would net be associated with reinforcement. Finally. the test tape
was constructed with all of the stimuli. including the targer. presented randomly
[20% probability for each) at fixed 1.5 sec [5]s.

Results

The animal developed a conditioned response 1o the bridas tone characterized
by immediate orienting. and was reported by the trainer to orient to the targer
tone. The ERPs elicited by the equiprobable stimuli are shown in Fig. 3.2.
Components with similar latencies and scalp distributions were produced by each
of the stimuli. The differenually reinforced target tone (tone 33 elicited enhanced
N200 and P350 components in comparison with tones 1. 2, and 3. bur somewhat
smaller N200-P550s than those elicited by tone 4 (8 kHz). A small late positive
component was zlicited by tones 1 and 2. while the target and tones £ and 3
clicited 2 larger P330 component which was comparable in amplitude for the
farzet and tone 4.

In expenment I1, we found enhanced late positive activity (P550) to the targe:
tone and an adjacent nonreinforced 1one as well. However. the results are diffi-
cult o interpret for several reasons. First, the intensities of the wnes possibly
differed dus 1o the resonances of the tank. Second. the higher frequency tones
would be expected w elicit larger respenses at comparable intensities tecause of
the increased sensitivity of the dolphin auditory system to high frequency sounds
{Bullock & Ridgway. 1972; Johnson. 1966). Third. because of the harmenic
structere of the stimuli they mav have been difficult for the dolphin 1o discrimi-
nate, particularly in the restraining tank with acoustic resonances that were
unfamiliar to the dolphin. Finally. although only tone 3 was differentially rein-
forced, the wne which produced the largest N200 and PS50 components (tone 4)
wis closest in fundamental frequency to the bridge tone (7.5 kHz). which had
been directly .paired with reinforcement.
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FIG. 3.2. ERPs elicited by the dif-
ferent complex tones used in the con-
difloning sequence. The tones had
been genecated by computer and con-
sisted of a fundamental and rwo hare
monies af equal energres, The targer
ane (oo, 31 had bean associated witl
the delivery of a conditioned r=in-
farcer {brudge lone. freguency 7.5
kHzd and with food reinfoccement,
All tones were presented with =gual
probabalites,

EXFERIMENT I

Experiment III was designed

. THE RECOVERY CYCLE OF THE
COLPHIN ERP

o examine the effects of stimulus repetition on

auditory ERPs in the dolphin. An avdio tape was constructed to conmol the
timing of function gemerators which delivered tones, clicks. or FM sweeps.
stimuli were presented in trains of six. On 306 of the wials the iner-stimules
mtervals ([SIs) within the rains were fixed at 0.3 sec, and on the remainder of
the trals 131s were 1.0 sec. Trains with different 1S[s accurred randomly. Longer

mntertrain intervals {(ITls, also

randam. and either 2.0 ar 5.0 sec) were inserad

between trains to permit the ERPs at the beginning of the trains to recover more

fully,

Three different stimuii oceurred on a random basis in the trains:

|. Siandard stimuli were presented in the first four positions on all of the

rains, on 30% of the mwains in

the fifth position. and cn 80% of the trains in the
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&th position. The ERPs slicited by these stimuli were used for evaluating recov-
ary cycles.
2. Probe tones (gf a different pitch) were presented in the 5th positdon on
30% of the trains in order to examine the specificity of the PECOVETY DIOCEsS.
3. FM sweeps (going from the frequency of the standard tone 1o the frequen-
cy of the deviant tone or vice versa) wers presentad aon 209 of the trials in the
sixth position.

Each condition lasted 5.25 min and contained a total of 250 stimuli. The
sumuli in each of the three categories (standards. probes. and FM sweeps)
remained constant during a given condition. Standard stimuli were ones. or brief
clicks similar to dolphin sonar pulses. The probe stimuli were identical to the
stendard tones used in other conditions, For example, when the standard tone
was 30 kHz. the probe tone was 80 kHz, and vice versa. The tones were 200
msec in duration with rise and fall times of 5 msec, and frequencies of 10, 20,
30, and 80 kHz. The broad-band clicks were preduced by ringing the LC-10
ydrophone with a square wave (20 psec). Most stimulation was performed at
140 dB re | micropascal.

FREQUENCY

10kHzZ,

20kHz.

JI0kHZ.

FIG, 3.3, Grand mean ERPs elic-
ived by 3060 msec duration tone bursis
ranging in frequency from 10 ki
wilm e toph to B0 kHz rbatam), The ERPs

: - were averaged over the diffesest
stimulus positions 2ad trains wsed
- Expariment [11.

E0kHz.
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Hesults

The components typically elicited by the tone burst stimuli are shown in Fig, 3.3
for a parietal-left mastoid placement. At [2ast five components could be reliably
identified: middle-latency positive and negative waves (P23 and N65), a small
supsequent positivity (FL10). and two prominent long-latency components, the
NZ0O and P430. The P430 component was followed by a broad positivity in
response to deviant probe tones (P330), which was seen 10 a lesser extent follow-
ing the tones at train onset. Comparisons of ERPs from left and right hemisphers
sites showed that the components were symmetrically distribured over the two
nermispheres. P23, N65 and P110 componants wers seen at all sites, but N200
and P450¢P330 components were more clearly observed in parietal-mastoid than
in parietal-snout electrode pairs. A small off-potential. consisting mainly of
middle-latency components. occurred at the higher tone frequencies. The 10 kHz
tone producaed small and delayed late components without evident middle-laten-
cy activity. probably in part because of its lower intensity (due to the bandpass
chargcteristics of the hydrophone). The 20, 30, and 30 kHz wnes produced
middle- and long-latency responses with comparable amplitudes and latencies.

The effects of stimulus intensity were examined on ERPs elicited by 20 kHz

=

wones and click stimuli (Fig. 3.4). Click stimuli elicited prominent middle-laten-

CLICKS TONES
(20 kML)
MNrga o
S
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FIG. 3.4 CGrand mean ERPs at different simulus intensites elicited by brefl
broadband clicks (left) and 20 kHz waes (right). Long-latency components were
elicited by bedh oypes of soimoli, but middle liency components wers more
prominent in response o the click stimuli. The ERPs shown were averaged over
the dirferent stmulus positions and mains wied in Experimen (1.
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cy components with P25 amplitudes in excess of 40 1V, As stimulus intensities
were reduced amplitudes decreased for both middle- and long-latency compo-
nents. with click ERPs showing a broader dyvnamic range than tone responses.

The recovery functions of peak-to-peak measures of the N200-P450 were
comparable for the different tone frequencies and are shown in Fig. 2.5a (aver-
aged over all tones), NZOKD-P430 amplitudes declined markedly with stimulus
repenien. In rains with tones separated by 1.0 sec [Sls, amplitudes declined w
30% of those recorded at the beginning of the train. In trains with 0.5 sec 1S1s.
amplitudes declined to 15% of contol values. In response to click stimuli. the
middle-latency components showed short refractory perieds, and did not vary
systematically with 151 in the rangs tested.

The refractory effects prodeced by stiimulus repetition were hizhly specific to
the conditioning stimulus. Probe tones had N200-P430 amplitudes more than
500% larger than conditioning tones in the same train positon (Fig. 3.5a).
Indeed. probs N200-P430s were larger than ERPs at train onset, suggesting that
the refractory effects produced by the conditioning tones may have been specific
to that stimulus.

S e TONES e
] g, P b e ".M
100 ‘ﬂ‘ﬁbﬂm’ : \
- Fam

i ‘fﬂf*{@ 1% II". Poaw

| 23 4 Belg MTg PRCAE
STIMULUS POSITION

FIG. 2.5a. The recovery funcrions of the N200-P400 component elicited by 300
misss tone bursts. The resuls shown were averaped over ERPs obtained with 140,
=0 and 30 kHz wone bursts in Experiment 111, ERPs 2re shown for stimulus irains
with 1.0 see [0 dtop. solid linet and 0.5 see [505 (boston. dashed line). ERPs
the probe simuli are shown a5 inserts on the upper right. bur data poants for these
races ane off-seale
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A late positive compenent (P350). seen as a shoulder on the F450 1o baseline,
was produced by probe stimuli and stimuli at train onser. Both the PS50 ang Che
P430 were reduced in amplitede during the conditioning train sequence. ERPs
produced by FM-sweeps (not shown) also elicited enhanced and slightly pro-
longed P530 components, but because of the small numbers of wials in this
category the ERPs were noisy and less consistent than those in other stimulus
clagses,

Several parallels were evident between the recovery cycles of human ERPs
obtained in a similar paradigm (Fig. 3.5b) and doiphin responses. First, both the
dolphin N200-P450 and the human N100-P200 were reduced in ampliude to
asymptotic levels by the first several stimuli in a train. Second, in both species
the ERPs were largest at the longest 1S1,

However, several differences were also observed. First, the degree of refrac-
toriness was greater for dolphin than human ERPs, For 2xample, amplitudes in
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FIG. 3.5b, The recovery functions of the M 100 comparsnt of the human ERP in
t group of |2 human subjects in a paradigm similar o thar of Experiment (11
Grand mean ERPs are sveraged over s bjects and different evoking stirmuli. in-
clodirg pure and complex tones, vowels and consomant-vowel-consonant svlla-
bles. ERPs are shown for stimalus trains with [0 see [51s rnop, solid line) 2ad 0.5
sec [31s thortom. dashed line), ERPs 1o deviane nontarger seimuli are shown on the
top right, ERPs w target stimuli IFqUiring a buton press response) are shown o
the bottom sight, Note the cccurmence of a large P3O0 1o the rarger stimuli,
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the 0.3 sec [5I rrains were reduced to abowt 15% of initial amplitudes in the
delphin vs. about 30% in humans. 3econd. 2 larger difference was observed
between ERPs following 6.0 and 2.0 sec intertrain intervals for the dolphin than
for humans. suggesting that the refractory period may have been more prolonged
in the doiphin. Third., the refractory process was more specific in the dolphin. In
humans. tone pips of one pitch reduce NIOO-P200 amplitudes 10 tone pips
separaled by several octaves. [n the deiphin no such reduction was evident: probe
N2K-Pa30 amplitudes were larger than those at train onset.

The probe tones also produced additional late positivity in man (P300) and
dolphin (P50, In humans. when stimulus order is counterbalanced zcross sub-
jects, probe P300 amplitudes are seen to be reduced over successive stimulus
blocks {Woods & Elmasian. 1983). In the dolphin, we were unable 1o determine
if similar amplitede reductions of the P530 occurred. or otherwise operationally
dissociate it from the P430. However, the P350 elicited by the frequency-shifted
tones appeared to be relatively larger than 1o 1ones with similar P450 amplitudes
at frain onsel,

DISCUSSION

The components of the dolphin auditory ERP could be divided into three groups.
Middle-latency components (P25, N60) were most prominent in responses to
alerasonic, broad-band chicks similar to the sonar pulses emitted by free swim-
ming dolphins. The P25 was recorded equivalently in parietal-mastoid and par-
letal-snout placements over an intensity range of more than 50 dB. and was
resistant to stimulus repetition. We have found middle-latency ERPs with similar
properties. including a broad dynamic range and resistance 1o stimulus repeti-
ton, in previous studies wsing indwelling electrodes (Bullock et al.. 1968: Bul-
lock & Ridgway. 19720 Ridgway et al., 1981}, The relative prominence of
rmddle Jatency ERPs evoked by clicks suggests that the dolphin brain may show
a similar specialization for the precessing of sonar signals as found in other
echolocating mamemals (0'Neill & Suga. 1982).

Long-latency N2O0 and P450 components were elicited by tones from 10-80
kHz. These components were comparable in amplitede for wones and clicks. and
could be recorded over a limited range of stimulus intensities. Unlike the middie-
tatency components. the N200-P430 showed a prolonged and highly specific
refractory penod, These refractory properties have not been reported for ERPs in
the car (Buchwald, Hinman. Normman. Huang. & Brown, 1981 Wilder &1 al.,
1981 ) or monkey (Arthur & Starr. 1984), but are similar o those of human long-
latzney N100-F2K components (Picton et al.. 1977 Woods & Elmasian, 1985,

In humans. the refractory period of the N100-P200 has been suggesied o
reflect the degree of memory excitation reguired by 2 stimulus (Picton. Camp-
tell. Banbeau-Braun. & Proulx. 1978). When a stimulus has been presented its
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representation in memery 15 primed so that its reperition produces only a small
additional N100-P200. With increasing ISIs the memory representation decays
s0 that N100-P200 smplitudes are enhanced. When a tone follows another of 2
different pitch, portions of its representation will have been excited so that its
NI1DO-P200 amplitude will be enly partially recovered. Following this line of
reasoning the discreteness of the neuronal representation of a sound in memory
would be reflected in the degres of specificity of the refractory process. If so. the
MOoemaonic representatucn of tones would appear o be more disceete in the dol-
phin than in man, since the ERP recovery functions are more specific.

A second difference between dolphin and human acoustic memory is also
suggested by the data. In humans, ERPs show large increases in zmplitude as
I5Is are extended up to several seconds, and then smaller increases as intarvals
are lengthened further. For example, in humans only small differences in N 100-
P200 amplitude are observed berween 2.0 and 6.0 sec. In the dolphin marked
differences were observed in the N200-P450 at these intervals. This suggests that
in the dolphin the neural excitation may still have been in the r2pidly changing
phase (similar to that observed in humans at shorer intsrvals) at 2.0-6.0 sec [SL
In any case, these charactenstics of the ERP are consistent with a precise and
persistent representation of acoustic features in the memory of the dolphin {Her-
man., [19E0).

[n the dolphin a long-larency positive component (P550) was elicitad in all
three experiments by infrequent or task-relevant stimuli. [t was difficult o dis-
tinguish this component operationally from the P430 since both were enhanced
by the low probability of stimulus delivery, For example in experiment [I1 both
F450 and P350 activity were enhanced following deviant stimuli. In humans the
same relationship is observed between the P200 (emitted in response o deviant
stimuli) and the P2Z00 (enhanced 1o infrequent stimuli because of the specificity
of the refractory process discussed above). However. the PS30/P450 rario ap-
pearsd higher 1o deviant stimuli than to ather stimuli in the train. a5 would be
expected if the P350 were correlated with the processing of startling or deviane
stienuli,

The relatively small amplitude of the P530 components recorded in eXperi-
ment [, which most closely resembied human P00 paradigms, may have been
related 10 several factors. First, the harmonic strecture of the stimuli may have
made them confusing to the dolphin because of echoss and distortion in the
restratning tank. Second. the animal had never heen presented with the stimuli
while restrained and half submerged. and may have axpernenced difficulty’ in
generalizing across different conditioning and test environments, Indeed. in the
absence of an overt motor response we could not be certain thar the animal was
differentiaily responding to the tareet tone.

The small amplitude of the PS50 in expedments [ and 11 may be due o other
factors. First, unless infrequent stimuli cue responses. the P300 components that
they elicit are reduced in amplitude with repeated presentations in humans
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iCourchesne. 1978) and monkevs (Arthur & Starr, 1984). Habituation mav have
similarty reduced P550 amplitudes in the delphin. Second, in P00 expenments
requinng auditory discriminations, humans with perfect pitch have small P300s
(Klein, Coles, & Donchin, 1984). The smail P350s in the dolphin may similarly
reflect a highly evolved capacity for pitch discrimnination.

The latency of the PS50 component also deserves comment. In humans. P300
latencies are related to the time reguired to recognize (MeCarthy & Donchin.
19813, and respond to stimull (Woods, Courchesne. Hillyard, & Galambos.
1980y, Insofar as the latency of the P300-equivalent is indicative of the ume
reguired for processing auditory stimuli in different species, the dolphin would at
first glance appear 1o process at least some avditery stimuli more slowly than
humans, cats (Wilder et al., 1981}, or monkevs (Anhur & Starr, 1984). Howev-
er. several other factors may also have contributed to the prolonged latencies of
the P3530 component which we observed. First, reflections and resonances in the
stmall restraining tank may have made acoustic disciminations mere difficult, In
humans P300 latencies in difficult tasks may exceed 600 msec (Pritchard, 1981}
Second. human P300 latencies are longer than those of equivalent potentials in
animals with smaller brains. Thus, there may be a relatienship between the ume
of tranmission between cenain neurcanatomical structures and the latency of the
P200-1ike component. The prolonged latency of the P350 in the bottlenosed
dolphin is consistent with the large brain size { 130{) grams) of this species. and
suggests that the P300 pathwavs may have increased in length in companson
with terestrial mammals. Third, different species may vary in the extent 1o
which stimuli are used for ““context updating™ (Donchin. [981). A deeper and
more thorough updating mav be associated with longer latency P300s. If so, the
long latzncy of the P300 equivalent in dolphim would be consistent with a
thorough analysis of acoustic inputs, Fourth, P300 latencies in man increase (by
up to 120 msee) with aging (Goodin, Squires. Henderson, & Starr, 1978). If a
similar relationship holds in dolphins the relatively advanced age of our amimal
{22 wears) mav have contributed to the prolonged latencies of the P300-lixe
potennials that we observed.

SUMMARY

We recorded event-related potentials (ERPs) from the skull serface of a bot-
tlenose dolphin ( Tursiops truncarus) in response 1o a variery of auditory stimuli
including pure and complex tones. FM sweeps, clicks. and dolphin calls. The
effects of stimulus repetition and probability on ERPs were examined in thrae
experimenis. In cach experiment. infrequent. deviant sounds (such as dolphin
calls mixed with trains of tones) or task-relevant stimuli (essociated wih rein-
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forcement) were presented at low probabilities in an eifort to elicit endogencus
potentials similar to those which cccur in humans following the presentation of
infrequent or surprising stimuli.

Three classes of responses were recorded. Middle-latency components (P235-
Néd) showed short refractory periods and were maximal in amplitude to brief
click stmuli similar to echolocation pulses. Long-latency components (N200-
P43} showed comparable amplitudes for click and tone stmuli. When stimuli
were repeated, the N200-P450 was markedly reduced in amplitude at all intervals
tested (up to 6.0 sec). This refmctory process was specific to the stimulus
because conditioning tones of one frequency did not reduce N200-P450 ampli-
rudes 1o probe tones of another frequency. The dolphin N200-P450 showed more
marked and specific refractory effects than the human N100-P200 recorded in a
comparable paradigm. The differences may reflect a more precise representation
of auditory stimuli in dolphin short-term acoustic memaory,

Deviant stimuli produced an znhanced long-larency peositive component
(£330 in the dolphin, similar in some respects to the ““decision-related’” P00
wave (n humans.
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