RAPID COMMUNICATION

Differential Representation of Species-Specific Primate Vocalizations
in the Auditory Cortices of Marmoset and Cat

XIAOQIN WANG AND SIDDHARTHA C. KADIA
Laboratory of Auditory Neurophysiology, Department of Biomedical Engineering, Johns Hopkins University School of
Medicine, Baltimore, Maryland 21205

Received 26 March 2001; accepted in final form 25 June 2001

Wang, Xiaogin and Siddhartha C. Kadia. Differential representa- Konishi 1991; Margoliash 1983), and cats (Gehr et al. 2000).
tion of species-specific primate yocalizations in the auditory corticwang et al. (1995a) studied responses to both natural and
of marmoset and cal.NeurophysioB6: 26162620, 2001. A number synthetic vocalizations in populations of neurons in the pri-
of studies in various species have demonstrated that natural vocal iry auditory cortex (Al) of a highly vocal primate, the
tions generally produce stronger neural responses than do their ti Simmon marmoseQallithrix jacchus jacchu It was fou’nd

reversed versions. The majority of neurons in the primary auditog t th ority of h d st t
cortex (A1) of marmoset monkeys responds more strongly to natu gt the majority of neurons showed stronger responses 1o

marmoset vocalizations than to the time-reversed vocalizations. HdWtural marmoset twitter calls than to time-reversed twitter
ever, it was unclear whether such differences in neural responses wi@ls. Time-reversed calls do not bear the behavioral meaning
simply due to the difference between the acoustic structures of natabociated with natural twitter calls but have the same spectral
and time-reversed vocalizations or whether they also resulted from tt@ntents and similar acoustic complexity as the natural calls.
difference in behavioral relevance of both types of the stimuli. To/hile this finding has implications for the role of behavioral
address this issue, we have compared neural responses to natural@rs/ance and species-specificity underlying cortical responses,
time-reversed marmoset twitter calls in Al of cats with those obtaingda|one does not rule out the possibility that differences in
from Al of marmosets using identical stimuli. It was found that thEOrticaI responses may simply be due to differences in the
preference for natural marmoset twitter calls demonstrated in marmo: |\ <. <t ctures between the natural and time-reversed calls
set Al was absent in cat A1. While both cortices responded approx- L . :
e way to address this issue is to study neural responses to

imately equally to time-reversed twitter calls, marmoset Al respond . . .
much more strongly to natural twitter calls than did cat Al. Thiflarmoset twitter calls, in both natural and time-reversed

differential representation of marmoset vocalizations in two corticé@rms, in the auditory cortex of another species that does not
suggests that experience-dependent and possibly species-spegfiigounter marmoset vocalizations in its acoustic environment.
mechanisms are involved in cortical processing of communicatidiie have performed this comparative analysis in domestic cats,
sounds. a mammalian species whose Al shares a number of similar
anatomical and physiological properties with Al of primates.
We reasoned that the differences between responses of cat Al
INTRODUCTION to natural and time-reversed marmoset twitter calls should

Species-specific vocalizations are communication soureidely be due to differences in the acoustic structures of these
that many species rely on for their survival and social interaf¥0 types of sounds because neither bears any behavioral rele-
tions. Communication sounds differ from other types of acou¥ance to the cats used in our study. The results of this study
tic signals in that they are behaviorally relevant to a speciediowed that neurons in cat Al did not exhibit preference to
Although the biological importance of these acoustic signals/farmoset natural twitter calls as observed in marmoset Al and
well recognized (Snowdon et al. 1982), their neural represéh€refore suggest experience-dependent and possibly species-spe-
tation in the cerebral cortex has remained elusive (Wang 2008/J!C mechanisms underlying cortical processing of behaviorally
A fundamental issue in understanding how the auditory systéfievant vocalizations in the auditory cortex of marmosets.
processes communication sounds is whether such sounds are
processed differently from behaviorally irrelevant sounds. BE T
long line of studies of cortical plasticity, both in developmensnimal preparation and recording procedures

and adulthood (see reviews by Buonomano and I\/lerzenicr:i?urgical procedures were described in details in a previous study
1998; Schmidt et al. 1999), suggest that cortical representathzu and Wang 2000). Anesthesia was maintained throughout an

of communication sounds should differ from that of beh‘r’“"oexperiment by intravenous injection of pentobarbital sodium. The

ally irrelevant sounds. o location of A1 was confirmed electrophysiologically. Recording ex-
_ Preference of neural responses to natural vocalizations Oygfiments were conducted with the animal placed within a double-
time-reversed vocalizations has also been reported in variqugl soundproof chamber (IAC-1024) whose interior was covered by
species such as bats (Esser et al. 1997), songbirds (Doupe &mdacoustic absorption foam (Sonex, lllbruck). Multi-unit extracel-
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Fic. 1. Natural marmoset twitter calls used as
stimuli in both marmoset and cat experiments. Each
of the 3 twitter calls (S1-S3) was recorded from an
individual marmoset monkey. The waveforroy)
and spectrogranbptton) of each call are shown. The
amplitude of the waveform was normalized to within
(—1.0, 1.0) for display purpose. The frequency range
shown in the spectrograms is 2-24 kHz. For each
natural twitter call, a time-reversed call was gener-
ated for the experiments (not shown).
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lular recordings were made using tungsten microelectrodes (Micenditions. Eighty-nine units recorded from Al of two marmosets
probe, 1-2 M) impedance at 1 kHz) from the middle cortical layersith CFs between 4 and 9 kHz were analyzed for direct comparison
(depths of 600—90Qum). The characteristic frequency (CF) andwith the data obtained from the cat experiments. Responses of these
threshold were identified using a manually controlled oscillator andits to the three pairs of natural and reversed calls as used in the cat
attenuator. Neural activity was amplified and filtered at 0.3—-7 kHexperiments were analyzed for the present study. The multi-unit
Action potentials were detected by a window discriminator. A1 wagsponses from marmoset A1l were recorded with the same brand of
systematically sampled from dorsal to ventral regions. These expedfiectrode (Microprobe, 1-2 W), at similar recording depths (middle
mental conditions and recordings procedures were comparablectotical layers) and under the same anesthetic condition (barbiturate
those used in earlier marmoset experiments (Wang et al. 1995a) franesthesia) as in the cat experiments. The vocalization stimuli were

which the comparison data were obtained. delivered at 65 dB SPL, 10—-20 repetitions per stimulus.
Mean firing rate, calculated over the stimulus duration, was used to
Vocalization stimuli measure responses to natural and reversed calls for both marmoset and

cat data. We chose to use this simple measure because it reflects the

Three pairs of natural and time-reversed twitter calls (identical to thosgerall responsiveness of the neurons studied in both species and does
used in earlier marmoset experiments) were studied in the cat expggt involve other assumptions. Spontaneous discharge rate was esti-
ments. Figure 1 displays the three natural twitter calls. Details on acauiated from recording intervals prior to stimulus presentations and
sition of these vocalizations were given in Wang et al. (1995a). A&moved from the mean firing rate.s®lectivity indexd) was used to
time-reversed twitter call (hereafter referred torasersed ca)l was quantify the difference between responses to a pair of natural and
generated by reversing the time course of a natural twitter call. Acousiés/ersed calls on a unit by unit basis and is defined as follows
stimuli were delivered under free-field conditions by a speaker located
~1 min front of the animal. The speaker (XTS-35, Radio Shack) had a d = (Ruat = Reew/(Ryat + Reel)
flat (=5 dB) frequency response from 100 Hz to 20 kHz. Vocalizatio
stimuli were generated through a 16-bit D/A converter at 48-kHz sa
pling rate and delivered at 60—70 dB SPL. All stimuli, 20 repetitiegsh, RuafReey = (1 + d)/(1 — d)
were presented in random order. Inter-stimulus intervals wérs.

quivalently

where Ry, and Rz, are mean firing rates due to the natural and

reversed calls, respectively. dvalue of 1.0 (1.0) indicates that a

neuron responded only to the natural (reversed) call. For each stimulus
The results presented in this report were based on 70 units recorgai, only the units with the minimum mean firing rate (eitRgg,, or

from Al of two cats with CFs ranging from 4 to 9 kHz. Responses &¥z.,) > 3 spikes/s were included in the analyses. Statistical signifi

marmoset Al neurons were based on Wang et al. (1995a) and sulss@ce between response measures was evaluated ustegteP <

quent electrophysiological experiments performed under identicaPO1 is considered statistically significant (Tables 1 and 2).

Data analysis

TABLE 1. Comparison of three response measures between marmosets and cats

d RNal RRev

Stimulus S1 S2 S3 All S1 S2 S3 All S1 S2 S3 All

Marmoset 0.479+ 0.361 0.335 + 0.302 0.385 + 0.340 0.403 + 0.341 11.87 + 7.18 11.70 = 8.54 12.6 + 7.62 12.08 = 7.74 561 = 7.11 6.49 = 552 6.88 = 7.52 6.32 = 6.82

(89) (76) (89) (254) (89) (76) (89) (254) (89) (76) (89) (254)

cat 0.047+ 0.265 0.086 = 0.238 0.068 + 0.372 0.068 = 0.297 6.05 = 2.73 6.31 = 3.60 554 + 3.75 596 + 3.39 566 = 2.99 538 + 3.35 4.78 = 3.05 527 + 3.14
(67) (68) (70) (205) (67) (68) (70) (205) (67) (68) (70) (205)

P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.952 0.152 0.029 0.042

Numbers given are means SD (number of samples in parenthesés)s unpairedt-test score comparing the marmoset versus the cat.
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TABLE 2. Statistical significance test betweegRand R, in samples across different animals (Agamaite and Wang 1997;
Epple 1968). A reversed call has spectral contents occupying
Marmoset Cat the same frequency range as does the natural call but has
Stimulus s1 52 s3 s1 s2 s3 downward FM sweeps instead and reversed time courses of
their amplitudes (as reflected in its envelope). The overall
P <0.0001 <0.0001 <0.0001 0.272 0010 0.047 energy of a reversed call is identical to that of a natural twitter

P is pairedt-test score comparinBy, versusRg.,. Numerical measures of call. . . .
Ruat @ndRge, (Means+ SD) are listed in Table 1. In Fig. 2A, mean firing rates of responses to a pair of natural

and reversed calls are compared for the neurons studied in cat
Al. Overall, responses of 69 units are distributed around the
Natural twitter calls are composed of a series of “phrasesjashed line that indicates equal discharge rates to both stimuli.
each of which is made of several upward FM sweeps and th&he difference between responses to the two stimuli is further
harmonics (Fig. 1). The spectral components of the first haquantified by a selectivity index (se&TtHops). The distribu-
monic are centered near 7 kHz and spread to as low as 4-5 kldn of the selectivity index (Fig. B) has a mean of 0.047
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FIG. 2. Cortical responses to a representative pair of natural and reversed twitter calls (stimulus: SleffigAlcomparison
between mean firing rates to natural and reversed dalls; end Rs.,) for individual cortical units studied in cats. - - -, equal

responses to the natural and reversed catlshistogram showing the distribution of the selectivity indel) for cat A1 units
(binwidth, 0.1). The mean of the distribution (0.0470.265, Table 1) is marked (- - -); the equivalél{,/Rx, ratio is 1.1 (see
METHODS). C: comparison betweeRg., and Ry for individual cortical units studied in marmosets. - - -, equal responses to the
natural and reversed callB: distribution of the selectivity index for marmoset Al units (binwidth, 0.1) with the mean (0479
0.361, Table 1) marked by the thick - -rdht); the equivalenR./Rx., ratio is 2.8. The mean of the selectivity index for cats
(from B) is also shown for comparison (- - left). The selectivity index for 2 species differs significantly in their medhs<(
0.0001, Table 1).
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(equivalent to a 1.1 ratio dR\,/Rre,), indicating that natural A

and reversed ce_llls produced approximately gqgal_ responses 0.67 0O cat
over the population of the neurons studied. This is in contrast B Marmoset
to the response characteristics of neurons in marmoset Al
where the same natural twitter call resulted in greater mean
firing rates than did the corresponding reversed call in most of
the 89 units studied (Fig.@. The distribution of the selectiv-

ity index of marmoset Al units (Fig.[?) has a mean of 0.479
(equivalent to a 2.8 ratio d®,,/Rre), Which is far greater than
that of cat A1 neurons. The distributions of the selectivity
indices of two species are statistically differeRt € 0.0001,
Table 1).

Quantitative analyses of responses to all three pairs of nat-
ural and reversed calls are shown in Fig. 3. As is seen in Fig.
2, the disparity in neural selectivity between cat A1 and mar-
moset Al is evident in all three cases. In each case, neurons in
marmoset Al showed significantly higher selectivity index
than did neurons in cat Al (Fig.A3 Table 1). The average
selectivity index over three cases is 0.068 in cats and 0.403 in
marmosetsK < 0.0001, Table 1). The greater selectivity index
in marmoset Al resulted from stronger responses to the natural
twitter calls (Fig. B). On average, mean firing rate of marmo-
set Al neurons is about twice as high as that of cat A1 neurons
in response to natural twitter calls (12.08 vs. 5.96 spikésts,
0.0001, Table 1). Responses to reversed calls (Kijyj. & the
other hand, have similar magnitudes in both species. Mean
firing rate to reversed calls averaged over three cases shows a
small but nonsignificant difference between marmosets and
cats (6.32 vs. 5.27 spikesR,= 0.042, Table 1). Furthermore,
responses to natural twitter calls are significantly larger than
responses to reversed calls in marmosets for all stimulus pairs
tested (Tables 1 and 2). In cats, only a small difference is
observed in the same comparison (Tables 1 and 2). In sum-
mary, these results clearly showed that, on average, neurons in C
marmoset Al responded more strongly to natural twitter calls
than to their time-reversed versions, whereas neurons in cat Al
responded to both types of sounds approximately equally.

—
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DISCUSSION

The Al of cats shares some similarities with the Al of
primates, including marmosets. In both species, Al receives
thalamic inputs predominantly from the ventral division of the
medial geniculate body (Aitkin and Park 1993; Middlebrooks
and Zook 1983; Morel and Kaas 1992; Winer 1992). A tono-
topic map exists in Al of both species (Aitkin et al. 1986; Imig
et al. 1977; Merzenich and Brugge 1973; Merzenich et al. ’

1975). Although the CF progresses from low frequency to high S1 S2 S3 All

frequency rostrocaudally in marmoset Al, whereas it )

progresses in the opposite direction in cat Al, there have been Stimulus

no reports of major differences between the two species imc. 3. Average selectivity index and response magnitudes are compared
basic functional properties of Al as determined by pure tohetween cats() and marmosets] for 3 pairs of twitter calls (S1, S2 and S3).
responses. The hearing ranges of marmosets and cats overld l‘z%’fg\‘z?sﬁzgzxa(‘j’)egg;i over s‘” f;g‘g'f“rsegoggistg;”; ?}Zigi;};"(‘)’”ﬁﬁ”)-
N:!'_ZO kHZ_ (Fay 1988) The_' _frequen_cy range Of_ marmos% an firizg rate of responses to ErJeversed cﬁi‘,l)g\o. The numerical vaITJes are
twitter calls is well within sensitive hearing frequencies of cat§sted in Table 1. * statistical significanceRt< 0.001 (-test) for comparisons
The similar response magnitudes for the reversed calls betweetween marmosets and cats under each stimulus condition (Table 1).
marmoset and cat (Fig.C3 are an assuring indication that

auditory cortices of both species are capable of respondingsistematic bias in these two sets of data obtained from separate
sounds with the acoustic complexity such as that found @&xperiments.

marmoset twitter calls. It further indicates that there was no The natural twitter calls used in this study are biologically

Rgey (Spikes/sec)
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important to marmosets. Twitters are social calls in the makin L anD Park V. Audition and the auditory pathway of a vocal new
moset’s vocal repertoire (Epple 1975) and are frequently useorld primate, the common marmosé’r.o_g Neurobl(_)l41: 345-367, 1993.
in vocal exchanges between members of a colony (WaﬁQﬁNOMANO DV anp MEerzenicH MM. Cortical plasticity: from synapses to
. aps.Annu Rev Neuros@1l: 149-186, 1998.
2000). They beqr, however, no behavioral relevance to the CBLRpeAd. Song- and order-selective neurons in the songbird anterior forebrain
L_mder StUde_Wh|Ch were never exposed to marmoset V0_03||2362nd their emergence during vocal developméntieuroscil7: 1147-1167,
tions. The time-reversed twitter calls are not behaviorally1997.
meaningful to both marmosets and cats. The differential r@eureAJ anp KonisHi M. Song-selective auditory circuits in the vocal control
sponses due to natural and reversed calls observed in marmaystem of the zebra fincRroc Natl Acad Sci USA&8: 11339-11343, 1991.
sets. but absent in cats suggest that neural mechanisms O%ﬁgéFG' Comparative studies on vocalization in marmoset monkdgpdli-
! . ! . . ae). Folia Primatol 8: 1-40, 1968.
than those respo.nS|bIe f0r. encodmg aCOUStI(_: structures Qf C >LE G. The behavior of marmoset monkeys (Callithricidae). Pnimate
plex sounds are involved in cortical processing of behaviorallygenayior: Developements in Field and Laboratory Researtited by
|mportant communication sounds. These mechanisms may INRosenblum LA. New York: Academic, 1975, vol. 4, p. 195-239.
clude experience-based and developmental plasticity (furisser KH, Conbon CJ, SiGA N, AND KanwaL JS. Syntax processing by
tionally and/or structurally) as well as predisposed and specialauditory cortical neurons in the FM-FM area of the mustached bat Pterono-
ized circuitry in the marmoset’s auditory system that does notus pamelli.Proc Natl Acad Sci USA4: 14019-14024, 1997.
exist in cats. Such mechanisms represent the adaptation Of%RR' Hearing in Vertebrates: A Psychophysics Datahodknnetka, IL:
’ i

di . diff - Il-Fay Associates, 1988.
auditory system to sensory environment over different tln}%HR DD, Komiva H, aND EGGERMONT JJ. Neuronal responses in cat primary

scales (from days, years, to generations). It has been demoRuditory cortex to natural and altered species-specific dabar Res150:
strated that learning spatial-temporal sensory input patterng7—42, 2000.

resulted in reorganization of response properties accordinglylie TJ, RiIGGEROMA, KiTzes LM, JAVEL E, AND BRUGGEJF. Organization of
the sensory cortices of primates (Recanzone et al. 1992; War?iditory cortex in the owl monkey (Aotus trivirgatus)Comp Neuroll77:
et al. 1995b). There was also evidence in songbirds that neus: 1-128, 1977. . .

. - T anDp WanG X. Temporal discharge patterns evoked by rapid sequences of
rons selective to bird’s own song emerQEd from d_eYeIOpmenLtvide— and narrowband clicks in the primary auditory cortex of datleu-
(Doupe 1997). A recent study showed that plasticity of thegpnysiolgs: 236246, 2000.
cochleotopic map has different characteristics in the auditowircoLiasH D. Acoustic parameters underlying the responses of song-specific
cortices of mustached bats and Mongolian gerbils (Sakai andeurons in the white-crowned sparrodvNeurosci3: 1039-1057, 1983.
Suga 2001)' Suggesting Species_speciﬁc mechanisms OperdﬂﬁgENI-CH MM anD BRuGGE JF. Representation of cqchlear partition on the
at ALl. While it is unclear which or all of these mechanisms Superior temporal plane of the macaque monkgain Res50: 275-296,
hav_e Cont”bl*_'ted to the observed dlffere_znt|al responses, mEQZENICH MM, KNIGHT PL, AND RoTH G. Representation of cochlea within
findings of this study suggest that experience-dependent angtimary auditory cortex in the caf. NeurophysioB8: 231249, 1975.
possibly species-specific mechanisms are involved in cortidéboLesrooks JC aND Zook JM. Intrinsic organization of the cat's medial
processing of behaviorally important communication sounds. |igeniculate body identified by projections to binaural response-specific bands

. . L - ~in the primary auditory cortexJ Neurosci3: 203—-224, .
remains unclear Wheth.er the Ob,serVEd disparity in ,Cort' LREL ApAND ||';yAAS JH. ySubdivisions and connections of auditory cortex in
responses was created in A1 or might have been contribute | monkeys.J Comp NeuroB18: 27—63, 1992.
subcortical processing. Our result has direct implications fetcanzone GH, ScHreiNer CE, anD MERzenicH MM. Plasticity in the pri-
interpreting neural responses to natural and artificial sounds. Inary auditory cortex following discrimination training in adult owl mon-
argues strongly that the exploration of cortical mechanisrgAé‘eVS-J Neuroscil3: 87-104, 1992. . .

- . . kal M anD Suca N. Plasticity of the cochleotopic (frequency) map in
reSp‘?nS'b'e for e”COO,"ng communication sounds must be bas%gecialized and nonspecialized auditory corti¢&®mc Natl Acad Sci USA
on biologically meaningful models. 98: 3507-3512, 2001.
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