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In congenitally deaf cats, the central auditory system is deprived of acoustic 
input because of degeneration of the organ of Corti before the onset of hearing. 
Primary auditory afferents survive and can be stimulated electrically. By means 
of an intracochkar implant and an accompanying sound processor, congenitally 
deaf kittens were exposed to sounds and conditioned to respond to tones. After 
months of exposure to meaningful stimuli, the cortical activity in chronically 
implanted cats produced field potentials of higher amplitudes, expanded in area, 
developed long latency responses indicative of intracortical information pro- 
cessing, and showed more synaptic efficacy than in naTve, unstimulated deaf 
cats. The activity established by auditory experience resembles activity in 
hearing animals. 

Self-organization and plasticity are the out- 
standing features of the cerebral cortex (I). In 
all sensory modalities, these processes de- 
pend on external stimuli. In ontogeny, critical 
periods seem to exist during which an exter- 
nal influence is required to trigger the subse- 
quent steps of central development (2). In 
cases of sensory deprivation, however, this 
process is arrested. This is of particular im- 

portance in congenitally deaf patients, whose 
deafness can now be treated by cochlear im- 
plants. When adults who are congenitally or 
prelingually deaf receive cochlear implants, 
the results are disappointing (3). They never 
gain language competence and often request 
that the implant be removed. In contrast, 
early cochlear implantation in congenitally or 
prelingually deafened children can lead to 
nearly perfect acoustic communication and 
language competence (3). However, the neu- 
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are faced with the additional difficulty that bone 
conduction leads to auditory sensation even if 
the ear canals are blocked. Thus, properly con- 
trolled experiments on auditory deprivation 
have not yet been carried out. 

Congenitally deaf cats (CDC) provide the 
opportunity to study the maturation of central 
auditory structures that have never received 
specific sensory input. In this strain of ani- 
mals, the organ of Corti degenerates before 
the onset of hearing function (5, 6). The 
auditory cortex of these CDCs is naive with 
respect to auditory experience. Because the 
auditory nerve fibers survive nearly com- 
pletely in young CDCs (5), the auditory path- 
ways of these animals can be activated by 
electrical stimulation through a cochlear im- 
plant (7). 

The recruitment of the auditory cortex by 
electrically induced hearing experience was 
studied in six congenitally deaf kittens (8). At 
an age of 3 to 4 months, the animals were 
unilaterally implanted with intracochlear 
electrodes and chronically stimulated (9). 
Complete deafness of all experimental ani- 
mals was previously verified by the absence 
of acoustically evoked brainstem responses 
[clicks > 120 dB peak equivalent @.e.)] at 
the age of 4 weeks (5). Control data were 
collected from five nayve, previously un- 
stimulated CDCs and two normal hearing 
cats acutely deafened by intracochlear appli- 
cation of neomycin (10). These control ani- 
mals received intracochlear electrodes at the 
beginning of the acute experiment. One of the 
chronically implanted CDCs was used for 
behavioral studies only. 

After an 8- to 10-day recovery period, the 
cochlear implant of the chronic cats was con- 
nected to a sound processor worn in a jacket. 
This customized processor applied single- 
channel compressed analog coding strategies 
as used in VIENNA-type human implants 

Fig. 1. (Top) Video sequence (left to right) of 
the response of an implanted deaf cat to con- loo 

ditioned stimulus. Both cats were implanted 
and conditioned; the implant was active only in - 80 
the left-hand animal (see text). (Bottom) 3 
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(11) and provided a time code of the acoustic 
signal, stinlulatiilg a large propoition of the 
basal fibers (12). Cochleotopic representation 
is not provided with this coding strategy. 

The sound processor was continuously ac- 
tive day and night; the animals could freely 
move. They received acoustic inputs from 
their e i~viroment  and self-produced sounds 
as would a iloilnal hearing kitten under en- 
riched laboratoly conditions. To reinforce the 
use of the auditoly channel, we used a con- 
ditioning procedure in which tones (437-Hz 
sinusoid) served as stimuli for the dispeilsing 
of food pellets (13). 

In all animals of the experinlental group, 
sound stinluli evoked piillla reflexes irnmedi- 
ately upon activation of the souild processor. 
This indicates that the acoustic brainstem re- 
flexes were functional even ~vithout previous 
auditoiy experience. In fact, these piilna re- 
flexes were used to adjust the strength of the 
stim~llation current (11). 

Within 1 to 3 weeks, the cats reliably 
responded to the conditioned tones. Leaining 
cuwes of two CDCs and one hearing cat are 
shown in Fig. 1. Also, outside the condition- 
ing situation, the implanted cats reacted to 
sounds. They actively searched for sound 
sources. learned to respond to human calls. 
and could be awakened by sound. The top 
panel of Fig. 1 shows the behavior of im- 
planted cats. To demonstrate the Impact of 
the conditioned stin~ulus, Ive took this se- 
quence while cats were eating. Only in the 
left-hand cat was the sound processor active. 
Upon the stimulus, the "hearing" cat leaves 
the food to receive the reward expected, a 
particularly loved food pellet. 

The behavioral observatioils were con- 
filmed by electrophysiological data (14). hldi- 
vidual cats were investigated after 1; 2, or 5.5 
months of auditoly experience. Field potentials 
from the contralateral auditory cortical surface. 
their intracortical depth profiles. and single-unit 
and multiunit activity were recorded with glass 
microelectrodes. Furthermore, the synaptic cur- 
rents in the different cortical layers were re- 
vealed by means of current source density 
(CSD) analyses. In one chronic cat, the ipsilat- 
era1 cortex was also investigated. 

Middle latency cortical field potentials 
increased during the course of chrollic 
stimulation, and long latency responses ap- 
peared. Figure 2, A and B, presents field 
potentials evoked by intracochlear electri- 
cal stimulation (14) in an area of the audi- 
tory cortex that corresponds to A1 in nor- 
mal hearing animals. Recordings were tak- 
en at 70 to 100 places in A1 (see sketch in 
Fig. 2). Examples taken at the loci of max- 
imal amplitudes are provided. Even in a 
nai've CDC. who had not received electrical 
stimulation before. there is a middle laten- 
cy response (<30 ms latency) [see also 
(lo)]. However, no long latency responses 
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Fig. 2. (A and B) Field potential amplitude (maximum response t o  pulsatile electrical stimuli) (76) 
o f  a na'ive unstimulated and a chronically stimulated deaf cat. For comparison, an acoustically 
evoked response (condensation click, 50 p,s, 80-dB SPL p.e.) in  a normal cat is shown in (C). 
Poststimulus t ime  histograms (D t o  G) of  mult iunit  recordings in  the  auditory cortex o f  na'ive and 
chronically stimulated deaf cats [electrical st imuli  (15)]. The first 9 ms are blanked out  t o  suppress 
stimulus artifacts. A sketch o f  the investigated cortical area is shown a t  the  top  o f  the figure. SSS, 
suprasylvian; AES and PES, anterior and posterior ectosylvian sulci. 

were found in the field potentials of any of 
the nai've CDCs. In chronically implanted 
and stimulated CDCs. the initial middle 
latency response increased. In the cat stim- 
ulated for 5.5 months. it was 2.4 times as 
large as that of nai've cats (mean 818.6 -C 
361.9 versus 336.5 -C 54.9 pV; P = 

0.0002, one-tailed t test) and 1.6 times as 
large as the amplitude measured in an elec- 
trically stimulated ilormal hearing cat 
[508.5 i 154.8 pV:  P = 0.0015, one-tailed 

t test; not shown in Fig. 2, see (lo)].  In 
addition, late components near 150 ms ap- 
peared in the stimulated CDCs. For com- 
parison, Fig. 2C illustrates the potential 
recorded in a normal hearing animal stirn- 
ulated with an acoustic click [80-dB sound 
pressure level (SPL) p.e.1. In the one chron- 
ic cat in which recordings were also made 
from the ipsilateral cortex, a similar but 
smaller increase was seen. 

The field potential data were supported by 
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Fig. 3. Colorioded am- 
plitude of the first pm 
itive wave of field po- 
tentials elicited by in- 
tra&lear stimulation 
(76). For cortical area 
shown, see Fig. 2. R e  
sponses from a naive 
CDC (A), from an 
acutely deafened hear- 
ing cat (B), and from 
two chronically stimu- 
lated CDCs (C and D). 
Identical stimulation in 
all panels. 

A unstirnulated 
(naive) 

B hearing c F 

naive CDC A stimulated CDC (5.5 months) C Flg. A CSD analyses in 
hearing control (A and BI a naive deaf 

w m t  source density L otentials "l? m n t  source density fieldpotentials current sourca density 

layer 

&, (C a id  D) a chron- 
ically stimulated deaf 
cat, and (E and F) an 
acutely deafened hear- 
ing control Scales pre- 
sented are identical for 
all subfigures. Same 
data in top and bottom 
panels with different 
time scales. Uppermost 
recording in field poten- 
tial is cortical surface; 
in CSD, it is m p m  
depth. Further traces 
with additional MO-p,rn 
steps each are shown. 
Cortical depths are 
transformed into corti- 
cal layers (74). Layers V 
and VI cannot be differ- 
entiated reliably and 
therefore are marked 
VNI. Shaded area. are 
sinks. 
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recordings of multiunit activity (Fig. 2, D to latency <30 ms (Fig. 2D). No late responses to 150 ms (Fig. 2E, 56% of the recordings), 
G). In naive, previously unstimulated CDCs, were ever seen. In chronically stimulated an- (ii) onset responses, followed by a silent in- 
multiunit activity elicited by sinusoidal intra- imals, three response types could be differen- terval but late activation (> 150 ms, Fig. 2F, 
cochlear electrical stimulation (15) uniformly tiated: (i) onset responses similar to those of 43%), and (iii) rare (1%) type without onset 
consisted of an early response with a peak naTve cats followed by prolonged activity up peak (Fig. 2G). Response types i and ii were 
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also seen in single-unit activity, indicating 
that this finding is unlikely to result from 
summation of different types of units. Long 
latency activity was present after only 1 
month of stimulation in all three cats studied. 

In addition, the coitical area responding to 
the electrical intracochlear stimulus (16) ex- 
panded with increasing experience of the CDCs 
(Fig. 3). Color-coded amplitudes of the middle 
latency components of the field potentials over 
the auditoiy cortex are illustrated in a nalve, 
unstimulated CDC (Fig. 3A), two implanted 
CDCs with 2 and 5.5 months of auditoiy expe- 
rience (Fig. 3; C and D), and one acutely deaf- 
ened nonnal cat (10) with identical intraco- 
chlear electrical stimulation (Fig. 3B). In the 
chronically stimulated animals, the active cor- 
tical area expanded. The increase in active area 
(amplitude 2 300 pV) was a factor of 7.3 in the 
cat stimulated for 5.5 months compared with 
nayke cats. 

The change of neuronal activity in chron- 
ically stimulated CDCs was based on an in- 
crease of synaptic activity as shown by cur- 
rent source density analyses (14). Field po- 
tentials were recorded in depths down to 
3600 pm in the coi-tical area showing maxi- 
mal field potential amplitudes (Fig. 3). Six to 
eight tracks were recorded, with an intertrack 
distance of 500 pm. Data from a naive CDC; 
a chronically stimulated CDC, and a norinal 
hearing acutely deafened cat are shown in 
Fig. 4. The electrical stimulation was identi- 
cal in all animals (16). 

Activity in the nai've CDC occui~ed 10 to 
30 ms after stimulus in layer IV and, partic- 
ularly, in supragranular layers I1 and I11 (Fig. 
4A). After 50 ms; synaptic activity was vir- 
tually absent (Fig. 4B). In chronically stirnu- 
lated CDCs, there was an increase in peak 
synaptic current during the first 50 ms in all 
layers (Fig. 4C). This effect was significant 
after 2 months of stimulation (one-tailed Wil- 
coxon-Mann-Whitney test, P < 0.05). 

A closer analysis of the temporal sequence 
of the synaptic activity (1 7) showed that in 
nalve cats, synaptic currents were found nearly 
exclusively with middle latencies and within 
layers IV, 111, and 11. In chronically implanted 
cats, the activity started in layers V, IV, 111, and 
I1 and then continued also in infragranular lay- 
ers. Latencies reached and exceeded 300 ms 
(Fig. 4D). This temporal and local sequence of 
events resembles the results obtained fiom elec- 
trically (Fig. 4, E and F) or acoustically (1 7) 
stimulated normal cats. 

Our behavioral and the nemophysiological 
data indicate that the auditory cortex of chon- 
ically implanted animals is used for the process- 
ing of acoustic stimuli. In these animals, func- 
tional maturation took place between the third 
and eighth month of life. The changes in neu- 
ronal activity occurred soon after the initiation 
of chronic stimulation. Long latency responses 
were already observed after 1 month of hearing 

experience. The enlargement of the active cor- 
tical area took 2 months or more to develop. It 
is assumed that these developments were pos- 
sible because the animals were implanted at an 
early age. 

The changes described in the cortex are 
supposed to comprise maturational processes 
and neural plasticity at all levels of the audi- 
tory pathway. Larger areas of the central 
nucleus in the inferior colliculus can be acti- 
vated after part-time chronic stimulation of 
neonatally deafened cats with regular stimu- 
lus patterns (18). Reductions in wave IV am- 
plitude of the electrically evoked brainstem 
response are also reported in neonatally deaf- 
ened cats (19). When inteipreting these re- 
sults, consider that the population of spiral 
ganglia is extremely reduced with neonatal 
pharmacological deafening (19). However, 
chronic electrical stimulation improves nerve 
sun~ival in these animals (20). 

\JTe assume that the major adjustments seen 
here took place within the auditory coitex. 
1 ; 1 '-dioctadecyl-3;3;3',3'-tetramethylindocarbo- 
cyanine perchlorate-staining experiments have 
shown that the number of dendrites, as well as 
of dendritic branches, are significantly reduced 
in CDCs compared with normal animals (21). 
This is reflected in small amplitudes of CSD 
signals in nak~e CDCs (Fig. 4, A and B). The 
increase of CSD signals after auditoiy experi- 
ence (Fig. 4, C and D) suggests an increase in 
gross synaptic currents. This may indicate an 
increase in synaptic efficacy or sprouting or 
both. For further clarification, morphological 
studies are necessaiy. Late components in CSD 
signals (up to 300 ms) indicate long latency 
synaptic activity within the auditory coitex, 
which is not present in naive animals. This long 
latency synaptic activity is indicative of intra- 
cortical information processing. It is probably 
the source of late components in the evoked 
potentials developing in cochlear implanted 
children (22). As the observed effects took time 
to develop, it is also unlikely that a lack of 
inhibition from the unstimulated fibers of the 
auditory neme is responsible for the larger field 
potentials (23). 

Major differences in the organization of 
the auditoiy cortex in the stimulated CDCs 
compared with normal hearing cats are to be 
expected. This is due to the activity pattern in 
the auditory nerve, which is largely different 
from the pattern present in noimal hearing 
cats (24). hTo cochleotopic differentiation is 
possible with a single-channel stimulating de- 
vice. The infoimation available is based on 
the time structure of the discharge train. 
Thus, central evaluation strategies developed 
by the implanted cats most likely differ from 
those of norinal cats. An indication may be 
seen in Fig. 3. The cortical area activated in 
an acutely deafened noimal cat is smaller 
than that activated after long-term stimula- 
tion in an implanted CDC. Although stinluli 

were physically identical, the actual electrical 
stimulus was "inadequate" for the auditory sys- 
tem of the acutely deafened animal relying also 
on cochleotopic information. Nevertheless, our 
implanted animals learned to make use of their 
auditory system and showed adequate respons- 
es to acoustic stimuli. The present experiments 
therefore reveal both maturation and cerebral 
plasticity. 

The results show that without afferent input; 
the auditoiy cortex remains ludimentaiy. This 
deficiency can be overcome by reafferentation 
of the depiived auditory channel by substitution 
of the missing cochlear activity. This model 
comprises all factors related to early treatment 
of deafness in infants. After implantation, a 
continuous input of relevant acoustic stimuli 
mimics norinal conditions. The animals display 
exploratory behavior and are attentive and mo- 
tivated, factors known to strengthen cortical 
plasticity (25). A similar recruitment of the 
auditory cortex is likely to be the basis of 
hearing acquisition in prelingually deaf infants 
after early cochlear implantation. 
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A Chemical Inhibitor of p53 
That Protects Mice from the 

Side Effects of Cancer Therapy 
Pave1 G. K o m a r ~ v , ' ~ ~ *  Elena A. Komarova,'* 

Roman V. Kondratov,'s5 Konstantin Christov-T~elkov,~ 
John S. Coon,2 Mikhail V. C h e r n ~ v , ~  Andrei V. Cudkov,'t 

Chemotherapy and radiation therapy for cancer often have severe side effects 
that limit their efficacy. Because these effects are in part determined by 
p53-mediated apoptosis, temporary suppression of p53 has been suggested as 
a therapeutic strategy to prevent damage of normal tissues during treatment 
of p53-deficient tumors. To test this possibility, a small molecule was 
isolated for its ability to reversibly block p53-dependent transcriptional 
activation and apoptosis. This compound, pifithrin-a, protected mice from 
the lethal genotoxic stress associated with anticancer treatment without 
promoting the formation of tumors. Thus, inhibitors of p53 may be useful 
drugs for reducing the side effects of cancer therapy and other types of 
stress associated with p53 induction. 

p53 fi~nctions as a key component of a cel- 
lular emergency response mechanism. In re- 
sponse to a variety of stress signals, it induces 
growth assest or apoptosis: thereby elirninat- 
ing damaged and potentially dangerous cells 
fsorn the organism ( I ) ,  Thep.53 gene is lost or 
mutated in most human tumors (2). Lack of 
functional p53 is accompanied by high rates 
of genomic instability, rapid tumor progres- 
sion: resistance to anticancer therapy: and 
increased angiogenesis (3). p53 deficiency in 

mice is associated with a high frequency of 
spontaneous cancers (4). On the basis of all 
these observations, the inactivation of p53 is 
viewed as an unfavorable event: and inuch 
effort has been expended to facilitate antican- 
cer treatment by restoring p53 function. 

However, the role of p53 in cancer treat- 
ment is not limited to its involvement in 
killing tumor cells. 111 mice; the p53 gene is 
highly expressed in several nollnal tissues, 
including lymphoid and hematopoietic or- 
gans, intestinal epithelia, and the testis, and it 
is these tissues that are damaged by antican- 
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