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Abstract

The mismatch negativity (MMN), a component of event-related potentials (ERPs), is assumed
to reflect a pre-attentive auditory discrimination process. Although an involvement of
hippocampal structures in deviance detection was shown in animal experiments, invasive
recordings in humans have not been able to provide such an evidence so far. In the current
study, ERPs were recorded from intrahippocampa and scalp electrodes in 16 epilepsy
patients. Stimulation consisted of trains of six tones, with one tone deviating in duration (100
vs. 50 ms). In the rhinal cortex, ERPs elicited by deviants were larger in amplitude than those
of standards (around 200 ms). The rhinal activation was succeeded by a long-lasting
hippocampal ERP component (around 350 ms). However, in contrast to the rhinal activation,
hippocampal activation was also elicited by the 1% stimuli of the train and might, therefore, be
related more to salience detection than to deviance detection. The current study provides
evidence that the MMN is part of a multistage comparison process and that the rhinal cortex is

part of its underlying cortical network.
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I ntroduction

The mismatch negativity (MMN) is one of the most intensely investigated components of
event-related potentials (ERPS). It is thought to reflect a pre-attentive auditory discrimination
process, as it is elicited by discernible changes in an otherwise uniform auditory stimulation,
in absence of directed attention. It is assumed that the MMN results from a comparison
process between a memory trace of the repeated and the incoming deviant sound (N&tanen,
2001). For the elicitation of an MMN, the memory trace of the standards must be established
and in an active state (Cowan et al., 1993).

Disruptions of this function have been described for various neuropsychiatric diseases, e.g.
schizophrenia (first reported by Shelley et al., 1991) or Alzheimer’s disease (first reported by
Pekkonen et al., 1994). For a better understanding of pathological processes leading to an
attenuation (or delay) of the MMN, more detailed knowledge about the generating structures
of the MMN would be helpful. Recent studies have revealed a cortical network of mainly
bilateral temporal, but also frontal and parietal structures, involved in the generation of the
MMN (for overview: Rosburg et al., 2005). Furthermore, anima data revealed deviance
related activity aready on the level of the medial geniculate body and the colliculus inferior
(Csepe et d., 1993), as well as of the nonprimary thalamocortical pathways (Kraus et al.,
1994), suggesting a multistage comparison process involved in auditory deviance detection.
From a theoretical point of view, an involvement of the hippocampus in the generation (or
modulation) of the MMN appears to be likely, as the hippocampus is assumed to act as
comparator and novelty detection system (Sokolov et al., 1960; Vinogradova, 2001). The role
of the hippocampus in novelty detection is stressed by studies showing that hippocampal
lesions resulted in a diminution of the novelty related cortical activity (P3a), but also in
reduced autonomic skin responses to novel stimuli (Knight, 1996). The MMN and P3a are
often observed in immediate succession in passive oddball paradigms (Escara et al., 2000).

However, it is open whether MMN and P3a share functional and/or anatomical properties
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although the temporal lobe sources of the neuromagnetic MMN and P3a were found to be
located in relatively close vicinity (Alho et al., 1998). It is also not clarified whether the
hippocampus is directly involved in sound deviance detection or whether hippocampal
deviance related activity reflects an hierarchically higher order process.

Positive findings for hippocampal contribution to MMN generation originate from animal
research. Research was initiated by Valeria Csepe and co-workers who reported on a deviance
related activity in the hippocampus of cats, occurring at alatency range of 30-50 ms and thus
coinciding with MMN-like activity recorded over the auditory cortices (Csepe et al., 1987;
1988). Other researchers did not detect this early hippocampal activity consistently across
their experimental animals, but alater deviance-related negativity between 100-170 ms which,
however, was regarded as correlate of the P3a (Ruusuvirta et al., 1995b). In a study of this
group on rabbits, early deviance related activity was detected in the hippocampus, but it did
not exhibit an MMN-like dependence on standard stimuli (Ruusuvirta et al., 1995a) and
might, therefore, not be regarded as an analogue of the MMN.

While animal studies are helpful in many aspects, it is often difficult to draw direct conclusion
from animal data on human data because of the tremendous cortico-anatomical differences
between species. The contribution of the hippocampus in the generation of human MMN (and
any other ERP component) is difficult to investigate by scalp EEG because of the closed field
structure of the hippocampus (Klee and Rall, 1977). Therefore, invasive recordings offer the
nearly exclusive possibility to investigate hippocampal functions with high temporal
resolution. However, in contrast to animal studies, invasive recordings in humans have given
no evidence of an hippocampal involvement in MMN generation. Kropotov and co-workers
investigated the MMN on frequency deviants in the hippocampus of three patients with
obsessive compulsive disorder (Kropotov et al., 1995) and fourteen patients with epilepsy and
Parkinson’s disease (Kropotov et a., 2000). In both studies, an MMN was observed above the

auditory association cortex, but not in the hippocampus. Other studies recorded strong
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deviance related hippocampal ERPs (P3b) in active oddball paradigms, but no systematic
deviance related ERP when subjects were ignoring the stimuli (McCarthy et al., 1989;
Halgren et al., 1995). Also, a lesion study proposed a minor role of the hippocampus in
preattentive discrimination processes. Patients with hippocampal lesions did not exhibit a
reduced MMN (Alain et a., 1998). However, two recent ERP studies showed that the
hippocampus was activated by uniform auditory stimulation after long interstimulus intervals
(ISls) (Grunwald et al., 2003; Boutros et al., 2005).

Taken together, animal and human data are diverging and empirical evidence for an
involvement of the human hippocampus in MMN generation is still missing, maybe owing to
the limited number of conducted studies by means of invasive recordings. The aim of the
current study was to evaluate ERPs invasively recorded from the hippocampus and the rhinal
cortex (Fig. 1) in a passive oddball paradigm. The stimulation consisted of trains of six tones,
with one deviating in its duration. Sound deviance was expected to result in a stronger
hippocampal response as compared to standard tones. As auditory stimuli were found to elicit
hippocampal activity which was suppressed by stimulus repetition (Grunwald et al., 2003;
Boutros et al., 2005), an analysis of this response decrement by stimulus repetition was
regarded as helpful for an understanding of the hippocampal ERPs and dissociate effects of
sound deviance from effects of sound salience. Intracranial data were compared with
simultaneously recorded data from the scalp. Finally, all data were screened for a possible
occurrence of long-term habituation, as previous studies have shown a response decrease of

the MMN within experiments (McGee et a., 2001; Rosburg et al., 2004).



Methods

Subjects

Total study group consisted of 33 epilepsy patients, undergoing presurgical evaluation with
depth electrodes in the mesial temporal lobe. Data of patients with bilateral Ammon’s horn
sclerosis (AHS) (n = 3) or an unilateral implantation on the side of the AHS were excluded (n
= 7). 7 other data sets were excluded for the following reasons: in 3 recordings, more than 50
% of the trials were affected by spike activity. In 2 subjects, depth electrodes were not placed
exactly in the target region, and 2 other subjects were excluded because they did not exhibit
an MMN signal at the Cz electrode, leaving the possibility that they were not able to
discriminate the standard and the deviant sound. The final sample consisted of 16 patients (9
males, average age 33.5 years, range 24 to 45). 4 of these patients had been included in a
previous study (Rosburg et al., 2006). All patients were on anticonvulsive medication at the
time of recording: 7 patients received levetiracetam (1000-3500 mg), 7 patients lamotrigine
(300-600 mg), 2 patients pregabalin (150-300 mg), 2 patients carbamazepine (1000-1200 mg),
1 patient each oxcarbazepine (1500 mg), phenytoin (250 mg) and gabapentin (2800 mg). 10
patients were medicated additionally by benzodiazepines. Patients gave written consent after
being thoroughly informed about the purpose of the study. The study was approved by the

ethics committee of the University of Bonn.

Simulation

Subjects were binaurally stimulated by earphones with 100 trains of six tones (five standards
and one deviant). Standards and deviants were identical in pitch (1000 Hz) and intensity (50
dB above hearing level), but deviants were longer in tone duration (standards. 50 ms,
deviants: 100 ms, including 5 ms rise and fall time each). A deviant occurred with equal
chance at position 3, 4 or 5 of the train. The tones were separated by 981 ms and the trains by

5000 ms. Subjects were instructed to sit relaxed on their chair and watched a movie of their
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own choice during recordings, with the sound switched off. The subjects were neither
informed about the occurrence of the tone deviance, nor was a response required to the

deviance. Attention was not actively controlled.

Recording and data analysis

All patients included in the study had at least one catheter-like, 1 mm thick silastic depth
electrode, implanted via the longitudinal axis of the medial temporal lobe from an occipital
approach (van Roost et a., 1998). These electrodes had 10 cylindrical platinum contacts of
2.5 mm every 4 mm. Electrodes were implanted with the most anterior contacts reaching the
rhinal cortex and the more posterior contacts targeting the hippocampa body (Fig. 1). The
stereotactic localization of the electrodes was based on computer tomography scans.
Electrophysiological data were recorded at a sampling rate of 1000 points/s in a quiet
environment, with mastoids as references. Recordings were simultaneously obtained from
depth electrodes and six scalp electrodes (Cz, C5, C6, T5, T6, Oz). Impedance of scalp
electrodes was kept below 5 kO.

As the MMN in scalp recordings is maximal at fronto-central electrodes, analysis of scalp
data focused on data from Cz. Previous studies (Grunwald et al., 2003; Boutros et al., 2005)
on sensory gating let us expect differential low frequency signals in the rhinal cortex and
hippocampus. The rhinal and the hippocampal contact exhibiting the strongest (positive or
negative) response on either the 1% tone of the train or on the deviating sound were selected
for further investigation. Contacts located in the rhinal cortex and hippocampus were
differentiated anatomically, on basis of magnetic resonance imaging (MRI) scans, obtained in
the clinical post-operative routine. All 16 patients included had electrode contacts in the
hippocampus, while the rhinal cortex was penetrated by the depth electrode in 12 patients.
Data of neighboring electrodes are exemplarily described in order to provide information

about the spatial distribution of the ERPs (Fig. 2).



For scalp recordings, al trials with more than 75 pV at Cz were excluded as artifacts. For
intracranial recordings, trials with artifacts or interictal spike activity were removed on the
basis of visual inspection. Only recordings with at least 80 artifact free trials were included.
EEG segments of 1200 ms duration with a 400 ms prestimulus period as baseline were
averaged for the first, second and sixth stimuli of the train (ERPs;, ERPs,, ERPsg, al stimuli
at these positions were standards), as well as for all standard stimuli at positions 2 to 5
(ERPstp) and for al deviants (ERPpy). For the investigation of habituation effects, sub-
averages were calculated for each ERP (trial 1-40: ERP, 1; trial 21-60: ERP,,, trial 41-80:
ERP,3). ERPs were filtered from 1-20 Hz with a slope of 12 dB/oct and baseline corrected.
Amplitudes were determined for consecutive 50 ms windows from O to 800 ms (as areas in
mvms) and as peak amplitudes for the N100 and P200, in the latency ranges from 70-135 and
125-250 ms respectively. As stimulus repetition normally leads to amplitude decreases of
N100 and P200, and those components have different polarities, effects on peaks were
described instead of providing the effects on amplitudes of time windows. Besides the surface
peaks, the peaks of the rhinal and hippocampal components were determined post-hoc, using
the following nomenclature: component RH1 peaking at the rhinal electrode between 110 and
310 ms with negative polarity; component RH2 peaking at the rhinal electrode between 250
and 500 ms with positive polarity; and component HC1 peaking at the hippocampal electrode
between 210 and 510 ms. Because of the low signal-to-noise ratio in ERPs, and ERPs;, these
peaks were determined only for ERPs;, ERPsrp and ERPpy. Analyses of al EEG data were
performed by Brain Vision Analyzer 1.05 (Brain Products, Munich, Germany).

Amplitudes were compared by means of an analysis of variance (ANOVA) with TONE
REPETITION (ERPg; vs. ERPs; vs. ERPs;) or DEVIANCE (ERPsp vs. ERPpy) as factors
for repeated measurement. Effects of HABITUATION were tested in an additional repeated
measurement ANOVA for each ERP separately (ERP,1 vs. ERP, 2 vs. ERP,3). The level of

significance was set at p < 0.01 in order to reduce the possibility of false positive findings. P
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values p < 0.05 for certain time windows were only taken into consideration if the comparison
of preceding or succeeding time windows revealed p values below 0.01. A Greenhouse-
Geisser correction was performed where necessary, as indicated by the citation of e values.
Paired t-tests were applied for post-hoc testing of significant differences in the ANOVA.

Statistics were performed by SPSS 12.0.

Results

Exemplary rhinal and hippocampa ERP data in response to the deviant tone and data of
neighboring electrodes are depicted in Figure 2. Rhinal ERPs were characterized by a
negative component followed by a positive component, hippocampal ERPs by a positive
component. Steep gradients from a rhinal or hippocampal contact to the neighboring contacts
outside the structure in question were more consistently observed than phase reversals. The
depicted examples show a steep gradient for the rhinal contact (Fig. 2 top) and a phase

reversal for the hippocampal contact (Fig. 2 bottom).

Effects of sound deviance

On the scalp (Cz), an MMN-effect (with deviants being more negative than standards) was
found in the time windows 100-150 ms and 150-200 ms. But the ERP €licited by deviants
(ERPpy) was aso more negative than the ERP of standards (ERPsrp) between 350 and 600
ms. Thus, at the scalp the reaction to sound deviance was characterized by the occurrence of
an MMN and a later negativity, whereas a P3a (often following an MMN) was not observed
in the current sample (Fig. 3). Slight, but significant differences in the initial time window 0
50 ms might be caused by a sub-optimal baseline (see Table 1 for al significant effects of
sound deviance).

In the rhinal cortex (RC), the ERP was characterized by two components. a negative

component with alatency of about 200 ms (RH1) and a positive component with a latency of
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about 400 ms (RH2) (Fig. 3). Significant differences between ERPpy and ERPsrp were
observed for the earlier of the two components (time windows from 150-300 ms), with ERPpy
being more negative than ERPsrp. Thus, at rhinal contacts, significant differences between
ERPpy and ERPsrp occurred shortly after the MMN at Cz (peak latency at Cz: 182 ms; at
rhinal contacts. 209 ms, as obtained from grand average data). There was some tendency for a
longer latency of the rhinal components, elicited by deviants, as compared to standards (RH1:
t 11 =2.332, p=0.040; RH2: t 13 = 2.219, p = 0.048).

In the hippocampus (HC), the ERP was characterized by a large negative component with a
latency of about 300-400 ms (HC1) (Fig. 3). Differences between ERPpy and ERPstp were
observed for this component between 300 and 500 ms, with ERPpy being more negative than
ERPsrp. HC1 for deviants peaked significantly later than for standards (t 15 = 3.465, p =

0.003). Descriptive data of rhinal and hippocampal peaks are provided in Table 2.

Effects of sound repetition

In scalp recordings, standard tones elicited a pronounced N100, but a relatively weak P200
(for grand averages see Fig. 4). For the N100, stimulus repetition resulted in a significant
amplitude (F 230 = 19.993, p < 0.001, e = 0.648) and latency decrease (F 230 = 7.336, p =
0.003). P200 amplitudes were aso reduced by stimulus repetition (F 230 = 7.001, p = 0.008, e
= 0.729), while differences in P200 latency were not significant (F 230 = 2.634, n.s.). The
negative deflection following the P200 (200-400 ms) was unaffected by stimulus repetition.
In the rhinal cortex, no significant differences between ERP elicted by the 1% stimulus
(ERPg), by the 2™ stimulus (ERPs) and by the 6™ stimulus of the train (ERPs) were
observed. However, the difference in the time window 400-450 ms missed the significance
level of 0.01 minimally (F 222 = 5.535, p = 0.011). In the hippocampus, effects of stimulus
repetition were more pronounced. Differences between ERPs;, ERPs, and ERPss were
detected between 250-450 ms, with ERPs; being more negative than ERPs, and ERPss (250-
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300 ms: F 230 = 9.343, p < 0.001; 300-350 ms: F 230 = 7.969, p = 0.002; 350-400 ms: F 230 =
5.154, p = 0.012; 400-450 ms: F 230 = 4.280, p = 0.040, e = 0.691).

Effects of long-term habituation

In scalp recordings, no significant effects of habituation were observed. In rhinal recordings, a
response increase during the experiment was observed for ERPs; for two very early time
windows (0-50 ms: F 22 = 3.878, p = 0.036; 50-100 ms. F 22 = 8.231, p = 0.002). In
hippocampal recordings, only ERPpy was affected by HABITUATION. In the time window
from 400-600 ms, amplitudes decreased (400-450 ms: F 530 = 8.541, p = 0.001; 450-500 ms:
F 230 =4.417, p = 0.021; 500-550 ms: F 30 = 5.075, p = 0.013; 550-600 ms: F 230 = 5.131, p
= 0.012; Fig. 5A). Of note, the latter effects were not observed for ERPs; (Fig. 5B) and

ERPsrp.

Discussion

The current study provides evidence for an involvement of hippocampal structures in pre-
attentive discrimination processes in humans. Both in the rhinal cortex and hippocampus, the
amplitudes of ERP components elicited by deviants exceeded those of standard tones. The
amplitudes of these ERP components were relatively small and amounted to about 90 % less,
as compared to active oddball paradigms (Halgren et al., 1995; Grunwald et al., 1999). For the
hippocampal activity elicited by deviants, a response decrease was observed within the course
of the experiment. Both factors (small amplitudes and habituation) might explain why
previous studies (McCarthy et al., 1989; Halgren et al., 1995; Kropotov et a., 1995; 2000)
have not been successful in detecting this kind of activity. However, also other factors might
possibly have contributed to these negative findings, e.g. the usage of clicks as stimulus
material (McCarthy et al, 1989), because an MMN cannot be elicited when stimuli are too

short (Paavilainen et al., 1993).
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Hippocampal response

Both salient stimuli (1% stimuli of the train and deviants) elicited a similar response in the
hippocampus (HC1), with peak latencies differing by 60 ms. This latency differenceis likely
to be explained by the fact that deviants cannot be perceived as deviants until at least 50 ms of
stimulation, thus their salience becomes |ater apparent as the salience of the 1¥ stimuli of the
trains. As the hippocampal response was elicited by salient stimuli in general and not by
deviants aone, it is more likely to be regarded as a P3a which has been proposed to be a
central marker of the orienting response (Squires et al., 1975). Thus, the HC1 is probably not
genuinely related to the MMN and might be regarded as an equivalent to the late hippocampal
response (“N130") observed in animal experiments (Ruusuvirta et al., 1995a). A hippocampal
generation of the P3aisin line with lesion studies (Knight, 1996) and intracranial recordings
(Dowman et a., 2007), but it should be mentioned that others questioned a hippocampal
generation (Halgren et al., 1995, p. 244).

Habituation has been described for the P3a (Polich and Mclsaac, 1994), but P3 activity
habituates much slower than the orienting response itself (Donchin et al., 1984). In the current
study, the HC1 component elicited by deviants exhibited habituation during the course of the
experiment, while the MMN (as measured at the scalp) remained stable. This dissociation also
supports the notion that the HC1 component is not directly linked to the MMN. In contrast to
deviants, the HC1 component elicited by 1% stimuli did not decrease during the experiment.
This might possibly be explained by the fact that subjects were not aware of the absolute
length of the experiment (number of trains), whereas subjects could have been sure that the
train contained six stimuli and that one stimulus would be deviating, once it had started.
Furthermore, the subjective temporal uncertainty was larger for the intertrain interval than for

the interstimulus interval because of its longer duration.
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Rhinal response

Differences between standards and deviants were observed for the early rhinal component
RH1, peaking shortly after the MMN at the scalp. In contrast to deviants, 1% stimuli of the
train did not €licit a stronger RH1 component than the succeeding standards (S2 and S6).
Thus, the stronger RH1 response to deviants is more likely related to sound deviance than to
stimulus salience. Both, the scalp MMN and the deviance related RH1 did not habituate
during the experiment. Thus, there is aso no apparent dissociation between MMN and RH1
component with regard to habituation, as it was observed for hippocampal activity.

To our knowledge, the rhinal cortex has not been explicitly investigated in any other study
applying a passive oddball paradigm as yet. However, aso the time point of deviance related
activity is different from any up to now obtained invasive (animal) data. In the study of Csepe
et a. (1988), deviance related activity in the hippocampus coincided with or even preceded
activity in secondary auditory cortices which is assumed to reflect the generating neocortical
structure of the MMN in the temporal lobe (Kropotov et al., 2000; Pincze et a., 2001). In
contrast, we revealed deviance related activity in the rhinal cortex shortly after the scalp
MMN.

The morphology and timing of the rhinal and hippocampa ERPs is apparently different, as
well as their sensitivity to novelty and sound deviance. Thus, the rhinal cortex and the
hippocampus appear to have different functional rolesin auditory deviance detection, with the
rhinal cortex being more closely associated to mismatch detection. However, the exact
functional significance of the rhinal activation warrants further investigation. On basis of the
temporal order of deviance related activity, it might be speculated that the information of
sound deviance goes from the auditory cortex via the rhinal cortex to the hippocampus,
especialy since the rhinal cortex generaly supplies the major input to the hippocampus
(Amaral, 1987). However, it has to be stressed that a direct investigation of the coupling of

these regions was not within the scope of the current study.
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Generation of the rhinal and hippocampal ERP components

The rhinal and hippocampa ERPs are assumed to be generated locally, as the ERPs in these
two regions considerably differed in their morphology which would not have been the case
when they resulted from volume conduction. It has also to be stated that the rhinal and
hippocampal ERPs were not reflected in scalp ERPs and vice versa. Phase reversals at
contacts neighboring the rhinal cortex and hippocampus were observed in some, but not all
subjects, probably due to electrode placement, with few electrode contacts outside the target
regions of the rhinal cortex and hippocampus, but partly aso due to the relatively small
amplitudes of the observed ERPs. However, in most recordings, ERPs exhibited relatively
steep gradients from one contact to another, again supporting the hypothesis of a local

generation.

Scalp recordings

In scalp recordings, no ERP components with a similar time characteristic as the rhinal and
hippocampal activity were observed. Besides the MMN, a deviance related negativity
between 350 and 600 ms was observed. To our knowledge, this later negativity has not been
systematically investigated as yet. In many previous studies, this negativity was not evaluable
because | Sls shorter than 500 ms were used. However, it was apparent in some MMN studies
on healthy subjects (e.g. Jacobsen & Schrdger 2003) and can, therefore, not be regarded as a
characteristic of epilepsy patients. The negativity probably does not represent a reorienting
negativity (RON, Schréger & Wolff, 1998), although it occurs in the same time range,
because the RON is always preceded by a P3a. Finally, it is also unlikely that it represents a
pattern-related MMN, as all possible patterns (trains with deviants at the 3 4™ and 5"
position) were equally distributed. Of note, high density recordings of this late deviance-

related negativity revealed a fronto-central distribution, similar to those of an N100 (own
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unpublished data). Further studies are needed to evaluate the functional significance of this

late deviance related ERP component.

Limitations of the study

The lack of further experimental variation and low spatial resolution of the implanted
electrodes might be regarded as possible shortcomings of the current study. However, one
should keep in mind that the implantation of electrodesin patients always has to follow solely
clinical considerations and all recordings take place in aprimarily clinical setting.
Furthermore, attention effects were not actively controlled in the current study and it cannot
be fully clarified to what extent the observed rhinal and hippocampal potentials depend on
attention. However, in active oddball paradigms, ERPs €elicited by deviants (targets) are
characterized by a strong P3b (for the comparison of passive and active oddball ERP data see
e.g. Alain and Woods, 1997) and no P3 was obvious in scap ERPs of our study, strongly
suggesting that subjects were actually not paying attention to the deviants and that the
observed rhina and hippocampal ERP components were elicited by sound deviance in
absence of directed attention.

All subjects included in the study were epileptic patients and, in consequence, under anti-
convulsive medication. Both factors might have influenced the latencies and amplitudes of
ERP components. The impact of chronic anti-convulsive medication on ERPs has not been
systematically investigated as yet, but impairment of reaction velocity is a core side effect of
this kind of medication and a down slowing of ERP components has been described for
medicated epilepsy patients (Drake et a., 1986; Triantafyllou et a., 1992; Verleger et a.,
1997). However, the peak latency of the MMN observed in the current sample does not differ
notably from MMN latencies reported for healthy subjects when the same kind of deviance

was applied (Todd et al., 2000).
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Conclusion

In the current study, an involvement of hippocampal and parahippocampal structures in the
pre-attentive processing of sound deviance was revealed by direct measurements in the human
hippocampus. The rhinal activation was related to sound deviance, while the hippocampal
activity might be referred more generally to stimulus salience, as aso stimuli presented after
long ISIs (1% stimuli) elicited this kind of activity. As the MMN was not found to be reduced
in patients with hippocampal lesions at short 1SIs (Alain et a., 1998) and in patients with
Alzheimer’'s disease only at long 1SIs (Pekkonen et al., 1994), the hippocampus might not
represent an essential part of the MMN system, but might facilitate the detection of sound
deviance when sound discrimination becomes more difficult. The effects of selective lesions
of the rhinal cortex on MMN generation have yet to be tested, but might be more serious than

hippocampal lesions.
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Legends

Figurel

Magnetic resonance image of a single subject. Implanted electrodes become observable as
small artifacts. Each electrode contained ten cylindrical contacts of a nickel-chromium aloy
(2.5 mm) every 4 mm. The electrodes in the rhinal cortex (RC) and hippocampus (HC),
selected for the analysis, are marked by asterisks.

Figure 2

Exemplary ERP data of two different subjects in response to the deviant tone. Top: For the
rhinal cortex in subject 172, contact TR4 was selected for the analysis; contact TR3 was located
anterior to the rhinal cortex. The ERPs at TR3 and TR4 exhibited a steep gradient, suggesting a
local generation of the potential. Bottom: For the hippocampal cortex in subject 158, contact
TL4 was selected, the contacts TL2 and TL3 were located further anterior (with TL2 most
anterior). The hippocampa component (HC1) exhibited a phase reversal. Subject 158 had no
contacts in the rhinal cortex.

Figure 3

The grand means of the ERPs in the rhinal cortex (RC, top), hippocampus (HC, middle) and
at Cz (bottom). ERPs elicited by the deviant tone are depicted by solid lines, the ERPs elicited
by the standard by dotted lines. Significant differences between the two ERPs are marked by
grey shading.

Figure 4

The grand means of the ERPs in the rhinal cortex (RC, top), hippocampus (HC, middle) and
at Cz (bottom). ERPs elicited by the 1% tone are depicted by solid lines, the ERPs elicited by
the 2™ tone by dotted lines, and the ERPs elicited by the 6" tone by dashed lines. Significant

differences between the ERPs are marked by grey shading.
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Figure5

A: Long-term habituation effects on ERPs €dlicited by the deviant tone, for trials 1-40
(ERPpy 1), for trials 21-60 (ERPpy 2, dotted line), and for trials 41-80 (ERPpy 3, dashed line)
in the hippocampal cortex (HC). Significant effects of habituation are marked by grey
shading. B: The corresponding figure for ERPs dlicited by the 1% tone (ERPg,). Effects of

habituation on ERPs; were not significant (n.s.).
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Table1

Significant effects of sound deviance on mean amplitudes

Time

window
000-050
050-100
100-150
150-200
200-250
250-300
300-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
700-750
750-800

Cz
F115=18.322, p < 0.001

F 1,15 = 10281, p= 0.006
F 1,15 = 52.579, p< 0.001

F 1,15 = 5500, pP= 0.033
F 115 =36.423, p < 0.001
F 115 =38.511, p<0.001
Fi115= 7.588, p=0.015
F 115 = 17.704, p < 0.001

Rhinal cortex

F 1,15 = 5485, pP= 0.039
F 115 = 10.060, p = 0.009
F115= 9.104, p=0.012

Hippocampus

F 1,15 = 23.547, p< 0.001
F 115 = 17.184, p < 0.001
F 1,15 = 13.190, p= 0.001
F 1,15 = 13435, p= 0.002
F115s= 5.587, p=0.032
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Table2

Mean latencies and amplitudes for the rhinal and hippocampal components

RH1 Latency
Amplitude

RH2 Latency
Amplitude

HC1 Latency
Amplitude

ERPg;
211.1 (42.2)
-11.9 (5.3)
367.1 (64.9)
10.2 (6.2)
292.8 (61.0)
-19.7 (12.2)

ERPso
218.5 (18.7)
-3.9(2.0)
362.2 (59.9)
3.9 (1.9)
316.9 (66.2)
5.5 (3.4)

ERPoy
242.9 (36.6)
-11.3 (5.0)
409.1 (65.5)
8.5 (5.4)
354.2 (65.7)
-155(7.2)
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25



Figure 2
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Figure 3

DV vs. ST
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Figure 5
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