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L

ong-term potentiation (LTP) is a long-lasting increase in
synaptic efficacy after high-frequency stimulation of afferent
fibers. It depends on high levels of postsynaptic calcium. The
primary source of the calcium influx during the induction of
hippocampal LTP occurs through an ion channel that is coupled
to the N-methyl-D-aspartate (NMDA) subtype of glutamate
receptor (1, 2). NMDA receptors are thus hypothesized to play
a crucial role in the induction of associative LTP within the
hippocampal CA1-region (3); this is viewed as a putative mechanism for Hebbian learning. This form of synaptic plasticity has
been offered as a cellular model of memory processes in
hippocampal slice preparations (4). Numerous studies in rodents and primates have linked hippocampal LTP with spatial
learning and memory (5) although there are some contradictory results (6).
NMDA receptors are also abundant within the human hippocampus (14, 15). NMDA receptor antagonists block LTP
induction in surgically resected specimens from the human
temporal cortex (16). The human mesial temporal lobe system is
considered essential for declarative memory (7, 8), contributing
to both encoding and retrieval (9–13). Despite the suggestive
findings of animal studies, however, the question of whether
hippocampal NMDA receptors contribute to human memory
processes remains unsettled.
The occasional need to place depth electrodes within the
mesial temporal lobes during the presurgical evaluation of
patients with pharmacoresistant temporal lobe epilepsy affords
us the opportunity to record depth potentials directly from the
human hippocampal formation. Analyses of limbic event-related
potentials (ERPs) can contribute to the presurgical workup with
respect to both the lateralization of the epileptogenic focus
(17–19) and the prediction of surgical outcome (20, 21). Limbic
ERPs also offer unique opportunities for investigating the
relationship between hippocampal structures and their functions
(22).

To examine whether hippocampal NMDA receptors are involved in human memory processes, we analyzed the influence
of the noncompetitive NMDA receptor blocker ketamine on
limbic ERPs and on verbal recognition memory performance.
We used a continuous word-recognition paradigm wherein
patients were asked to discriminate between words presented for
the first time (new) and on repetition (old). Although AMTLN400s potentials elicited in this task are generated in parahippocampal structures near the collateral sulcus (23) including
rhinal areas (24), the hippocampus proper appears to contribute
to their generation, at least in part (22).
Typically, AMTL-N400s to words are reduced in amplitude on
repetition (25–27). Within the mesial temporal lobe, ERP repetition兾recognition effects have also been observed for a positive
potential peaking around 600 ms (25) and a late negative
component (LNC) with a peak latency of about 700 ms within
the hippocampus proper (28). Because the activity of NMDA
receptors in the hippocampal CA1 region is important for spatial
memory in rodents (29), we also looked for a specific association
between ketamine-sensitive limbic ERPs and particular subfields
within the human hippocampus.
Methods
Subjects. Ketamine effects were examined in 16 patients (8
women, age 30 ⫾ 7 years). Twenty-five consecutive patients with
Ammon’s horn sclerosis (8 women, age 35 ⫾ 10 years), two of
whom had also entered the ketamine study, participated in ERP
recordings for cell correlation studies. Three additional patients
were excluded because their ERP recordings were contaminated
by epileptiform potentials. All patients were evaluated for
possible epilepsy surgery according to the Bonn protocol of
presurgical workup (30). Depth electrodes were implanted because of the nonconclusive results of noninvasive studies. Informed consent was obtained from all patients, and the study was
approved by the local institutional review board.
ERP Recording Methods and Data Analysis. In a visual word-

recognition paradigm, 300 nouns (duration: 200 ms) were presented once every 1,800 ⫾ 400 ms. Half of these were repeated
after 3 ⫾ 1 or 14 ⫾ 4 intervening stimuli. Patients were asked to
indicate whether an item was new or old by pressing one of two
buttons. Because earlier studies have revealed no significant
differences between AMTL-N400s to early and late repetitions,
averages were collapsed over both lags for the present study (22).
ERPs were recorded from bilateral depth electrodes implanted
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Studies in rodents and nonhuman primates have linked the activity
of N-methyl-D-aspartate (NMDA) receptors within the hippocampus to animals’ performance on memory-related tasks. However,
whether these receptors are similarly essential for human memory
is still an open question. Here we present evidence suggesting that
hippocampal NMDA receptors, most likely within the CA1 region,
do participate in human verbal memory processes. Words elicit a
negative event-related potential (ERP) peaking around 400 ms
within the anterior mesial temporal lobe (AMTL-N400). Ketamine,
an NMDA-receptor antagonist, reduces the amplitude of the AMTLN400 (in contrast to other hippocampal potentials) on initial
presentation, eliminates the typical AMTL-N400 amplitude reduction with repetition, and leads to significant memory impairment.
Of the various hippocampal subfields, only the density of CA1
neurons correlates with the word-related ERPs that are reduced by
ketamine. Altogether, our behavioral, anatomical, and electrophysiological results indicate that hippocampal NMDA receptors
are involved in human memory.

stereotactically along the longitudinal axis of the hippocampus
(31) and were referenced to extracranially linked mastoids.
Additional subdural strip electrodes, with which limbic ERPs
could not be recorded, were not considered for the present study.
The silastic depth electrodes contained 10 contacts, each consisting of a nickel-chromium alloy. Their placements were verified by visual inspection of postimplant magnetic resonance
images with reference to cross sections published by Duvernoy
(32). ERP recordings during the word recognition task were
performed twice. The second session occurred just before the
removal of the depth electrodes. In this session, ERPs were
recorded after intravenous administration of ketamine for analgesia in subanesthetic dosage (0.5 mg兾kg). The wordrecognition task was performed on a different set of words than
were used in the first session, when the patients were oriented to
time, place, and name, and when they could repeat at least five
digits in a digit-span test. Depth-electroencephalogram recordings were amplified using a bandpass filter setting of 0.03 to 85
Hz (12 dB兾octave) and, after 12-bit analog兾digital conversion,
were written continuously to a hard disk (sampling rate: 173 Hz
per channel). Selective averaging was performed on 1,200-ms
stimulus-locked epochs, including a 200-ms prestimulus baseline.
We considered only recordings that were not contaminated by
epileptiform potentials, and the averages included only correctresponse trials. ERPs were quantified with respect to the prestimulus baseline as the mean amplitudes of the prominent
negativity from 300 to 600 ms and from 600 to 900 ms after
stimulus onset. Performance data and ERP measurements were
subjected to repeated measures ANOVA (F test with Greenhouse–Geisser corrections for P values). When significant effects were found, posthoc t tests for paired samples were applied.
Neuronal Cell Counts. Ammon’s horn sclerosis was defined as cell

loss of the CA1, CA3, and CA4 segment of the Ammon’s horn
with relative sparing of dentate granule cells, severe gliosis, and
axonal reorganization. After epilepsy surgery, this diagnosis was
confirmed by two neuropathologists who independently evaluated paraffin-embedded coronal sections from different levels of
the hippocampal longitudinal axis by using hematoxylin and
eosin, Nissl, and combined hematoxylin-eosin-luxol-fast blue
stains.
Neuronal cell densities were determined by using the monoclonal antibody NeuN directed against a neuronal nucleusspecific antigen, at a dilution of 1:500 (33). The slides were
deparaffined with xylene and several rinses in 100% and 95%
ethanol. Then they were incubated in 2% hydrogen peroxide,
diluted in methanol for 15 min, rehydrated successively in 95%,
90%, 70%, and 50% ethanol, and rinsed in PBS. Sections were
transferred into 0.01 M citrate buffer and boiled twice for 5 min
in a microwave oven to improve the binding of the monoclonal
antibodies and then transferred into PBS. Preincubation with 2%
horse serum, 10% fetal calf serum, and 5% nonfat dry milk in
PBS as a blocking reagent for unspecific immunoreactivity
preceded incubation with the primary antibody overnight at 4°C
in a humid chamber. Binding of primary antibody was detected
by the avidin-biotin-complex peroxidase method by using 3,3⬘diaminobenzidine as a chromogen. For semiautomatic imaging
of the specimens, we used a Vanox microscope (Olympus,
Hamburg, Germany) equipped with a CCD video camera and
the IP Lab imaging analysis software (Signal Analytics, Vienna,
VA). To determine the neuronal densities of pyramidal cells
within CA1–4 and of dentate granule cells, NeuN labeled nuclei
were tagged on the computer screen and the number of objects
and respective regions of interest was calculated. Results of five
adjacent regions of interest per hippocampal subfield were
recorded, averaged, and expressed as mean cell number兾mm2.
Bivariate correlations of these cell counts with mean amplitudes
of ipsilateral ERPs were calculated by using Pearson correlation
12086 兩 www.pnas.org

Fig. 1. Area of electrode locations at which limbic N400 potentials (AMTLN400) and LNCs to words were recorded and examples of potentials from two
patients. (a) Schematics of recording sites of AMTL-N400s and LNCs to words.
Hatching spans the area of recording sites across all patients. am, amygdala;
cs, collateral sulcus; hc, hippocampus; pg, parahippocampal gyrus. (b) Examples of ERPs from two patients (S1, S2) recorded within the nonepileptic
temporal lobes. Solid line, initial presentations; dashed line, repetition.

coefficients with Bonferroni corrections because of multiple
comparisons.
Results
All patients were alert and attentive. However, ketamine lowered memory performance; that is, the patients recognized
significantly fewer repeated words than they had in the experiment without ketamine (51.1 ⫾ 20.2% vs. 65.4 ⫾ 17.1%, P ⬍
0.01). First presentations were identified as such equally well in
both conditions [82.8 ⫾ 17.1% vs. 81.2 ⫾ 15.5%, not significant
(n.s.)].
Words elicited well-defined AMTL-N400s (mean peak latency: 435 ⫾ 53 ms) in the anterior mesial temporal lobe and
LNCs (mean peak latency: 769 ⫾ 85 ms) within the hippocampus
proper (Fig. 1). Repeated measures ANOVA revealed a significant effect of ketamine on mean AMTL-N400 amplitudes (F1,
15 ⫽ 15.17, P ⬍ 0.005) and a significant interaction between
ketamine and new-minus-old recognition effects (F1, 15 ⫽ 5.15,
P ⬍ 0.05). Recognition effects were significant without ketamine
(F1, 15 ⫽ 14.57, P ⬍ 0.005) but not after ketamine administration (F1, 15 ⫽ 0.72, n.s.; Fig. 2). Posthoc t tests for paired samples
showed that ketamine significantly reduced MTL-N400 amplitudes to new words on both the epileptic (focal) and the
contralateral side (focal: ⫺23 ⫾ 16 vs. ⫺35 ⫾ 20 V, P ⬍ 0.0005;
nonfocal: ⫺31 ⫾ 18 vs. ⫺54 ⫾ 18 V, P ⬍ 0.0005). Mean
AMTL-N400 amplitudes to old words were unaffected by ketamine administration (focal: ⫺26 ⫾ 15 vs. ⫺31 ⫾ 22 V, n.s.;
Grunwald et al.

Fig. 2. ERPs averaged across patients. (a) AMTL-N400s were significantly
affected by ketamine. Recognition effects were significant only without
ketamine, not after intravenous administration of this NMDA-receptor antagonist. (b) Ketamine did not affect LNCs and LNC recognition effects. Focal,
recordings from the epileptogenic temporal lobe; nonfocal, recordings from
the contralateral side.

nonfocal: ⫺34 ⫾ 18 vs. ⫺42 ⫾ 17 V, n.s.). In contrast to the
marked effect of ketamine on the AMTL-N400 repetition effect,
LNCs were not affected (F1, 15 ⫽ 2.88, n.s.); there was a reliable
LNC repetition兾recognition effect both under the influence of
ketamine (F1, 15 ⫽ 39.66, P ⬍ 0.0005) and without it (F1, 15 ⫽
37.97, P ⬍ 0.0005).
Because it is not possible to perform controlled lesion experiments in humans, we examined the relationship between the
graded neuronal loss in well-defined hippocampal subfields and
limbic ERPs in temporal lobe epilepsy patients who underwent
both hippocampectomy and invasive presurgical evaluation with
depth electrodes. Cell correlation studies were performed in 25
consecutive patients in whom the diagnosis of Ammon’s horn
sclerosis was confirmed histopathologically. In all patients, limbic ERPs were recorded by using the word-recognition paradigm

(described above) as part of their presurgical workup. After
hippocampectomy, cell counts were determined for pyramidal
neurons within the hippocampal subfields CA1–4 and for dentate granule cells. We found that the number of CA1 neurons
correlated only with AMTL-N400s to new (r ⫽ 0.65, P ⬍ 0.005)
but not old words (r ⫽ 0.36, n.s.; Table 1, Fig. 3). Moreover, the
density of dentate granule cells correlated selectively with LNCs
to old (r ⫽ 0.62, P ⬍ 0.005) but not new words (r ⫽ 0.33, n.s.).
No other reliable correlations were obtained after Bonferroni
correction for multiple comparisons.
Discussion
Studies in rodents and nonhuman primates have linked the
activity of NMDA receptors within the hippocampus to the
animals’ performance in memory-related tasks. On the basis of
these results, the activation of NMDA receptors has been
hypothesized to be crucial for human memory. In search of
evidence relating hippocampal NMDA receptors with human
memory, we recorded depth ERPs from the hippocampal formation. We found that ketamine, an NMDA-receptor antago-

Table 1. Correlations between hippocampal cell counts and limbic ERPs
r; P
Subfield
CA1
CA2
CA3
CA4
Dentate gyrus

AMTL-N400 (new)

AMTL-N400 (old)

LNC (new)

LNC (old)

0.65;P⫽0.001
⫺0.19; n.s.
⫺0.16; n.s.
⫺0.07; n.s.
0.20; n.s.

0.36;n.s.
0.03;n.s.
0.12;n.s.
0.14;n.s.
0.36;n.s.

0.11;n.s.
0.15;n.s.
⫺0.10;n.s.
0.16;n.s.
0.33;n.s.

⫺0.19; n.s.
0.43; n.s.*
0.12; n.s.
0.48; n.s.*
0.62;P⫽0.001

Bivariate correlation coefficients (r) and levels of significance. *, P ⫽ 0.05; not significant after Bonferroni
correction for multiple comparisons.
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Fig. 3. Scatter plots of mean ERP amplitudes regressed onto neuronal
densities in the CA1 subfield and the dentate gyrus (DG) [cells兾mm2].

nist, significantly disturbed verbal recognition memory, diminished AMTL-N400 amplitudes to new words, and virtually
eliminated the AMTL-N400 repetition兾recognition effect. In
contrast, LNC amplitudes and the associated LNC recognition
effects were unaffected, indicating that ketamine did not simply
attenuate all limbic ERPs. In sum, memory deficits induced by
ketamine were selectively associated with smaller AMTL-N400s
to words on their initial presentation and with the absence of the
typical AMTL-N400 recognition effect.
AMTL-N400s were found only in electrode contacts located
in rhinal areas anterior to the hippocampal head and not in
posterior contacts within the hippocampus. This finding is
consistent with previous reports of steep amplitude gradients
and polarity inversions in immediately adjacent regions implicating local generation within mesial temporal lobe structures
(23–25, 34, 35). We believe that ketamine affected hippocampal
activity contributing to the generation of AMTL-N400s because
neuronal loss within the hippocampus proper leads to a similar
alteration in the AMTL-N400 recognition effect (22).
Exactly which psychological processes were influenced by
ketamine is not so easy to determine because deficits in attention, memory span, and linguistic skills all can impair verbal
recognition memory. Moreover, subanesthetic doses of ketamine have been observed to induce psychotic symptoms (36),
influence degree of alertness, and impair perception (37), as well
as lower free recall, recognition, and semantic and working
memory performance (38–40). We used a digit span test to
ensure that our patients were alert, attentive, and cooperative
when the ERP recording began. Immediately after ketamine
administration, patients’ attention and兾or immediate memory
was affected; patients could repeat only one or two digits.
However, their performance improved after a few minutes, and
ERP recording did not begin until patients could repeat at least
five digits, suggesting that their attention level was close to
normal. Moreover, at that time no patient showed any signs of
hallucinations, lowered vigilance, or language difficulties. Recognition memory performance thus may have been impaired
because ketamine interfered with short-term memory, consistent with the possible role of NMDA receptors in this type of
memory (41). However, given that ketamine specifically attenuated AMTL-N400s, which we previously found to be correlated
with delayed verbal recall performance (42), it is likely that
ketamine affected intermediate memory processes as well.
Correlating neuronal densities within the different hippocampal subregions with limbic ERPs elicited by words, we found two
specific associations: (i) only the number of pyramidal cells
within the CA1 subfield were linked to the amplitude of the
ketamine-sensitive AMTL-N400s elicited by words on their
initial presentation; and (ii) only the number of dentate gyrus
granule cells correlated with the amplitude of the LNCs elicited
by repeated words. We offer these correlations as evidence that
the human hippocampus participates in both memory encoding
and retrieval processes. This view is consistent with findings from
functional imaging studies by using functional MRI (43) and
positron emission tomography technology (44) of increased
activity within the hippocampal system during both encoding and
retrieval. Our data, however, cannot help adjudicate between the
alternative positions on the distribution of the neuronal substrates of encoding and retrieval processes along the longitudinal
axis of the hippocampal formation. In our patients, there were
no electrodes situated in parahippocampal structures next to
those intrahippocampal electrodes from which LNCs to old
1. Harris, E. W., Ganong, A. H. & Cotman, C. W. (1984) Brain Res. 323, 132–137.
2. Jahr, C. E. & Stevens, C. F. (1987) Nature (London) 325, 522–525.
3. Morris, R. G. M., Andersen, E., Lynch, G. S. & Baudry, M. (1986) Nature
(London) 319, 774–776.
4. Bliss, T. V. P. & Collingridge, G. L. (1993) Nature (London) 361, 31–39.
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words were recorded. Therefore, we do not know whether new
words elicit N400s only in the rostral or also in the caudal areas
of the limbic system. Nonetheless, our findings extend earlier
imaging studies inasmuch as they indicate different functional
divisions even within the hippocampus proper: the various
subfields contribute differentially to encoding and retrieval
processes. In addition, the finding that ketamine-induced impairments of recognition memory were associated with attenuated limbic ERPs to new rather than to old words may suggest
that ketamine interfered more with (possibly novelty-related)
encoding processes.
Ketamine has effects on several receptor types, increases
dopamine concentrations in striatal sites (45), and especially
inhibits NMDA receptor-mediated acetylcholine release (46).
Anticholinergic agents have been shown to increase amplitudes
of limbic ERPs in the epileptogenic hippocampus (47). Whether
the apparent increase of LNC amplitudes under ketamine in the
present study reflects modulation of cholinergic activity cannot
be determined by our data, because this effect was not significant. However, ketamine reduced rather than increased AMTLN400 amplitudes. Moreover, during the test our patients exhibited no psychotic symptoms that are thought to be related to
dopaminergic effects of ketamine (45). Therefore, it seems
justifiable to hypothesize that the elimination of AMTL-N400
recognition effects may be attributed to NMDA-receptor antagonism, which is the most important neuropharmacological
mechanism of ketamine. The hypothesis that memory processes
associated with these effects rely on the activity of mesial
temporal NMDA receptors is particularly interesting, because
NMDA receptors are necessary for LTP with Hebbian characteristics at many central synapses. Pharmacological (3) and
genetic (29) studies have identified this form of synaptic plasticity within the hippocampal CA1-region. In our investigations,
it was only the number of CA1 neurons that were correlated with
the limbic ERP potentials that seemed to tap aspects of verbal
encoding and were reduced by ketamine. Taken together, we
offer our findings as evidence relating human verbal memory
processes to hippocampal NMDA receptors.
This specific link of ketamine-sensitive limbic ERPs with the
CA1 subfield in humans is consistent with the recent finding that
mice lacking the NMDAR1 receptor subunit show neither
NMDA receptor-dependent LTP nor formation of place cells in
the CA1 region and exhibit spatial memory deficits (47, 48). Our
findings are also consistent with the reported correlations between verbal memory performance and AMTL-N400s to new
words (21, 42) and neuronal densities in the CA1 subfield (50,
51). Impairment of NMDA receptor-mediated encoding processes may thus explain the significant memory deficits in human
patients with bilateral lesions confined to the CA1 subfield (52,
53). In conclusion, by combining behavioral, electrophysiological, and pharmacological data from patients with temporal lobe
epilepsy, we have demonstrated involvement of limbic NMDA
receptors in human memory processes.
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