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NMDA receptor antagonists produce region-specific neurode-
generation by an undetermined mechanism, but one proposed
mechanism involves disinhibition. In certain areas of the brain,
NMDA receptors mediate excitatory drive onto inhibitory inter-
neurons. Thus, NMDA receptor/channel antagonists may re-
duce inhibition (i.e., produce “disinhibition”). If a sufficient level
of disinhibition is produced, enhanced vulnerability to excito-
toxicity may result. Furthermore, if there are region-specific
differences in NMDA antagonist-induced disinhibition, this
could underlie region-specific NMDA antagonist-induced neu-
rotoxicity. In the present study, we tested this hypothesis by
exposing rat brain slices to the NMDA receptor antagonist
dizocilpine maleate (MK-801) and measuring MK-801-induced
disinhibition in areas of higher and lower vulnerability to neuro-
degeneration [posterior cingulate/retrosplenial cortices (PCC/
RSC) and parietal cortex, respectively]. Using whole-cell patch-
clamp techniques, bicuculline-sensitive GABAA receptor-
mediated IPSCs were measured in biocytin-labeled pyramidal

neurons in the PCC/RSC and parietal cortex. In the PCC/RSC,
bath-applied MK-801 (10–40 �M) produced disinhibition,
shown as a concentration-dependent decrease in spontaneous
IPSC frequency and amplitude; MK-801 (40 �M) also reduced
evoked IPSC amplitudes. In parietal cortex, MK-801 produced
significantly less disinhibition. To determine whether disinhibi-
tion is caused by presynaptic or postsynaptic mechanisms, we
tested the effects of MK-801 (40 �M) against miniature IPSC
(mIPSC) frequency and amplitude in tetrodotoxin (TTX; 0.5
�M)-treated slices and found that MK-801 did not alter mIPSC
frequency or amplitude. Taken together, these results suggest
that NMDA receptors regulate activity of inhibitory interneurons
and, consequently, GABA release in certain cortical areas. This
region-specific reduction in inhibitory input to pyramidal cells
could underlie the region-specific neurotoxicity of NMDA
antagonists.
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Neurodegeneration can result from overactivation of NMDA
receptors (Rothman and Olney 1986, 1987), causing excitotoxicity
proposed to be responsible for certain neurological diseases.
Consequently, NMDA antagonists were screened against animal
models of epilepsy (Avoli and Oliver, 1987), ischemia (Aitken et
al., 1988; Ford et al., 1989; Rod and Auer, 1989), and hypoglyce-
mia (Wieloch, 1985).

The results from these studies were perplexing, however.
NMDA antagonists were not always effective (Stasheff et al.,
1989; Sveinbjornsdottir et al., 1993) nor were they always neuro-
protective (MacDonald et al., 1990). In fact, some antagonists
actually produced region-specific neurotoxicity (Olney et al.,
1989, 1991). In rats, the most affected areas were posterior cin-
gulate cortex (PCC) and retrosplenial cortex (RSC); other areas
were less sensitive (Allen and Iversen, 1990; Olney et al., 1991;
Horvath et al., 1997). Pathomorphological changes varied with
dose: low doses caused mitochondrial dilation, higher doses
caused neuronal death (Olney et al., 1989, 1991; Fix et al., 1995;
Horvath et al., 1997).

How do NMDA antagonists produce neurotoxicity? Olney and
colleagues (Olney et al., 1991; Olney and Farber, 1995; Corso et
al., 1997) proposed that NMDA antagonists produce neurode-
generation by disrupting inhibition. This disinhibition could be
produced directly (by disrupting the local excitatory/inhibitory
network) or indirectly (by acting through modulatory neurotrans-
mitter systems). Results from in vivo studies have supported
Olney’s hypothesis; however, no studies have directly tested this
hypothesis in vitro in the PCC/RSC.

Using brain slices, we tested these hypotheses. We proposed
that NMDA antagonists (1) reduce GABAergic inhibition in the
PCC/RSC and (2) are more effective in the PCC/RSC than in less
vulnerable regions, such as parietal cortex.

The first proposal is based on reports that NMDA receptors
provide excitatory drive onto inhibitory interneurons in several
brain areas, including the hippocampus (Grunze et al., 1996) and
olfactory cortex (Schoppa et al., 1998). Thus, NMDA antagonists
produce disinhibition in these areas. We extend these findings to
the PCC/RSC. The second proposal is important regarding
NMDA antagonist-induced neurodegeneration, because if
NMDA antagonists produce more disinhibition in PCC/RSC
than elsewhere, this may underlie their region-specific neurotox-
icity. Finally, the use of brain slices may help to determine the
level at which NMDA antagonists disrupt inhibition (i.e., in the
local excitatory/inhibitory circuits, versus at the level of extrinsic
modulatory inputs).

To test these proposals, we used the NMDA antagonist dizo-
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cilpine maleate (MK-801) to produce disinhibition in slices of
PCC/RSC and parietal cortex. Disinhibition was assessed using
whole-cell patch-clamp recordings in pyramidal cells to measure
GABAA-mediated IPSC frequencies and amplitudes. Here we
provide the first direct electrophysiological evidence that NMDA
antagonists reduced inhibitory synaptic drive onto pyramidal
cells in the PCC/RSC. Also, the mechanism for region-specific
vulnerabilities may be explained by our results, because MK-801
produces more disinhibition in cortical areas most vulnerable to
NMDA antagonist-induced neurotoxicity.

Preliminary results have been published previously in abstract
form (Li et al., 2000).

MATERIALS AND METHODS
Cortical slices. Cortical slices were prepared from young, male Sprague
Dawley rats (postnatal day 15–25). Rats were isoflurane-anesthetized and
decapitated. The brains were quickly removed from the skulls and placed
in cold (4°C) artificial CSF (aCSF) containing (in mM): 120 NaCl, 3.3
KCl, 1.23 NaH2PO4, 25 NaHCO3, 1.2 MgSO4, 1.8 CaCl2, and 10
D-glucose at pH 7.3, previously saturated with 95%O2/5%CO2. Coronal
cortical slices (300 �m thickness) containing the PCC/RSC or the pari-
etal cortex (Paxinos and Watson, 1986) were cut with a Vibratome
(Model 752; Campden, Berlin, Germany) and incubated in a holding
chamber continuously bubbled with 95% O2 and 5% CO2 at room
temperature (22–24°C).

Whole-cell voltage-clamp recording. Our whole-cell patch-clamp tech-
niques have been described in our previous publication (Mott et al.,
1999). For recording, patch pipettes were pulled from borosilicate glass
capillary tubing (1.5 mm outer diameter, 1.05 mm inner diameter; World
Precision Instruments, Sarasota, FL) on a Flaming-Brown horizontal
microelectrode puller (Model P-97; Sutter Instrument Co., Novato, CA).
Pipettes were filled with an intracellular solution containing (in mM): 130
Cs-gluconate, 7 CsCl, 10 HEPES, 4 Mg-ATP, pH � 7.25. The quater-
nary lidocaine derivative QX-314 (4 mM) (Sigma, St. Louis, MO) was
also included to suppress fast sodium currents. Osmolarity was adjusted
to 280 mOsm. Pipette resistances generally were in the range of 4–7M�.
Biocytin (0.3–0.4%) (Sigma) was also added to the intracellular solution
for later visualization of the morphology of the recorded cells.

After �1 hr of incubation in the holding chamber, a slice was trans-
ferred to a small submersion chamber maintained at room temperature
(22–24°C) and secured in place with a bent piece of platinum wire resting
on the top of the slice. Individual cells were visualized using an infrared
differential interference contrast Zeiss Axioskop microscope and a 40�
water immersion objective. Tight seals (�1 G�) were obtained on
pyramidal-shaped cells, and whole-cell recordings were made after rup-
turing the cell membrane with gentle suction. After establishment of the
whole-cell recording configuration, stable long-lasting tight-seal record-
ings were achieved in most cases. Spontaneous and evoked IPSCs
(eIPSCs) were recorded continuously using an Axopatch 1-D amplifier
(Axon Instruments, Foster City, CA). Output current signals were DC-
coupled to a digital oscilloscope (Nicolet Model 410). Series resistance
was monitored throughout the recordings; a cell was discarded if it
changed significantly (�20% of the control). In addition, a PCM/VCR
recorder (Model 400; A. R. Vetter Co, Rebersburg, PA) was used to
capture all tracings of synaptic events for off-line analysis and archiving.
The stored signal was further analyzed using Strathclyde Electrophysi-
ology Software Whole Cell Program (courtesy of Dr. John Dempster,
University of Strathclyde, Glasgow, UK) with an interface (BNC-2090;
National Instruments, Austin, TX) to a PC-based computer.

Cortical interneurons were selected on the basis of the shape of the
soma (small and round under DIC microscopy) and their characteristic
firing pattern. To determine the firing pattern of a cortical interneuron
while achieving the tight seal offered by Cs-gluconate solution under the
voltage clamp, the tip of a patch pipette was filled with a solution
containing K-gluconate (in mM: 130 K-gluconate, 7 KCl, 10 HEPES, 4
Mg-ATP, and 0.3 Tris-GTP, pH 7.25), then backfilled with a solution
containing Cs-gluconate (see above). The dialysis of the recorded cell
with the Cs-gluconate solution could be observed from the distortions of
shapes of the action potentials �10 min after whole configuration was
established. NMDA receptor-mediated EPSCs were then recorded from
interneurons.

Electrical stimulation. A monopolar tungsten electrode (A-M System,

Carlsborg, WA) was placed �50–70 �m lateral to the soma of the
recorded pyramidal cells in the same layer. The stimulus threshold was
first determined by increasing the intensity of the rectangular wave pulse
until detectable responses occurred. Then constant current rectangular
stimulus pulses 50% higher than threshold intensity with a duration of 0.1
msec and interval of 0.0166 Hz were delivered through the electrode by
an isolated stimulator (Grass S88; Grass Instruments, Quincy, MA).

Histolog ical identification of pyramidal cells. During recording, pyrami-
dal cells were filled with biocytin. After the end of the recording, the slice
was allowed to stay in the recording chamber for an additional 10–20 min
for further biocytin transport within the axon. The slices were then
placed overnight in 4% paraformaldehyde and 0.05% glutaraldehyde in
0.1 M PBS. The slices were washed thoroughly in PBS and incubated in
0.1 M Tris-buffered saline (TBS) containing 1% H2O2 for 30 min. The
slices were then incubated overnight at 4°C with avidin–biotin–peroxi-
dase complex (ABC kit; Vector Labs, Burlingame, CA) in TBS contain-
ing 0.05% Triton X-100. The slices were then rinsed three times in PBS,
reacted in a solution containing 3,3�-diaminobenzidine (DAB kit, Vector
Labs), then cleared and mounted. The morphology of the biocytin-filled
pyramidal cells was examined with a light microscope, and cells were
drawn using a camera lucida.

Statistical analysis of data and drug application. Data were analyzed
off-line using Strathclyde Electrophysiological Software. The Kolmogo-
rov–Smirnov (K-S) statistical test was used to compare two different
cumulative distributions using Origin 5.0 for Windows (MicroCal Soft-
ware, Norththampton, MA). Paired and unpaired t tests and one-way
ANOVA tests were also used, when appropriate. All group data are
presented as mean � SEM.

MK-801 and TTX were purchased from RBI (Natick, MA). D-(-)2-
amino-5-phosphonovaleric acid (D-AP5) and bicuculline methiodine
(BMI) were purchased from Sigma. All drugs were dissolved directly in
the aCSF and bath-applied in the perfusion medium for �20 min, unless
noted otherwise.

RESULTS
Pyramidal cells were recorded in layers II–VI of the neocortex.
We investigated these cortical strata in the PCC/RSC and the
parietal cortex. The location of the PCC/RSC and the parietal
cortex are illustrated in Figure 1A. Data were acquired from 54
pyramidal cells, 6 interneurons in the PCC/RSC, and 49 pyrami-
dal cells from the parietal cortex. According to the location of
their somata, pyramidal cells are divided into three subgroups:
the superficial layer (II–III), layer IV, and the deep layer (V–VI).
In the PCC/RSC, 25 (46%) pyramidal cells are in the superficial
layer, 13 (24%) in layer IV, and 16 (30%) in the deep layer. In
parietal cortex, 20 (40%) pyramidal cells are in the superficial
layer, 14 (29%) in layer IV, and 15 (31%) in the deep layer. All
six interneurons are recorded from PCC/RSC layers II and III.
Because of the irreversible blockade of NMDA receptors by
MK-801, only a single experiment was done from each cortical
slice treated with MK-801.

Morphology of dendritic and axonal arbors of
pyramidal cells in the PCC/RSC
The morphology of each recorded cell was assessed with biocytin
staining to unambiguously distinguish pyramidal cells from other
cell types. We were able to recover histologically �90% of all
recorded cells in the PCC/RSC areas. The dendritic arbor of
pyramidal cells in the PCC/RSC was characterized by a long
apical dendrite that usually extended toward the pial surface,
where typically it branched extensively to form multiple small
terminal tufts just under the pial surface. Along the length of the
apical dendrites are numerous obliquely branched dendritic col-
laterals. Basal dendrites extended outward from the lower portion
of the soma; these basal dendrites ascended or descended with
gradual tapering. The pyramidal cell axonal arbor was densely
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distributed around the soma and also extended widely, both
horizontally and vertically. These morphological characteristics
are consistent with cortical pyramidal cells described elsewhere
(Kim and Connors, 1993; Lubke et al., 1996; Reyes and Sakmann,
1999; Feldmeyer and Sakmann, 2000). Figure 1B shows a camera
lucida reconstruction of a PCC/RSC pyramidal cell. The soma of
this pyramidal cell is located in layer V, and it sends a long axon
projecting to the contralateral side across the corpus callosum
(Sripanidkulchai and Wyss, 1987).

MK-801 decreases the spontaneous IPSC frequency in
pyramidal cells of the PCC/RSC
Spontaneous IPSCs (sIPSCs) were recorded from pyramidal
cells in the PCC/RSC using whole-cell voltage-clamp techniques.
The holding potentials were �10 or �30 mV, and the calculated
ECL was approximately 	40 mV for the internal solution used.
Under these experimental conditions, the sIPSCs were inward
currents at a holding potential of 	70 mV (Fig. 2A) and were
robust outward currents at a holding potential of �30 mV (Fig.
2B). At the end of the experiment, the recorded sIPSCs were
abolished by bath application of a selective GABAA receptor
antagonist, BMI (20 �M) (Fig. 2C). NMDA receptor-mediated
EPSCs might be present when a cell was depolarized to �40 mV
(Hestrin, 1992). Accordingly, we also assessed whether NMDA
receptor-mediated EPSCs were also present when a cell was held
at �30 mV without blocking excitatory transmissions. We exam-
ined eight PCC/RSC pyramidal cells in the presence of BMI (20
�M). When the holding potential was held at 	70 mV, fast inward
currents mediated by AMPA receptors dominated, and no
NMDA receptor-mediated EPSCs were observed (Fig. 2D).
NMDA receptor-mediated EPSCs only become detectable after
the holding potential was changed to �30 mV (data not shown).
However, long slow outward currents were recorded in only four
of the nine cells tested, and the frequency of recorded NMDA–
EPSCs is very low. These data indicated that the contribution of
NMDA receptor-mediated EPSCs was insignificant and negligi-
ble in cells held at �30 mV. Figure 2, E and F, shows evoked
IPSCs recorded in a PCC/RSC pyramidal cell in the presence of
DNQX (20 �M) and D-AP5 (50 �M). A plot of the amplitude of
evoked IPSCs against holding potentials (Fig. 2E) indicated an
x-intercept of 	39 mV, closely approximating the calculated
reversal potential of ECL (Fig. 2F). These results indicated that
the recorded IPSCs were mediated by the activation of GABAA

receptors.
Effects of MK-801 on sIPSCs in PCC/RSC pyramidal cells are

demonstrated in Figures 3 and 4. MK-801 suppressed two IPSC
properties: amplitude and frequency (the latter reflected as an
increase in the interval between sIPSCs). Figure 3 shows record-
ings from a layer V pyramidal cell. At a holding potential of �30
mV, the recorded IPSCs were outward currents (Fig. 3A, top
panel). Bath application of the NMDA antagonist MK-801 (40
�M) caused a significant decrease in the frequency and amplitude
of sIPSCs in this pyramidal cell (Fig. 3A, second panel from top).
The IPSCs were abolished by bath-applied BMI (20 �M) and
recovered partially on washout (Fig. 3A, bottom two panels). The
cumulative probability distributions for these changes are shown
in Figure 3B. As shown, bath-applied MK-801 produced a right-
ward shift in the distribution of sIPSC intervals (Fig. 3B, lef t
panel), indicating a decrease in sIPSC frequency (K-S test; p 

0.01). In addition, sIPSC amplitudes were also reduced signifi-
cantly (K-S test; p 
 0.001), as shown in Figure 3B (right panel).
The morphology of this pyramidal cell is shown in Figure 3C.

This effect was not limited to layer V pyramidal cells. A similar
effect was also seen in a layer III pyramidal cell of the PCC/RSC,
as shown in Figure 4. This pyramidal cell responded to bath-
applied MK-801 (40 �M) with a significant decrease in sIPSC
frequency (Figs. 4A, 5B). In addition, amplitudes of sIPSCs were
also attenuated by MK-801. Although large-amplitude sIPSCs
apparently dominated in this layer III pyramidal cell, the mor-
phology of this pyramidal cell, as shown in Figure 4D, is similar

Figure 1. Camera lucida reconstruction of a PCC/RSC pyramidal cell
filled with biocytin. A, Coronal section of a cortical slice containing PCC/
RSC and parietal cortex. B, Camera lucida reconstruction of a biocytin-
filled, layer V pyramidal cell recorded in the PCC/RSC. This pyramidal cell
was filled with biocytin during the experiment. An apical dendrite arising
from the soma extends toward the pial surface and branches off to form
multiple tufts. In addition to a typical apical dendrite tree, a long axon
originating from the soma projects to the contralateral side of the hemi-
sphere through the corpus callosum. Another branch of the axon projects
ipsilaterally to the lateral cortex. The pia is near the end of the apical
dendrite branches. Dashed lines represent the approximate pial surface of
the cortex. RSC, Retrosplenial cortices; Par, parietal cortex; CC, corpus
callosum; I–VI, cortical lamina; DG, dentate gyrus; 3V, third ventricle; CA,
cornus ammonis. Arrows denote axon. Scale bar, 200 �m.
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to that of the pyramidal cell illustrated in Figure 4C. We found
similar MK-801-mediated effects in layers II–VI as well.

Inhibitory effects of MK-801 on sIPSCs of pyramidal cells were
compared among the three groups. Bath-applied MK-801 (40 �M)
reduced sIPSC frequency by 43.3 � 3.8% (n � 16) compared with
the control in the superficial group (layers II and III), 44.4 � 4.6%
(n � 11) in layer IV, and 44 � 3.0% (n � 13) in the deep layer
(layers V and VI). There are no significant differences in mean
IPSC frequency among three groups ( p � 0.05; one-way
ANOVA), so we pooled data obtained from pyramidal cells
recorded in PCC/RSC layers II–VI. Overall, bath application of
MK-801 (40 �M) reduced the frequency of sIPSCs by 43.8 �
2.2% (n � 40) relative to control ( p 
 0.05; paired t test).

We also examined the concentration dependence of MK-801-
induced decreases in the frequency of sIPSCs using three con-
centrations of MK-801 bath-applied in sequence. We monitored
sIPSCs for �20 min after each concentration was applied. Over-
all, reductions of mean inter-event intervals were 15.4 � 1.4,
28.6 � 2.3, and 44.3 � 3.1% after bath application of MK-801 at
the doses of 10, 20, and 40 �M, respectively ( p 
 0.05; one-way
ANOVA; n � 4).

We also tested the effect of the widely used competitive
NMDA receptor antagonist D-AP5. Similar to MK-801, D-AP5
(50 �M) significantly (K-S test; p 
 0.05) decreased the frequency
of sIPSCs in two PCC/RSC pyramidal cells tested (data not
shown).

MK-801 reduced the amplitude of evoked IPSCs in
pyramidal cells in the PCC/RSC
In these experiments, MK-801 was also tested against evoked
IPSCs of PCC/RSC pyramidal cells. The pyramidal cells were
held at 	5 or �5mV, and an eIPSC was elicited by a single pulse
delivered lateral to the recording electrode (see Materials and
Methods). These eIPSCs were abolished by bath application of
GABAA receptor antagonist BMI (20 �M), indicating that
eIPSCs are mediated by GABAA receptors (Fig. 5A).

The time course of the MK-801-induced effect on eIPSC of a
layer V PCC/RSC is shown in Figure 5B. As shown, the evoked
IPSCs were gradually, but significantly, reduced by bath-applied
MK-801. At a holding potential of �5mV, recordings were made
in control solution for 10 min, then MK-801 (40 �M) was bath-
applied. Five minutes after addition of MK-801, the eIPSCs
began to decline. By 30 min after treatment, eIPSCs were re-
duced from 1.0 to 0.5 nA (i.e., 50% of control). Again, the eIPSCs
were blocked by bath-applied BMI (20 �M) and recovered during
BMI washout. Overall, MK-801 (40 �M) significantly reduced
evoked responses to 51.3 � 2.3% of control (n � 13; p 
 0.05;
paired t test).

Comparison of effects of MK-801 on sIPSCs and
eIPSCs in the PCC/RSC and the parietal cortex
Several in vivo animal studies have demonstrated that pathomor-
phological changes induced by NMDA antagonists occur in a

4

the currents (C). In the presence of BMI (20 �M) and at the holding
potential of 	70 mV, fast inward currents are recorded from another
pyramidal cell and can be blocked by DNQX (20 �M) (D). In the presence
of D-AP5 (50 �M) and DNQX (20 �M), amplitudes of evoked IPSCs
recorded from another pyramidal cell held at potentials ranged from 	70
to �20 mV (E). An I–V curve was constructed (F) based on the evoked
synaptic responses shown in E. The apparent reversal potential was
approximately 	39 mV. These findings indicate that the recorded IPSCs
were mediated by GABAA receptors. Calibration: A–C, 500 msec, 0.1 nA;
D, 100 msec, 50 pA.

Figure 2. GABAA receptor-mediated IPSCs recorded in PCC/RSC
pyramidal cells. Whole-cell recordings were performed using a CsCl-
based internal solution at holding potentials of 	70 mV and �30 mV.
When the holding potential was 	70 mV (A), inward currents were
recorded. When the cell was held at �30 mV, the currents became
outward (B). The GABAA receptor antagonist BMI (20 �M) abolishes
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number of different areas of the brain, but with different sensi-
tivities among the affected areas (Olney et al., 1991; Fix et al.,
1993; Horvath et al., 1997). For example, MK-801 causes more
severe damage to neurons in the PCC/RSC, whereas some other
cortical areas were less affected.

We hypothesize that one mechanism by which MK-801 pro-
duces region-specific neurodegeneration is that MK-801 more
effectively produces disinhibition in a vulnerable area (e.g., PCC/
RSC) than a less vulnerable area (e.g., parietal cortex). To ad-
dress this, we recorded sIPSCs and eIPSCs from 49 pyramidal
cells in the parietal cortex.

Figure 6 shows the effect of MK-801 on sIPSCs recorded in a
layer V parietal pyramidal cell. The sIPSCs were only slightly
reduced by MK-801 (40 �M) (Fig. 6A). Although MK-801 signif-
icantly increased the inter-event intervals (K-S test; p 
 0.05)
(Fig. 6B, lef t panel), MK-801 did not have a significant effect on
the cumulative amplitude distribution (K-S test; p � 0.05) (Fig.
6B, right panel).

Depressive effects of MK-801 on pyramidal cell sIPSCs were
also compared among the three groups. Bath-applied MK-801 (40
�M) reduced frequency of sIPSCs by 21.9 � 4.8% (n � 14)
compared with control in the superficial group (layers II and III),
23.9 � 5.4% (n � 12) in layer IV, and 23.4 � 3.5% (n � 13) in the
deep layers (layers V and VI). No significant differences in mean
IPSC frequency among three groups were observed ( p � 0.05;
one-way ANOVA). Accordingly, we also pooled data obtained
from pyramidal cells recorded in layers II–VI of parietal cortex.
Bath application of MK-801 (40 �M) reduced the frequency of
sIPSCs by 22.9 � 2.6% (n � 39) relative to control ( p 
 0.05;
paired t test). In contrast, in the PCC/RSC, mean sIPSC fre-
quency was reduced by 43.8 � 2.2% (n � 40). In addition, we
found that in �19% pyramidal cells recorded in parietal cortex,
mean sIPSC frequency was reduced by MK-801 (40 �M) 
10%
(ranging from 2 to 10%), compared with 5% of those in the
PCC/RSC.

Overall inhibitory effect of MK-801 on sIPSC frequency of
each group recorded from two brain regions is summarized in
Figure 7. There is a significantly greater depression of sIPSC
frequency by MK-801 in the PCC/RSC versus the parietal cortex
(unpaired t test; p 
 0.05) (Fig. 7A). The amplitudes of IPSCs are
also suppressed by MK-801 in the PCC/RSC. Taken together,
these results indicate that, at a dose of 40 �M, MK-801 caused
greater disinhibition of pyramidal cells in the RSC than in the
parietal cortex.

Similar differences were also observed on eIPSCs of pyramidal
cells in the parietal cortex as shown in Figure 7B. The mean
amplitude of eIPSCs of pyramidal cells recorded from the PCC/
RSC was decreased by 52 � 1.8% (n � 10) of control. However, the
average eIPSCs amplitude of pyramidal cells recorded from the
parietal cortex was decreased by only 27 � 2.1% (n � 9) of control
after bath application of 40 �M MK-801. There is a significant
difference between two groups ( p 
 0.05; unpaired t test).

MK-801 inhibits NMDA receptor-mediated EPSCs in
PCC/RSC interneurons
It has been demonstrated that excitability of interneurons in the
entorhinal cortex (Jones and Buhl, 1993) and auditory cortex
(Bandrowski et al., 2001), the olfactory bulb (Schoppa et al.,
1998) of rats can be modulated via excitatory synaptic input
mediated by NMDA receptors. To assess whether MK-801 has a
direct effect on NMDA receptor-mediated EPSCs in GABAergic
interneurons, we isolated NMDA receptor-mediated EPSCs

Figure 3. MK-801 decreases GABAA receptor-mediated sIPSCs. A, In a
layer V PCC/RSC pyramidal cell held at �30 mV, bath-applied MK-801
(40 �M) decreased the frequency and amplitude of sIPSCs. When BMI
(20 �M) was added, sIPSCs were blocked reversibly. Calibration: 500
msec, 0.1 nA. B, In the same cell, the cumulative inter-event interval
distribution shows a significant increase in the inter-event interval caused
by MK-801 ( p 
 0.01; K-S test). The cumulative amplitude distribution
also shows a significant decrease in amplitude ( p 
 0.001; K-S test). C,
Photomicrograph of the same cell filled with biocytin. I–VI, Cortical
lamina. Arrow denotes axon. Scale bar, 100 �m.
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from six PCC/RSC layer II–III interneurons. Figure 8B shows a
typical firing pattern of a PCC/RSC layer III interneuron
(Kawaguchi. 1995; Zhou and Hablitz, 1998) compared with that
of a PCC/RSC layer IV pyramidal cell (Fig. 8A). When the
interneuron was held at 	70 mV, DNQX-sensitive or AMPA/
kainate receptor-mediated fast EPSCs were dominant (Fig. 8C).
When the holding potential was changed to �50 mV, there were
few, very long slow outward currents (Fig. 8D). These could be
blocked by D-APV (n � 2; data not shown), suggesting they are
NMDA receptor mediated.

Twenty minutes after bath-applied MK-801 (40 �M), these

Figure 4. Effect of MK-801 on sIPSCs from a layer III cell. In a layer III
PCC/RSC pyramidal cell held at �30 mV, bath-applied MK-801 (40 �M)
(B) decreased sIPSCs compared with control (A), an effect similar to that
seen in layer V (Fig. 3). Recorded sIPSCs were abolished by BMI (20 �M)
(C). Calibration: 500 msec, 0.1 nA. D, Camera lucida reconstruction of
the same cell. As shown, this is also a pyramidal cell, with processes
slightly different from the cell shown in Figure 3, although the pharma-
cological responses to MK-801 were similar. I–VI, Cortical lamina. Arrows
denote axon. Scale bar, 100 �m.

Figure 5. Effect of MK-801 on eIPSCs. A, In a layer IV PCC/RSC
pyramidal cell held at �5mV, outward eIPSCs were recorded. These
eIPSCs were completely and reversibly blocked by BMI (20 �M), as was
seen with sIPSCs (Fig. 2A–C), indicating that eIPSCs were mediated by
GABAA receptors. Calibration: 50 msec, 0.1 nA. B, In a layer V PCC/
RSC pyramidal cell held at �5mV, the eIPSC time course after bath-
applied MK-801 (40 �M), BMI (20 �M), and washout is shown. Insets
illustrate the averaged peak IPSC traces corresponding to each treatment.
C, Photomicrograph of the pyramidal cell shown in B filled with biocytin.
I–VI, Cortical lamina. Arrow denotes axon. Scale bar, 100 �m.
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NMDA receptor-mediated EPSCs were abolished (Fig. 8E).
MK-801 completely blocked NMDA receptor-mediated EPSCs
in all six PCC/RSC interneurons tested. These results suggested
that PCC/RSC interneurons receive NMDA receptor-mediated
input; the absence of excitatory afferent drive onto the PCC/RSC
interneurons could result in a decrease of inhibitory transmission
from interneurons onto pyramidal cells.

MK-801 did not inhibit mIPSCs of pyramidal cells in
the PCC/RSC
The results described above demonstrated that a block of NMDA
receptors by the NMDA antagonist MK-801 reduced GABAA

receptor-mediated IPSCs in PCC/RSC pyramidal cells. To de-

Figure 6. MK-801 is less effective on sIPSCs of pyramidal cells in the
parietal cortex. A, At the holding potential of �30 mV, bath-applied
MK-801 (40 �M) decreased sIPSCs in a layer V pyramidal cell in the
parietal cortex. When BMI (20 �M) was added, sIPSCs were abolished,
then recovered after washout. Calibration: 500 msec, 0.1 nA. B, In the
same cell, the cumulative inter-event interval distribution shows a slight

4

but significant increase in the inter-event interval ( p 
 0.05; K-S test). In
contrast, MK-801 did not significantly decrease the sIPSC amplitude in
the parietal cortex, as shown by the cumulative amplitude distribution
( p � 0.05; K-S test). C, Photomicrograph of the same cell filled with
biocytin. I–VI, Cortical lamina. Arrow denotes axon. Scale bar, 100 �m.
(In the main dendrite, the small apparent gaps are artifacts: they arose
after coverslipping. During the experiment, the dendrite was intact, as in
all other experiments.)

Figure 7. Comparison of MK-801 on sIPSCs and eIPSCs of pyramidal
cells in the PCC/RSC and the parietal cortex. A, Graph shows data
indicating the reduction in sIPSC frequency in PCC/RSC pyramidal cells
[superficial layers (n � 16), layer IV (n � 11), and the deep layers (n �
13)] and in the parietal cortex [superficial layer (n � 14), layer IV (n �
12), and the deep layers (n � 13)]. MK-801 (40 �M) significantly de-
creased the average sIPSC frequency of pyramidal cells in the PCC/RSC
compared with those in the parietal cortex (*p 
 0.05; unpaired t test). B,
Graph shows that MK-801 (40 �M) significantly inhibited the average
peak amplitude of eIPSCs in pyramidal cells (n � 10) in the PCC/RSC
compared with the parietal cortex (n � 9) (*p 
 0.05; unpaired t test).
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termine whether the decrease of sIPSCs and eIPSCs in pyrami-
dal cells was caused by a reduction of action potential-dependent
or action potential-independent mechanisms, we used TTX, a
Na� channel blocker, to block synaptic events that are dependent
on action potentials. Under such conditions, synaptic responses
obtained in the presence of TTX are caused by quantal release
and referred to as miniature IPSCS (mIPSCs).

We investigated the effect of MK-801 on mIPSCs in pyramidal
cells in the PCC/RSC and found that MK-801 did not affect
mIPSC frequency or amplitude. Figure 9A shows recordings of
sIPSCs from a PCC/RSC pyramidal cell in layer III before and
after application of TTX (0.5 �M). TTX caused a decrease in the
mean sIPSC amplitude, indicating that a significant portion of the
sIPSCs was caused by action potential-dependent GABA release
from inhibitory interneurons. In the presence of TTX and at a
holding potential of �30 mV, the average mIPSC frequency in
the pyramidal cells was 4.5 � 0.26/sec and the mean amplitude
was 35 � 6.2 pA (n � 5). After pretreatment of the slice with
TTX for �30 min, bath application of MK-801 (40 �M) had no
effect on the frequency (4.2 � 0.23/sec) or amplitude (33 � 5.8
pA) of mIPSCs (Fig. 9A). In contrast to the effects of MK-801 on
spontaneous IPSCs, there were no significant changes in the
cumulative probability distribution of either mIPSC frequency
(Fig. 9B, lef t panel) or amplitude (Fig. 9B, right panel) after bath
application of MK-801 (K-S; p � 0.05). These results indicated
that MK-801 exerts its inhibitory effect on IPSCs of pyramidal
cells through an action potential-dependent mechanism.

DISCUSSION
Using whole-cell patch-clamp techniques combined with morpho-
logical identification of neurons in rat brain slices, we have inves-
tigated the effect of the noncompetitive NMDA receptor antag-
onist MK-801 on sIPSCs and eIPSCs in pyramidal cells of
PCC/RSC and parietal cortex. Our results demonstrate that in
PCC/RSC pyramidal cells, GABAA receptor-mediated synaptic
transmission is reduced by NMDA receptor antagonists. These
observations suggest that NMDA receptor-mediated excitation of
interneurons facilitates GABAergic inhibition of PCC/RSC py-
ramidal cells.

The modulation of GABAergic inhibition by MK-801 in
two regions with different vulnerabilities to NMDA
antagonist-induced neurotoxicity
MK-801 has neuroprotective effects in certain CNS disorders
(Foster et al., 1988; Dirnagl et al., 1990). However, MK-801 also
has negative effects in vivo, including altered behavior (Sams-
Dodd, 1997) and temperature regulation (Colbourne et al., 1999).
Several in vivo studies reported that chronic injection of low-dose
MK-801 [or other NMDA receptor antagonists, e.g., phencycli-
dine (PCP)] causes neuronal vacuolization in the PCC/RSC
(Olney et al., 1989; Fix et al., 1993; Corso et al., 1997). This
vacuolization can be reversible at low doses; however, irreversible
neuronal damage occurs after high doses or repeated low doses
(Fix et al., 1993).

Given these results, a fundamental question arose: how could
an agent that had been expected to be neuroprotective turn out to
be neurotoxic? On the basis of their whole animal studies, Olney
and others proposed that these drugs might impair neuronal
inhibition, leading to hyperactivity and neuronal death (Olney et
al., 1991; Corso et al., 1997; Horvath et al., 1997). However,
neurotoxic mechanisms underlying this phenomenon may be
complex and could include those mediated by direct disruption of

Figure 8. MK-801 blocks NMDA receptor-mediated EPSCs in PCC/
RSC interneurons. A, Current-clamp recording of a PCC/RSC layer IV
pyramidal cell in response to depolarizing current injection. The firing
pattern of this pyramidal cell shows slow action potentials and frequency
adaptation, characteristics typical for pyramidal cells. B, Current-clamp
recording of a PCC/RSC layer III interneuron in response to depolarizing
current injection. This interneuron fires rapidly and lacks frequency
adaptation, characteristics typical for interneurons. Calibration: A, B, 200
msec, 20 mV, 80 pA. C, At the holding potential of 	70 mV and in the
presence of BMI (20 �M), DNQX-sensitive fast inward EPSCs are dom-
inant in the interneuron. Calibration: 500 msec, 50 pA. D, When this
interneuron was voltage-clamped at �50 mV and in the presence of BMI
(20 �M), the long slow EPSCs were dominant. Calibration: 1000 msec, 100
pA. E, The slow EPSCs were blocked after administration of MK-801 (40
�M). Calibration: 1000 msec, 50 pA.
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GABAergic function (Olney et al., 1991) or through a more
indirect mechanism via modulatory neurotransmitters acting in
vulnerable regions [such as cholinergic (Olney et al., 1991;),
serotoninergic (Loscher and Honack, 1991), adrenergic (Loscher
and Honack, 1991; Farber et al., 1995a), and dopaminergic (Sharp
et al., 1994; Farber et al., 1996). Either way, a significant loss of
inhibition could result in hyperexcitability, and this could lead to
excitotoxicity. Consistent with these proposals are studies in which
MK-801 increased glucose utilization in regions vulnerable to
neurotoxicity, including the cingulate and entorhinal cortices
(Kurumaji and McCulloch, 1990; Nehls et al., 1990; Patel and
McCulloch, 1995). These results suggest that the vulnerable areas
were highly activated by MK-801. The use of brain slices allowed us
to assess disinhibition with less interference from modulating in-
puts and to determine the extent of disinhibition produced within
localized networks. In our study, we have found that NMDA
antagonists greatly reduce IPSCs in the PCC/RSC, an area of high
susceptibility to NMDA antagonist-induced neurotoxicity.

With respect to the regional vulnerability to NMDA antagonist-
induced neurotoxicity in vivo, the PCC/RSC is more susceptible
than other cortical areas detected with a range of methods, includ-
ing hematoxylin and eosin, silver stains, and electron microscopy
(Olney et al., 1989; Fix et al., 1993; Corso et al., 1997; Horvath et
al., 1997). We have found regional differences in the disinhibitory
effects of MK-801 in vitro that parallel in vivo histopathological
studies. Specifically, PCC/RSC pyramidal sIPSCs were signifi-
cantly decreased by MK-801, whereas parietal pyramidal sIPSCs
were less affected. Similar to this weak effect of MK-801 on parietal
sIPSCs, Salin and Prince (1996) demonstrated that D-APV, a
competitive NMDA receptor antagonist, only minimally inhibited
sIPSC frequency in rat somatosensory cortex, another area less
vulnerable to MK-801-induced neurotoxicity (Olney et al., 1989,
1991). We therefore postulate that these regional differences in
disinhibition may explain, at least in part, the regional difference in
the vulnerability to NMDA antagonists-induced neurotoxicity.

Our data indicate that MK-801-induced reduction in excitatory
synaptic input onto GABAergic interneurons could be responsi-
ble for reducing pyramidal cell sIPSC frequency, although this is
indirect evidence. However, we also isolated NMDA receptor-
mediated EPSCs in interneurons and found that MK-801 blocked
these EPSCs, providing more direct evidence for NMDA
antagonist-induced disinhibition. Entorhinal interneurons re-
ceive NMDA receptor-mediated input (Jones and Buhl, 1993);
however, some hippocampal interneurons may not have NMDA
receptors (McBain and Dingledine, 1993). Similar to the hip-
pocampal interneurons (McBain and Dingledine, 1993; Mott et
al., 1997), cortical interneurons have heterogeneous anatomic
morphologies and physiological functions (Kawaguchi 1995;
Kawaguchi and Kubota, 1996). These differences may contribute
to regional vulnerabilities in MK-801-induced neurotoxicity.

Systemic administration of MK-801 results in altered field
potentials, specifically limited to layer III of rat medial entorhinal
cortex (Gloveli et al., 1997). A marked increase in immediate
early gene c-fos expression in layer III was also noted in rats

4

reversibly blocked mIPSCs. Calibration: 500 msec, 0.05 nA. B, Cumula-
tive mIPSC inter-event and amplitude distributions were not significantly
changed (K-S test; p � 0.05), indicating that MK-801 produces disinhi-
bition through an action potential-dependent mechanism. C, Camera
lucida reconstruction of the same cell filled with biocytin. I–VI, Cortical
lamina. Arrows denote axon. Scale bar, 100 �m.

Figure 9. MK-801 does not suppress mIPSCs. A, In a PCC/RSC layer III
pyramidal cell held at �30 mV, bath-applied TTX (0.5 �M) abolished all
action potential-dependent IPSCs, leaving only mIPSCs. Bath-applied
MK-801 (40 �M) had no effect on mIPSCs, whereas BMI (20 �M)

3078 J. Neurosci., April 15, 2002, 22(8):3070–3080 Li et al. • NMDA Antagonists and Disinhibition



pretreated with MK-801 (Vaisanen et al., 1999). These results
suggested that cells in layer III are more sensitive to NMDA
receptor antagonists. However, our experiments demonstrated
that reduction in inhibitory transmission or disinhibition induced
by MK-801 is not layer specific, although there are interlaminar
differences in sIPSC frequency in rat somatosensory cortex (Salin
and Prince, 1996).

MK-801 modulates pyramidal cell IPSCs via an action
potential-dependent mechanism
Reduction of inhibitory transmission by NMDA antagonists has
been observed in hippocampus (Hablitz and Langmoen, 1986;
Grunze et al., 1996) and basolateral amygdala (Rainnie et al.,
1991). In rat olfactory bulb, NMDA receptor activation is re-
quired for dendrodendritic inhibition (Schoppa et al., 1998).
Direct infusion of D-APV bilaterally into the accessory olfactory
bulb produced epileptiform seizures in adult female mice (Bren-
nan and Keverne, 1989), an effect consistent with disinhibition.
These investigators suggested that reduced inhibitory transmis-
sion could result from a loss of excitatory drive onto interneurons
in the local circuit.

Our findings are compatible with this mechanism. MK-801
dramatically reduced the frequency of sIPSCs and the amplitude
of eIPSCs but did not affect the frequency or amplitude of TTX-
insensitive mIPSCs. This argues that MK-801 did not affect the
postsynaptic efficacy of released GABA and did not affect quantal
size or probability of spontaneous release. [Disinhibition produced
by presynaptic mechanisms has been observed elsewhere, such as
in studies of the effects of opioids and cannabinoids (Cohen et al.,
1992; Hoffman and Lupica 2000)]. MK-801 seemed to affect action
potential-dependent GABA release, compatible with an effect in
inhibitory interneurons on either action potential-induced calcium
influx into the presynaptic terminal or an effect on action potential
initiation or propagation. Consequently, future experiments will
focus on the effects of MK-801 on synaptic currents and resting
spontaneous activity in interneurons.

Relation to proposed models
These results support the hypothesis that NMDA antagonists
produce disinhibition within a PCC/RSC excitatory/inhibitory
network. This disinhibition may be attributable partially to a local
effect, because these findings were obtained in brain slices in
which many of the modulatory input fibers have been severed.

These results, however, do not rule out the importance of
inputs from other brain areas shown to play a role in NMDA
antagonist-induced neurotoxicity [e.g., inputs from the anterior
thalamus (Tomitaka et al., 2000) or cholinergic nuclei (Corso et
al., 1997)]. This may be important, because it is not clear whether
disinhibition alone is sufficient to produce neurodegeneration in
the PCC/RSC. For example, if disinhibition is sufficient, then
local injection of NMDA antagonists into the PCC or RSC might
be expected to produce localized neurodegeneration. However,
the results vary regarding the in vivo effects of direct injections of
NMDA antagonists: D-APV injected directly into the cingulate
caused neuronal vacuolization (Olney et al., 1989), whereas MK-
801 injected into the RSC did not induce HSP70 heat shock
protein, but instead, HSP70 was induced after bilateral (but not
unilateral) MK-801 injections into the anterior thalamus (Tomi-
taka et al., 2000). Based on the latter findings, a model was
constructed in which excitatory connections from the anterior
thalamus to the RSC mediate MK-801-induced neurotoxicity,
and it is within the thalamus that local modulation of GABAergic

inhibition occurs (Tomitaka et al., 2000). That model is entirely
consistent with their findings. However, our results suggest that
there also is modulation of GABAergic function at the local
cortical level. It is possible that locally mediated disinhibition (as
seen in our slices) may not be sufficient to produce neurodegen-
eration. However, local disinhibition could become critical when
modulated by other neurotransmitters or external excitatory in-
puts, then leading to full-blown neurodegeneration. Given that
region-specific disinhibition seen in vitro does parallel region-
specific neurodegeneration seen in vivo, it is plausible that disin-
hibition may be a candidate mechanism underlying neurotoxicity.

Clinical significance
These findings may have wide-ranging clinical significance be-
cause drugs with NMDA antagonist activity are being used clin-
ically, and many more are under development. These include
drugs for pain, epilepsy, and Parkinson’s disease (Subramaniam
et al., 1995; Boyce et al., 1999; Parsons et al., 1999). Also, certain
abused drugs, such as PCP and ketamine, are NMDA antagonists
(Olney et al., 1987). Potent NMDA antagonists such as PCP
produce bizarre and disturbing behavioral effects in humans, but
it has not been determined whether this reflects neurotoxicity. If
so, it will be important to better understand the neurotoxic
mechanisms and to reduce the risk of damage. One strategy
involves using NMDAR-glycine site antagonists, which lack neu-
rotoxicity (Berger et al., 1994; Auer, 1997). However, noncom-
petitive channel antagonists may still prove useful, so it will be
important to better understand their neurotoxic mechanisms and
the characteristics that increase vulnerability to neurotoxicity
[e.g., age or gender (Auer, 1996; Wozniak et al., 1996)].

Also, NMDA antagonists are proposed to model psychiatric
conditions such as schizophrenia (Ellison, 1995; Farber et al.,
1995b). If there are shared mechanisms between drug-induced
neurotoxicity and the etiologies of schizophrenia, these findings
may have broad implications for psychiatry.
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