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Abstract Brain injury during the last trimester to the Wrst
1–4 years in humans is now thought to trigger an array of
intellectual and emotional problems later in life, including
disorders such as schizophrenia. In adult schizophrenic
brains, there is a speciWc loss of neurons that co-express
glutamic acid decarboxylase-parvalbumin (GAD67-PV).
Loss of this phenotype is thought to occur in mature ani-
mals previously exposed to N-methyl-D-aspartate receptor
(NMDAR) antagonists during late gestation or at postnatal
day 7 (P7). However, in similarly treated animals, we have
previously shown that GAD67 and PV are unaltered in the
Wrst 24 h. To more precisely deWne when changes in these
markers Wrst occur, we exposed rat pups (P7 or P6–P10) to
the NMDAR antagonist MK801 and at P11 co-stained
brain sections for GAD67 or PV. In the cingulate cortex,
we found evidence for a reduction in PV (GAD67 levels
were very low to undetectable). In contrast, in the somato-
sensory cortex, we found that expression of GAD67 was
reduced, but PV remained stable. Further, repeated but not
single doses of MK801 were necessary to see such changes.
Thus, depending on the region, NMDAR antagonism
appears to inXuence expression of PV or GAD67, but not
both. These observations could not have been predicted by
previous studies and raise important questions as to how the
GAD67-PV phenotype is lost once animals reach maturity.
More importantly, such diVerential eVects may be of great

clinical importance, given that cognitive deWcits are seen in
children exposed to anesthetics that act by blocking the
NMDAR.
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Introduction

Schizophrenia is a disorder increasingly associated with
developmental perturbations (Lewis and Levitt 2002;
Remschmidt 2002; Eastwood 2004). Animal models that
test sensorimotor or cognitive changes in adults previously
exposed to N-methyl-D-aspartate receptor (NMDAR)
antagonists during the Wrst week or so of postnatal life
describe deWcits reminiscent of those observed in schizo-
phrenics (Wang et al. 2001; Harris et al. 2003; Wang et al.
2003). Further, schizophrenia is associated with a number
of key pathologies that include loss of glutamate function
(Olney and Farber 1995; Carlsson et al. 1999; Kristiansen
et al. 2007), changes in �-amino butyric acid (GABA)-ergic
transmission (Beasley et al. 2002; Lewis and Moghaddam
2006; Hashimoto et al. 2008) and loss of the glutamic acid
decarboxylase-parvalbumin (GAD67-PV) neuronal pheno-
type (Hashimoto et al. 2003). Many general anesthetics
(that act by blocking the NMDAR) are now known to cause
cognitive deWcits in young adults previously exposed to
such agents between the ages of 0–4 years (Wilder et al.
2009). Thus, animal models that use glutamate dysfunction
to induce age-dependent brain injury may not only provide
insight into why the GAD67-PV phenotype is lost in clini-
cal syndromes such as schizophrenia, but may also allow us
to ask if exposure to general anesthetics at very young ages
promote similar pathologies.
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The early postnatal period in rodents is thought to be
roughly equivalent to the last trimester/Wrst 1–4 years of
infant life in humans (Rice and Barone 2000) making this
period in rats ideal for modeling brain injury in very young
children. For example, when postnatal day 7 (P7) rats are
exposed to NMDAR antagonists, apoptotic injury is
induced within hours (Ikonomidou et al. 1999; Wang et al.
2001; Turner et al. 2002, 2007; Jevtovic-Todorovic et al.
2003; Dzietko et al. 2004; Wang et al. 2004). However,
sensitivity to such agents diminishes rapidly as animals
mature. These animal studies suggest that children may be
at risk when exposed to agents that act through the
NMDAR (Ikonomidou et al. 1999; Turner et al. 2002,
2007). For example, age-dependent apoptosis is observed
throughout the forebrain following exposure to the general
anesthetic ketamine, to anti-epileptics or other NMDAR
antagonists (Jevtovic-Todorovic et al. 2000; Beals et al.
2003; Fredriksson et al. 2007; Ikonomidou et al. 2007;
Slikker et al. 2007; Kaindl et al. 2008; Stefovska et al.
2008; Bercker et al. 2009; Lunardi et al. 2009). Further, a
recent study suggests that the consequences of anesthesia-
induced injury may have profound clinical implications
(Wilder et al. 2009).

Although there has been much focus on potential mecha-
nisms and short-term molecular changes, there are also
long-term outcomes that suggest permanent damage may
have occurred (Kaindl et al. 2008). More speciWcally, neu-
rons that express both the calcium-binding protein (CaBP)
PV and the GABAergic marker, glutamic acid decarboxyl-
ase 67 (GAD67), are thought to be lost following exposure
to MK801 or phencyclidine during the perinatal period
(Abekawa et al. 2007; Wang et al. 2007). We have previ-
ously shown that expression of CaBPs in general, and PV
in particular, increases abruptly at a time when sensitivity
to NMDAR blockade rapidly declines (Lema Tomé et al.
2007). Similarly, GAD67 is low at or around P7 and only
reaches adult levels relatively late in postnatal life (Greif
et al. 1991, 1992; Golshani et al. 1997; Guo et al. 1997;
Jiao et al. 2006; Yin and Tan 2007; Turner et al. 2009c).
Further, at P7, induction of the pro-apoptotic marker, acti-
vated caspase-3, does not overlap with expression of CaBPs
(Lema Tomé et al. 2006a, b) or GAD67 (Turner et al.
2009b). Importantly, in these same studies, we have found
no evidence for decreased expression of PV or GAD67
within the Wrst 24 h. It is likely then that antagonist-induced
loss of the GAD67-PV phenotype (Abekawa et al. 2007;
Wang et al. 2007) is secondary to the cell death observed
immediately after NMDAR blockade, but exactly when
such changes Wrst occur is presently unknown.

To determine if antagonism of the NMDAR can lead to
changes beyond the Wrst 24 h following the initial receptor
blockade, we exposed neonatal rats to vehicle or MK801
from P6 to P10, and at P11 examined the expression of

proteins associated with GABAergic transmission (GAD67)
or buVering of intracellular calcium (PV). Although others
have examined short-term and long-term changes using the
microarray approach (Kaindl et al. 2008), this technique
cannot reveal what changes may take place at the histologi-
cal level. Thus, using immunohistochemistry (IHC), we
focused on the cingulate cortex (Cg) because other groups
report that it is in the midline cortical structures of mature
animals that GAD67-PV changes are observed (Abekawa
et al. 2007; Wang et al. 2007). We also included the ante-
rior somatosensory cortex (SSCANT) in this study because
we have previously observed that the GAD67-positive
puncta of layer IV in this region display a close association
with cells undergoing apoptosis 8 h after MK801 exposure
(Turner et al. 2009b). The Wndings we describe are dis-
cussed in the context of postnatal development, as well as
with respect to the long-term eVects of general anesthetics
on very young children.

Methods

All in vivo procedures used in these studies were approved
by the Wake Forest University Animal Care and Use Com-
mittee and were in compliance with NIH guidelines. All
chemicals used in these studies were from Sigma-Aldrich
(St Louis, MO), unless otherwise stated.

Treatment groups, injections and perfusions

A single injection of MK801 (dizocilpine; 1 mg/kg) at P7
has been shown to induce robust and widespread injury
throughout the forebrain (Ikonomidou et al. 1999; Turner
et al. 2002, 2007). However, it was unclear if this would be
suYcient to induce lasting changes in downstream events
following NMDAR blockade-induced triggering of apopto-
sis. Thus, we treated rat pups with a single injection of
MK801 at P7 (1MK; N = 4) or repeated injections at P6, P8
and P10 (3MK; 3 injections total; N = 6). In addition to
increasing the exposure to MK801 over a longer period,
this three-dose strategy allowed us to compare outcomes
with long-term studies conducted in this laboratory using
the same approach (Lyall et al. 2009). As controls, we
injected another group with vehicle at P6, P8 and P10
(vehicle; 3 injections total; sterile PBS, pH 7.4; N = 6). The
vehicle and 3MK groups were represented across two lit-
ters. In the current study, our experimental design included
animals from only one litter for the 1MK group, as pilot
studies using the same injection protocol suggested we
would not see changes in expression of GAD67 or PV after
only one exposure. In all groups, pups had equal numbers
of both genders. At P11, animals were anesthetized with
2% isoXurane and perfused with PBS, followed by 4%
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paraformaldehyde in PBS (4% PFA). Brains were further
Wxed in 4% PFA at 4°C for another 24 h.

Immunohistochemistry

PFA-Wxed brains (see above) were equilibrated in 10, 20
and 30% sucrose-PBS (3–4 days, total time) and cut frozen
on a sliding microtome into 60 �m coronal sections, which
were stored in PBS in 24-well plates. Within each 24-well
plate, sections from each brain were placed in consecutive
wells along a given row (6 wells total) so that (within each
well) sections were 6 £ 60 �m apart from the preceding
section.

We Wrst exposed brain sections to mouse monoclonal
anti-GAD67 primary antibody (1:500; Chemicon, Teme-
cula, CA) followed by AlexaFluor 594, donkey anti-mouse
secondary antibody (1:200; Millipore, Eugene, OR). After
PBS washes, sections were then exposed to a rabbit poly-
clonal anti-PV primary antibody (1:2,000; Swant, Switzer-
land), followed by AlexaFluor 488, goat anti-rabbit
secondary antibody (1:200, Millipore). All incubations
were performed in IHC buVer (1% BS-A, 0.1% TX100,
PBS; pH 7.4). Exposure to primary antibodies was for 24 h
at 4°C and to secondary antibodies for 2 h at room tempera-
ture. After PBS washes, sections were mounted onto glass
slides (SuperFrost Plus; Fisher, Pittsburgh, PA), air-dried
and coverslipped using VectorShield mounting media
(Vector Labs, Burlingame, CA). Primary antibody omis-
sion served as an assay control and eliminated all speciWc
staining. SpeciWc staining for both GAD67 and PV were
very consistent with previous publications that examined
the histological distribution of these markers (Greif et al.
1991; Guo et al. 1997; Jiao et al. 2006; Yin and Tan 2007;
Turner et al. 2009b, c).

Imaging and quantiWcation

Under UV light, images were captured at 10£, 20£, 40£
or 60£ magniWcation (as needed) using an Olympus IX70
inverted Xuorescent microscope (Olympus, Melville, NY),
an Orca 238 digital camera (Hamamatsu, Bridgewater, NJ)
and IPLab software (v3.65a, Scanalytics, Billerica, MA).
Images were either processed in Adobe Photoshop for
pseudo-color conversion for Wgure display or imported into
ImagePro 5.0 (Media Cybernetics, Baltimore, MD) for
semi-quantitative analysis (see below).

PV cell counts

As previously described (Lema Tomé et al. 2006a), we
counted the number of PV-positive cells within the cingu-
late and somatosensory cortex from 20£ images. Because
these counts were not performed stereologically, we used

very conservative parameters to estimate the number of PV
cells in a given brain region. BrieXy, within the count box
(250 £ 250 �m), we set the size and intensity thresholds to
exclude background or artifact labeling (size was set to
exclude anything <5 �m or >100 �m; intensity set to
exclude any object with a value of <50 (twice background
value), using a scale of 0 = no signal, 255 = highest inten-
sity). Once these parameters had been set, counting was
performed automatically by ImagePro 5.0, independent of
the observer (counting performed by all authors except
CPT). The number of positive PV proWles was expressed as
cells per mm2. We counted within layer V of the Cg, and
within layer V of the anterior part of the somatosensory
cortex (SSCANT; from approximately the frontal cortex to
the decussation of the anterior commissure), according to
Paxinos (2004). For both regions, we sampled from 6 to 8
sections per animal.

GAD67-ir line scans

Images of the SSCANT were captured at 10£ and imported
into Image Pro 5.0. Most sections required two such images
to cover the full dorsomedial–ventrolateral extent of the
SSCANT. In each image, a line was traced so as to pass
through the central core of each GAD67-immunoreactive
patch within layer IV of the SSCANT. Based on the gray
scale values obtained (0–255, 0 being lowest intensity and
255 highest intensity), we found that each scan easily dis-
criminated adjacent patches as a series of peaks and
troughs. After background subtraction, we derived two sets
of data from these gray scale values: (1) the number of
GAD67 patches (peaks) per unit pixel length; (2) the inten-
sity of each patch (peak pixel intensity). Data were
expressed as mean peaks/length or mean intensity for each
treatment group. We sampled from six to eight sections per
animal.

Statistical analysis

Mean (§ SE) of PV cells/mm2, peaks/length or peak inten-
sity was estimated for each treatment group (see above) and
diVerences between the groups determined by a one-way
ANOVA, using a Bonferroni post-test comparison of
means. All statistical analyses were performed using
GraphPad Prism, version 4.0 (GraphPad, San Diego, CA).

Results

Previous work from this laboratory has shown that neither
PV nor GAD67 levels are altered in the Wrst 8–16 h after
MK801 exposure at P7 (Lema Tomé et al. 2006a, b; Turner
et al. 2009b). However, in mature animals, others have
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shown that there is a speciWc loss of PV expression (in a
subpopulation of GAD67 neurons) in animals exposed to
NMDAR antagonists at P7 (Abekawa et al. 2007; Wang
et al. 2007). Collectively, these studies suggest that changes
in GAD67 and/or PV must take place after P7, but before
the animals mature. To understand more clearly when such
changes Wrst take place, we injected P7 rat pups with vehi-
cle (sterile PBS; vehicle) or the NMDAR antagonist
MK801. For comparison, single MK801 injections at P7
(1MK) were compared with three injections of MK801
spread over P6, P8 and P10 (3MK). At P11, we examined
coronal brain sections for expression of GAD67 and PV in
the Cg and the SSCANT.

General patterns of GAD67/PV expression

We Wrst established overall expression patterns for the two
proteins of interest. Thus, in Fig. 1, we present montages of
4£ images that give a global view of GAD67 and PV
expression in the anterior forebrain. Although data in Fig. 1
compare a vehicle- with a 3MK-treated animal, observa-
tions made with respect to all treatment groups are pre-
sented in greater detail in Figs. 3 and 4.

In the Cg, although GAD67-ir was detectable, it was
very weak compared to other regions (Fig. 1a; see also
Fig. 3a–c). In contrast, PV expression was robust in both
cell bodies and processes (Figs. 1a, 3a–c). In related stud-
ies, we have shown that in the Cg region, somatic GAD67-
ir at P7 is either observed in very few cells or not detectable
at all (Turner et al. 2009c). In the SSCANT, GAD67-ir was

observed as distinct patches within layer IV, whereas PV
was found mostly in layer V (Figs. 1a, 2a). These patches
appeared to be rich in GAD67-positive puncta (Fig. 2b, d)
in agreement with earlier studies (Turner et al. 2009b).
Although somatic GAD67 staining was present in the more
superWcial layers (I–III), it was often very weak compared
to the immunoreactivity observed in layer IV (see Fig. 2a,
b). However, clear somatic GAD67-ir was found in the
deeper layers, in particular layer VI (see Fig. 2a, c).
Regardless of staining intensity or distribution, few cells in
the SSCANT were found to express both GAD67 and PV
(Fig. 2b). Indeed, in any given territory that had somatic
staining for both proteins, a distinctly non-overlapping dis-
tribution was typically observed (Fig. 2c).

A complete survey of the entire forebrain would be
beyond the immediate scope of this current study and a
more comprehensive analysis of postnatal GAD67 or PV
expression can be found elsewhere (Lema Tomé et al.
2007, 2008; Turner et al. 2009b, c). However, some stain-
ing patterns for GAD67 and PV were worthy of note. For
example, GAD67-ir was intense in the septum, the islands
of Calleja, olfactory tubercle (Fig. 1a) and the thalamic
reticular nucleus (TRN; Fig. 2e–g). Overlapping expression
with PV was found in numerous subcortical structures, par-
ticularly in the TRN, where levels and distribution for both
markers were closely matched (Fig. 2e–g). In contrast, in
the adjacent globus pallidus, GAD67 expression was
robust, but PV low to absent. Clearly, postnatal regulation
of both markers diVers substantially depending on the brain
region.

Fig. 1 Gross distribution of GAD67 and PV expression. Rat pups
were injected with vehicle at P6, P8, and P10 (Veh; N = 6), or three sin-
gle injections of MK801 at P6, P8 and P10 (3MK; N = 6) and allowed
to recover until P11. At P11, brains were processed for expression of
GAD67 and PV (see “Methods”). Montage of low-power images from

the anterior forebrain of a vehicle or b 3MK-treated animal. SSC
Somatosensory cortex, Cg cingulate cortex, CC corpus callosum, CP
caudate putamen, OT olfactory tubercle, ICj islands of Calleja. Arrows
in a point to PV-ir in the lateral CP. Scale bar is 1 mm
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Although some of the merged images we have shown
suggest that subpopulations of neurons appear to express
both GAD67 and PV, the very weak staining for GAD67 in
certain brain regions/layers prevented deWnitive assess-
ment. Also, it must also be stressed that any assessment of
the co-expression of both markers would require more rig-
orous confocal analysis and we bring attention to the over-
lapping nature of the expression patterns for both proteins
(for example in the layer IV of the SSCANT or in the TRN)
to contrast with the relative lack of overlap found elsewhere
in most other forebrain regions.

MK801-induced changes in the cingulate cortex

A loss of the GAD67-PV phenotype in midline cortical
regions has been reported by other groups (Abekawa et al.
2007; Wang et al. 2007), and so we next studied whether
MK801 could induce changes in expression of these mark-
ers within the Cg. However, at P11 GAD67-positive cells
were scarce and weakly labeled (see above), and so we
focused on quantifying changes only in PV expression.
To cover the entire dorsal–ventral extent of the Cg, we
divided this region into Cg1, Cg1/Cg2 and Cg2 subregions

Fig. 2 Local distribution of 
GAD67 and PV. Brain sections 
from vehicle-treated animals 
stained for GAD67 and PV. 
a Expression of GAD67 in layer 
IV (asterisks) and PV in layer V 
(arrows) in the SSCANT. 
b Isolated PV-GAD67 cells 
were located at the base of each 
barrel Weld zone (see double 
asterisks). c In layer VI, numer-
ous cells positive for either 
GAD67 (arrowheads) or PV 
(arrows) were found in the same 
territory (co-expression in the 
same cell not observed). d High 
power image of the central core 
of a single GAD67-rich patch 
(arrowheads GAD67-positive 
puncta; circle weakly stained PV 
neuron surrounded by GAD67-
positive puncta). e PV expres-
sion in the thalamic reticular 
nucleus (TRN). f Expression of 
GAD67 in the same section. 
g Merged images of e, f. h High 
power view from the lateral edge 
of the caudate putamen (CP). 
Circles indicate GAD67-
positive cells negative for PV; 
arrows point to PV-positive 
cells that appear to be also 
positive for GAD67. Scale bars 
as follows: a 200 �m, b 100 �m, 
c and h 50 �m, d 25 �m, g 
200 �m. Glob Pall Globus 
pallidus
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(see Fig. 3). Compared to vehicle controls (Fig. 3a–c),
although no changes were observed in the 1MK group
(Fig. 3d–f), all subregions showed an apparent loss of PV
cells in the 3MK group (Fig. 3g–i). When we quantiWed
these changes, we found that 3MK-treated animals had
25% less PV numbers than those found in the vehicle-
treated group (Fig. 3j; ***P < 0.001, ANOVA).

MK801-induced changes in the somatosensory cortex

We next examined changes in GAD67 and PV expression
in the SSCANT. First, we determined the number and inten-
sity of GAD67 patches in layer IV (see “Methods”). We
found that in the sections from vehicle-treated animals,
numerous distinct patches were quite evident, many of
which were of high intensity (Fig. 4a; see also Figs. 1a, 2a).
Although in the 1MK group, GAD67 appeared similarly
distributed (Fig. 4b), in sections from 3MK-treated animals,

both the number and the intensity of these GAD67-positive
patches were diminished and in some sections undetectable
(Fig. 4c; compare also Figs. 1a with 1b). When we quantiWed
the mean number of peaks per unit length (see “Methods”),
there were approximately 60% fewer peaks in the 3MK
group compared to the vehicle (Fig. 4d; ***P < 0.001,
ANOVA). Likewise, when we quantiWed patch intensity
(see “Methods”), we found that the remaining patches in
the 3MK group were 30% less intense than that found for
vehicle (Fig. 4d; ***P < 0.001; ANOVA). No signiWcant
change was observed in the 1MK group compared to the
vehicle controls.

We next studied if MK801 treatment could alter PV
expression in the same brain region. As described earlier
for the Cg, we noted a band of PV cells in layer V and so
we estimated the mean density of PV cells from this layer
in each group (see “Methods”). We did not observe any
changes in the number of PV cells in 1MK or 3MK-treated

Fig. 3 Selective loss of PV in 
the cingulate cortex. Rat pups 
were injected and brain tissue 
processed as described in Fig. 1. 
PV numbers were estimated 
from three subregions: Cg1, 
Cg1/2 and Cg2 in a–c vehicle 
controls, d–f 1MK-treated ani-
mals or g–i 3MK-treated ani-
mals. j Combined counts (mean 
PV cells per mm2 § SE) from all 
three zones for vehicle, 1MK 
and 3MK groups; ***P < 0.001, 
NS not signiWcant (ANOVA; 
Bonferroni post-test comparison 
of means). Arrows indicate PV-
positive cells; scale in F is 
100 �m. Note: these sections 
were also stained for GAD67-ir, 
but labeling was generally very 
weak or undetectable
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animals, compared to vehicle controls (Fig. 4e). Thus, in
contrast to GAD67 in this brain region, we can conclude
that even with multiple MK801 injections, there are no
changes in expression of this CaBP within days after the
initial receptor blockade.

Discussion

The molecular changes that occur in the Wrst 24 h after
NMDAR blockade in P7 rats are well documented (Iko-
nomidou et al. 1999; Wang et al. 1999, 2004; Lema Tomé
et al. 2006a, b; Lu et al. 2006; Turner et al. 2007; Wang and
Johnson 2007; Kaindl et al. 2008; Ringler et al. 2008).
Likewise, long-term, molecular, histological and behavioral
changes have also been identiWed (Jevtovic-Todorovic
et al. 2003; Abekawa et al. 2007; Wang et al. 2007; Kaindl
et al. 2008; Lyall et al. 2009). However, we still do not
have a clear picture of events taking place beyond the Wrst
24 h after the initial blockade. In this study, therefore, we
examined the inXuence of single or multiple episodes of
NMDAR antagonism from P6 to P10 on expression of the
GABAergic marker, GAD67, and the CaBP, PV, in P11
animals.

MK801-induced loss of PV

Our initial focus was on the Cg, as others have shown
loss of PV in midline cortical regions following perinatal

exposure to NMDAR antagonists (Abekawa et al. 2007;
Wang et al. 2007). In our current study, whereas a single,
transient loss of NMDAR activity (1MK group) was
insuYcient to change PV expression, repeated loss of
receptor activity over a 4-day period (3MK group) trig-
gered a decline in this CaBP. This may simply reXect a dos-
age eVect, though it is only at the end of the P6–P10 period
that PV expression emerges (Lema Tomé et al. 2007,
2008), suggesting that (in the present study) the timing of
MK801 exposure rather than dosage may be a factor. How-
ever, given that prenatal exposure to MK801 can also trig-
ger loss of GAD67-PV expression, it may be that ongoing
developmental programs that precede the emergence of PV
expression are sensitive to loss of NMDAR activity at
many stages (in the Cg, at least). Perhaps, only after PV
expression is fully established are such neurons safe from
agents that block this receptor (Lema Tomé et al. 2006a, b,
2007, 2008). Indeed, when we simulate artiWcial buVering
of calcium in the face of MK801 challenge, apoptosis is
reduced or eliminated (Turner et al. 2009a).

MK801-induced loss of GAD67

In contrast to the relative absence in the Cg, GAD67-ir was
easily detectable in the SSCANT, being particularly intense
within the barrel Welds of layer IV. However, unlike
GAD67, PV expression in the SSCANT was quite similar in
intensity and distribution to that found in the Cg. Repeated
exposure to MK801 led to loss of GAD67 in the barrel Weld

Fig. 4 Selective loss of GAD67 in the somatosensory cortex. Rat
pups were injected and brain tissue processed as described in Fig. 1.
a SSCANT of vehicle-treated animal. Asterisk indicates a single
GAD67-rich patch in layer IV (approximately 12 are present in this one
frame). Arrow indicates a single PV-positive cell in layer V. b SSCANT
of 3MK-treated animal. c SSCANT of 3MK-treated animal. Note both

the reduction in number and intensity of GAD67-rich patches in layer
IV. d QuantiWcation of the number of patches per unit pixel length and
patch intensity (see “Methods”). e QuantiWcation of PV cell number in
layer V (see “Methods”). For both d, e: ***P < 0.001, NS not signiW-
cant (ANOVA, Bonferroni post-test comparison of means)
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region (layer IV of the SSACANT), but there was no change
in the number of PV-positive cells in layer V. Thus, in con-
trast to the Cg, expression of GAD67 in the SSCANT was
sensitive to NMDAR blockade, whereas PV remained sta-
ble, suggesting that MK801-induced changes in these
markers occur independently of each other. Although
MK801 may reduce expression of the enzyme responsible
for GABA production, its action on the GABAergic system
as a whole may be more complex. For example, newborn
rats exposed to this agent do not display changes in
GABAA receptor expression (Penschuck et al. 1999). How-
ever, consistent with our studies, diminished barrel Weld
development was observed, in agreement with others
(Mitrovic et al. 1996).

In rodents, a critical source of sensory input to the CNS
is the pathway projecting from the vibrissae of the whisker
pad up to the barrel Welds of the somatosensory cortex. This
pathway plays a signiWcant role in texture discrimination,
navigation and exploration (Waite 2004), and its disruption
can deprive animals of important information about their
environment. Whereas primates do not have a whisker pad–
barrel Weld system, damage to the equivalent somatosen-
sory pathway or structures would nevertheless create aber-
rations in somatosensory processing, potentially resulting
in clinically relevant cognitive or behavioral deWcits at later
ages.

Direct or indirect action of MK801?

Prior studies show that expression of GAD67 or PV is gen-
erally low to absent before P7, and adult-like levels and
patterns appear no earlier than P10–P14, or much later
depending on the brain region (Greif et al. 1991, 1992;
Golshani et al. 1997; Guo et al. 1997; Jiao et al. 2006;
Lema Tomé et al. 2007, 2008; Yin and Tan 2007; Turner
et al. 2009c). Thus, at the post-translational level at least,
MK801 has little substrate to act upon during the period
leading up to P10 and beyond. It is possible that MK801 or
similar agents may act at the transcriptional or transla-
tional level, though evidence supporting such a mechanism
is yet to be presented. Implicitly then, the eVect of
NMDAR blockade on GAD67 or PV expression during the
perinatal period has to be indirect. In support of this,
MK801-induced expression of the pro-apoptotic marker
activated caspase-3 does not occur in either PV (Lema
Tomé et al. 2006a) or GAD67 soma (Turner et al. 2009b).
Further, in both these studies, we see no evidence of any
decline in these two markers in the Wrst 24 h. Further still,
loss of both markers in the same cell population is
observed only at adult ages (Abekawa et al. 2007; Wang
et al. 2007), suggesting that the pathology underlying the
disappearance of the GAD67-PV phenotype is progressive
in nature.

It could be argued that we have not considered what the
eVect(s) of a single injection of MK801 at P11 might have
had on PV or GAD67 expression (in comparison to that
found following a single injection at P7 or multiple injec-
tions from P6 to P10). The injection strategies used in this
study were based on optimizing administration of MK801
at or around the period of peak cell death (P6–P10), as well
to be consistent with previous studies from our laboratory
that target long-term consequences of NMDAR blockade
using a similar approach (Lyall et al. 2009). Thus, the pres-
ent study was not designed to address eVects of MK801
with respect to: (1) window of sensitivity; (2) later emer-
gence of GAD67 or PV; (3) sensitivity of ongoing develop-
mental programs that may inXuence later expression of
these markers. However, future studies that more compre-
hensively explores how NMDAR blockade at diVerent ages
inXuences expression of GAD67 or PV could generate crit-
ical data that link the earlier events we have described here
and elsewhere (Turner et al. 2009b, c) with loss of the
GAD67-PV phenotype in adult animals (Abekawa et al.
2007; Wang et al. 2007).

Biological and clinical implications

Studies from this laboratory suggest that even in the
absence of overt cell death, more subtle eVects on growth
cone activity, axon elongation and navigation, as well as
dendritic branching are observed following MK801 expo-
sure (Ringler et al. 2008). Thus, NMDAR blockade during
the developmentally dynamic postnatal period can have a
profound eVect on neuronal survival, maturation and diVer-
entiation. It should also be noted that multiple MK801
administrations over the P6–P10 period has been used to
examine changes in neurogenesis at later ages (Smith et al.
2007; Stefovska et al. 2008). In both studies, a clear loss of
mitotic activity was noted in a number of forebrain regions.
Clearly, NMDAR blockade at or around P7 leads to a pleth-
ora of pathological changes that suggest signiWcant restruc-
turing of the still developing CNS is to be expected (Lema
Tomé et al. 2006b; Kaindl et al. 2008).

Using exclusively or primarily immunohistochemical
approaches, our Wndings in this current study and elsewhere
conWrm the progressive nature of these changes (Turner
et al. 2002, 2007, a, b, c; Lema Tomé et al. 2006a, b, 2007,
2008; Lyall et al. 2009). Indeed, studies that employ stan-
dard IHC to deWne receptor blockade-induced changes in
the spatial and temporal distribution of speciWc gene prod-
ucts will greatly compliment research that uses more cut-
ting edge approaches to target changes in hundreds of such
products simultaneously (Kaindl et al. 2008; Turner 2009).

Although the above studies suggest that the developing
rodent brain is quite susceptible to NMDAR antagonists,
the clinical relevance of this research has often been
123
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questioned. However, a recent study suggests that neonatal
exposure to general anesthetics (which act in part or in
whole by blocking the NMDAR) can cause cognitive deW-
cits as children mature (Wilder et al. 2009). For the present,
this study deWnitively identiWed only a narrow range of
general anesthetics that likely caused injury, and the full
extent of any long-term intellectual impairment is still
somewhat speculative. However, the data we have shown
here (together with those provided by other groups) suggest
both overt as well as subtle cognitive changes may be
expected in humans when more exhaustive clinical studies
have been completed.
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