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Abstract

Background—In schizophrenia, working memory dysfunction is associated with altered
expression of gamma-aminobutyric acid (GABA)a receptor al and a2 subunits in the dorsolateral
prefrontal cortex (DLPFC). In rodents, cortical o subunit expression shifts from low a1 and high
a2 to high al and low a2 during early postnatal development. Because these two a subunits confer
different functional properties to the GABAa receptors containing them, we determined whether this
shift in al and a2 subunit expression continues through adolescence in the primate DLPFC,
potentially contributing to the maturation of working memory during this developmental period.

Methods—Levels of GABAA, receptor ol and a2 subunit mMRNAS were determined in the DLPFC
of monkeys aged 1 week, 4 weeks, 3 months, 15-17 months (prepubertal), and 43-47 months
(postpubertal) and in adult monkeys using in situ hybridization, followed by the quantification of
al subunit protein by western blotting. We also performed whole-cell patch clamp recording of
miniature inhibitory postsynaptic potentials (mIPSPs) in DLPFC slices prepared from pre- and
postpubertal monkeys.

Results—The mRNA and protein levels of a1l and a2 subunits progressively increased and
decreased, respectively, throughout postnatal development including adolescence. Furthermore, as
predicted by the different functional properties of al-containing versus a2-containing GABAA
receptors, the mIPSP duration was significantly shorter in postpubertal than in prepubertal animals.

Conclusions—In contrast to rodents, the developmental shift in GABAA receptor o subunit
expression continues through adolescence in primate DLPFC, inducing a marked change in the
kinetics of GABA neurotransmission. Disturbances in this shift might underlie impaired working
memory in schizophrenia.
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The core features of schizophrenia include impairments in critical cognitive functions, such as
working memory, that are dependent on the circuitry of the dorsolateral prefrontal cortex
(DLPFC) (1,2). These cognitive abnormalities are found throughout the life span of affected
individuals, including childhood and adolescence and at the initial onset of psychosis (3-6),
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which typically occurs during late adolescence or early adulthood (7). In primates, working
memory performance progressively improves through adolescence (8,9), and this improvement
is associated with increased involvement of DLPFC circuitry (10-12). Therefore, the working
memory impairments in schizophrenia might reflect disturbances in the normal development
of DLPFC circuitry (13,14).

In the DLPFC of subjects with schizophrenia, postmortem studies have consistently revealed
alterations in markers of gamma-aminobutyric acid (GABA) neurotransmission (15), such as
lower levels of the mRNA encoding the 67-kDa isoform of glutamic acid decarboxylase
(GADg7), the enzyme principally responsible for GABA synthesis (16-21). Furthermore, these
alterations are accompanied by abnormal expression of GABA receptor a subunits.
GABA receptors are pentameric proteins that form a GABA-gated chloride channel with a
typical 2a.:2f:y subunit stoichiometry. In the adult rodent brain, the most abundant subunit
combinations, a1B2y2 and 02B3y2, constitute approximately 60% and 20% of GABAA
receptors, respectively (22). In the DLPFC of subjects with schizophrenia, the levels of
GABAa0l mRNA were reported to be decreased (20), whereas immunoreactivity for the
GABA a2 subunit was increased (23).

In rodents, the expression of these two GABA aa subunits in the neocortex changes in opposite
directions during early postnatal development: a1 subunit levels are low at birth and
subsequently increase, whereas a2 subunit levels are high at birth and then decline (24).
GABA receptors containing o1 subunits have faster deactivation Kinetics than those
containing a2 subunits (25), providing a molecular basis for the production of fast versus slow
inhibitory postsynaptic currents, respectively. Consistent with these findings, GABA
neurotransmission kinetics becomes faster during early postnatal development in rodents,
reaching adult values by postnatal Day 21, well before adolescence starts (26). Given that
DLPFC GABA neurotransmission is essential for normal working memory function in adult
monkeys (27,28), a developmental shift in o subunit expression might also play an important
role in the protracted maturation of working memory performance in primates (8,9,11,12), and
disturbances in this process might contribute to working memory impairments in
schizophrenia. However, in the primate DLPFC, it is unknown whether the developmental shift
in a subunit expression occurs early in development as in rodents or over a protracted time
course that extends through adolescence.

To distinguish between these two possibilities, we quantified mMRNA levels for GABAA
receptor a1 and a2 subunits in the DLPFC of rhesus monkeys across six stages of postnatal
development: 1 week, 1 month, 3 months, 15-17 months (prepuberty), 43-47 months (post-
puberty), and adulthood. To determine the functional significance of these changes in transcript
levels, we also evaluated the developmental changes in a1 subunit protein levels and the
kinetics of GABA receptor-mediated inhibitory postsynaptic potentials. Our findings indicate
that the developmental changes in the expression of these two GABA receptor subunits
continues through adolescence in primates and therefore could contribute to the refinements
in DLPFC circuitry required for the maturation of working memory performance.

Methods and Materials

Animals

We used 33 rhesus monkeys (Macaca mulatta) that were categorized into six age groups
ranging from 1-week-old to adulthood (Table 1). All animals used in this study were female
except for subject 282. The housing of animals has been described previously (29). Housing
and experimental procedures were conducted in accordance with guidelines set by the U.S.
Department of Agriculture and the National Institutes of Health Guide for the Care and Use of
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Laboratory Animals and with approval of the University of Pittsburgh’s Institutional Animal
Care and Use Committee. All animals were euthanized with an overdose of pentobarbital.

Analysis of mRNA Levels by In Situ Hybridization

Of the 28 animals used in this analysis (Table 1), 16 were perfused transcardially with ice-cold
modified artificial cerebrospinal fluid (ACSF) with the following composition (in mmol/L):
sucrose 210, NaCl 10.0, KCI 1.9, NapHPO4 1.2, NaHCO3 33.0, MgCl, 6.0, CaCl, 1.0, glucose
10.0, and kynurenic acid 2.0; pH 7.3-7.4 when bubbled with 95% O,-5%CO,. Four of these
animals (Table 1) underwent a biopsy of a nonhomotopic region of the left DLPFC 2 to 4 weeks
before perfusion for in vitro slice physiology studies (30). After the brains were removed, the
right frontal lobe was blocked coronally, frozen, and stored at —80°C. Serial cryostat sections
(16 um) containing the caudal principal sulcus of the right DLPFC were cut from fresh-frozen
coronal tissue blocks and thaw-mounted onto glass slides. From each animal, two sections
spaced at 224 um were processed for both GABAA receptor a1l and a2 subunit mMRNAS. In situ
hybridization was performed as previously described (19) using 35S-labeled sense and
antisense riboprobes (Supplement 1).

Radioactivity of hybridized probes was detected by autoradiographic films and then by nuclear
emulsion (Supplement 1). Film optical density of signals was measured within the contours of
DLPFC area 46 (Supplement 1) and expressed as nanocuries per gram of tissue by reference
to radioactive Carbon-14 standards (ARC, St. Louis, Missouri) exposed on the same film. In
the same area, the optical density was also measured in cortical traverses from the pial surface
to the white matter to assess the expression levels in each cortical layer (Supplement 1). For

this laminar analysis, we used the animals in the 1-week-old, prepuberty, and adult age groups.
All cortical optical density measures were corrected by subtracting background optical density
measures in the white matter.

To assess the effect of postnatal development on the expression levels of both a1 and a2 subunit
MRNAs, an analysis of variance (ANOVA) was performed using mean optical density
measures as the dependent variable and age group as the main effect. Duncan's post hoc test
was used for multiple comparisons between age groups with o = .05.

Assessment of Potential Confounding Factors on mRNA Expression

To assess the potential effects of perfusion with modified ACSF on the measures of mMRNA
levels, a two-sample t test was performed to compare the optical density measures of
GABA receptor ol and a2 mRNAs between 3-month-old monkeys with and without modified
ACSF perfusion (n = 4 for each group). Similarly, the effect of prior biopsy on mRNA
expression was assessed by conducting a two-sample t test comparing the optical density
measures between postpubertal and adult monkeys with (n = 4) and without (n = 5) a prior
biopsy. To assess the possible effects of sex steroids on the expression of a subunits (31,32),
phase of menstrual cycle was determined for the postpubertal and adult animals by measuring
serum levels of estradiol and progesterone obtained immediately before euthanasia in 8 of 9
animals. For the remaining adult animal, records of observed menstruation indicated that she
had very stable cycles, which predicted that she was in luteal phase at the time of euthanasia.
The effect of menstrual status on al and a2 mMRNA levels was tested by ANOVA with
menstrual status as a main effect and age group as a blocking factor.

Analysis of Protein Levels by Western Blot

Twelve animals belonging to three age groups, 1 week, prepubertal, and adult (n = 4 for each)
were used in this analysis (Table 1). Because of the limited availability of tissue from one of
the adult animals (subject 248), a 43 month-old (postpubertal) monkey (subject 239) was
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included as an adult animal. Animals were divided into four triads composed of one animal
per age group, and each triad was processed on the same gels.

Protein levels of GABA receptor al subunit were measured by Western blot with anti-
GABA receptor a1 subunit and anti-actin antibodies (Supplement 1). The protein content of
GABA receptor ol subunit was expressed relative to the actin content of the same sample.
The specificity of the anti-GABA 4 receptor al subunit antibody was confirmed by immunoblot
using brain samples from GABA receptor ol subunit knockout mice (kindly provided by Dr.
A Leslie Morrow, University of North Carolina) (33); protein levels of the a2 subunit could
not be determined because a specific antibody was unavailable. The effect of postnatal
development on GABAA receptor a1 subunit expression was assessed by ANOVA with the
relative GABAA receptor al protein level as a dependent variable, age group as a main effect,
and triad as a blocking factor. A Duncan's post hoc test with a = .05 was conducted for multiple
comparisons between age groups.

Analysis of Miniature Inhibitory Postsynaptic Potentials in DLPFC Slices

Results

The surgical procedures to obtain tissue blocks for electrophysiologic experiments have been
previously described (30). Tissue blocks containing portions of DLPFC areas 46 and 9 from
prepubertal (n = 3 animals; three hemispheres) and postpubertal (n = 2 animals; four
hemispheres) monkeys (Table 1) were sectioned in the coronal plane to generate 350-pum-thick
slices. Using these slices, miniature inhibitory postsynaptic potentials (mIPSPs) were recorded
from layer 2/3 pyramidal neurons (n = 11 cells for each of two age groups) by whole-cell
current clamp recordings (Supplement 1). For each cell, at least 300 nonoverlapping events
were included to generate automatically an average mIPSP for each cell. The amplitude, the
10%-90% rise time and the decay time constant (determined by fitting an exponential function
to the 10%-90% decay phase) were determined for the average mIPSP for each cell and
compared between the two age groups. Statistical significance was assessed by using Student's
t test with o = .05.

Specificity of Riboprobes for GABA Receptor al and a2 Subunit mRNAs

In emulsion-coated slides, the expression of GABA, receptor al and a2 subunit mRNAS was
detected as accumulations of silver grains around Nissl-stained nuclei (see Figure in
Supplement 1), indicating specific hybridization within the cytoplasm for each mRNA. Labeled
cells were identified as neurons by the faint Nissl staining of their large nuclei, distinguishing
them from unlabeled glial cells with intensely stained, small nuclei. Specificity of the antisense
riboprobes was also confirmed by examination of sections treated with sense riboprobes, which
did not produce signal above background on film autoradiograms.

Postnatal Changes in GABAA Receptor al and a2 Subunit mRNA Expression in Monkey

DLPFC

In DLPFC area 46, a1 subunit mRNA expression appeared to increase, whereas o2 subunit
MRNA expression appeared to decrease across postnatal development (Figure 1). The ANOVA
revealed a significant effect of age on the expression levels of both a1 [F(5,22) = 8.5, p <.001]
and a2 [F(5,22) = 4.5, p = .005] subunit mRNAs (Figure 2). Post hoc analyses revealed
significant differences (p < .05) in the expression levels of both mRNAs between 1-week-old,
prepubertal (15-17 months of age), and adult animals (Figure 2). From 1-week-old to
prepubertal animals, mean al subunit mRNA levels increased by 36%, whereas a2 subunit
MRNA levels decreased by 35%. From prepubertal to adult animals, al subunit mRNA levels
increased by 21%, whereas a2 subunit mMRNA levels decreased by 18%.
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Laminar Changes in Expression of al and a2 Subunit mRNAs

Across cortical layers, the expression patterns of al and a2 subunit mRNAs differed among
animals of three developmental stages: 1 week, prepuberty, and adulthood (Figure 3). The
expression of a1 subunit mMRNA significantly increased [for all, F(2,8) > 5.2, p <.036, Figure
4] in all layers with age. In contrast, the expression of a2 mMRNA decreased in all layers except
for layer 1, and the ANOVA revealed significant effects of age in layers 3, 4, and 5 [for all, F
(2,8) > 4.8, p <.043, Figure 4].

Interestingly, the developmental changes in expression were more prominent in certain layers
at different ages for each subunit. For the a1 subunit, layer 5 showed a significant increase in
the preadolescent period, whereas layers 2 and 3 showed prominent increases between
prepuberty and adulthood (Figures 3 and 4), a pattern of change consistent with the general
“inside-out” pattern of cortical development. For the a2 subunit, the magnitude of changes was
greater during the preadolescent period across cortical layers (Figures 3 and 4).

Effects of Potential Confounding Factors on mRNA Expression

Neither perfusion nor prior biopsy had a significant effect on mRNA levels for a1 (p = .12 for
perfusion, p = .23 for prior biopsy) or a2 (p = .55 for perfusion, p = .86 for prior biopsy)
subunits. Menstrual status did not have a significant effect on al [F(1,6) = 2.2, p =.19] or a2
[F(1,6) = .02, p = .88] subunit MRNA levels in post-adolescent animals.

Postnatal Changes in GABAA Receptor al Subunit Protein Levels in Monkey DLPFC

In Western blot analyses, the anti-GABA receptor a1 subunit antibody detected a single band
near the predicted molecular weight of 51 kDa for the a1 subunit in protein samples prepared
from the cortex of wild type mice; this band was absent in cortical samples from mice with a
knockout of the GABA receptor al subunit gene (Figure 5A). GABA, receptor al subunit
protein levels progressively increased across the three postnatal developmental age groups
studied (Figure 5B and 5C) in parallel to, but with a greater magnitude of increase than, al
subunit mMRNA levels. GABA, receptor ol subunit protein levels increased by 110% from 1-
week-old to prepubertal animals and by 60% from prepubertal to adult animals. The ANOVA
revealed a significant effect of age [F(1,9) = 18.9, p = .003] on GABAA, receptor al subunit
protein levels, and the post hoc analysis demonstrated that the increases from 1-week-old to
prepubertal animals and from prepubertal to adult animals were both significant (p < .05).

Electrophysiological Correlates of GABA Receptor Subunit Shift Across Adolescence

To test the functional significance of the progressive shift in expression of a.1 versus a2 subunits
through adolescence, we compared the properties of GABA receptor-mediated mIPSPs
recorded from layer 2/3 pyramidal neurons of pre- and postpubertal monkeys (Figure 6A and
6B). The amplitude and the 10%-90% rise time of the average mIPSP were not different
between the two age groups (mIPSP amplitude: prepubertal, 1.29 + .31 mV and postpubertal,
1.07 £.12 mV, p =.5; mIPSP 10%-90% rise time: prepubertal, 2.02 £ .17 msec and
postpubertal, 1.95 + .08 msec, p =.7; n =11 cells per age group). In contrast, the mIPSP decay
time constant was significantly longer in neurons from prepubertal animals than in neurons
from postpubertal animals (p < .05) (Figure 6C and D). This change was clearly demonstrated
by the leftward shift of the cumulative probability distribution of the mIPSP decay time
constant from prepubertal to postpubertal animals (Figure 6E). In addition to the shift in the
a subunit composition of the GABA receptors, differences in the mIPSP decay time constant
could have been due, at least in part, to a developmentally regulated change in the membrane
time constant of layer 2/3 pyramidal cells. However, the pyramidal cell membrane time
constant did not differ between prepubertal (17.68 £ 1.77 msec) and postpubertal (16.35 + 1.04
msec) monkeys.
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Discussion

We found that the expression of mMRNAs encoding GABA receptor a1l and a2 subunits in
monkey DLPFC exhibit opposite trajectories during an extended period of postnatal
development; ol subunit mMRNA expression was the lowest in newborns, increased gradually
with age, and was greatest in adults, whereas o2 subunit mMRNA exhibited the highest levels
in neonates and then progressively declined with the lowest levels of expression in adult
animals (Figures 1-4). Similarly, Western blot analysis revealed a progressive increase in ol
subunit protein levels with age (Figure 5), and our previous study demonstrated a substantial
reduction in a2 subunit immunoreactivity with age (29). For al subunit expression, the
magnitude of the age-related changes was greater for protein than for mRNA measures (Figures
2 and 5). This difference might reflect developmental changes in translational or
posttranslational mechanisms that regulate the turnover of the subunit proteins.

In the rodent neocortex, al expression becomes detectable during the first postnatal week and
increases rapidly after postnatal Day 6, whereas a2 expression is already high at birth and
declines thereafter. These expression changes in al and a2 subunits end in the adult levels of
expression by postnatal Day 20, before adolescence starts (24). In contrast, in the current study,
the expression levels of al and a2 subunits progressively changed with age, including
significant differences between prepubertal and adult animals, indicating that the
developmental regulation of ol and a2 subunit expression is quite protracted, extending
through adolescence in primate DLPFC. However, in the hippocampus and entorhinal cortex,
al subunit expression is reported to be high in both neonatal rodents and primates (34-36),
indicating that the timing of developmental changes in al and a2 subunit expression might
differ across cortical areas.

Our electrophysiologic analysis revealed that the duration of mIPSPs in pyramidal neurons
was shorter in postpubertal animals compared with prepubertal animals (Figure 6). Given that
al-subunit-containing GABA receptors have faster deactivation kinetics than those
containing a2 subunits (25), these data are consistent with the observed changes in the ratio of
al to a2 subunit protein levels during adolescence and indicate that these changes occur at the
single-synapse level, at least in inputs onto pyramidal neurons. However, it is important to note
that expression changes in § and y subunits might also contribute to the change in mIPSP decay
time during development (25,37).

Variations in systemic levels of sex steroids are associated with changes in GABA receptor
al and a2 subunit mMRNA levels in the hippocampus, but not in the cingulate cortex, of rats
(31). Consistent with the latter finding, we did not detect a significant effect of menstrual status
on the expression of either MRNA in monkey DLPFC, although we cannot exclude a limitation
in statistical power because of the small sample size of our study. In concert, the existing data
suggest that the effects of sex steroids are less pronounced, or absent, in the neocortex compared
with the hippocampus. In addition, because the effects of sex steroids on the expression of
GABA, receptor subunits have previously been evaluated only in rodents (32), potential
differences between species need to be considered.

Previous studies have demonstrated substantial developmental refinements in pre- and
postsynaptic markers of GABA neurotransmission in the inputs from the chandelier subset of
GABA neurons to the axon initial segment of pyramidal neurons in monkey DLPFC. For
example, the density of GABA, receptor a2 subunit-immunoreactive axon initial segments
was greatest in preadolescent animals, declined during adolescence, and reached the lowest
level in adult animals (29). However, given that a2 subunits are also present at other synaptic
sites (38), the marked decrease in cortical a2 mRNA expression with age is likely to reflect a
postnatal downregulation of the a2 subunit broadly in GABA synapses rather than selectively
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in those at axon initial segments. Consistent with this interpretation, a substantial reduction in
a2 subunit-immunoreactive puncta, indicating reduced o2 subunit expression in the neuropil
(presumably at axosomatic and axodendritic synapses), was detected in post-adolescent
animals compared with younger animals (29). Similarly, given that the al subunit is
ubiquitously and abundantly expressed in the adult cortex (22,39), the postnatal increase in
al subunit mRNA levels across cortical layers suggests that this increase is likely to occur at
a large proportion of cortical GABA synapses. Taken together, these findings suggest that
during postnatal development, the composition of GABA, receptors shifts from a2 to al
subunits in diverse populations of GABA synapses on both pyramidal and GABA neurons.

In mature circuits, GABAp a1 and a2 subunits are differentially localized to the synapses made
by two populations of basket cells onto the soma of pyramidal neurons; the o1 subunit
predominates at synapses made by parvalbumin (PV)-positive basket cells (40), whereas the
a2 subunit is postsynaptic to the axon terminals of PV-negative, putative cholecystokinin
(CCK)-containing basket cells in adult rat hippocampus (41). Our findings might reflect a
developmental replacement of a2 sub-units with a1 subunits at synapses made by PV-
containing basket cells on pyramidal neurons, whereas a2 subunits remain predominant in
synapses made by CCK-containing basket cells into adulthood. In the developing primary
visual cortex, experience-dependent plasticity relies on the recruitment of a1 subunit-
containing GABA receptors to inhibitory synapses on pyramidal neuron soma made by PV-
containing basket cells (42). Therefore, the increase in al subunit at these synapses might also
be crucial for engaging neuronal plasticity in the developing primate DLPFC.

In the cortex, PV-containing GABA neurons are extensively and mutually interconnected into
networks (43) which play a central role in generating gamma band (30-80 Hz) oscillations
(44) that are thought to provide a temporal structure for cortical information processing,
including those dependent on DLPFC circuitry such as working memory (45). The generation
of gamma oscillations requires strong and fast inhibitory connections among PV-containing
neurons and between PV-containing basket neurons and pyramidal cells (44), which appear to
be provided by the fast deactivation kinetics of al subunit-containing GABAx receptors in
these synapses (40). Therefore, an increase in a1 subunit expression during development might
be important for establishing the network properties required to efficiently generate the gamma
oscillations associated with cognitive functions. Although the resolution of our findings does
not reveal the type of GABA receptors present at specific synapses, our electrophysiologic
findings of faster kinetics of inhibitory inputs to pyramidal neurons are consistent with
increased al subunit expression at inhibitory synapses on pyramidal neurons, such as those
made by PV-containing basket neurons (40). Given that each PV-containing neuron innervates
a large number of pyramidal neurons (15), faster inhibition by PV-containing neurons across
postnatal development might contribute to an improved ability to synchronize populations of
pyramidal neurons at high frequencies. Therefore, increased a1 subunit levels at the synapses
between both PV-containing neurons and PV-containing and pyramidal neurons might have
synergistic roles in the generation of cortical gamma band oscillations. Consistent with this
interpretation, in humans both working memory performance (9,12) and gamma band power
(46) increase across postnatal development, including adolescence, and into early adulthood.

Previous postmortem studies have reported that muscimol binding to GABAA receptors was
increased in the DLPFC of subjects with schizophrenia (47). However, in the same area, the
levels of a1 subunit mMRNA were found to be decreased (20), whereas a2 immunoreactivity in
pyramidal neuron axon initial segments was increased (23). Because muscimol recognizes
GABA binding sites in all types of GABAA receptors, understanding how these disease-
associated differences in o subunit expression contribute to the increase in total GABAa
receptor binding requires systematic evaluation of the expression of other GABA, receptor
subunits in schizophrenia. It remains to be determined whether these changes in the expression
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of o subunits represent a primary pathology affecting postsynaptic GABA, receptors or a
secondary process induced by the alterations in presynaptic GABA neurons (15). However,
given the developmental profiles of al and a2 subunit expression observed in this study, the
elevated o2 subunit expression and the decreased a1l mRNA levels in schizophrenia might
reflect a developmental dysregulation of GABA, receptor a subunit expression in which the
changes in subunit expression with age fail to undergo their full course. This disruption might
contribute to the cognitive deficits in patients with schizophrenia by compromising neuronal
plasticity and gamma band oscillations, both of which seem to be critical for the cognitive
processes mediated by DLPFC circuitry (48).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Postnatal development of gamma-aminobutyric acid (GABA)p receptor subunit mRNA
expression in area 46 of monkey dorsolateral prefrontal cortex (DLPFC). Representative film
autoradiograms show changes in GABAA, receptor al (A, C, E) and a2 (B, D, F) mRNA
expression in area 46 from 1-week-old (1W) (A, B), 15-month-old (15M) (C, D), and adult
(E, F) monkeys. The signal intensity for a1 mRNA increases, whereas that for a2 mRNA
decreases, during postnatal development. The optical densities of hybridization signals are
presented in a pseudo-color manner according to the calibration scales at the bottom for each
MRNA. The optical density for each mRNA was quantified within areas indicated by broken
lines. PS, the principal sulcus. Scale bar = 1 mm (applies to all panels).
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Figure 2.

Expression levels of gamma-aminobutyric acid (GABA)areceptor ol and a2 subunit mRNAS
in the monkey dorsolateral prefrontal cortex (DLPFC) during development. The optical
densities for a1 (A) and a2 (B) subunit mRNAs within area 46 of each animal are individually
plotted for each age group. The mean values for each age group are indicated as bars. During
postnatal development, a1l mMRNA levels increased, whereas a2 mRNA levels declined. Age
groups that do not share the same letter are statistically different at alpha = .05. These findings
demonstrate that the shift in o subunit expression is a progressive and protracted process that
lasts through adolescence. M, months; Pre, prepuberty; Post, postpuberty; W, week.
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Figure 3.

Developmental changes in gamma-aminobutyric acid (GABA)areceptor a1 and a2 subunit
mRNA expression across cortical layers. Serial sections from 1-week-old (A, B, C), 15-month-
old (E, F, G), and adult (1, J, K) monkeys were Nissl-stained (A, E, 1) or hybridized with
antisense riboprobes for al (B, F, J) or a2 (C, G, K) subunit mMRNAs. Panels B, F, J and C,
G, K show darkfield photomicrographs of emulsion-dipped sections. The expression patterns
of a1 and a2 subunit mMRNAs detected by the emulsion autoradiograms matched well with the
mean optical density plots from film autoradiograms (D, H, and L) across cortical layers for
both subunit mRNAs. Numbers at far right indicate cortical layers. Scale bar = 300 um (applies
to all photomicrograph panels). M, months; W, week.
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Figure 4.

Cortical layer comparisons of gamma-aminobutyric acid (GABA)areceptor al and o2 subunit
MRNA expression among 1 week, prepuberty, and adult groups of monkeys. The means (+
SD) of GABAAQ receptor al (A), and a2 (B) subunit expression levels in each age group were
plotted across cortical layers. For the a1 subunit, layers 2—3 showed a prominent increase
during adolescence, whereas layer 5 showed a significant increase in the preadolescent period.
For the a2 subunit, the magnitude of changes was greater during the preadolescent period. Age
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Corlical Layers

groups that do not share the same letter are statistically different at a = .05. W, week.
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Figure 5.

Expression levels of gamma-aminobutyric acid (GABA)a receptor al subunit protein in the
monkey dorsolateral prefrontal cortex (DLPFC) during development. (A) Immunoblot shows
the specificity of the anti-GABAA receptor al subunit antibody by the presence of a single
band of the appropriate MW in wildtype (WT) mice and the absence of this band in GABAx,
receptor a1 knockout (KO) mice. (B) Immunoblot shows both GABA, receptor al subunit
and actin protein levels for one triad representing three ages: 1 week (1W), 15 months (15M),
and adulthood. (C) Bar graph shows the significant [F(1,9) = 18.9, p < .003] effect of age on
the mean (z SD) ratio of GABAA receptor al protein signal relative to actin signal for the 1
week, prepubertal, and adult age groups. Bars not sharing the same letter are significantly
different (p < .05).
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Figure 6.

Changes in gamma-aminobutyric acid (GABA)a receptor-mediated miniature inhibitory
postsynaptic potentials (mIPSPs) during adolescence. (A) Reconstruction of the dendritic tree
(thick lines) and axonal arbor (thin lines) of a representative pyramidal neuron in monkey
dorsolateral prefrontal cortex (DLPFC) examined in this study. Trace below indicates the
typical regular-spiking firing pattern of layer 3 pyramidal neurons. (B) Representative mIPSPs
recorded from pyramidal neurons of prepubertal (gray traces) and postpubertal (black traces)
monkeys. (C) Average mIPSPs obtained from at least 300 individual events recorded from two
representative neurons were scaled to the same amplitude and superimposed, illustrating the
longer decay time for neurons from prepubertal (gray trace) compared with postpubertal (black
trace) monkeys. The mIPSP decay time constant becomes significantly faster during
adolescence (prepubertal vs. postpubertal animals). (D) Bar graph summarizing the differences
between age groups (Student's t test, *p < .05, n = 11 cells for each group). (E) Cumulative
probability distribution curves of the mIPSP decay time constant in prepubertal (gray) and
postpubertal (black) animals. The left shift of the curve from prepubertal to postpubertal
animals indicates a higher fraction of shorter mIPSPs in postpubertal animals compared with
prepubertal animals. A Kolmogorov-Smirnov test indicated a significant difference in the
distribution (p < .05).
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