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GABA signaling molecules are critical for both human brain development and the pathophysiology of schizophrenia. We examined the
expression of transcripts derived from three genes related to GABA signaling [GAD1 (GAD67 and GAD25), SLC12A2 (NKCC1), and
SLC12A5 (KCC2)] in the prefrontal cortex (PFC) and hippocampal formation of a large cohort of nonpsychiatric control human brains
(n � 240) across the lifespan (from fetal week 14 to 80 years) and in patients with schizophrenia (n � 30 –31), using quantitative RT-PCR.
We also examined whether a schizophrenia risk-associated promoter SNP in GAD1 (rs3749034) is related to expression of these tran-
scripts. Our studies revealed that development and maturation of both the PFC and hippocampal formation are characterized by pro-
gressive switches in expression from GAD25 to GAD67 and from NKCC1 to KCC2. Previous studies have demonstrated that the former
leads to GABA synthesis, and the latter leads to switching from excitatory to inhibitory neurotransmission. In the hippocampal forma-
tion, GAD25/GAD67 and NKCC1/KCC2 ratios are increased in patients with schizophrenia, reflecting a potentially immature GABA
physiology. Remarkably, GAD25/GAD67 and NKCC1/KCC2 expression ratios are associated with rs3749034 genotype, with risk alleles
again predicting a relatively less mature pattern. These findings suggest that abnormalities in GABA signaling critical to brain develop-
ment contribute to genetic risk for schizophrenia.

Introduction
The most widely replicated postmortem brain findings in schizo-
phrenia are related to GABA signaling (Akbarian et al., 1995;
Lewis and Hashimoto, 2007; Charych et al., 2009). Most schizo-
phrenia studies focus on adults, but the pathogenesis probably
involves early brain development (Marenco and Weinberger,
2000). Genetic variation in GAD1, the gene for the GABA syn-
thetic enzyme GAD67, may be an etiologic factor in schizophre-
nia (Addington et al., 2005; Straub et al., 2007; Du et al., 2008).

The possibility that the pattern of GABA abnormalities associated
with schizophrenia might reflect genetically regulated develop-
mental processes has not been explored.

GABA is synthesized by glutamic acid decarboxylase, derived
from two genes, GAD1 and GAD2. GAD1 has been studied by
measuring GAD67 expression in normal human brain develop-
ment (Chan et al., 1997; Huang et al., 2007). Another GAD1
transcript, GAD25, lacking an enzymatic domain and predomi-
nantly expressed fetally, has not been studied extensively (Bond
et al., 1990; Szabo et al., 1994). GAD25 may play a role in devel-
opmental processes such as cell proliferation, migration, and/or
synaptogenesis (Popp et al., 2009). Moreover, the switch from
GAD25 to GAD67 is accompanied by increased GABA synthesis.

The transition of GABA from excitation to inhibition is criti-
cal in brain development (Owens and Kriegstein, 2002; Blaesse et
al., 2009). Functionally linked to postsynaptic GABAA receptors
in brain, the cation-chloride cotransporters NKCC1 and KCC2
help mediate the biophysical effects of GABA. Regulating intra-
cellular Cl� concentration, these cotransporters help determine
the electrophysiological effects of GABAA receptor activation.
The direction and degree of GABAA receptor-mediated Cl� cur-
rent depend, among other things, on the chloride gradient across
the neuronal membrane, which in turns depends on the relative
activity of NKCC1 (by itself resulting in higher Cl� “in”) and
KCC2 (by itself resulting in higher Cl� “out”). Accordingly,
NKCC1 activity helps make GABAA receptor activation depolar-
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izing, whereas KCC2 activity has an inverse effect, making
GABAA receptor activation hyperpolarizing (Kaila, 1994; Owens
and Kriegstein, 2002; Yamada et al., 2004; Blaesse et al., 2009).
Early on, NKCC1 expression predominates; as brain develop-
ment proceeds, KCC2 expression rises. NKCC1/KCC2 expres-
sion ratio change parallels the change of GABA from an
excitatory to an inhibitory neurotransmitter (Owens and Krieg-
stein, 2002; Blaesse et al., 2009).

NKCC1 is expressed in neurons and nonneuronal cells, in-
cluding somatic tissues (Plotkin et al., 1997; Yan et al., 2001;
Mikawa et al., 2002). KCC2 is brain-specific in humans (Song et
al., 2002) and rats (Payne et al., 1996) and preferentially ex-
pressed in mature neurons (Payne et al., 1996). KCC2 also con-
tributes to mature dendritic spine formation and functional
excitatory synapses (Li et al., 2007).

We examined NKCC1, KCC2, GAD67, and GAD25 expres-
sion across the lifespan in the PFC and hippocampal formation of
controls and separately in controls and schizophrenics, with an
additional analysis of expression conditioned on the genotype at
a schizophrenia-associated promoter SNP in GAD1 (rs3749034).
We studied rs3749034 because of its previous association with
GAD67 expression (Straub et al., 2007). GABA itself may play a
role in the induction of KCC2 expression (Ganguly et al., 2001;
Aguado et al., 2003; Carmona et al., 2006; Liu et al., 2006), al-
though a strong GABA signal may not be necessary for increased
KCC2 (Sipilä et al., 2009). Because postsynaptic stimulation of
GABAA receptors may induce KCC2 expression, we hypothesized
that schizophrenics with the rs3749034 risk genotype—associ-
ated with lower levels of GAD67 expression—would have lower
levels of KCC2 and an elevated NKCC1/KCC2 ratio, a pattern
reflecting immature GABA physiology.

Materials and Methods
Human postmortem brain tissue collection. Male and female postmortem
human brains from the Clinical Brain Disorders Branch (CBDB cases)
were obtained at autopsy primarily from the Washington, D.C., and
Northern Virginia Medical Examiners’ Offices, all with informed con-
sent from the legal next of kin (protocol #90-M-0142 approved by the
NIMH/NIH Institutional Review Board). Additional postmortem fetal,
infant, child, and adolescent brain tissue samples (designated UMD
cases) were provided by the National Institute of Child Health and Hu-
man Development Brain and Tissue Bank for Developmental Disorders
(http://medschool.umaryland.edu/BTBank) under contracts NO1-HD-
4-3368 and NO1-HD-4-3383. The Institutional Review Board of the
University of Maryland at Baltimore and the State of Maryland approved
the protocol, and the tissue was donated to the NIMH under the terms of

a Material Transfer Agreement. Clinical characterization, diagnoses, and
macroscopic/microscopic neuropathological examinations were performed
on all CBDB cases using a standardized paradigm (Lipska et al., 2006). The
UMD cases were handled in a similar fashion (http://medschool.umaryland.
edu/BTBank/ProtocolMethods.html). Toxicological analysis (including
both prescription and illicit drugs) was performed on every case. All control
subjects had no history of psychiatric illness, alcohol abuse, or drug abuse.
Positive toxicology was not an exclusion criterion for the schizophrenic
cases. The demographic characteristics of each subject group are summa-
rized in Table 1.

Tissue retrieval and processing. For the CBDB cases, brains were he-
misected, cut into 1.0 –1.5-cm-thick coronal slabs, flash frozen, and
stored at �80°C. The hippocampal formation (hippocampus proper and
subiculum) and dorsolateral prefrontal cortex (DLPFC) gray matter
(Brodmann’s areas 9 and 46) were microdissected as previously de-
scribed for all the CBDB cases and the UMD infant, child, and adolescent
cases (Lipska et al., 2006). For the UMD fetal cases, the PFC consisted of
a wedge of frontal cortex dissected from the dorsal convexity of the
frontal lobes, midway between the frontal pole and the anterior temporal
pole, under visual guidance using a dental drill. For the fetal hippocampal
formation, a wedge of tissue was taken from the medial temporal lobe,
along the rostral-caudal extent of the temporal lobe. Pulverized cerebel-
lum was used for pH measurement.

RNA extraction, quantitative real-time PCR, GAD1 (GAD67) genotyp-
ing and analysis. Human brain specimens were processed, RNA was ex-
tracted, and quantitative RT-PCR (qRT-PCR) was performed using a
paradigm described previously (Mathew et al., 2007). Species-specific
probes and primer sets (Applied Biosystems) were used; for human
NKCC1 (SLC12A2): Catalog No. Hs00169032_m1 (spanning exons
4 –5); for human KCC2 (SLC12A5): Catalog No. Hs01110928_m1 (span-
ning exons 8 –9); for GAD67: Catalog No. Hs00241471_m1 (spanning
exons 11–12); for GAD25: Catalog No. Hs00247564_m1 (spanning ex-
ons 6 –7). For normalization purposes, the geometric mean of three control
genes was used: �-2-microglobulin (B2M), �-glucuronidase, and �-actin
(Applied Biosystems, Assays on Demand: Hs99999907, Hs99999908, and
Hs99999903, respectively) (Lipska et al., 2006). GAD67 expression and
rs3749034 genotypes were generated as described by Straub et al. (2007).

Statistical analysis comparing normal controls with patients with
schizophrenia. For analysis of transcripts across the lifespan, the data were
plotted using the log2 of the normalized quantitative RT-PCR results
from each subject. The lifespan curve was generated using LOESS fit
(local polynomial regression fitting), using an R package with default
parameters (span � 0.75, degree � 2).

From the CBDB postmortem brain collection, analyses in the hip-
pocampus were performed on 62 normal controls and 30 schizophrenic
patients and in the DLPFC on 73 normal controls and 31 schizophrenic
patients (see Table 1 for detailed demographics). Outliers that were 2 SDs
beyond the control mean were eliminated. Statistical analyses were per-
formed using Statistica version 7.1 (StatSoft; www.statsoft.com). The

Table 1. Cohort Demographics and Characteristics

Cohort n Race Sex Agea PMI (h) pH RIN

Fetal
DLPFC 36 34AA/2C 16F/20M 17.6 � 1.7 2.4 � 2.1 N/A 9.64 � 0.26
Hippocampus 22 20AA/2C 13F/9M 17.7 � 1.6 2.6 � 2.6 N/A 9.24 � 0.57

Lifespan
DLPFC 204 102AA/4A/5H/93C 63F/141M 30 � 20 30 � 6 6.5 � 0.31 8.2 � 0.95
Hippocampus 216 125AA/4A/5H/82C 72F/144M 36 � 20 31 � 15 6.5 � 0.31 7.8 � 0.82

Normal controls versus schizophrenic subjects
Hippocampus

Controls 62 38AA/3A/2H/19C 18F/44M 43 � 16 32 � 15 6.6 � 0.26 5.8 � 1.08
Schizophrenic patients 30 20AA/1H/9C 10F/20M 48 � 16 36 � 15 6.6 � 0.33 5.3 � 0.93

DLPFC
Controls 73 44AA/3A/4H/22C 25F/48M 43 � 15 32 � 14 6.6 � 0.28 8.0 � 0.71
Schizophrenic patients 31 17AA/2H/12C 13F/18M 48 � 16 37 � 18 6.5 � 0.27 8.0 � 0.54

AA, African American; C, Caucasian; A, Asian; H, Hispanic; F, female; M, male; PMI, postmortem interval; RIN, RNA integrity number.
aFetal cohort gestational age in weeks; lifespan and normal controls vs schizophrenic patients ages in years.
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data were normally distributed (Kolmogorov–Smirnoff test); therefore,
parametric analyses were used for all comparisons. Covariates were cho-
sen for each ANCOVA from multiple regression analyses. Multiple re-
gression analyses were performed to assess the contributions of age, sex,
pH, postmortem interval, RNA integrity number, and smoking history
on endogenous control genes, KCC2, NKCC1, GAD67, and GAD25
mRNA expression. Multiple regression analyses were also performed to
assess the effects of age of onset of illness, age of hospitalization, lifetime
neuroleptic exposure, average daily dose, and final neuroleptic dose on
mRNA expression in the patients with schizophrenia. Estimates of lifetime
neuroleptic exposure, average daily dose, and final neuroleptic dose were all
converted to chlorpromazine equivalents for statistical comparisons. Com-
parisons between diagnostic groups were made using univariate ANCOVA
for mRNA expression with diagnosis as an independent variable. All exper-
iments were conducted blind to diagnosis. The relationship between expres-
sion levels was tested using Spearman’s coefficient of correlation.

Neuroleptic treatment in rats. Chronic neuroleptic administration to
rats was performed to test for drug effects on expression of the cotrans-
porters. Male Sprague–Dawley rats (weight �250 g) were on a 12 h
light/dark cycle (lights on/off 6:00 A.M./6:00 P.M.) in a temperature-
controlled environment and with ad libitum access to food and water.
Rats were randomly assigned to drug treatment groups (8 –10 per dose)
and administered intraperitoneal injections of haloperidol (0.08, 0.6, 2
mg/kg), clozapine (0.5, 5, 10 mg/kg) or vehicle (0.02% lactic acid) once
daily for 28 d. The dosage regimen was chosen to emulate the therapeutic
range of doses given to patients (Kapur et al., 2000). Haloperidol (Research
Biochemicals) (20 mg/ml) was prepared in 1% lactic acid, diluted with water,
and neutralized with 1 M NaOH to obtain pH 5.3. Clozapine (a gift from
Sandoz Research Institute Berne) (100 mg) was dissolved in 0.1 M HCl,
diluted with water, and neutralized to pH 5.2. Rats were killed 7 h after the
last injection. Brains were sectioned into 20 �m slices using a cryostat and
frozen at �80°C. All procedures were performed in accordance with the
National Institutes of Health Guidelines for Use and Care of Laboratory
Animals.

RNA extraction and qRT-PCR: rat brain. To determine the effect of neu-
roleptic treatment on the expression of the cotransporters in rat brain, RNA
was extracted from slide-mounted coronal tissue sections at the level of the
mid-hippocampus: NKCC1, Catalog No. Rn00582505_m1, and KCC2, Cat-
alog No. Rn00592624_m1, were used. To normalize the rat qRT-PCR data,
the geometric means of glyceraldehyde-3-phosphate dehydrogenase, por-
phobilinogen deaminase, and B2M (Catalog Nos. Rn99999916_s1,
Rn00565886_m1, Rn00560865_m1, respectively) were used. The qRT-PCR
was performed using ABI Prism 7900 sequence detection system with 384-
well format (Applied Biosystems). Transcription expression was measured
using an ABI Prism 700 sequence detection system with a 384-well format
(Applied Biosystems ), as described previously (Lipska et al., 2006).

Results
Expression of cotransporters in the prefrontal cortex and
hippocampal formation
In DLPFC, KCC2 and NKCC1 mRNA expression increased with
fetal gestational age (GA) across the second trimester (r � 0.71,
p � 1.6 � 10�6, and r � 0.49, p � 0.002, respectively) (Fig.
1A,B). Expression of both genes continued to increase after birth:
KCC2, r � 0.2446, p � 0.0005; NKCC1, r � 0.3564, p � 2 � 10�7

(Fig. 2A,B). Moreover, there was a significant decline in the fetal
period in the ratio of NKCC1 to KCC2 mRNA transcript levels as
a function of GA (r � �0.35, p � 0.04) (Fig. 1C), reaching a nadir
in early childhood (Fig. 2C). In the hippocampal formation,
KCC2 mRNA expression again increased with fetal GA across the
second trimester (r � 0.52, p � 0.014). However, NKCC1 mRNA
expression did not increase with GA (r � 0.040, p � 0.86). De-
spite this, consistent with the DLPFC, both KCC2 and NKCC1
mRNA transcript levels increased after birth: KCC2, r � 0.334,
p � 8.3 � 10�8 (Fig. 2D); NKCC1, r � 0.292, p � 3.12 � 10�6

(Fig. 2E). Fetal NKCC1/KCC2 expression ratio exhibited a signifi-

Figure 1. Fetal expression patterns of KCC2 and NKCC1 in prefrontal cortex (qRT-PCR). A,
KCC2 expression (y-axis) shows a positive correlation with fetal gestational age expressed in
weeks during the second trimester (x-axis). Each small dot represents an expression value for a
single brain. B, NKCC1 expression also increases with fetal gestational age during the second
trimester, with and without inclusion of the 39 week fetal sample. C, The ratio of NKCC1/KCC2
mRNA transcript levels decreases with increasing fetal gestational age. A decreasing ratio indi-
cates that the rate of increase of the “mature” cotransporter, KCC2, is greater than that of the
“immature” cotransporter, NKCC1.
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cant decline as a function of increasing second trimester GA (r �
�0.466, p � 0.03) and continued to fall after birth (Fig. 2F).

Expression of GAD67, GAD25, and the GAD25/GAD67
mRNA ratio across the lifespan
In the DLPFC, prefrontal GAD67 mRNA expression increased
with fetal GA and continued to increase into the first decade of
life (Fig. 3A). In contrast, GAD25 expression was highest in the
fetal brain and declined gradually into the first decade of life,
attaining a stable expression pattern thereafter (Fig. 3B). Accord-
ingly, the prefrontal GAD25/GAD67 expression ratio declined
during early brain development (Fig. 3C). In marked contrast to
the expression profile in the DLPFC, hippocampal GAD67
expression was stably expressed across development (Fig. 3D),
but GAD25 expression trajectories were similar between the two
brain regions, being highest early in fetal GA and steadily declining
(Fig. 3E). Notwithstanding the differences in GAD67 patterns, the
overall trajectory for the GAD25/GAD67 ratio was similar between

the DLPFC and hippocampal formation,
again being highest during early fetal devel-
opment and declining with age (Fig. 3F).

Effect of diagnosis on cotransporter
expression levels
In the DLPFC, no significant differences
were observed for either KCC2 or NKCC1
mRNA expression or their ratio in pa-
tients with schizophrenia compared with
controls (both F values �1.9; both p values
�0.1). In contrast, in the hippocampal
formation, patients with schizophrenia
had a 27% lower level of KCC2 mRNA
(F(1,86) � 4.45, p � 0.04) compared with
normal controls (Fig. 4A). There was no
difference in NKCC1 expression between
diagnostic groups. Patients also had a
trend toward an increased NKCC1/KCC2
ratio (F(1,78) � 3.08, p � 0.08) (Fig. 4B).

Multiple regression analyses revealed
that in the DLPFC, KCC2 mRNA levels pos-
itively correlated with lifetime neuroleptic
exposure expressed as chlorpromazine
equivalents and NKCC1 positively corre-
lated with age of onset of illness (adjusted R2

� 0.13, F � 2.0, p � 0.03). Within the hip-
pocampus, duration of illness negatively
correlated with KCC2 levels (adjusted R2 �
0.27, F(1,21) � 9.3, p � 0.006). None of the
clinical variables significantly correlated
with NKCC1 levels in the hippocampus
(adjusted R2 � 0.02, F(1,21) � 1.6, p � 0.2).
Each positive variable was included as cova-
riates in the ANCOVA.

In the DLPFC, females had a signifi-
cantly higher expression of both cation
chloride cotransporters ( p � 0.05). In the
hippocampus, females had significantly
higher levels of KCC2 expression (p �
0.007).

Hippocampal cotransporter expression
in neuroleptic-treated rats
The expression of KCC2 and NKCC1

mRNA was examined in rats chronically treated either with vehi-
cle or with low, medium, or high doses of haloperidol or cloza-
pine. There was no significant effect of neuroleptic treatment on
either NKCC1 or KCC2 mRNA expression or their ratio compared
with vehicle and there were no dosage effects of the two drugs
(p � 0.05).

Relationships between GAD67, GAD25, and GAD1 genotype
and cotransporter expression
GAD67 and KCC2 mRNA correlated positively in the hippocam-
pus in a combined cohort of normal controls and schizophrenia
patients (r � 0.76, p � 10�5), in normal controls alone (r � 0.75,
p � 10�5), and in schizophrenia patients alone (r � 0.79, p �
10�5). There was a negative correlation between GAD67 and
NKCC1 mRNA levels in all three groups. There was also a nega-
tive correlation between levels of GAD67 and the NKCC1/KCC2
mRNA ratio in the combined cohort (r � �0.53, p � 10�5), in

Figure 2. Cotransporter expression patterns in DLPFC and hippocampal formation across the lifespan (qRT-PCR). A, KCC2
expression in the DLPFC increases throughout the lifespan from birth to approximately 20 years of age and then levels off. B, In the
DLPFC, NKCC1 also increases after birth and levels off at approximately 20 years of age. C, The DLPFC NKCC1/KCC2 ratio steadily
declines during fetal development, reaching a plateau around 3 years of age that is maintained throughout the lifespan. D, KCC2
expression in the hippocampal formation increases from birth to approximately 20 years of age and then levels off, before declining
around 60 years of age. E, NKCC1 also increases after birth in the hippocampal formation and levels off around 23 years of age. F,
The hippocampal NKCC1/KCC2 ratio steadily declines during fetal development, reaching a plateau around 14 years of age that is
maintained until approximately 53 years of age, before starting to rise.
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normal controls (r � �0.62, p � 10�5),
and in schizophrenia patients (r � �0.71,
p � 4 � 10�5).

Given the correlation between GAD67
and KCC2 levels and the prior association
of rs3749034 genotype with GAD67 levels
in patients with schizophrenia (Straub et
al., 2007), we examined KCC2 expression
in the hippocampus in the schizophrenia
cohort, conditioned on rs3749034 geno-
type. As predicted, patients with the risk-
associated G/G genotype at rs3749034 had
a significant decrease in KCC2 mRNA ex-
pression in the hippocampus (F(1,25) �
12.5, p � 0.004), compared with minor
allele carriers (Fig. 5A). This also held true
when analyzing the Caucasian schizo-
phrenic subjects alone (F(1,7) � 20.8, p �
0.002). Whereas there was no association
between the risk genotype and NKCC1
expression in either the hippocampus or
the DLPFC, the NKCC1/KCC2 ratio was
significantly higher in the hippocampus
of patients with the G/G genotype (F(1,23)

� 4.29, p � 0.05) compared with minor
allele carriers (Fig. 5B).

We also tested the relationship
between the “fetal” GAD1 transcript,
GAD25, and KCC2 mRNA expression. In
the hippocampus of the combined cohort
of control and schizophrenic subjects,
there was an inverse correlation between
GAD25 and KCC2 expression (r � �0.21,
p � 0.05), also seen in the schizophrenic
subjects alone (r � �0.40, p � 0.03).

GAD25 mRNA expression did not
differ between diagnostic groups in the
DLPFC or hippocampus. However, GAD1
rs3749034 genotype predicted GAD25 ex-
pression; those subjects with risk-associated
G/G genotype had higher levels compared
with minor allele carriers (F(1,85) �4.94, p�
0.03) (Fig. 6A). There were trends toward
significance in controls (F(1,59) � 3.48, p �
0.07) and schizophrenics (F(1,23) �3.33, p�
0.08) analyzed separately. The GAD25/
GAD67 expression ratio was significantly elevated in the schizo-
phrenic subjects homozygous for the major allele at rs3749034
(F(1,20) � 4.78, p � 0.04) (Fig. 6B), but not in the controls.

Discussion
The maturation of GABA signaling in PFC and hippocampus of
human brain is characterized by progressive switches in expres-
sion from GAD25 to GAD67 and from NKCC1 to KCC2. The
former leads to the synthesis of GABA; the latter leads to GABA
switching from an excitatory to an inhibitory neurotransmitter
(Kaila, 1994; Ganguly et al., 2001; Blaesse et al., 2009). Ratios of
GAD25/GAD67 and NKCC1/KCC2 reflect the maturational
state of GABA function in the human PFC and hippocampus
(Mikawa et al., 2002).

In the hippocampus of patients with schizophrenia, GAD25/
GAD67 and NKCC1/KCC2 ratios are increased and KCC2 levels
are decreased, reflecting a potentially immature state of the

GABA system. Remarkably, these increased GAD25/GAD67 and
NKCC1/KCC2 expression ratios in hippocampus are associated
with the GAD1 genotype, with risk alleles predicting the relatively
less mature pattern. These findings suggest that abnormalities in
GABA signaling that are critical for human brain development
and maturation also contribute to genetic risk for schizophrenia.
These findings also implicate a genetic mechanism underlying
the well established abnormalities in GABA function associated
with the clinical diagnosis and provide a developmental context
to these associations.

One previous study examined the expression of these two
cotransporters in subjects with schizophrenia (Arion and Lewis,
2011). In keeping with our findings, they did not find a change in
NKCC1 or KCC2 expression in the DLPFC of patients with
schizophrenia. However, Arion and Lewis (2011) did not exam-
ine the expression of these two cotransporters in the hippocam-
pal formation.

Figure 3. Expression patterns of GAD67, GAD25, and the GAD25/GAD67 ratio in prefrontal cortex and hippocampal formation
across the lifespan (qRT-PCR). A, In the DLPFC, GAD67 expression increases from 14 weeks of gestational age until approximately
10 years of age and then levels off throughout the rest of the lifespan. B, DLPFC GAD25 expression is highest around 14 weeks of
gestational age and steadily declines thereafter, reaching a stable level of expression at approximately 10 years of age. C, The DLPFC
GAD25/GAD67 ratio rapidly declines during fetal development through the first decade of life after birth and then is stable across
the lifespan. D, In marked contrast to the DLPFC expression pattern, in the hippocampus, GAD67 expression is relatively stable from
14 weeks of gestational age across the lifespan. E, As in the DLPFC, hippocampal GAD25 expression is highest around 14 weeks of
gestational age and steadily declines thereafter, reaching a stable level of expression around 10 years of age that is maintained for
the rest of the lifespan. F, The hippocampus pattern of the GAD25/GAD67 expression ratio is similar to that of the DLPFC, rapidly
falling until 15 years of age and then is stable in adulthood.
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As is the case in any postmortem human brain study of schizo-
phrenia, there are a number of possible confounding factors, not
the least of which is antemortem neuroleptic treatment. To ad-
dress this issue, the expression of NKCC1 and KCC2 was mea-
sured in rats treated with haloperidol, a typical neuroleptic, and
clozapine, an atypical agent. Neither drug affected the expression
of NKCC1, KCC2, or the NKCC1/KCC2 ratio. Although extrap-
olating medication effects from rats to humans has limitations,
this finding supports the notion that changes in hippocampal
KCC2 expression and the NKCC1/KCC2 ratio are not due to
prior treatment. Likewise, in the hippocampus of patients with
schizophrenia, there was no relationship to prior treatment with
neuroleptics as measured with toxicology or with estimates of
prior cumulative neuroleptic dosing. This suggests that the in-
creases in NKCC1/KCC2 seen in patients with schizophrenia in
hippocampus are unlikely to be artifacts of prior antemortem
treatment with neuroleptics. The association of the immature
GABA state with a genetic risk factor for schizophrenia further
suggests that this is a trait association.

Positive toxicology was not an exclusion criterion for patients
with schizophrenia. In the overwhelming majority of cases, pos-
itive toxicology was due to the presence of psychotropic medica-
tions (as expected). In a small subset of schizophrenia cases,

toxicology studies also revealed the presence of a variety of illicit
substances. There is a possibility, albeit remote, that the changes
noted in the patients with schizophrenia are attributable to
substance abuse. Nonpsychiatric controls were excluded if
toxicology was positive for psychotropic medications or illicit
substances.

The developmental patterns of human prefrontal and hip-
pocampal KCC2 expression during development found in our
study agree with and expand on previous reports in both humans
(Dzhala et al., 2005; Vanhatalo et al., 2005; Bayatti et al., 2008)
and other species (Balakrishnan et al., 2003). This pattern of pro-
tracted postnatal change in cortical function is in agreement with
the seminal work of Yakovlev (Yakovlev, 1967), who showed that
association cortex myelination is not completed until the early
part of the third decade of life. It also is consistent with in vivo
imaging assessments of brain development (Pfefferbaum et al.,
1994). Among the frontal subdivisions, the DLPFC appears to
mature last (Yakovlev, 1967). Prefrontal neuropsychological test
performance also improves during childhood and adolescence, in
parallel with the rise of KCC2 expression (Somsen, 2007). KCC2
mRNA expression is both brain-specific (Song et al., 2002;
Balakrishnan et al., 2003) and neuron-specific (Payne et al., 1996;
Karadsheh and Delpire, 2001; Mikawa et al., 2002; Wang et al.,
2002; Balakrishnan et al., 2003; Gagnon et al., 2007; Blaesse et al.,
2009). The progressive increase in KCC2 expression in the
DLPFC may be a molecular correlate of the late maturation of this
brain region and is consistent with other evidence that GABA
tuning of cortical circuitry is critical for higher order prefrontal
cortical cognition (Rao et al., 2000).

The patterns of expression of NKCC1 in human PFC and
hippocampus are consistent with variations in the developmental
expression pattern of NKCC1 in rodent brain. Although most
rodent studies have reported an increase in NKCC1 mRNA
and/or protein levels after birth (Clayton et al., 1998; Yan et al.,
2001; Mikawa et al., 2002; Wang et al., 2002; Balakrishnan et al.,
2003), there have been three reports of a decrease in expression
(Hübner et al., 2001; Wang et al., 2002; Yamada et al., 2004). The
latter, however, found an increase in hippocampus after birth
(Wang et al., 2002). Our findings are consistent with the majority
of animal studies that describe a rise in NKCC1 mRNA expres-
sion in both the neocortex and hippocampal formation after
birth, but this rise is less steep than that of KCC2.

This is the first report on the developmental trajectory of both
GAD67 and GAD25 expression in human brain. Chan and col-

Figure 4. KCC2 expression and the NKCC1/KCC2 expression ratio in the hippocampal forma-
tion in schizophrenia. A, KCC2 mRNA expression is significantly lower in the hippocampus of
adult schizophrenic subjects compared with normal controls. *p � 0.04. B, The NKCC1/KCC2
ratio shows trend towards an increase in the hippocampus of adult schizophrenic subjects
compared with normal controls. †p � 0.08. Error bars indicate SD.

Figure 5. GAD1 genotypic variation and KCC2 and the NKCC1/KCC2 ratio. A, KCC2 mRNA
expression levels are significantly and selectively lower in the hippocampus of schizophrenic
subjects who are homozygous (1/1 � G/G) for the major allele of the GAD1 schizophrenia-
associated risk SNP rs3749034. *p � 0.004. There was no association between homozygosity
for this SNP and KCC2 expression levels in normal controls in hippocampus or in normal controls
or schizophrenic subjects in the DLPFC. B, The NKCC1/KCC2 ratio also was significantly higher in
the hippocampus of G/G schizophrenic subjects. *p � 0.05. There was no association between
the 1/1 (G/G) genotype for rs3749034 and the cotransporter ratio in normal controls in the
hippocampus or in normal controls or schizophrenic subjects in the DLPFC. Error bars
indicate SD.

Figure 6. GAD1 genotypic variation and GAD25 expression and the GAD25/GAD67 expres-
sion ratio. A, In a combined cohort of schizophrenic and control subjects, those with a 1/1 (G/G)
genotype for the schizophrenia-associated GAD1 risk allele rs3749034 had significantly higher
expression of GAD25 compared with carriers of the 2 (A) allele in the hippocampus. *p � 0.03.
B, In a cohort of schizophrenic subjects, those with a G/G genotype for the schizophrenia-
associated GAD1 risk allele rs3749034 had a significantly higher GAD25/GAD67 expression ratio
compared with carriers of the A allele in the hippocampus *p � 0.04. Error bars indicate SD.
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leagues (1997) detected GAD67 mRNA in human fetal frontal
pole at 12 weeks gestational age. The DLPFC GAD67 develop-
mental expression pattern from this report replicates a previous
study (Huang et al., 2007). Chessler and Lernmark (2000) found
GAD67 in human brain but not GAD25. GAD25 mRNA during
human PFC development mirrors findings in the rat and mouse.
In the mouse brain, GAD67 is expressed at low levels during early
fetal development and steadily rises. In contrast, GAD25 was
highest in the fetal mouse brain, dropped rapidly after birth, and
was almost undetectable in adult mice (Szabo et al., 1994). A
similar developmental pattern was found in the rat brain (Bond
et al., 1990; Popp et al., 2009). However, in rats, embryonic GAD1
transcripts had comparatively high levels of expression into
adulthood in the subventricular zone, rostral migratory stream,
and olfactory bulb, regions associated with active neurogenesis in
adulthood (Popp et al., 2009). Our findings suggest that GAD25
is involved in the early phases of brain development, and the ratio
of GAD25/GAD67 mRNA expression falls as a structure reaches
full maturity. The early decline in GAD25 expression and the
concomitant changes in the GAD25/GAD67 ratio suggest that
there may be a developmental switch in presynaptic GABA
signaling.

GAD25 may play an indirect role in regulating the expression
of KCC2. There is an inverse correlation between GAD25 and
KCC2 expression during early prefrontal development. As the
GAD67/KCC2 ratio rises, the GAD25/KCC2 ratio falls. In the
adult hippocampus, whereas there is a strong positive correlation
between GAD67 and KCC2 mRNA levels, there is a negative cor-
relation between GAD25 and KCC2 levels. GAD25 may indi-
rectly suppress KCC2 expression early in cortical development,
presumably by altering presynaptic GABA synthesis. However, it
is important to recognize that these correlations do not prove
causality. The same schizophrenia-associated GAD1 risk allele (at
rs3749034) that was associated with decreased GAD67 expression
also was associated with increased GAD25 expression. The risk
genotype association with relative overexpression of GAD25 sug-
gests that the mechanism of genetic risk involves an immature
developmental profile in GABA neurons. We speculate based on
these data that the putative GABA deficiency in schizophrenia
may involve relatively less chloride conductance and therefore
less subsequent inhibition for a given quanta of GABA signaling
via GABA chloride channels.

Several putative schizophrenia-susceptibility genes help regu-
late KCC2 expression, including CHRNA7, GAD1, and BDNF
(Harrison and Weinberger, 2005; Zintzaras, 2007). Stimulation
of �-7- and �-3-subunit containing nicotinic receptors increases
expression of KCC2 (Liu et al., 2006), as does activation of
GABAA receptors (Ganguly et al., 2001; Aguado et al., 2003; Car-
mona et al., 2006; Liu et al., 2006), possibly through the promo-
tion of calcium influx. However, a strong depolarizing GABA
signal is not necessary for the developmental up-regulation of
KCC2 (Ludwig et al., 2003; Sipilä et al., 2009). BDNF has oppos-
ing effects on KCC2 expression in different stages of development
(Ganguly et al., 2001; Rivera et al., 2002; Aguado et al., 2003;
Carmona et al., 2006). Early on, BDNF up-regulates KCC2 ex-
pression, whereas in the adult it reduces it (Aguado et al., 2003;
Rivera et al., 2004). BDNF overexpression in transgenic mice
leads to increased levels of KCC2 in both the developing forebrain
and hippocampus (Aguado et al., 2003). BDNF, working through
trkB receptors and CREB, presumably alters expression of KCC2
as part of its effects on transcriptional activity (Rivera et al.,
2004). Moreover, BDNF also increases levels of glutamic acid
decarboxylase and the density of GABA synapses early in devel-

opment (Bolton et al., 2000; Marty et al., 2000) via trkB signaling
(Carmona et al., 2006). Mice deficient in trkB express lower levels
of KCC2 in the hippocampus (Carmona et al., 2006). These stud-
ies suggest that KCC2 expression might be a nexus for the action
of several schizophrenia-susceptibility genes, and allelic variation
in these genes may alter KCC2 expression and thus GABA func-
tion. Allelic variations in genes regulating KCC2 expression also
have been associated with schizophrenia, including CHRNA7
(coding the �-7 nicotine receptor), GAD1 (coding GAD67, a
primary synthetic enzyme for GABA) (Addington et al., 2005;
Straub et al., 2007), and BDNF (Nicodemus et al., 2008).
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