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The transcriptional coactivator peroxisome proliferator-
activated receptor-gamma coactivator 1-alpha (PGC-1α) 
has been linked to multiple neurological and psychiatric 
disorders including schizophrenia, but its involvement in the 
pathophysiology of these disorders is unclear. Experiments 
in mice have revealed a set of developmentally-regulated 
cortical PGC-1α-dependent transcripts involved in calcium 
buffering (parvalbumin, PV), synchronous neurotransmit-
ter release (synaptotagmin 2, Syt2; complexin 1, Cplx1) 
and axonal integrity (neurofilamaent heavy chain, Nefh). 
We measured the mRNA expression of PGC-1α and these 
transcripts in postmortem cortical tissue from control and 
schizophrenia patients and found a reduction in PGC-1α-
dependent transcripts without a change in PGC-1α. While 
control subjects with high PGC-1α expression exhibited 
high PV and Nefh expression, schizophrenia subjects with 
high PGC-1α expression did not, suggesting dissociation 
between PGC-1α expression and these targets in schizophre-
nia. Unbiased analyses of the promoter regions for PGC-1α-
dependent transcripts revealed enrichment of binding sites 
for the PGC-1α-interacting transcription factor nuclear 
respiratory factor 1 (NRF-1). NRF-1 mRNA expression 
was reduced in schizophrenia, and its transcript levels pre-
dicted that of PGC-1α-dependent targets in schizophrenia. 
Interestingly, the positive correlation between PGC-1α and 
PV, Syt2, or Cplx1 expression was lost in schizophrenia 
patients with low NRF-1 expression, suggesting that NRF-1 
is a critical predictor of these genes in disease. These data 
suggest that schizophrenia involves a disruption in PGC-
1α and/or NRF-1-associated transcriptional programs in 
the cortex and that approaches to enhance the activity of 
PGC-1α or transcriptional regulators like NRF-1 should be 
considered with the goal of restoring normal gene programs 
and improving cortical function.
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Introduction

Schizophrenia is a debilitating psychiatric disorder that 
affects approximately 1% of the population. Currently, 
antipsychotic medications alleviate the positive symp-
toms of the disease, but cognitive symptoms are particu-
larly unresponsive to treatment.1,2 While the molecular 
basis underlying cognitive deficits in schizophrenia have 
not been well-defined, a large body of evidence points 
to dysfunction of parvalbumin-positive interneurons 
(PV-INs).3 PV-INs are responsible for the entrainment of 
pyramidal neurons (PNs) at the γ frequency for higher 
cognitive functioning,4 and abnormalities in cortical γ 
oscillations are observed in patients with schizophrenia.5,6 
A prevalent finding in postmortem schizophrenia cortex 
is a reduction in PV expression,7–10 suggesting incomplete 
interneuron maturation.7,11 Electrophysiological investi-
gations of the cortical circuitry underlying the genera-
tion of γ oscillations have revealed involvement of PNs 
as well12 and there is extensive evidence for alterations in 
PN structure and gene expression in schizophrenia,13–16 
potentially reflecting a contribution of altered PN matu-
ration to cognitive deficits.11

Studies from our laboratory indicate that peroxi-
some proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1α), a transcriptional regulator 
linked to schizophrenia and bipolar disorder,17–21 reg-
ulates PV expression. PGC-1α expression is upregu-
lated during postnatal cortical maturation, peaking 
at postnatal day 14 in rodents; while PGC-1α is pre-
dominantly expressed in GABAergic populations, it 
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is also expressed to a lesser extent in cortical pyra-
midal neurons.22 Loss of  PGC-1α greatly impacts 
the excitatory:inhibitory balance within the cortex; 
PV-INs receive reduced glutamatergic input from corti-
cal pyramidal neurons and specific deletion of  PGC-1α 
in PV-INs reduces PV expression and PV-IN firing rate 
in the cortex23–25 without a loss of  neurons.24 Further, 
PGC-1α may be involved in synaptic plasticity in PNs, 
as siRNA-mediated knockdown of  PGC-1α in hippo-
campal neurons reduces dendritic length, complexity 
and spine density independent of  cell loss.26

Synaptotagmin 2 (Syt2) and complexin 1 (Cplx1), 2 
calcium-sensitive regulators of synchronous neurotrans-
mitter release, and neurofilament heavy chain (Nefh), 
an axonal structural protein, are localized to both 
PV-positive and negative soma and terminals, upregu-
lated during the postnatal period of cortical maturation 
and significantly reduced in the PGC-1α null cortex.23 
These data indicate that a generalized disruption in corti-
cal circuitry by a loss of PGC-1α impacts both inhibitory 
and excitatory transmission and potentially transcrip-
tional regulation within both populations to influence 
cognitive function. In fact, deletion of PGC-1α specifi-
cally from PV-INs causes asynchronous GABA release 
and long-term memory deficits.23

Considering that PV expression is frequently reduced 
in the cortex of schizophrenia patients,7–9 we hypoth-
esized that the newly identified PGC-1α-dependent genes 
Syt2, Cplx1, and Nefh could be reduced in cortical neu-
ronal populations in parallel with the interneuron marker 
PV in schizophrenia patients. We found that transcript 
levels for PV, Syt2, Cplx1 and Nefh are significantly 
reduced in the anterior cingulate cortex (ACC) of schizo-
phrenia patients, in the absence of changes in PGC-1α 
expression. The expression of the PGC-1α-interacting 
transcription factor nuclear respiratory factor 1 (NRF-1) 
is also reduced, and the association between PGC-1α and 
its dependent genes in schizophrenia is disrupted when 
NRF-1 expression is low. These data suggest that disrup-
tion in PGC-1α and/or NRF-1 signaling may contribute 
to the pathophysiology of schizophrenia.

Materials and Methods

q-RT-PCR

RNA from frontal pole and ACC of patients with 
schizophrenia and controls was procured from the 
Stanley Consortium27 (n = 32–33/group; see demograph-
ics and RNA integrity values in table  1). Reverse tran-
scription and q-RT-PCR were conducted as previously 
described.24,28 After RNA samples arrived in the labora-
tory, concentrations were measured using a NanoDrop 
2000 (Thermo Fisher Scientific) and equivalent amounts 
of RNA (1 μg) were treated with DNase I (Promega) at 
37°C for 30 minutes followed by DNAse Stop solution 
(Promega) 65°C for 15 minutes, and reverse transcribed 

using the High-Capacity cDNA Archive Kit (Applied 
Biosystems).

Transcript measurement was performed in duplicate 
using JumpStart Taq Readymix (Sigma) and Applied 
Biosystems primers with an initial ramp time of 2 min-
utes at 50°C and 10 minutes at 95°C and 40 subsequent 
cycles of 15 seconds at 95°C and 1 minute at 60°C. 
Relative concentrations of the genes of interest were cal-
culated in comparison to a standard curve made from 
pooling cDNA from all samples together and diluting 
1:5, 1:10 and 1:20 (ie, the calibrator method). Taqman 
primer/probe sets spanned areas lacking known single 
nucleotide polymorphisms, and all primer/probe sets pro-
duced a single band of expected size visualized by aga-
rose gel. Primer/probe sets were specific for 18s rRNA 
(Hs_99999901_s1), actin-beta (Hs99999903_m1), beta2-
microglobulin (Hs99999907_m1), glyceraldehyde-3-phos-
phate dehydrogenase (Hs99999905_m1), cyclophilin 
A  (Hs99999904_m1), PGC-1α (Hs00173304_m1, 
Hs01208831_m1, Hs01016722_m1), PV (Hs01075686_
m1), Syt2 (Hs_00980604_m1), Cplx1 (Hs00362510_m1), 
Nefh (Hs00606024_m1), NRF-1 (Hs00192316_m1), or 
p65/Rela (NF-kB; Hs00153294_m1). Values were nor-
malized to the geometric mean of 3–4 control genes that 
did not differ between experimental groups29 (FP: 18S, 
GAPDH, and beta 2 microglobulin; ACC: 18S, beta actin, 
beta 2 microglobulin, and GAPDH). Any samples with 
less than 0.18 arbitrary unit values for the geometric mean 
of control genes were removed from analysis (2 control 
samples, 1 schizophrenia sample) as individual control 
genes were at the lower limit of the standard curve.

Haldol Treatment

Haloperidol treatments were conducted as described in 
Drummond et al30. Briefly, rats were injected with either 
haldol decanoate (28.5 mg/kg) or vehicle (sesame oil) intra-
muscularly in house-paired male Sprague–Dawley rats 
(Charles River) once every 3 weeks for 9 months for a total 
of 12 injections. Animals were sacrificed by decapitation, 
and tissue was immediately dissected by region and stored 
at −80°C. One microgram of tissue from the frontal cortex 
was stabilized with RNAlater-ICE (Life Technologies), and 
RNA was isolated using an RNeasy Mini RNA isolation 

Table 1. Patient Demographics

Control Schizophrenia

N 32 33
Sex 23m/9f 24m/9f
Tissue pH 6.6 ± 0.2 (6.1–6.9) 6.5 ± 0.2 (5.9–6.9)
PMI (h) 29.7 ± 13.4 (9–58) 31.4 ± 15.7 (9–80)
Age (y) 44 ± 7 (31–60) 42 ± 9 (19–59)
RNA integrity number 8.3 ± 0.7 (6.6–9.7) 8.4 ± 0.6 (7.2–9.6)

Note: f, female; m, male; PMI, post-mortem interval. Values 
presented as mean ± SD, with range in parentheses.
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kit (Qiagen) and reverse transcribed using a High-Capacity 
cDNA RT Kit (Applied Biosystems). Transcripts were 
measured as described above using the following prim-
ers: PGC-1α (Rn00580241_m1), Syt2 (Rn00561994_m1), 
Cplx1 (Rn02396766_m1), Nefh (Rn00709325_m1), and 
Nrf-1 (Rn01455958_m1). Transcripts were normalized 
to actin-beta (Rn00667869_m1) and expressed as fold of 
vehicle-treated control values.

Promoter Analysis

Analysis was performed with the Genomatix Software 
Suite (http://genomatix.de, ElDorado version 12–2010, 
Matrix Family Library Version 8.3, October 2010).31 
Gene2Promoter was used to identify the predicted 
transcription start sites for Pvalb (GXP_1492890), 
Syt2 (GXP_180812), Cplx1 (GXP_149838), and Nefh 
(GXP_90358). RegionMiner was used to predict tran-
scription factor consensus binding sites within the pro-
moter region (2 kb 5′ to 1 kb 3′ of  transcription start site) 
and within the entire gene region and to compare the 
observed number of sites with genome-wide frequencies 
in each of those regions. Enrichment of consensus bind-
ing sites was ranked by descending z-score.

Statistics

Postmortem data were analyzed with hierarchical regres-
sion or ANCOVA using SPSS 22.0. Variables displaying 
a non-normal distribution or unequal variances were 
transformed (log: Syt2, Cplx1, Nefh; square root: PV). 
Potential covariates (from pH, age, sex, postmortem 
interval, and brain weight) were identified using back-
wards step-wise variable selection (with P < .05 as the 
criteria for model inclusion); pH was the only covariate 
selected for inclusion for the dependent variables PV, 
Syt2, Cplx1, and Nefh. No covariates were identified for 
PGC-1α, NF-kB or NRF-1. For hierarchical regression, 
data were stratified according to diagnosis, and covari-
ates (ie, pH) were entered in the first step; change in R2 
was used determine whether predictor variables con-
tributed to any additional variance above and beyond 
the covariate(s). Significant interactions between diag-
nosis and high vs low levels of PGC-1α (or NRF-1) on 
the expression of PGC-1α target genes was determined 
with 2-way ANOVA using a median split for high and 
low expression groups (for PGC-1α or NRF-1); pH was 
included as a covariate when appropriate. P values equal 
or less than .05 were considered statistically significant.

Results

Expression of Cortical PGC-1α-Dependent Transcripts 
is Reduced in Patients With Schizophrenia

Considering the linkage of PGC-1α to schizophrenia17,18,20 
and our previous findings of PGC-1α’s roles in PV-IN func-
tion,23,25 we sought to determine whether PGC-1a and its 

downstream genes Syt2, Cplx1 and Nefh are reduced in the 
cortex of schizophrenia patients. Multiple regions of the 
frontal cortex show transcriptional and functional abnor-
malities in schizophrenia patients32,33; thus, available RNA 
samples from the ACC and frontal pole (FP) of schizo-
phrenia patients and healthy controls were acquired from 
the Stanley Consortium.27 As our hypothesis was that PGC-
1α-dependent genes would be downregulated in parallel 
with PV, we first assessed the transcript levels of PV in the 
ACC and FP using q-RT-PCR, as reduced PV expression 
has been consistently reported in schizophrenia tissue.8,9,34,35 
Schizophrenia patients exhibited a significant down-regu-
lation of PV transcript in the ACC compared to controls 
while transcript was unaffected in the FP in this sample set 
(n = 32–33/group; ANCOVA with pH as a covariate, P < .05; 
figure 1A). Therefore, transcript levels for remaining targets 
were measured in the ACC in subsequent experiments.

Syt2, Cplx1, and Nefh expression levels were sig-
nificantly reduced in the ACC of the schizophrenia 
group compared to healthy controls (n = 32–33/group; 
ANCOVA with pH as a covariate, P < .05), but tran-
script levels for PGC-1α remained unaffected (figure 1B). 
Results with 2 other primer/probe sets recognizing PGC-
1α gene exon-exon borders also revealed no difference 
between groups (data not shown). Based on our obser-
vation that target gene expression in the cortex depends 
on PGC-1α in mice,23,24 we used hierarchical regression 
analysis to investigate whether PGC-1α was significantly 
correlated with its targets in ACC. We found significant 
positive correlations between the expression of  PGC-1α 
and its target genes PV (figure 1C; R2 = .306, P < .005 
for control; R2 = .212, P < .005 for schizophrenia), Syt2 
(figure 1D; R2 = .378, P < .005 for control; R2 = .176, P 
< .05 for schizophrenia), Cplx1 (figure 1E; R2 = .659, P < 
.005 for control; and R2 = .532, P < .005 for schizophre-
nia), and Nefh (figure 1F; R2 = .464, P < .005 for control; 
R2 = .273, P < .005 for schizophrenia) in both controls 
and patients with schizophrenia (n = 32–33/group). Given 
the reduced correlation slopes between PGC-1α and its 
targets in patients with schizophrenia compared to con-
trols (figures 1C–F), we divided subjects into groups dis-
playing high and low PGC-1α expression using a median 
split. We found that while control subjects with high 
PGC-1α expression also exhibited high PV (figure  1C) 
and Nefh expression (figure 1F), schizophrenia subjects 
with high PGC-1α did not show a high level of  PV or 
Nefh gene expression (2-way ANCOVA; main effect of 
diagnosis, P < .05; main effect of  PGC-1α expression 
group, P < .05; diagnosis x PGC-1α expression group 
interaction, P = .05). The interaction between PGC-1α 
and diagnosis on the expression of  Syt2 or Cplx1 failed 
to reach significance (P = .15 and .27), although overall 
expression levels of  both genes were significantly lower 
(P < .05). These data suggest that there is dissociation 
between PGC-1α and some downstream targets in the 
cortex of  schizophrenia patients.
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The Expression of the PGC-1α-Interacting Factor 
NRF-1 is Reduced in Patients With Schizophrenia

Considering that PGC-1α cannot directly bind DNA, a 
possible contributor to dissociation between PGC-1α and 
target gene expression could be a reduction in the expres-
sion and/or function of PGC-1α-associated transcription 

factors. To identify the putative transcription factors that 
could mediate PGC-1α’s control of PV, Syt2, Cplx, and 
Nefh transcription, we used the Genomatix Software 
Suite,31 to determine enrichment for consensus transcrip-
tion factor binding sites ± 2 kb around their default tran-
scription start sites (figure 2A) or in the genomic region 
(figure  2B). This analysis revealed an enrichment for 

Fig. 1. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) dependent gene expression is reduced in 
anterior cingulate cortex of schizophrenia patients. Expression of parvalbumin (PV) transcript was significantly reduced in individuals 
with schizophrenia in the anterior cingulate cortex (ACC, A). Synaptotagmin 2 (Syt2), complexin 1 (Cplx1), and Nefh transcripts were 
also reduced in the ACC, but PGC-1α was not (B). PGC-1α expression was positively correlated with all target genes in schizophrenia 
patients and controls (C–F; left panels). However, when samples were divided into groups with high and low PGC-1α expression, patients 
with schizophrenia had significantly reduced PV and Nefh expression compared to controls with high PGC-1α expression (C–F, right 
panels). *P ≤ .05.
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nuclear factor kappa B (NFκB) binding sites within 2 kb 
of the transcription start sites and enrichment for binding 
sites for Nrf-1 within the respective genes. We then mea-
sured the expression of the NFκB subunit responsible for 
gene activation (p65;36) and NRF-1 in the ACC from con-
trols and patients with schizophrenia. While there was not 
a statistically significant reduction in p65, NRF-1 was sig-
nificantly reduced in the ACC of schizophrenia patients 
compared to controls (ANOVA, P < .05, figure 2C).

With our prediction that alterations in the expression 
of PGC-1α-interacting factors could be contributing to 

the dissociation between PGC-1α and its targets, we then 
investigated whether NRF-1 expression was associated 
with the expression of PGC-1α targets in control and 
schizophrenia patients. In general, NRF-1 expression 
was associated with PGC-1α target gene expression (fig-
ures 2D–G); however, in contrast to what was seen with 
PGC-1α and PV/Nefh in schizophrenia, there was no 
statistically significant difference between controls and 
schizophrenics in the relationship between NRF-1 and 
PV (figure 2D; R2 = .044, P = .192 for control; R2 = .205, 
P < .01 for schizophrenia), Syt2 (figure  2E; R2  =  .086, 

Fig. 2. Nuclear respiratory factor 1 (NRF-1) expression is reduced in the cortex of schizophrenia patients and is associated with the 
expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) dependent genes in both control and 
schizophrenia samples. Sequence analysis of parvalbumin (PV), synaptotagmin 2 (Syt2), complexin 1 (Cplx1), and Nefh genes revealed 
transcription factor binding site enrichment ±2 kb around transcription start sites (A) or in the entire gene region (B). Expression 
of NRF-1 was reduced in the anterior cingulate cortex (ACC) of patients with schizophrenia while p65 expression was unchanged 
(C). In general, NRF-1 gene expression was positively correlated with PGC-1α-target gene expression in both schizophrenia patients 
and controls (see stats in text; D–G; left panels), and no statistically significant differences were observed between controls and 
schizophrenics, when NRF-1 data were binned into low and high categories with a median split (D–G, right panels) *P < .05.
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P = .083 for control; R2 = .294, P = .001 for schizophre-
nia), Cplx1 (figure 2F; R2 =  .525, P < .001 for control; 
and R2  =  .545, P < .001 for schizophrenia), or Nefh 
(figure  2G; R2  =  .311, P < .005 for control; R2  =  .493, 
P < .005 for schizophrenia). Interestingly, PV and Syt2 
were not associated with NRF-1 in controls, but were in 
schizophrenia patients (above).

The Associations Between PGC-1α and Target 
Gene Expression are Differentially Influenced by 
NRF-1 Levels

These data suggest that NRF-1 could be a better predic-
tor of gene expression in schizophrenia than PGC-1α. To 
determine whether this is the case, we looked at the asso-
ciation between PGC-1α and its targets in high and low 
NRF-1 conditions (PV shown as an example, figures 3A 
and 3B). While there was a positive correlation between 
PGC-1α and PV expression in controls, irrespective of 
NRF-1 level (PV: R2 =  .793 and .336, respectively, P < 
.01 for both; figure  3A), and in schizophrenia patients 
with high NRF-1 (PV: R2 = .436, P < .05; figure 3B), the 
positive association between PGC-1α and PV was abol-
ished in schizophrenia patients with low NRF-1 expres-
sion levels (R2 = .02, P = .463; figure 3B). A similar result 
was found with PGC-1α targets Cplx1 and Syt2, where 
significant associations were found for control patients 

with high or low NRF-1 expression (Cplx1: R2  =  .739 
and .492, respectively, P < .01 for both; Syt2: R2 = .733 
and .244, respectively) and schizophrenia patients with 
high NRF-1 expression (Cplx1: R2 = .579, P < .05; Syt2: 
R2 = .387, P < .05) but not schizophrenia patients with 
low NRF-1 expression (Cplx1: R2 = .062, P = .243; Syt2: 
R2 = .079, P = .782). Interestingly, while Nefh expression 
was associated with NRF-1 expression in all controls (P 
≤ .01 for both; NEFH: R2 = .711 and .337, respectively, 
P < .01), no significant associations were found between 
PGC-1α and Nefh in schizophrenia (R2 = .005 and .281, 
respectively, P ≥ .11 for both).

No Effect of Haldol Treatment on Gene Expression 
in Rats

We then evaluated whether changes in gene expression 
could be caused by long-term exposure to antipsychotic 
medications. To model chronic treatment with antipsy-
chotics, we treated rats for 36 weeks with Haldol,30 and 
mRNA expression was measured for PGC-1α, its novel 
targets, and NRF-1. All were unchanged in the cortex of 
rats treated with haldol compared to sesame oil treated 
controls (figure 3C). This suggests that long-term expo-
sure to antipsychotic medications alone cannot account 
for the observed reductions in NRF-1 and PGC-1α-
dependent transcripts in patients with schizophrenia. 

Fig. 3. The association between peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and Parvalbumin (PV) 
expression is influenced by nuclear respiratory factor 1 (NRF-1) levels. PV expression data are displayed for controls (A) and patients 
with schizophrenia (B), with respect to PGC-1α and NRF-1 expression. The positive relationship between the expression of PGC-1α and 
its targets is no longer evident when NRF-1 expression is low. Rats treated for 36 weeks with haldol showed no difference in transcript 
for PGC-1α, its putative targets, or NRF-1 compared to rats treated with sesame oil (n = 10/group; C; mean ± SEM). We propose that a 
reduction in NRF-1 could contribute to a decrease in the expression of PGC-1α-dependent genes in schizophrenia (D).
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Based on previously published evidence for functional 
interactions between PGC-1α and NRF-137,38 and our 
results suggesting a role for PGC-1α and its targets 
in cortical maturation,23 we propose a model by which 
alterations in PGC-1α/NRF-1-mediated transcriptional 
programs impair neuronal maturation, leading to neu-
rotransmitter release and structural abnormalities in 
patients with schizophrenia (figure 3D).

Discussion

In this study, we show that the PGC-1α-dependent genes 
PV, Syt2, Cplx1, and Nefh are significantly reduced in the 
ACC of schizophrenia patients, while PGC-1α expression 
is unchanged. As a coactivator, PGC-1α regulates down-
stream targets via interaction with numerous transcrip-
tion factors and thus, PGC-1α-dependent transcription 
may be compromised through reductions in these inter-
acting factors. In fact, we demonstrate that the afore-
mentioned transcripts share binding sites within their 
genomic region for NRF-1 and that NRF-1 expression 
is associated with the expression of PGC-1α-dependent 
transcripts in subjects with schizophrenia. Based on the 
known function of these proteins, we predict that the 
buffering of calcium (PV), the synchronous release of 
neurotransmitter (Syt2 and Cplx1), and axonal integrity 
(Nefh) are compromised in cortical neurons in schizo-
phrenia. These transcripts are upregulated during a time 
of synaptic maturation in animal models4,7,11,39 and the 
publicly available BrainCloud database40 demonstrates 
that these transcripts are developmentally regulated 
in a similar way in the human cortex. Thus, reductions 
in these transcripts could represent a disruption in this 
process, which is consistent with identified candidate 
genes41 and reductions in maturational gene expression 
in schizophrenia.42

Based on our previously published work, we propose 
that any interference with PGC-1α activity could cause 
the deficiency in PV, Syt2, Cplx1, and Nefh. We found 
that the associations between PGC-1α and the targets PV 
and Nefh are significantly reduced in schizophrenia and 
investigated whether this could be attributable to levels of 
NRF-1, a transcription factor that can mediate PGC-1α’s 
actions on gene expression.43 Interestingly, while there 
was a positive association between PGC-1α and PV/Syt2/
Cplx1 in all control patients and schizophrenia patients 
with high NRF-1 expression, there was no association 
between PGC-1α and PV/Syt2/Cplx1 in schizophre-
nia patients with low NRF-1. However, the association 
between PGC-1α and Nefh, while statistically signifi-
cant in all controls, was absent in schizophrenia patients, 
irrespective of NRF-1 levels. While this supports the 
general idea that the transcriptional activity of PGC-1α 
complexes is disrupted in schizophrenia, it highlights the 
complexity of gene regulation and suggests that Nefh 
is regulated by different mechanisms (potentially other 

proteins within the transcriptional complex) than PV, 
Syt2, and Cplx1. While PGC-1α shows robust localiza-
tion in the rodent brain to GABAergic interneurons,44 it 
is possible that PGC-1α also has a role in transcriptional 
regulation within pyramidal neurons (PNs). We have 
found that Syt2, Cplx1, and Nefh are highly expressed 
by PV-INs,23 but we have found expression of Syt2 and 
Nefh also in pyramidal neurons by immuno-electron 
microscopy (unpublished data). Thus, a reduction in 
transcript for PGC-1α and its target genes may be due to 
changes within a single neuronal population or multiple 
cell types. Heterogeneity in cell-specific responses could 
contribute, at least in part, to the differential dependen-
cies of Nefh and PV/Syt2/Cplx1 on NRF-1 expression. 
While mice lacking PGC-1α in neurons expressing cal-
cium calmodulin kinase II (CaMKII; deletion from corti-
cal, hippocampal, and striatal neurons) exhibit evidence 
for cortical degeneration,45 no studies have evaluated the 
effects of PGC-1α deletion specifically from cortical PNs. 
Such studies have the potential to elucidate the relative 
contribution of PV-INs and PNs to cortical dysfunction 
in the context of PGC-1α deficiency.

In mice, disrupted PGC-1α function and/or expression 
can impair transcription and neurotransmitter release in a 
cell- and region-specific manner.23,24,28,46 PGC-1α null mice 
exhibit profound motor deficits, cerebral vacuolizations,28 
reductions in metabolic, structural, and neurotransmitter 
release transcripts23,47,48 and reduced GABA release in the 
cortex.25 Mice lacking PGC-1α from PV-INs exhibit long-
term memory deficits and asynchronous cortical GABA 
release,23 potentially due to decreases in Syt2 and Cplx1.49 
Electrophysiological recordings from Syt2 -/- mice and 
Cplx1 -/- mice show asynchronous calcium-mediated 
vesicle release.50,51 These data indicate that both Syt2 and 
Cplx1 have a prominent role in neurotransmitter release, 
a loss of which may contribute to cognitive dysfunction. 
In fact, Cplx1 has previously been reported to be reduced 
in postmortem cortical and hippocampal samples from 
schizophrenic and bipolar patients.10,52–54

In addition to regulating the non-metabolic tran-
scripts tested here, PGC-1α can interact directly with 
NRF-1 to drive transcription of mitochondrial genes.37,38 
Interestingly, NRF-1 regulates neuronal Na+/K+ 
ATPases in an activity-dependent manner55 suggesting 
that PGC-1α/NRF-1 may provide a link between neuro-
nal activity and the metabolic machinery necessary for 
neuronal activity. Transcriptional programs for oxidative 
phosphorylation, metabolism, mitochondrial translo-
cation and glycolysis are among the top gene programs 
downregulated in the cortex of schizophrenia patients.56 
Additionally, redox dysregulation and oxidative stress, 
both of which are controlled by PGC-1α-driven antioxi-
dant programs57 have been proposed as a contributor to 
schizophrenia pathology.58 Thus, it is possible metabolic 
PGC-1α /NRF-1-regulated metabolic gene programs are 
also compromised in schizophrenia.
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It is attractive to speculate that that PGC-1α interacts 
with NRF-1 to coordinate the developmental expression 
of genes for neurotransmission and metabolism and that 
disruption of these paralleled transcriptional programs 
in schizophrenia would impair PV-IN and/or PN matura-
tion and function. Identification of transcription factors 
that associate with PGC-1α in specific cell types may pro-
vide information that can be utilized to enhance activity 
of transcriptional programs to promote proper synaptic 
function in schizophrenia in a cell-selective manner.
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