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Abstract

Gamma-aminobutyric acid (GABA)-ergic disturbances are hallmark features of schizophrenia and

other neuropsychiatric disorders and encompass multiple interneuronal cell types. Using bacterial

artificial chromosome-driven, miRNA silencing technology we generated transgenic mouse lines

that suppress glutamic acid decarboxylase 1 (GAD1) in either cholecystokinin (CCK)- or

neuropeptide Y (NPY)-expressing interneurons. In situ lipidomic and proteomic analyses on brain

tissue sections revealed distinct, brain region-specific profiles in each transgenic line. Behavioral

analyses revealed that suppression of GAD1 in CCK+ interneurons resulted in locomotor and

olfactory sensory changes, whereas suppression in NPY+ interneurons affected anxiety-related

behaviors and social interaction. Both transgenic mouse lines had altered sensitivity to

amphetamine albeit in opposite directions. Together, these data argue that reduced GAD1

expression leads to altered molecular and behavioral profiles in a cell type-dependent manner, and

that these subpopulations of interneurons are strong and opposing modulators of dopamine system

function. Furthermore, our findings also support the hypothesis that neuronal networks are

differentially controlled by diverse inhibitory subnetworks.
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INTRODUCTION

Gamma-aminobutyric acid (GABA) system abnormalities have been identified in a number

of neuropsychiatric disorders including schizophrenia,1 bipolar disorder,2 autism,3 Rett

syndrome,4 and epilepsy.5 Among these, downregulation of glutamic acid decarboxylase 1

(GAD1), the enzyme responsible for producing the majority of the GABA in the brain,6 is a

robust and consistent finding in the postmortem brains of subjects with schizophrenia.7

However, what role(s) individual interneuronal cell types might have in normal or

dysfunctional behavior are not well established. GABA-ergic interneurons are classified

based on their morphology, physiology, receptor expression, brain distribution and

molecular markers.8 This diversity allows different classes of interneurons to regulate the

input, signal integration, output and population synchrony of principle cells and other

interneurons in distinct and dynamic ways.9 Given the variety of interneuron types and the

spectrum of behavioral abnormalities among disorders with identified GABA-ergic

pathophysiology, it is possible that dysfunction of one or more interneuron classes

contributes to the variety of symptoms.

Cholecystokinin (CCK) and neuropeptide Y (NPY) are expressed in nonoverlapping

interneuron cell types with distinct morphology, connectivity, firing patterns and

distributions in both rodents and humans.9-12 CCK+ interneurons are basket cells that

primarily synapse onto cell soma or double bouquet cells that target dendrites12,13 in the

amygdala, cortex, hippocampus, hypothalamus and thalamus.11 In contrast, NPY+

interneurons are neurogliaform cells that primarily signal through non-synaptic volume

transmission14 and Martinotti cells that synapse onto dendrites15 in the amygdala, cortex,

hippocampus, hypothalamus and striatum.10

As both of these distinct interneuron cell types appear to be among those that are affected in

subjects with schizophrenia,1 we hypothesized that their dysfunction will lead to molecular

and behavioral disturbances that are cell type specific (Figure 1a). To test this, we have

developed two transgenic mouse lines that suppress GAD1 expression in CCK+ and NPY+

interneuron populations using novel bacterial artificial chromosome (BAC)-driven miRNA-

based silencing technology.16 To uncover molecular and behavioral consequences of GAD1

deficiency in these two distinct interneuronal cell types, we performed in situ proteomic

analyses on brain tissue sections and comprehensive behavioral assessments of these

transgenic mice.

MATERIALS AND METHODS

Mice

NPYGAD1 and CCKGAD1 transgenic mice on congenic C57Bl/6 backgrounds were

generated by injecting circular-modified BAC into fertilized mouse oocytes by the

Vanderbilt Transgenic Mouse/ESC Shared Resource (http://www.vicc.org/research/

shared/tg-mouse.php) and identified using construct-specific PCR primers. modified BACs

contained an enhanced green fluorescent protein (eGFP) reporter gene and a minigene with a

GAD1-targeting miRNA at the start codon of either the mNpy or mCck genes (described
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previously16). All experiments were conducted in accordance with Vanderbilt Animal Care

and Use Committee guidelines.

Immunohistochemistry

Mice were anesthetized and perfused with ice-cold 1 × PBS followed by 4% phosphate-

buffered paraformaldehyde. Brains were post fixed in 4% paraformaldehyde overnight

before saturation in phosphate-buffered sucrose concentrations reaching 30%. Fifty micron

sections were washed in PBS and blocked in 10% normal donkey serum in 0.1 mM PB (pH

7.4) for 1 h. Primary antibody incubations were for 72 h at 4 °C and secondary incubations

were for 3h at room temperature. Secondary antibodies (Jackson Immunoresearch, West

Grove, PA, USA) were diluted 1:250. For eGFP labeling, sections were incubated with

either chicken anti-GFP (Abcam, Cambridge, MA, USA; 1:2000) or rabbit anti-GFP

(Invitrogen, Grand Island, NY, USA; 1:2000) and donkey anti-chicken DyLight488 or

donkey anti-rabbit DyLight488 secondary. GAD1-stained sections were preincubated with

70 mg ml −1 of monovalent Fab’ fragment of donkey anti-mouse immunoglobulin G

(Jackson Immunoresearch) to block endogenous mouse immunoglobulins, then incubated

with mouse anti-GAD1 (Millipore, Billerica, MA, USA; 1:2000) and donkey anti-mouse

Cy3 secondary. CCK-stained sections were incubated with either rabbit anti-proCCK (a

generous gift from Dr Andrea Varro) or rabbit anti-CCK8S (Immunostar, Hudson, WI,

USA; 1:1000) and donkey anti-rabbit Cy3 secondary. Images were acquired by fluorescence

microscopy (Leica Microsystems, Bannockburn, IL, USA).

Mass spectrometry

Twelve micron coronal sections from 2-month-old naive transgenic mice, NPYGAD1TG (n

= 6) and CCKGAD1TG (n = 6), and wild-type (WT) littermates, NPYGAD1WT (n = 3) and

CCKGAD1WT n = 3), were thaw mounted onto gold-coated steel targets. Matrix-assisted

laser desorption ionization imaging mass spectrometry (MALDI-IMS) was carried out as

previously described17 with modifications. Protein identification was performed using liquid

chromatography-tandem mass spectrometry as previously described.18

Behavior

A separate cohort of adult male NPYGAD1TG (n = 12), NPYGAD1WT (n = 10),

CCKGAD1TG (n = 12) and CCKGAD1WT (n = 12) mice were evaluated on a

comprehensive behavioral testing battery. A modified Irwin Screen assessed general health,

neuromuscular function and motor coordination.19 Locomotor activity and habituation were

measured. Anxiety- or depression-like behavior were measured in the zero maze, forced

swim and light-dark box tasks.20 Sensorimotor gating was assessed with prepulse inhibition

(PPI) of acoustic startle.21 The y-maze alternation task measured working memory.22 The

three-chambered social interaction task was used as described previously23 with minor

modifications. A series of nonsocial (orange and almond extract, diluted 1:100 with water,

McCormick, Sparks, MD, USA) and social odors (conspecific bedding) were presented by

cotton swabs to measure olfactory habituation and social preference.23 Contextual and cued

fear conditioning were measured as previously described24 with minor modifications.

Finally, amphetamine sensitivity was measured by comparing locomotion before and after
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injections of 3 mg kg −1 D-amphetamine hemisulfate (Sigma-Aldrich, St Louis, MO, USA)

in 0.9% saline solution. Data were collected by automated software (MEDActivity,

StartleReflex and VideoFreeze; MEDAssociates, Georgia, VT, USA or ANy-maze;

Stoelting, Wood Dale, IL, USA) or by blinded observers.

Statistical analyses

Mass spectrometry P-values were calculated using pairwise two-tailed t-tests and corrected

using Benjamini–Hochberg false-discovery rates.25 The magnitude of significant differences

was calculated using log2-based average log ratios (ALR) where ALR =

mean(log2[NPYGAD1plate 1, section a], log2[NPYGAD1plate 1 section b])-

log2[NPYBACWTplate1] for each plate. For behavioral analyses, two-tailed group wise t-

tests and two-way repeated measures analysis of variance (ANOVAs) were used to compare

transgenic mice with WT littermate controls as appropriate for each test. Social preference

was calculated as 100x(novel mouse 1 interaction time–novel object interaction time)/(novel

mouse 1 interaction time–novel object interaction time); and 100x(novel mouse 2 interaction

time-familiar mouse interaction time)/(novel mouse 2 interaction time-familiar mouse

interaction time).

RESULTS

Transgenic mice suppress GAD1 protein expression in targeted subpopulations

Mice were generated containing BAC constructs with promoter-enhancer elements of either

the NPY or CCK genes, an eGFP reporter, and a synthetic miRNA-targeting Gad1 mRNA

(Figure 1b). These elements restricted eGFP expression and GAD1 suppression to either

NPY+ or CCK+ interneurons and made targeted cells fluorescent (Figures 1c and d). Both

transgenic lines were generated as previously described.16 Construct expression and GAD1

suppression efficacy were verified with immunohistochemistry in Tg(Npy-eGFP/

miRNA:GAD1)1KM16 and Tg(Cck-eGFP/miRNA:GAD1)2KM (Supplementary Figures 1

and 2) transgenic mice, hereafter, referred to as NPYGAD1TG and CCKGAD1TG. These

experiments show that the transgene was expressed specifically in NPY+ and CCK+ cells,

and these subpopulations had no detectable levels of GAD1 expression.

GAD1 suppression in NPY+ or CCK+ interneurons has differential effects on the lipidome
and proteome

To assess molecular changes downstream of GAD1 suppression and whether they are cell

type dependent, we performed MALDI-IMS17 on brain tissue sections. Taking advantage of

spatial resolution offered by this analysis, we divided sections into 10 regions of interest

(Supplementary Figure 3): cortex (divided into CTXH for neocortex in hippocampal

sections, CTXS for neocortex in striatal sections and MFC for the cingulate area of striatal

sections), corpus callosum (divided into CORPH and CORPS for the respective sections),

hippocampus (HIPP), hypothalamus (HYTH), septum (SEP), striatum (STR) and thalamus

(THAL). Using this method, we reliably assessed over 400 distinct proteins, peptides and

lipids (0–approximately 22 000 Da), in each brain region. GAD1 suppression in NPY+

interneurons lead to significant changes of 129 lipids, peptides or proteins (51 decreased, 65

increased and 13 had region-specific changes; Supplementary Table 1), whereas GAD1
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suppression in CCK+ interneurons induced expression changes of 52 lipids, peptides or

proteins (25 decreased, 23 increased and 4 had region-specific changes; Supplementary

Table 2) compared with WT controls. Perhaps not surprisingly, only 15 results were

common to both transgenic lines, but only three of these changed in the same direction (six

changed in opposite directions and six had region-specific differences). Highlighting the

utility of MALDI-IMS spatial resolution, there were only two peaks (m/z 1583.09 and

1907.27) that were significantly changed in at least three regions in NPYGAD1TG mice

(Supplementary Table 1) and none in CCKGAD1TG mice (Supplementary Table 2).

We found that m/z 6725.9 was significantly upregulated in the hippocampus (t(2) = 4.471, P

= 0.047) and cortex (t(2) = 6.796, P = 0.021) of NPYGAD1TG mice (Figure 2;

Supplementary Table 1). To determine its identity, protein was extracted from tissue

sections and analyzed by liquid chromatography-tandem mass spectrometry similar to that

described in Schey, et al.18 (data not shown). Using these methods, we conclusively

identified m/z 6725.9 as PEP19, also known as PCP4.26 Interestingly, PEP19/PCP4

overexpression has been shown to disrupt neurodevelopment27 and increase

neurotransmitter release including dopamine and acetylcholine.26 The peptide was also

increased following chronic stress28 or amphetamine administration29 in rodents, whereas

clinical gene expression studies found it to be increased in one study of patients with mental

illness30 but reduced in another.31 Peaks that were similarly upregulated in the hippocampus

and cortex (m/z 1201.9, 1450.2, 1583.1 and 1907.3) were putatively identified as a

phosphosphingolipid, a glycerophosphoglycerophosphoglycerol, an acidic glycosphingolipid

and a neutral glycosphingolipid, respectively, using the Nature Lipidomics Gateway

informatics platform (see Supplementary Methods for details). Further studies are needed to

fully identify and evaluate these and other results in the data set.

GAD1 suppression in NPY+ or CCK+ interneurons has differential effects on behavior

Adult male mice were evaluated using a battery of tasks chosen to assess a broad range of

behavior (see Supplementary Methods for full details). NPYGAD1 and CCKGAD1 lines

were tested independently using identical testing parameters and compared against WT

littermates. Mice were visually indistinguishable and did not display any general health or

neuromuscular problems (Supplementary Figure 4a,b). CCKGAD1TG mice exhibited

decreased locomotor activity during the initial portion of the open-field test (two-way

repeated measures ANOVA time × genotype interaction, F(9,198) = 2.0938, P = 0.032;

Figure 3a). All groups displayed normal habituation to the open-field arena (two-way

repeated measures ANOVA main effect of time: NPYGAD1 F (9,180) = 12.2300, P =

0.000; CCKGAD1 F(9,198) = 10.5489, P = 0.000). CCKGAD1TG mice also trended toward

hypoactivity on the elevated zero maze (two-tailed independent samples t-test: t(22) =

−1.7822, P = 0.089; Figure 3b).

We assessed anxiety-like behavior using the elevated zero maze and light-dark box

paradigms.20 NPYGAD1TG mice displayed reduced anxiety-like behavior in both

paradigms. Mice typically spend significantly more time in the closed zone than the open

zone of the zero maze;20 however, NPYGAD1TG mice failed to do so (paired t-test: t(11) =

1.207, P = 0.253; Figure 3c). Similarly, they had a significantly reduced aversion to the light
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box compared with littermate controls (two-tailed independent samples t-test: t(20) = −

2.247, P = 0.036; Figure 3f).

The Porsolt forced swim task20 measured depression-like behaviors by the duration each

animal attempted to escape after being placed in water (latency to float) and the total

immobility time during the session. There were no differences between groups in either

latency to float (independent samples t-test: NPYGAD1 t(20) = −0.538, P = 0.596;

CCKGAD1 t(22) = 0.279, P = 0.783; Figure 3d) or total immobility (independent samples t-

test: NPYGAD1 t(20) = −0.291, P = 0.774; CCKGAD1 t(22) = −0.078, P = 0.939; Figure

3e).

PPI tested the animals’ sensorimotor-gating capabilities21. All groups showed appropriate

levels of inhibition to each of four prepulse levels and there were no significant differences

in percent PPI (two-way repeated measures ANOVA: NPYGAD1 F (19) = 0.036, P = 0.852;

CCKGAD1 F(22) = 0.000, P = 0.998; Figure 3g) or in baseline acoustic startle without the

prepulse (independent samples t-test: NPYGAD1 t(19) = − 0.788, P = 0.440; CCKGAD1

t(22) = 1.166, P = 0.256; Figure 3h). Data from one NPYGAD1TG mouse was removed due

to equipment malfunction.

We tested hippocampal function using y-maze spontaneous alternation.22 All groups

alternated at the expected level and there were no differences between groups (independent

samples t-test: NPYGAD1 t(20) = − 0.551, P = 0.587; CCKGAD1 t(22) = − 1.370, P =

0.184; Figure 3i).

Social behavior was evaluated using the three-chamber social task.23 After an acclimation

phase, the first interaction phase tested sociability by comparing preference for investigating

a social stimulus mouse (first novel mouse) placed in a pencil cup in one chamber instead of

an empty cup in the opposite chamber (novel object). The second interaction phase

measured preference for social novelty by introducing a second stimulus mouse (second

novel mouse) and comparing interaction time with the second novel mouse versus the first

novel mouse (now the ‘familiar’ mouse). All groups showed preferences for the first novel

mouse over the novel object (Figure 3j). However, during the second interaction phase,

NPYGAD1TG mice showed significantly stronger preferences for social novelty (two-tailed

independent samples t-test; t(20) = 2.178, P = 0.042; Figure 3k).

In addition to social interaction, we tested olfactory sensory capability and sensitivity to

social cues.23 Mice were presented with consecutive social and nonsocial odors.

CCKGAD1TG mice spent significantly more time sniffing almond (two-way repeated

measures ANOVA, F(1,22) = 7.231, P < 0.05) and orange (two-way repeated measures

ANOVA, F(1,22) = 5.831, P < 0.05) nonsocial odors than littermate controls (Figure 3l) and

showed a trend toward increased investigation of social odors (two-way repeated measures

ANOVA, F(1,22) = 3.035, P = 0.095).

Contextual and cued fear conditioning assessed hippocampus- and amygdala-dependent

learning and memory in a single task.24 All groups rapidly learned to associate the tone with

the shock and reached high levels of freezing (Figure 3m). All groups displayed appropriate

contextual fear memory, defined by elevated freezing during the initial 3 min in the training
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context compared with the testing context (Figure 3n). All groups displayed appropriate

cued fear memory, defined by increased freezing behavior during the tone relative to the

novel context baseline (Figure 3o). In addition, a significant decrease in freezing with

repeated cue exposures in the absence of the shock indicated appropriate fear extinction

(Figure 3o).

To assess the response of dopaminergic circuitry to psychostimulants, we measured

locomotor responses following an amphetamine injection (3 mg kg −1). Amphetamine

sensitivity was defined as the change in locomotor activity following amphetamine

injection. NPYGAD1TG mice displayed ~600% greater peak responses to amphetamine

than littermate controls (two-way repeated measures ANOVA, time × genotype interaction

F(11) = 6.3646, P = 0.000), whereas, in a separate experiment, CCKGAD1TG mice showed

an ~50% reduced peak response (two-way repeated measures ANOVA, time × genotype

interaction F(11) = 2.015, P = 0.028; Figure 4a). NPYGAD1TG mice displayed significantly

greater amphetamine-induced locomotor activity compared with WT controls over the entire

session (t(20) = 4.477, P = 0.000; Figure 4b). Stereotypies were not different (data not

shown).

DISCUSSION

GAD1 downregulation has been shown to effectively silence individual interneurons32 and

has been described as a primary mechanism of behavioral dysfunction in other animal

models.33,34 However, the molecular and behavioral consequences of restricted GAD1

suppression in distinct interneuron populations have not been well understood to date. Our

results are very informative in this regard and several interesting conclusions can be drawn

from these experiments. First, suppressing GAD1 in as few as 8–17% of GABA-ergic

interneurons is sufficient to induce molecular and behavioral changes that are dependent on

interneuron cell types affected. Second, as a result of interneuron suppression, large numbers

of lipids, peptides, and proteins undergo adaptive molecular changes in multiple, unaltered

cell types. Third, given the small percentage of overlapping proteomic changes across

multiple brain regions, the effects of interneuron dysfunction are region specific. Fourth,

altered expression of other proteins linked to psychiatric disorders suggests that the observed

changes might be directly related to human disease. Fifth, GAD1 suppression in NPY+ and

CCK+ interneurons leads to opposing effects on dopamine-dependent behavior highlighting

the complex interplay between GABA-ergic and dopaminergic systems. Finally, the pattern

of behavioral results raises the possibility that dysfunction of distinct interneuron classes is

related to different psychiatric spectrum domains. It is also noteworthy that our study

highlights the power of coupling the MALDI-IMS high-throughput approach with brain

histology for better understanding region-specific molecular events across various animal

models.

Previous studies have detailed interneuron cell type diversity to the extent of their synaptic

contacts onto principle cells and other interneurons.8,9 CCK+ and NPY+ interneurons

represent only 8–17% of interneurons35,36 and an even smaller percentage of all neurons.

Yet, altering their GABA-ergic phenotype is sufficient to induce changes in considerable

numbers of lipids, peptides and proteins. As these two nonoverlapping interneuronal
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subpopulations have vastly different morphology, physiology, receptor expression, brain

distribution and molecular content, it is perhaps not surprising that their inactivation results

in fundamentally different molecular changes. However, it was somewhat unexpected that a

single-molecular manipulation (GAD1 suppression) led to region-specific molecular

changes in both lines. Of these, we found increased PEP19/PCP4 in the hippocampus and

cortex of NPYGAD1TG mice as a result of GAD1 suppression (1.55-fold, P = 0.047 and

1.516-fold, P = 0.021, respectively), but not in CCKGAD1TG animals. Discovering altered

expression of a peptide previously linked to neurodevelopment,27,28 dopamine system

function26,29 and neuropsychiatric disorders28,30,31 as a result of empirically modifying

another7 supports the concept that diverse genetic factors can converge onto common

molecular and behavioral dysfunction.37-39

Recent findings suggest that GAD1 expression and behavioral dysfunction are tightly

correlated and subtle decreases in GABA signaling give rise to behavioral changes.33,40 Our

data suggest that this modulation is dependent on interneuron cell types and may be region

specific. Some of our findings could have relatively straightforward interpretations. For

example, increased olfactory investigation in CCKGAD1TG mice may be explained by

disrupting the inhibition of primary olfactory cortex that has high densities of CCK+

interneurons.11,41 Yet our most intriguing finding, the opposing effects of amphetamine on

locomotor behavior, is likely to be far more complex. We propose that the opposite response

of NPYGAD1TG and CCKGAD1TG mice to amphetamine is due to alterations in

dopaminergic tone as a result of hippocampal dysfunction. NPY+ and CCK+ interneurons

are both distributed in the hippocampus,10,11 but serve very different functions. NPY+

neurogliaform cells maintain tonic inhibition of entire regions through volume

transmission.14,42 Disinhibiting hippocampal circuits by suppressing GAD1 in these cells

can drive the activity of dopamine neurons in the ventral–tegmental area,43 resulting in

increased sensitivity to amphetamine and reduced anxiety-like behaviors.44 In contrast, CCK

+ basket cells regulate parvalbumin+ basket cells through synaptic contacts.45 By

disinhibiting PV+ cells, GAD1 suppression in CCK+ interneurons could result in a net

increase of inhibitory tone in the hippocampus that would diminish hippocampal-ventral–

tegmental area loop signaling and lead to locomotor hypoactivity and reduced sensitivity to

amphetamine. Alternatively, the divergent behavioral results could be explained by

disrupting amygdalar46 or striatal circuits;47 however, GAD1 suppression in the amygdala

alone does not change anxiety-like behavior,40 and tonically disinhibiting the striatum would

likely augment the hippocampal-ventral–tegmental area loop activity mentioned above.

Clearly, these hypotheses will have to be tested in further experiments. Regardless of the

exact mechanism at work, it is fascinating to consider that specific GABA-ergic circuits can

modulate and potentially unbalance the dopamine system in opposite directions and what

that could mean for behavioral spectrum disorders.

Our data also have broader, conceptual implications. The idea of the anatomical substrate

defining specific brain function has been around for almost a century: in 1929, Herrick

proposed that fundamental anatomical building blocks govern complex behavioral

responses.48 More recently, a hypothesis emerged that large networks can be controlled by

diverse subnetworks,49 and further evidence suggests that different network dynamics of
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interneuron classes underlie behavioral function.50 We believe that our findings provide

strong behavioral and molecular support for this view while expanding the scope beyond a

single brain region and elaborating upon the behavioral impact of cell type-specific

interneuron dysfunction. In this context, we can consider the interneurons as anatomically

encoded, critical modular building blocks that are directly responsible for various behavioral

domains. Thus, silencing different inhibitory subnetworks, driven by various inhibitory

interneuronal subclasses, will lead to different behavioral phenotypes. Furthermore,

modulating the inhibitory subnetworks will not only alter the behavior, but also result in

brain and lipid composition disruption in the homogenous excitatory network. We also

hypothesize that in pathological conditions, such as schizophrenia, the modular building

blocks of the inhibitory subnetworks might be related to various symptom domains, either

by direct effect on inhibitory subnetworks, or indirectly, through secondary effects on the

homogenous excitatory network.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cell type-specific suppression of glutamic acid decarboxylase (GAD1) in vivo. In a normal

brain, intact inhibitory circuits modulate the function of individual principle cells and

complex networks. In this study, we hypothesized that silencing neuropeptide Y (NPY+)

(red) or cholecystokinin (CCK+) (green) interneurons would lead to different patterns of

behavior (a). To test this hypothesis, we created a synthetic miRNA targeted to silence

GAD1, the primary enzyme responsible for gamma-aminobutyric acid synthesis in the brain,

and inserted it into two BAC constructs that limited expression of the transgene to NPY+ or

CCK+ neurons, respectively (b). These constructs also produced enhanced green fluorescent

protein (eGFP) (pseudocolored red for NPY+ cells and green for CCK+ cells for illustration

purposes) to visualize and verify construct expression patterns (c,d).
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Figure 2.
Glutamic acid decarboxylase 1 (GAD1) suppression in neuropeptide Y (NPY+) interneurons

leads to an increase in the expression of a Da peptide, identified as PEP19/PCP4.

Representative matrix-associated laser desorption ionization mass spectrometry (MALDI-

IMS) expression intensity image of m/z 6725.9 from wild-type (top row) and NPYGAD1

(bottom row) brain sections on the same MALDI target plate. m/z 6725.9 (arrows) was

detected in the corpus callosum (a), cortex (b), hippocampus (c), medial frontal cortex (e),

septum (f) and striatum (g). It was not detected in hypothalamus (d) or thalamus (h). m/z

6725.9 was significantly increased in the cortex (b) and hippocampus (c). The peptide was
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identified as PEP19, also known as PCP4, in a separate experiment. Data points represent

mean intensity. ALR, average log ratio. *P < 0.05; a.u., arbitrary units. Scale bar, 5 mm.

Schmidt et al. Page 15

Mol Psychiatry. Author manuscript; available in PMC 2014 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Glutamic acid decarboxylase 1 (GAD1) suppression has a cell type-specific impact on

behavior. Adult male mice were evaluated in an extensive behavioral testing battery. Mice

with GAD1-suppressing bacterial artificial chromosome (BAC) constructs in

cholecystokinin (CCK +) (CCKGAD1TG, n = 12) or neuropeptide Y (NPY+)

(NPYGAD1TG, n = 12) interneurons displayed different patterns of behavior compared

with wild-type (WT) littermate controls (CCKGAD1WT, n = 12; NPYGAD1WT, n = 10).

CCKGAD1 mice were hypoactive in the open field (a) and on the zero maze (b).
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NPYGAD1TG mice did not spend more time in the closed zone of the zero maze (c). There

were no difference in latency to float (d) or total immobility (e) in the forced swim test.

NPYGAD1TG mice had a significantly reduced preference for the dark box in the light-dark

box anxiety test (f). There were no differences in prepulse inhibition (g) or acoustic startle

response (h) (a.u., arbitrary units). All groups displayed normal alternation in the y-maze (i).
In the three-chambered social task, both mouse lines displayed normal sociability (j);
however, NPYGAD1TG mice had a significantly increased preference for social novelty

(k). CCKGAD1TG mice spent significantly more time investigating a nonsocial olfactory

stimulus but all groups investigated social olfactory stimuli similarly (l). Finally, there were

no differences in learning (m) or memory of contextual (n) or auditory cued (o) fear

conditioning or cued fear extinction (o). *P o 0.05; NS, nonsignificant; a.u., arbitrary units.
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Figure 4.
Glutamic acid decarboxylase 1 (GAD1) suppression has cell type-specific augmentation or

attenuation of amphetamine (AMPH)-induced locomotion. All mice displayed increased

locomotor activity in response to a 3 mg kg −1 injection of amphetamine. AMPH sensitivity

was defined as the magnitude of the locomotor response after AMPH injection relative to

baseline locomotor activity. NPYGAD1TG mice were ~600% more sensitive to AMPH

compared with wild-type (WT) littermate controls, whereas CCKGAD1TG mice were ~50%

less sensitive (a). Total locomotor activity across the entire post-injection session was

decreased in CCKGAD1TG mice and increased in NPYGAD1TG mice compared with WT

littermate controls (b). **P < 0.01; *P < 0.05.
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