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 The mammalian central nervous system is a complex network of functionally and 

anatomically intertwined cell-types.  The roles of particular cell types in brain function 

and development are determined by precise patterns of connectivity, synaptic function 

and intrinsic integration of external signals, and are best understood when the cell type is 

isolated and directly studied.  We were particularly interested in cell types contributing to 

the neurogenic niche of the subgranular zone (SGZ) of the hippocampus.  The SGZ is an 

extremely diverse environment containing many different cell types, including mature 

granule cells, inhibitory interneurons, astrocytes, oligodendrocytes, endothelial cells, 

stem cells, dividing cells and immature neurons.  We used laser capture microdissection, 

DNA microarrays and anatomical-based expression clustering to identify SGZ enriched 

genes expressed in the diverse cell types of this region. Over-representation of gene 

ontology terms suggested cell type specific functional roles including inter and extra-

cellular signal transduction, cell division, and cell differentiation.   

 xiii



 Further exploration of cell type roles can be achieved by specifically manipulating 

cell types using viruses.  We found that adeno-associated virus serotype 1 (AAV1) 

preferentially transduced inhibitory neurons, and thus may be useful for studying this cell 

type.  However, we sought further restriction to subtypes of inhibitory neurons.  Towards 

this goal, we focused on creating inhibitory neurons subtype specific promoters for use in 

viruses.  We tested short regulatory sequences derived from Takifugu Rubripes (fugu), 

human, mouse, and composite regulatory elements.  We found that all fugu promoters 

drove expression in mammalian inhibitory neurons, but none drove expression in a cell 

type specific manner.  Mammalian-derived and composite regulatory element promoters 

also showed only limited abilities to restrict expression to inhibitory neuron subtypes.  

These results suggest a complex regulatory environment distinguishes expression in 

inhibitory neuron subtypes.  Future efforts to target subtypes of inhibitory neurons or 

other cell types may utilize the topographical and functional links shared between genes 

identified in the SGZ microarray screen.   
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CHAPTER 1 

 

Cell type profiling of hippocampal neurogenesis using laser capture microdissection, 

DNA microarrays and anatomical-based expression clustering 
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ABSTRACT 

 The neurogenic potentials of the subgranular zone (SGZ) of the dentate gyrus and 

the subventrical zone (SVZ) of the lateral ventricle are likely regulated by molecular 

signals generated by the heterogeneous cell populations in these areas.  We used laser 

capture microdissection and DNA microarrays to profile the molecular signatures of the 

mouse SGZ.  Anatomical-based clustering using images from the Allen Mouse Brain 

Atlas and canonical cell type expression patterns, effectively segregated the genes 

enriched in the SGZ into putative cell type groups.  Most of the enriched genes strongly 

classified as either astrocytes (8%), oligodendrocytes (6%), endothelial cells (5%), or one 

of three types of inhibitory neurons (14%, 14% and 16%).  Some genes classified to a 

mixed inhibitory neuron/oligodendrocyte group (6%) or oligodendrocyte/astrocyte group 

(4%), but clustering did not establish an inhibitory neuron/astrocyte group. One cluster of 

genes (14%) appeared to consist of a mix of markers for endothelial cells, dividing cells, 

stem cells and immature neurons, and displayed high levels of expression in both the 

SVZ and SGZ.  Another cluster of genes (14%) also expressed in the SGZ but not the 

SVZ, but displayed no clear cellular identity.  Enrichment of gene ontology terms 

suggested functional roles for many of these cell type groups including inter and extra-

cellular signal transduction, cell division, and cell differentiation.  Analysis of up- and 

down- regulated genes in response to voluntary running also identified genes likely to be 

involved in the neurogenic niche of the SGZ.    
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INTRODUCTION 

 Two zones in the adult mammalian brain have been shown to contain neuronal 

precursors. The subgranular zone of the dendate gyrus in the hippocampus, and the 

subventricular zone along the walls of the lateral ventricle 1 2 3 4-6   

 For almost a century, dividing cells have been known to exist in the walls of the 

lateral ventricles, in the region known as the subventricular zone (SVZ) 7.  Proliferation 

in the SVZ has been observed in many vertebrate species including mice, rats, rabbits, 

hampsters, dogs, monkeys and humans8-10 11 5,12,13 14.  One view is that progenitor cells in 

the SVZ give rise to glial cells 15 16,17, and new neurons that migrate to the olfactory bulb 

where they integrate into functional circuits, and are thought to replace older interneurons 

1,13,18-20.  Cellular characterization of the SVZ niche in mice has revealed a progression of 

divisions among cell types.  Slowly dividing type B cells have ultrastructural properties 

of astrocytes, namely light cytoplasm, thick bundles of GFAP+ intermediate filaments, 

gap junctions, glycogen granules and dense bodies 21,22.  Type B cells give rise to rapidly 

dividing type C progenitors, which then produce neuroblasts (type A cells).  Type A 

cells, ensheathed by the processes of type B cells, congregate in the anterior and dorsal 

SVZ, forming the chain-like migration of the rostral migratory stream (RMS) to the 

olfactory bulb where they mature into granule neurons and periglomerular interneurons 

1,18-20.  SVZ progenitor populations have extensive contact with the environment, through 

processes protruding from type B cells 23,24, with neighboring multiciliated ependymal 

cells which contact the cerebral spinal fluid in the lateral ventricle, blood vessels, 

microglia and extracellular matrix 25. (see figure 1 in Alvarez Buylla and Lim, 2004 for 
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clarity)  Recent evidence has shown that the beating of ependymal cilia direct the 

migration of neuroblasts from the SVZ26. 

 In the SGZ, a similar progress has been proposed where in primary progenitors 

(quiescent radial state stem cells, type 1 cells), characterized by expression of GFAP and 

nestin, slowly divide to give rise to proliferating stem cells (type 2 IPCs) 27-30.  Type 2 

IPCs form tight clusters around the processes of type 1 cells 31, and they rapidly divide to 

produce neuronal progenitors (type 3 IPCs)32-34 (see figure 4 in Hodge 200830 for clarity). 

Regulated by neurogenic stimuli, type 3 IPCs generate immature neurons30.  Fate studies 

from Sox2+ type I cells have shown that at one month, the majority of newly born cells 

are mature granule cells (~89%) and a minority are astrocytes (~7%) 35.   

 Studies have shown that enriched environments, including voluntary running on 

running wheels, can increase cell proliferation and neurogenesis.32.  Cell proliferation 

peaks within a few days of the start of running 36. While most of the newly generated 

cells die 37, enriched environments decrease the level of apoptosis 38,39.  The neurons 

either stay in SGZ or migrate short distances into the granule cell layer 40, where through 

an experience-dependent regulatory period, they survive, form processes and differentiate 

into granule neurons 27,41,42, or possibly inhibitory neurons 43.  Within a few weeks, the 

surviving neurons integrate into the functional circuit.40.  Recent evidence has 

demonstrated that newly born granule cells are integrated into the dentate gyrus, whereby 

functional synapses are formed with hilar interneurons, mossy cells and CA3 pyramidal 

cells of the hippocampus 44.  

 The neurogenic potentials of the SVZ and SGZ are likely regulated by molecular 

signals generated by the heterogeneous cell populations in these areas.  Numerous papers 
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have elucidated molecules involved in this process.  Jiao and Chen, 2008, 45 have shown 

that the neurogenic potential of these regions is due to local environmental cues and/or 

astrocyte production of growth-stimlulating signals.  One signal is sonic hedge hog (Shh), 

which acts as both a morphogen and mitogen during development 46.  When Shh was 

applied to non-neurogenic brain regions, de novo neurogenesis occurred.  These results 

suggest that neural progenitors are not unique to the SGZ and SVZ, and that neurogenic 

niches are a result of local environmental cues.  Jiao and Chen, 2008, also suggest that 

niche astrocytes release factors that selectively stimulate the expansion of progenitor cells 

capable of making neurons rather than astrocytes, and that Shh is a key factor.  Other 

factors are also important for progenitor cell fate.  Recent evidence 47 has shown that 

dividing progenitor cells over-expressing Ascl1 (achaete-scute complex homolog-like 1, 

also known as Mash1) gave rise to oligodendrocytes rather than neurons in SGZ, but not 

in the SVZ or in vitro.  These experiments demonstrate that progenitor cells retain fate 

plasticity, and that local environmental cues affect progenitor cell fates.   

 Further evidence suggests that Wnt molecules, suggested to be in astrocytes in the 

dentate gyrus, play a role in neurogenesis 48.  Additionally, interactions of interleukins 

IL-1beta and IL-6 49, growth factors such as PDGF, metalloproteases, neurotransmitters, 

and hormones are implicated in various aspects of neurogenesis, starting with stem cell 

division, neuroblast migration, regulation, differentiation and neuron integration into 

functional circuits 50.  To a limited extent, pathways and transcription factor cascades 

have also been characterized for adult neurogenesis.  For example, beta-catenin, 

stabilized by the activation of the canonical Wnt pathway, forms a transcriptionally active 

TCF/LEF transcription factor family 51.  Mutant forms of TCF/LEF that lack the ability to 
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bind to beta-catenin, disrupt the Wnt/beta-catenin pathway, and cause a reduction in 

neural progenitor cells.  A transcription factor cascade found in embyronic glutamatergic 

neurogenesis is also linked to adult neurogensis.  In this cascade, Pax6+ radial glia (type 

1 cells) produce Tbr2+ type 2 IPCs, which in turn divide to produce NeuroD+ neuroblasts 

(type 3 IPCs), then differentiate into Tbr1+ neurons 30.  This evidence demonstrates many 

molecules and pathways with the potential for affecting neurogenesis. 

 While Shh, Wnts, or other signals from niche astrocytes may initiate a neurogenic 

process, the fact that adult neurogenesis is restricted to the SVZ and SGZ niches indicates 

that the permissiveness and control of proliferation depends on intrinsic properties of 

these regions.  And the properties of these regions depend on the diverse population of 

interacting cell types.  In this experiment, we sought to find molecular signatures of the 

SGZ cell types, and to characterize the molecular pathways and transcription factor 

cascades that define the neurogenic niche. The SGZ is an extremely diverse environment 

containing many different cell types, including mature granule cells, inhibitory 

interneurons, astrocytes, oligodendrocytes, endothelial cells, stem cells, dividing cells and 

immature neurons (see Figure 1).  We used laser capture microdissection and DNA 

microarrays to profile gene expression in the inner (SGZ) and outer portions of the 

dentate gyrus (DG).  Since the vast majority of the cells in the DG are mature granule 

cells, we compared the expression of the inner and outer portions to reveal molecular 

markers for the less numerous populations of the SGZ.  In this way, we obtained a 

genome scale expression profile of the SGZ.  We then used the Allen Mouse Brain Atlas 

expression database 52 to create coherent expression profiles for genes enriched in the 

SGZ.   Genes were classified to putative cell types using anatomical-based clustering.   
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Expression similarities to canonical cell type expression patterns in multiple brain 

structures facilitated the clustering of genes to particular cell type groups.  In order to 

assess cell type contributions to the neurogenic niche, the clustered genes were further 

analyzed for over-represented gene ontological terms.  These results suggested key 

processes contributing to the neurogenic SGZ, and the cell types in which they occur.  

We also allowed some animals to run on running wheels.  Running-induced changes in 

gene expression confirmed the dynamic neurogenic nature of the SGZ, and revealed 

putative genes involved in this process.   
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MATERIALS AND METHODS 

Animals 

 All animal procedures were performed according to protocols approved by The 

Salk Institute for Biological Studies Animal Care and Use Committee.  10 to 11-week-old 

C57BL/6 male mice were obtained from Harlan (San Diego, CA).   Subsets of animals 

were allowed access to a running wheel for 4 days or 30 days.  Brains were quickly 

removed, flash-frozen in OCT mounting medium in a dry ice-isopentantane slurry, and 

stored at -80C until use. 

 

Laser capture microdissection 

 12μm thin cryostat sections were stained with cresyl violet, rapidly dehydrated 

through xylenes, and stored until use a vacuum dessicator.  An Arcturus PixCell II 

machine (Arcturus, Mountain View, CA) was used to isolate 2-3 cell thick bands from 

both the inner and outer portions of the dentate granule cell layer.   

 

RNA preparation and array hybridization 

 Total RNA was purified from the laser captured tissue using the Absolutely RNA 

Nanoprep Kit (Stratagene, La Jolla, CA), and RNA yield was assessed using the 

RiboGreen RNA Quantitation Reagent (Molecular Probes Inc, Eugene, OR).  RNA from 

three groups of animals (no running, 4 days of running, 30 days of running), consisting of 

3 animals each, was isolated independently and amplified separately.  5ng total RNA 

starting material was amplified using the MessageAmp aRNA Kit (Ambion Inc, Austin, 

TX).  This method utilizes reverse transcription with T7 RNA Polymerase.  The first and 
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second rounds of the kit were performed per the manual, with an additional third round 

identical to the second round except that the in vitro transcription step utilized the Enzo 

BioArray High Yield RNA Transcript Labeling Kit (Affymetrix, Santa Clara, CA).  

Finally, 15μg of biotinylated aRNA was fragmented and hybridized to Affymetrix MG-

U74Av2 arrays.  

 

Microarray analysis 

 Intitial data analysis and normalization were done using the Affymetrix 

Expression Console using two algorithms: Robust Multichip Analysis (RMA) and Probe 

Logarithmic Intensity Error Estimation (PLIER) using the minus mismatch option (-

MM).  Subsequent data analysis was performed using Excel t-test comparisons to identify 

differences between experimental conditions.  To identify genes enriched in either the 

inner or outer regions, all animals were combined, whereby expression values for the 9 

inner and 9 outer chips were compared using a paired 2-tailed t-test.  Genes were 

considered enriched when p-value < 0.01 for either the RMA or PLIER normalization 

methods.  Only genes enriched in the inner or outer regions, as described above, were 

analyzed for up and down regulation at no running and 4-day running time points.  Genes 

were considered up- or down- regulated when p-value < 0.05 and fold enrichment > 1.5, 

for either the RMA or PLIER normalization.  The RMA and PLIER algorithms indicated 

about equal numbers of enriched genes.  For enrichment of the inner > outer, RMA and 

PLIER indicated 229 and 252 probes, respectively, of which 159 were the same for a 

total of 321 enriched probes.  For enrichment of the outer > inner, RMA and PLIER 

indicated 142 and 146 probes, respectively, of which 39 were the same for a total of 250 
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enriched probes.  For the genes enriched in the inner region, a total of 28 and 15 genes 

were up- and down-regulated, respectively.  For the genes enriched in the outer region, a 

total of 7 and 11 genes were up- and down-regulated, respectively.  For the up- and 

down-regulated datasets, the PLIER algorithm tended to give more enrichment calls than 

RMA.  

 

In situ hybridization 

 Most of images used in this analysis came from the Allen Mouse Brain Atlas52, 

although we also performed in situ hybridization for more than 150 genes. In contrast to 

digoxigenin probes used for the Allen Brain Atlas we used radioactive probes.  Clones 

for our in situ hybridization were either obtained from the IMAGE Consortium (Incyte 

Genomics, Palo Alto, CA) or amplified from hippocampal cDNA using sequence-specific 

primers.  In situ hybridization using alpha-35S-labeled riboprobes was performed as 

described in Lein et al 200053. 

 

Anatomical-based clustering 

 We first scored each gene for the 34 classifiers.  Most classifiers were scored with 

one of three values, 0 for ‘no expression’, 3 for ‘not determined’ and 6 for ‘positive 

expression’.  A few categories were scored differently.  Lateral ventricle density and 

subgranular zone density were scored with values ranging between 0 and 5, depending on 

the expression density.  Lateral ventricle distributions were scored with 0 for ‘no 

expression’, 3 for ‘expression only in the lateral wall’ or ’uniform distribution in the 

wall’ and 6 for ‘expression in the entire ventricle wall’ or ‘patchy distribution in the 
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wall’.  Hippocampal fimbria was scored 0 for ‘no expression’, 3 for ‘low density 

expression’ and 6 for ‘high density expression’.   

 We used hierarchical clustering to group the genes according to the 34 classifiers.  

We used the prewritten Matlab function ‘kmeans’ to calculate the squared Euclidean 

distances between points. We first needed to how many cluster groups to make.  Too few 

groups will fail to meaningfully classify the data, while too many groups will result in 

improperly separating related genes and reducing the power of subsequent gene ontology 

analysis.  A measure of optimal clustering was assessed using the Matlab function 

‘silhouette’, which calculated the distances of each clustered point (each gene) to the 

centroids of the neighboring clusters. As expected, increasing the number of cluster 

groups decreased the average distances between the points and the centroids, thus 

increasing the chance that a point was incorrectly categorized.  The average silhouette 

distances were calculated for cluster sizes 5 to 20.  The steepest decline in the average 

distances occurred between the cluster sizes 10 and 11.  (See Mathworks.com K-means 

clustering).   We therefore chose to use 10 groups for the cluster classifications.  

 

Gene ontology clustering 

 Groups of genes identified by anatomical-based clustering were probed for over-

represented gene ontology entries (DAVID, http://david.abcc.ncifcrf.gov/).  We included 

gene ontology terms for both medium and highest stringency levels, choosing the 

medium stringency level when the terms were similar.  We chose to include only 

annotation clusters with enrichment score near 1 or higher. A term was selected from the 
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annotation cluster based on its perceived informative value compared to the other terms 

in the cluster.   
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RESULTS 

1.1  DNA microarrays successfully identified genes enriched in the inner portion of 

the GZ and a number of these genes corresponded to known cell types 

 Three groups of three mice each, housed in either standard housing, or in cages 

with access to running wheels for 4 or 30 days, were analyzed for gene expression in the 

dentate gyrus.  We used laser capture microdissection to capture the inner and outer 

portions of the granule cell layer of the dentate gyrus (Figure 2).  We then amplified the 

RNA and probed DNA microarrays for gene expression.   

 We first collapsed the three groups of animals (no running, 4 days running and 30 

days running) and compared DNA microarray expression profiles of the inner and outer 

regions of the granule zone (GZ).  We identified 318 genes enriched in the inner portion 

compared to the outer portion.  We performed in situ hybridization using radioactive 

probes to confirm SGZ enrichment for more than a hundred of these enriched genes.  

Some of these genes had been previously characterized and correspond to known cell 

types including inhibitory interneurons, astrocytes, oligodendrocytes, actively dividing 

cells, immature neurons, and endothelial cells.  In this set were genes also known to be 

involved in neurogenesis, including Wnt3, Dcx, Sox2, Mki67 and Fabp7.  Figure 3 shows 

a subset of the in situ hybridization images, and a schematic of their microarray 

expression profiles validating the power of laser capture microdissection and microarray 

for detecting genes restricted to a limited number of cells in a small topographical region.   

 Expression of inhibitory neuron genes Gad1, Slc32a1 and Npy, showed scattered 

cells in the SGZ (Figure 3).  The microarray results showed a clear enrichment of 

expression in the inner versus the outer regions, and the in situ hybridization images 
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verified this result.  Note the extreme SGZ microarray enrichment for Slc32a1, which 

consistently showed more than a 3-fold greater expression in the inner versus the outer 

GZ.  Images for putative astrocyte genes Gja1, Cst3, and Sparc showed a “picket fence” 

pattern in the SGZ, confirming the SGZ enrichment found using microarrays.  The 

oligodendrocyte genes Car2 and Clic4 showed scattered labeling in the dentate gryus, 

although enrichment in the SGZ was less apparent.  Nevertheless, some sections support 

a slight SGZ enrichment.  Wnt3, a gene regulating adult neurogenesis 48, showed DG 

expression largely in the hilus, indicating the likelihood that a portion of the hilus 

adjacent to the SGZ was also isolated by laser capture microdissection.  The immature 

neuron marker Dcx showed strong enrichment as a band of cells in the SGZ.  Microarray 

results showed a strong and consistent 2-3 fold enrichment in expression.  Microarray 

profiling also captured the enrichment of the stem cell marker Sox2, and in situ 

expression demonstrated a speckled population of cells in the SGZ.  Lastly, Mki67, a 

marker for dividing cells, showed in situ hybridization expression in only a small number 

of cells, but showed strong SGZ enrichment by DNA microarrays.  This evidence, along 

with in situ hybridization images for other genes with similarly few visible cells, 

suggested that the microarrays were extremely sensitive at detecting expression from 

only a small number of cells.  Thus, laser capture microdissection and DNA microarray 

profiling of the SGZ captured molecular signals characteristic of a diverse cellular 

environment in the SGZ, including cells of low abundance.   

 

1.2  Anatomical-based clustering grouped genes into basic cell types 
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 Expression patterns of the many cell types in the SGZ demonstrate that genes also 

have diverse expression patterns in areas outside of the SGZ (Figures 3 and 4).  For 

example, the inhibitory neuron genes shown in Figure 3 (Gad1, Slc32a1, Npy), showed 

expression in scattered cells throughout the hippocampus, where they tended to be 

concentrated in the laminae.  Abundant inhibitory neuron expression was also apparent in 

the reticular thalamus and in scattered cells in cortex.  Astrocyte genes (Gja1, Cst3 and 

Sparc, shown in Figure 3), also displayed characteristic expression patterns outside of the 

SGZ.  Numerous cells were scattered throughout brain, but some were concentrated 

adjacent to the lateral ventricle and along the rostral migratory stream (RMS).  

Oligodendrocytes (Car2 and Cli4, shown in Figure 3), showed scattered expression 

throughout the brain, and dense label in the white matter tracks.  Neuronal expression 

was also evident for Dcx, as marked by label in CA3 of the hippocampus and a dense 

laminar distribution in the cortex.  Markers for dividing cells and stem cells have fewer 

defining anatomical expression characteristics, but since adult neurogenesis is restricted 

to the SVZ and SGZ, we expected expression of genes in these cell types to be enriched 

in these areas.  For example, expression is visible in the SVZ and SGZ for Sox2 and 

Mki67 (Figure 3). 

 Patterns of gene expression in multiple brain structures can be combined to create 

canonical expression patterns characteristic of a particular cell type.  We identified 34 

classifiers of canonical patterns of expression for the cell types of the SGZ.  Among these 

features are patterns of expression in the cerebellum, cortex, white matter, lateral 

ventricle, dentate gyrus and hippocampal formation (HPC) (see Figures 4 and 5).  For 

example, we looked in the cerebellum, where expression in Bergmann glia are 
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characteristic of astrocytes; Purkinje cells and granule cells characteristic of neurons; 

type 2 golgi cells characteristic of interneurons; and white matter expression 

characteristic of oligodendrocytes.  Cortex, hippocampus, reticular thalamus, white 

matter tracks, and ventricles were other regions where informative patterns could be 

discerned. See Figure 4 for a break down of canonical expression characteristics for 

inhibitory neurons, oligodendrocytes and astrocytes.  

 We sought to identify the likely cell types for the genes which we found to be 

enriched in the SGZ. To this end, we used in situ hybridization images to score genes for 

the presence or density of expression for the 34 classifiers derived from the canonical cell 

type expression markers.  These anatomically based measures provided the basis for 

putative cell type identification of unknown genes.  While we performed in situ 

hybridization to confirm SGZ enrichment for many genes, we switched to using the 

genome-wide Allen Mouse Brain Atlas (ABA) expression database as it became 

available. 

 For the purposes of clustering, we eliminated genes if the in situ hybridization 

expression contradicted the microarray data and indicated expression was not SGZ 

enriched.  However we kept genes that showed expression in the lateral ventricle or RMS 

even if there was little evidence of gene expression in the SGZ.  In this way, we tried to 

keep genes that were expressed in small populations of dividing cells.  We eliminated 18 

of 318 genes because of inconsistent expression between the microarray and in situ 

hybridization data.  We also left out 22 genes for which we did not have in situ 

hybridization data.  Most images were scored using ABA images, but we used 

radioactive in situ hybridization images when the data did not exist or the quality of 
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expression was superior (ex. Lama2, Scrg1, Hes5, Cdk2ap1, Ntsr2, Cks1b).  The 

digoxigenin-based images of the ABA sometimes revealed cell morphology, whereas the 

radioactive probes showed no morphological features.  So in addition to its genome-wide 

scale, the ABA images often provided useful morphological features assisting in the 

identification of certain expression characteristics such as distinguishing Bermgann glia 

from Purkinje cells in the cerebellum.  However, the radioactive-based images were often 

more sensitive and revealed genes with lower expression.  In addition to the genes found 

to be enriched by the microarray screen, we also became aware of other genes enriched in 

the SGZ that were not identified by the microarray.  We found some genes by scanning 

the ABA and others from the literature.  Retrospective analysis revealed that many of 

these genes did not have probes on the DNA microarrays.  Other genes may have failed 

to show enrichment due to poor microarray probes.  In the interest of best characterizing 

the molecular characteristics of the SGZ, we scored these additional genes for the same 

anatomical expression classifiers and included the genes in subsequent clustering 

analyses.   

 Using the 34 characteristic classifiers, we used k-means clustering to segregate 

333 genes into 10 cluster groups (see Figure 5).  Each of the groups had distinct 

expression profiles, and a combination of classifiers distinguished each group.  No single 

classifier distinguished one group from another, although some classifiers, such as 

cortical “scattered cells, generally not laminar” and “blood vessels” were only enriched in 

a single group.  The lack of definitive markers for a group reflects the diversity of the 

gene expression within the groups. The genes in each cluster and the diversity of gene 

expression within each cluster are shown in Figure 6.  The identity of the 10 cluster 
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groups were designated by the presence of genes of known cell type.  Most genes 

clustered into groups with a principal cell type identity, but a few groups contained genes 

consistent with a mixed composition of cell types.  In this guilt by association paradigm, 

we state that a cluster group is associated with a particular cell type, but this refers to the 

associations of these genes and the putative cell type, and does not aim to conclude that 

any particular gene in the cluster is of that cell type.   

 Three groups of genes were consistent with being enriched in GABAergic 

inhibitory interneurons, groups A (45 genes), B (47 genes) and C (53 genes) (see Figures 

5 and 6). Each of these inhibitory neuron groups showed unique expression patterns 

relevant to scattered expression in cortex, excitatory neurons in cortex or HPC, white 

matter and/or lateral ventricle expression.  Fewer genes were grouped into either the 

oligodendrocyte cluster (group E, 19 genes) or astroctye cluster (group G, 27 genes).  

Also clustered, were mixed groups consisting of genes for either inhibitory neurons or 

oligodendrocytes (group D, 20 genes), or oligodendrocytes or astrocytes (group F, 12 

genes).  However, no clustered group showed overlapping patterns of expression of 

inhibitory neurons and astrocytes, suggesting that there is a greater distinction between 

these cell types. 

 A number of genes also clustered into a group with genes associated with 

endothelial cells (group H, 17 genes).  Interestingly, another cluster (group I, 48 genes) 

consisted of genes associated with endothelial cells, dividing cells, stem cells and 

immature neurons.  Lastly, a group of genes (group J, 45 genes) had only NeuroD1, a 

marker for new neurons as a distinguishing member.  Group J differs from group I largely 
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in the lack of expression in the lateral ventricles, suggesting a group of genes are 

associated with differences between the neurogenic niches of the SVZ and SGZ.  

 Some groups had genes with expression patterns resembling more than one type 

of cell.  While, some genes showed patterns of expression consistent with being 

expressed in more than one cell type within a specific brain region, other genes showed 

patterns of expression consistent to a single cell type in defined brain region, but 

appeared to be expressed in a different cell type in another region.  This latter type of 

expression contradicts the usefulness of the anatomical-based clustering paradigm for 

determining the corresponding cell type in the DG.  However, relatively few genes show 

this type of patterning, and many genes of known cell types consistently co-clustered into 

groups. While increasing the number of cluster groups might be useful in further 

separating groups that are seemingly composed of more than one cell type, the smaller 

sized groups may lack the degree of association from which functional similarities can be 

inferred.  Furthermore, since few genes are definitively known to be exclusively 

expressing in a single cell type, small groups would become increasingly more difficult to 

annotate for cell type.  

 

1.3  Over-expressed gene ontology classifications identified functional roles for 

groups of clustered genes 

 We progressed with gene ontology classifications under the assumption that the 

genes in each cluster are a common cell type, and that genes contributing to enriched 

ontology terms represent similar functions to the other genes in the cluster.  Groups of 

genes identified by anatomical-based clustering were probed for over-represented gene 
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ontology entries (DAVID, http://david.abcc.ncifcrf.gov/).  Results indicated that most 

groups had multiple annotation clusters with over-represented gene ontology terms, and 

that many of these annotation clusters were largely distinct to the different groups (Table 

1).  We included gene ontology terms for both medium and highest stringency levels, 

choosing the medium stringency level when the terms were similar.  See Materials and 

Methods for further clarification of gene ontology methods. 

 Immediately obvious in Table 1 is that some groups have more statistically over-

represented terms than others.  Groups G and H only have a single enriched term, while 

groups C, I and J have more than 10 terms each.  In group G (astrocytes), the only 

enriched term had a relatively low enrichment score of 1.03 and only 3 of the 27 genes 

contributed to this call, suggesting that few similarities existed for the genes in this 

cluster.  In contrast, the only enriched term for group H (endothelial cells) had a high 

enrichment score of 4.32 arising from 10 of the 17 genes in this cluster, suggesting that 

these genes were highly similar.  The enriched term for this group, “signal peptide”, is 

highly intriguing.  Further analysis of this cluster showed that 9 of the 10 genes 

contributing to the signal peptide call were related to the term “gylcosylation site: N-

linked (GlcNAc)”.  These results highly suggest these genes play an important role in 

extracellular signaling by endothelial cells.   

 Group I (endothelial cells/ dividing cells/ stem cells/ immature neurons) have the 

most enriched terms.   Inspection of these terms suggests that the genes in this cluster are 

involved in a collection of functions including cell division, metabolic processes, and 

response to wounding.  Oddly however, terms related to both intracellular and 
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extracellular parts were significantly over-represented. These results suggest that this 

group may indeed be a mixed collection of different cell types. 

 The other mixed cell type groups, group D (inhibitory neurons and 

oligodendrocytes) and group F (oligodendrocytes and astrocytes) have few enriched gene 

ontology terms.  Group D genes, however showed striking similarities to each other, with 

18 of the 20 genes enriched in the intracellular part.  The genes in this cluster show roles 

in cellular macromolecular processes.  Group F genes also showed significant 

consistency.  6 of the 12 genes in this cluster had links to oxidoreductase activity, and 8 

of the 12 genes were enriched in the cytoplasm. 

 Three inhibitory neuron clusters (groups A, B and C), were enriched in very 

different gene ontology terms.  Group A terms consisted mostly of structural and cellular 

communication functions, consistent with inhibitory neuron function.  Group B, however, 

showed evidence of cell cycle activity and regulation, including programmed cell death. 

Enriched terms in group C suggested different roles for these genes.  With enrichment in 

terms related to nervous system development, cell differentiation, neuron projection and 

migration, this group appeared to represent genes involved in organization of newly born 

cells.  Therefore, the three inhibitory neuron clusters were highly distinctive, and suggest 

that each cluster represents a different developmental state, whereby group B cells are 

dividing, group C cells are maturing, and group A cells are mature. 

 Lastly, we explored the gene ontology terms enriched in group J (unknowns). The 

genes in this group showed a remarkable diversity of terms relating to cell division, 

extracellular binding (polysaccharide binding), cell motility (lamellipodium) and 

potential regulators of cell function including metal-binding, zinc ion binding (zinc 
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finger, RING/FYVE/PHD-type) and iron binding (heme).  Since this group of genes is 

largely enriched in the SGZ more than any other location, and that this group is enriched 

with a collection of gene ontology terms consistent with a proliferative region, these 

results suggest that the activity of the genes in this cluster may have significant 

neurogenic roles. 

 

1.4  Some SGZ enriched genes also showed running-induced increases in gene 

expression 

 Among the genes that were enriched in the inner portion of the GZ, we compared 

genes that were up- or down-regulated with 4 days of running.  A number of up-regulated 

genes were associated with neurogenesis including Fabp754, Cst355, Id256, and Stmn157.  

Most of the enriched genes were associated with one or more gene ontology clusters 

relating to cell cycle, cell differentiation, response to stress/wounding, regulation of 

cellular processes, signal transduction and cellular metabolic processes, consistent with 

dynamic nature of the SGZ (see Table 2). Furthermore, the genes were not confined to a 

particular anatomically defined cluster, and thus likely represent expression of genes 

from numerous cell types. 

 In addition, a number of genes in the SGZ were down-regulated with running (see 

Table 3).  Like the up-regulated genes, the down-regulated genes were representative of 

broad cell type identity.  Different however, is that no gene ontology terms related to cell 

division.  Yet, Cks2 (CDC28 protein kinase regulatory subunit 2), a gene that promotes 

cell proliferation and inhibits apoptosis 58, was in this group of down-regulated genes.  

Intuitively, we would expect this gene to increase with running, and not decrease.   In 
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fact, knockdown of Cks2 has been shown to increase programmed cell death 58. Reports 

have shown that Cks1 can compensate for Cks2 59, but our microarray data did not show 

any significant change in Cks1 expression with running.  One possibility is that Cks2 

may be acting by putting the brakes on excessive cell proliferation in response to running.  

This may be important since an overabundance of new neurons can lead to a disruption of 

the existing circuitry60. Further experiments will be needed to test this possibility. 
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CONCLUSIONS 

 We used laser capture microdissection and DNA microarrays to profile the 

molecular signatures of the neurogenic SGZ. We detected many genes that were known 

to be enriched in the SGZ, and that represented the diverse cellular makeup of this 

neurogenic region.  The cell type identities of unknown genes were surmised by using 

anatomical-based clustering of brain-wide gene expression patterns to link genes with 

similar expression profiles.  While the identities of each gene in the cluster can not be 

concluded, the groups generally are suggestive of particular cell types.  Thus, for the 

purpose of drawing general conclusions and for analyzing gene ontology enrichment, 

genes in each cluster were presumed to be expressed in that particular cell type.  Each 

group of clustered genes showed enriched gene ontology terms that were unique to that 

group. 

 A few important aspects of our approach should first be considered when 

interpreting the results.  One important caveat of our approach is our choice of 

anatomical classifiers used to cluster the genes into groups.  For example, there were 

many classifiers for inhibitory neurons, astrocytes and oligodendrocytes, but few positive 

or distinctive classifiers for endothelial cells.  Furthermore, some classifiers were more 

distinctive then others, allowing for more confident scoring. Together, these limitations 

create a bias that might reflect the perceived inhibitory neuron diversity at the expense of 

diversity in other cell types.  In addition, limiting the number of cluster groups to 10 

likely combined some genes into clusters where their associations with the other genes 

were inappropriate.  Furthermore, conclusions relating to the gene ontology enrichment 

should be tempered by the fact that a few genes in a cluster may not actually be good fits 
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as members of a cluster, and could conceivably contribute to cell type identification or 

gene ontology enrichments not characteristic of the other members in the cluster.   

 Anatomical-based clustering revealed three inhibitory neuron groups.  Consistent 

with these topological distinctions, gene ontology analysis indicated each of these groups 

had unique gene ontology enrichment, whereby one group showed active involvement in 

cell division, another in cell differentiation, and the other in neuronal functioning 

consistent with a mature neuron state.  The presence of inhibitory neurons at the junction 

of neurogenesis and mature circuitry suggests that these neurons play criticial roles in the 

differentiation of these newly born cells.  Studies have shown 35 that most of the newly 

born cells mature into excitatory granule cells, and migrate outwards in the DG.  Many of 

the inhibitory neuron genes present in the SGZ probably function in the modulating 

activity of the granule cells, and thus indirectly influence the formation of new neurons. 

However, some inhibitory neuron types, such as Parvalbumin-positive basket cells 

(parvalbumin clustered into group A), have also been found to transmit both tonic and 

phasic GABAergic input to neural progenitors 61. Thus inhibitory neurons may have a 

more direct influence in the neurogenic niche.  Furthermore, some genes known to be 

factors in the neurogenic pathway show patterns of expression consistent with their 

presence in inhibitory neurons.  One example is kit oncogene, which has been shown to 

be expressed in GABAergic neurons in the cerebellum 62.  Our anatomical clustering also 

identified kit oncogene as inhibitory (group A).   Additionally, Wnt3 has been reported to 

be expressed in astrocytes in the DG 48, but expression in the cerebellum is consistent 

with inhibitory neuron identity and anatomical clustering sorted Wnt3 into the inhibitory 

neuron cluster (group A).  Thus, Wnt3 may also be expressed in inhibitory neurons.  
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However, this mix of cell types highlights the point that some genes will have clustered 

into groups based on expression outside of the SGZ, and that the cell type in the SGZ 

may not be the same.  

 The “oligodendrocyte” cluster was highly enriched with genes and processes 

associated with myelination.  On the other hand, the “astrocyte” group showed little 

functional activity, suggesting that astrocyte genes related to neurogenesis clustered in 

either the endothelial cells/ dividing cells/ stem cells/ immature neurons” or “unknown” 

clusters.  The “endothelial cells” cluster showed remarkable internal consistency, 

whereby more than half of the genes had functions related to N-linked glycosylation sites.   

 Enrichment of gene ontology terms suggested that the mixed group “endothelial 

cells/ dividing cells/ stem cells/ immature neurons” probably consisted of a mix of 

distinct cell types within this cluster.  As such, genes in this group were either expressed 

in more than one cell type within a brain region, or were expressed in different cell types 

in different regions.  The other mixed groups, “inhibitory neurons and oligodendrocytes” 

and “oligodendrocytes and astrocytes”, however, showed internally consistent gene 

ontology enrichment, suggesting that these cell type mixes may indeed be their own 

distinct cell type identities.  Since few inhibitory neuron and astrocyte linked genes co-

clustered, the results suggested that there may not be a mixed cellular identity of this 

type.  Furthermore, the lack of such a group suggests there are greater differences 

between inhibitory neurons and astrocytes, than between inhibitory neurons and 

oligodendrocytes, or oligodendrocytes and astrocytes. 

 Interestingly, the “unknown” cluster showed many gene ontological features 

consistent with cell proliferation.  Furthermore, the genes in this group were enriched in 
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the SGZ, but expression was largely non-existent in the SVZ, suggesting that genes in 

this cluster may be responsible for neurogenic differences between the SGZ and SVZ.   

 We also identified genes which might be up- or down-regulated with voluntary 

running. A number of up-regulated genes were associated with neurogenesis including 

Fabp754, Cst355, Idb256, and Stmn157.  One interesting down-regulated gene was Cks2.  

We hypothesize that Cks2 may be acting to put the brakes on excessive cell proliferation 

signals in response to running.   

 Our screen identified genes enriched in the SGZ that were likely to be co-

expressed in the same cell type.  The topographical and functional links between the 

genes in each cluster suggests that some of the genes may also be co-regulated.  For 

example, we might expect both common and distinct regulatory features for the genes of 

the three “inhibitory neuron” clusters.  Since they clusters share a number of common 

expression characteristics, they likely share some common regulatory features.  However, 

each cluster shows unique expression patterns and functional processes, and thus there 

are likely regulatory features shared only between the members of each inhibitory neuron 

cluster.  Since dynamic functional associations between genes have been shown to be a 

better predictor of co-regulation than simply shared topological properties of a network 

63, genes showing changing expression levels in response to neurogenic cues (i.e. 

running) may present the best dataset for determining whether a limited number of 

common factors may initiate direct regulatory roles in a set of genes.  

The work in Chapter 1 was done in a joint effort with Edward Lein, a postdoc in 

the lab of Fred Gage and Director of Neuroscience at the Allen Brain Institute. 
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Figure 1  The SGZ of the dentate gyrus consists of many different cell types 
The subgranular zone (SGZ) of the dentate gyrus (DG) is positioned between the granule 
cell layer of the DG and the hilus (a).  The SGZ consists of many cell types (b) including 
endothelial cells, quiescent radial stem cells, proliferating stem cells, neural progenitors, 
immature neurons, mature granule neurons, inhibitory interneurons, astrocytes and 
oligodendrocytes. Also shown are excitatory mossy cells in the hilus. Corresponding 
labels share the same color as the cell type.  The schematic was derived from cells shown 
in Amaral (1978), Claiborne et al (1986), Kosaka and Hama (1986), Seki and Arai 
(1999), Palmer et al (2000), Lawrence and McBain (2003) and Jessberger et al (2008).  
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Figure 2 Laser capture microdissection (LCM) isolated the inner and outer regions 
of the dentate gyrus.  Sections were counterstained with cresyl violet to illuminate the 
dentate gyrus boundaries.  Panels a and c show the regions before LCM.  Panels b and d 
show the regions after LCM isolation.  Regions approximately 2-3 cells in thickness were 
captured along the inner portion including the SGZ, and in the outer portion.  Panels c 
and d are the 2x magnified images of the boxed regions in a and b, respectively.  Dorsal 
and lateral directions are indicated.  Scale bars are 200μm.    
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Figure 3 In situ hybridization verified SGZ enrichment for genes found in the 
microarray screen. (continued)   In situ hybridization (a-f) verify microarray 
enrichment (g) for inhibitory neuron genes Gad1, Slc32a1, and Npy; astrocyte genes 
Gja1, Cst3, and Sparc; oligodendrocyte genes Car2 and Clic4; Wnt3; immature neuron 
gene Dcx; stem cell gene Sox2; and dividing cell marker Mki67.  In situ hybridization 
images from coronally cut sections were counterstained with bisbenzamide to elucidate 
structural boundaries (a-f).  Panels d-f are magnified versions of the dentate gyrus in 
panels a-c.  The sections in the left panel (a,d) were anterior to the middle panel (b,e), 
and sections in the right panel (c,f) were posterior to sections in the middle panel.  Scale 
bars are 200μm.  Panel g shows microarray data for nine mice.  Three mice were housed 
in standard cages, three mice were housed for 4 days with a running wheel, and three 
mice were housed for 30 days with a running wheel.  Microarray expression levels are 
indicated for the inner and outer portions of the DG.  
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Figure 3 In situ hybridization verified SGZ enrichment for genes found in the 
microarray screen. (continued)
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Figure 3 In situ hybridization verified SGZ enrichment for genes found in the 
microarray screen. (continued)
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Figure 3 In situ hybridization verified SGZ enrichment for genes found in the 
microarray screen. (continued) 
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Figure 4 Canonical cell type expression patterns suggested classifiers for 
anatomical-based clustering.  (continued)  In situ hybridization images of sagitally cut 
sections illustrate the expression characteristics of the classifiers identified for inhibitory 
neurons, astrocytes and oligodendrocytes.  Magnified regional images correspond to the 
boxed areas in the central figure.  
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Figure 4 Canonical cell type expression patterns suggested classifiers for 
anatomical-based clustering. (continued) 
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Figure 4 Canonical cell type expression patterns suggested classifiers for 
anatomical-based clustering.  (continued) 
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Figure 5 Clustering of SGZ enriched genes revealed cell type groupings.  
SGZ enriched genes were clustered into one of ten groups, A-J, using scores from 34 
expression classifiers.  The average scores for the genes in each cluster group and 
classifier are illustrated by the color gradient.  Details of the scoring paradigm are 
discussed in Materials and Methods.   
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued)  Each gene in the cluster was scored for expression characteristics 
for the 34 classifiers.  The genes in each group have a set of similar expression 
characteristics.  A description of the 34 classifiers is shown in Figure 5.  Cluster groups 
A-J are shown. 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Figure 6 Genes in each cluster group showed similar, but not identical expression 
patterns.  (continued) 
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Table 1: Enriched gene ontology terms 
a) DAVID gene ontology annotations based on M (medium) or H (high) stringency grouping 

requirements 
b) Annotation term enrichment score 
c) EASE Score, a modified Fisher Exact P-Value 
 

Cluster Gene ontology term Stringencya Enrichmentb # of genes p-valuec

signal peptide M 3.80 15 1.90E-02
neuron projection M 3.41 5 2.20E-04
synapse M 1.47 4 1.70E-02
cell junction M 1.36 5 1.20E-02
skeletal muscle development M 1.36 3 2.70E-02
cell adhesion M 1.21 5 7.90E-02
calcium ion binding M 1.13 5 1.20E-02
inorganic anion transport M 1.10 3 5.70E-02

Group A 
 

(n=45) 
 
 multicellular organismal development M 1.02 13 5.10E-03

cell cycle M 1.76 7 1.00E-02
organelle organization and biogenesis M 1.54 11 8.10E-04
cytoskeleton organization and biogenesis M 1.40 5 4.60E-02
chromatin H 2.49 5 7.10E-04
DNA-binding region: Homeobox H 1.01 3 1.40E-01

Group B 
 

(n=47) 
 
 programmed cell death H 0.97 5 1.00E-01

nervous system development M 2.10 9 4.90E-04
cell differentiation M 2.03 13 3.80E-03
neuron projection M 1.82 4 6.60E-03
generation of neurons M 1.21 5 1.60E-02
transcription factor activity M 1.16 8 1.60E-02
anatomical structure morphogenesis M 1.09 8 4.60E-02
leukocyte differentiation M 1.04 4 8.20E-03
regulation of gene expression H 2.30 16 2.00E-03
regulation transcription, DNA-dependent H 2.02 14 5.80E-03
cell migration H 1.15 4 5.20E-02
metal ion transport H 1.14 5 3.40E-02

Group C 
 

(n=53) 
 
 
 
 regulation of cell growth H 1.00 3 3.40E-02

cellular macromolecule metabolic process M 1.48 10 8.80E-03
cellular macromolecule catabolic process M 1.22 3 4.70E-02
intracellular part H 1.26 18 2.20E-03

Group D 
(n=20) 

 microtubule H 1.25 3 1.60E-02
ensheathment of neurons M 3.43 5 4.00E-08
nervous system development M 1.75 6 5.20E-04
cell differentiation M 1.45 7 9.30E-03

Group E 
(n=19) 

 spermatogenesis H 1.44 3 2.10E-02
oxidoreductase activity M 1.13 6 1.30E-04
biosynthesis of steroids H 2.01 3 4.50E-03Group F 

(n=12) cytoplasm H 1.50 8 4.10E-03
Group G 
(n = 27) lipid moiety-binding region: S-palmitoyl cysteine M 1.03 3 5.40E-02 
Group H 
(n=17) signal peptide M 4.32 10 1.30E-04 

cell cycle phase M 3.38 9 9.80E-07
intracellular organelle part M 2.92 19 1.00E-04
protein kinase regulator activity M 1.73 3 1.20E-02
positive regulation of biological process M 1.53 10 1.00E-03
cytoskeletal part M 1.45 8 1.10E-03
intracellular part M 1.31 35 3.30E-03
extracellular matrix part M 1.28 3 3.30E-02
response to wounding M 1.24 6 1.30E-03
cellular metabolic process M 1.21 26 3.20E-02
secreted M 1.01 10 5.00E-03
mitosis H 2.02 4 4.60E-03
cell migration H 1.93 5 7.70E-03
extracellular space H 1.12 11 5.30E-02

Group I 
 

(n=48) 
 
 
 
 
 positive regulation of immune response H 1.00 3 3.20E-02

protein kinase regulator M 1.72 3 1.10E-02
lamellipodium M 1.42 3 8.70E-03
polysaccharide binding M 1.22 4 1.20E-03
monooxygenase activity M 1.10 4 3.90E-03
metal-binding M 0.97 12 1.90E-02
cell division H 3.40 6 1.00E-04
mitosis H 2.91 5 2.20E-04
intracellular membrane-bound organelle H 1.04 23 4.80E-02
zinc finger, RING/FYVE/PHD-type H 1.03 3 5.70E-02

Group J 
 

(n=45) 
 
 
 heme H 0.97 3 4.80E-02

 



 50

Table 2 SGZ enriched genes up-regulated with running 
a) Ratio of inner DG expression of 4-days running to no-running 
 

Gene Symbol 

 
 
Cluster 
group 

Cell cycle 
process 

Cell 
differentia
tion 

Response to 
stress/ 
wounding 

Regulation 
of cellular 
process 

Signal 
Trans-
duction 

Cellular 
metabolic 
process 

Fold 
Changea 

Tac1 A   x  x  1.56
Rgs10 A    x x  1.91
Npy A     x  1.74
Tac2 A     x  1.70
Stmn1 B x x  x x x 1.68
Cdk2ap1 B x   x   1.62
Ddah2 B     x x 1.53
Rps5 B      x 1.92
Id2 C  x  x  x 1.89
Polr3k C    x  x 1.78
Mxd1 C    x  x 1.57
1110019J0
4Rik C       1.55
Igfbpl1 D    x   1.68
Pla2g7 G   x    1.87
Thrsp G       1.92
Cst3 G       1.91
Fabp7 G       2.66
Cdca3 I x     x 1.82
Mdk I  x x    2.51
S100a10 I       1.54
Pnp J      x 3.05
Lsm3 J      x 2.20
Ncaph  x      1.96
Btf3     x  x 1.52
Rpl23a       x 2.01
2700094K1
3Rik        1.94
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Table 3 SGZ enriched genes down-regulated with running 
a) Ratio of inner DG expression of no running to 4-days running 
 

Gene 
Symbol 

Cluster 
group 

Anatomical 
structure 
development 

Metabolic 
process 

Signal 
peptide 

Carboxylic 
acid metabolic 
process 

Trans-
embrane 

Fold 
Changea 

Robo1 A x  x  x 3.40
Btbd14a A      2.17
Gad1 B  x  x  1.75
Bcat1 C  x  x  2.12
Cds2 C  x   x 1.72
Cck C x  x   1.60
Serpini1 C   x   1.58
Elovl5 E  x  x x 1.98
Ugdh H x x    1.51
Prom1 H      1.95
Cks2 I      2.64
Lamp2 J  x x x x 1.89
Gnrhr J     x 1.71
Papss2  x x    1.67
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CHAPTER 2 

 

Selective transduction of inhibitory and excitatory cortical neurons by endogenous 

tropism of AAV and lentiviral vectors
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ABSTRACT 

 Despite increasingly widespread use of recombinant adeno-associated virus 

(AAV) and lentiviral (LV) vectors for transduction of neurons in a wide range of brain 

structures and species, the diversity of cell types within a given brain structure is rarely 

considered. For example, the ability of a vector to transduce neurons within a brain 

structure is often assumed to indicate that all neuron types within the structure are 

transduced. We have characterized the transduction of mouse somatosensory cortical 

neuron types by recombinant AAV pseudotyped with serotype 1 capsid (rAAV2/1) and 

by recombinant lentivirus pseudotyped with the VSV glycoprotein. Both vectors utilized 

human synapsin (hSyn) promoter driving DsRed-Express. We demonstrate that high titer 

rAAV2/1 efficiently transduces both cortical excitatory and inhibitory neuronal 

populations, but use of lower titers exposes a strong preference for transduction of 

cortical inhibitory neurons and layer 5 pyramidal neurons. In contrast, we find that VSV-

G- LV-hSyn principally labels excitatory cortical neurons, even at the highest viral titers 

generated. These findings demonstrate that endogenous tropism of rAAV2/1 and LV can 

be used to obtain preferential gene expression in cortical inhibitory and excitatory 

neurons, respectively. 

.   
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INTRODUCTION 

 Recombinant adeno-associated viruses (AAVs) and lentiviruses (LVs) hold 

promise as gene therapy vectors and are valuable experimental tools due to their 

perceived low toxicities and stable long-term transgene expression64.  These vectors are 

particularly useful in the nervous system due to their ability to infect non-dividing cells 

65,66.  Such vectors have opened up an extensive range of possibilities due to their ability 

to cause expression of virtually any gene. Furthermore, one of the chief advantages of 

genetic methods is the ability to target gene expression to particular cell types, for 

example within complex neuropil, which contains many distinct cell types with their 

axonal and dendritic arbors intimately intertwined.  

 Cell type specific gene expression can be achieved by many different approaches.  

The most successful approaches to date have involved the generation of transgenic mouse 

lines using BAC or “knock-in” technologies 67,68. These strategies take advantage of 

endogenous genetic regulatory elements to generate expression of a transgene which 

mimics expression of an endogenous gene. Although these methods are extremely useful, 

transgenic methods are not practical in humans or in most mammalian species other than 

mice. Thus, it is desirable to also have the ability to generate cell type-specific expression 

from viral vectors.  Using viral vectors, selectivity can be achieved by natural or 

engineered tropism69-79, or insertion of gene regulatory elements into the viral genome80-

84.  However, these approaches are still in their infancy and not well understood.  

 As viral vector technologies become increasingly sophisticated and as they are 

combined with other approaches, such as cell-type specific promoters, there is an 

increasing level of complication involved in understanding why a particular approach is 
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or is not successful.  As a result it is important not only to understand the individual 

factors that influence cell type specific expression, but also how they interact. 

  Despite the potential for variable tropism between viral serotypes and the likely 

dependence on viral titer, there have been few careful studies of the cell types that are 

transduced within a given brain area. And studies carefully examining the relationships 

between viral tropism, titer, and cell type specific regulatory elements are even more rare 

or non-existent.  Some studies have described the ability to selectively transduce a 

particular cell type when using a putative cell-type specific promoter in a given vector.  

However, without direct comparisons between the gene expression patterns observed 

with specific versus general promoters, it is not possible to determine whether expression 

in the targeted cell type resulted from selectivity conferred by the promoter versus viral 

tropism, or a combination of both.  Here we describe the transduction efficiencies of 

rAAV2/1 (AAV2 backbone packaged with AAV1 capsid) and VSV (vesicular stomatitis 

virus)-G-pseudotyped LV in the adult mouse somatosensory cortex.  For convenience, we 

refer to rAAV2/1 as AAV, and VSV-G- LV as LV.  We show that differences in tropism 

between viral vectors can confer selectivity for excitatory versus inhibitory neurons and 

that this selectivity depends on viral titer. We further demonstrate that the mouse α-

calcium/calmodulin-dependent protein kinase II (mCAMK) promoter previously 

described by Dittgen80, can drive gene expression in inhibitory neurons, suggesting that 

restriction of expression to excitatory neurons in LV vectors was not solely due to the 

promoter, and could in part be due to viral tropism. 



 56

MATERIALS AND METHODS 

Virus Promoters 

 The human Synapsin I promoter (hSyn)85, was the ~470bp human sequence 

~chrX:47,364,154-47,364,622 (UCSC March 2006 assembly).   The mouse α-

calcium/calmodulin-dependent protein kinase II (mCAMK), promoter80, CKa13, 

~1300bp mouse sequence ~chr18:61,084,084-61,085,372 (UCSC July 2007 assembly) 

was cloned from pLenti-CaMKIIa-hChR2-EYFP-WPRE, courtesy of K. Deisseroth.  The 

CAG promoter 86, ~1700bp, was cloned from pCAG-GFP, courtesy of D.D. O’Leary.  

 

Virus Production 

 Promoters were cloned into either ITR flanked AAV transfer vectors or lentivirus 

transfer vectors expressing DsRed-Express (referred to as RFP).  Plasmids were purified 

using endotoxin-free maxiprep kits (Qiagen, Valencia, CA). Recombinant rAAV2/1 

serotype was produced by BBS/CaCl2 or PEI mediated co-transfection of 293T cells with 

the AAV2 ITR flanked transfer vector, pXR1 (AAV type-1) and pXX6-8087.  Cells were 

harvested and lysed, treated with benzonase (Sigma-Aldrich D9542, St. Louis, MO), and 

virus was concentrated and purified by iodixanol gradient centrifugation88.  Lentivirus 

was produced by BBS/CaCl2 mediated co-transfection of 293T cells with the hSyn 

transfer vector and plasmids pMDL, pRev, and pVSVG66.  Media was collected and virus 

concentrated through multiple centrifugation steps89.   

 

Virus Titration 
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 The number of genomic copies were determined using SYBR Green with a qPCR 

cycler  (ABI 7900HT, Applied Biosystems, Foster City, CA).  AAV was lysed in 2N 

NaOH for 30min at 56C, and neutralized in HCl.  LV was incubated with DNase I (NEB, 

Ipswich, MA), and RNA isolated (QIAamp MinElute Virus Spin kit, Qiagen, Valencia, 

CA), followed by reverse transcription (Superscript III kit, Invitrogen, Carlsbad, CA).   

Viral DNA was diluted and compared to a standard curve created from a known quantity 

of transfer vector.  Infectious titer of the virus was determined by infecting confluent 

293T cells with serial dilutions of virus, followed 60 hours later by two PBS washes, 

trypsinization, centrifugation to isolate cells, DNA isolation by proteinase K digestion in 

SNET lysis buffer (20mM Tris (pH 8), 1mM EDTA, 1% SDS, 0.4 M NaCl ) at 55C for 

12 hours, followed by alcohol precipitation.  Concentration of the precipitated DNA, 

composed of intrinsic cellular and extrinsic viral DNA, was determined by 

spectrophotometry.  qPCR was performed in same manner as used to determine the 

genomic titer, and the titer was normalized by the concentration of precipitated DNA 

loaded into the PCR reaction. 

 

Virus Injections 

 GAD67-GFP knock-in mice 90 were injected with viruses following procedures 

approved by the Salk Institutional Animal Care and Use Committee guidelines. Because 

we could not obtain robust and consistent GAD and GABA antibody staining, we utilized 

GFP expression in GAD67 knock-in transgenic mice, produced by Tamamaki et al90, as a 

pan-inhibitory marker for co-label studies.  Produced by inserting GFP cDNA between 

the 5’ flanking region and start codon of the GAD67 gene, Tamamaki et al found 80-90% 
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of the GFP-labeled cells were positive for GAD67 or GABA immunoreactivity in the 

somata, and almost all labeled cells were immunoreactive if the neuropil was also 

included.  These animals also exhibited normal growth, behavior and no abnormality at 

the macroscopic level, and GABA content was not significantly lower than in wildtype 

mice.  We injected animals between 10 and 30 weeks old.  Animals were anesthetized 

using a cocktail of ketamine and xylazine, and/or isoflurane.  Virus was delivered via a 

glass micropipette (~30-50µm tip diameter) using air pressure applied via a picospritzer.  

Injections targeted multiple layers in somatosensory cortex were at depths of 0.75µm and 

0.45µm from the surface, allowing 5 minutes per depth.  Usually this corresponded to 1-

2ul of virus, delivered at 20psi, with 1 pulse per second.  The pulse duration was adjusted 

to modulate the flow rate.    

 

Histology and Immunohistochemistry 

 25-35µm thick sections cut on a freezing microtome were stained with one or 

more of the following antibodies: Chicken anti-GFP (Aves Labs GFP-1020 1:500, 

Tigard, OR), Rabbit anti-DsRed (Clontech 632496 1:200, Mountain View, CA), and 

Mouse anti-NeuN (Millipore MAB377 1:100, Billerica, MA) As secondary antibodies we 

used one or more of Cy2 (Jackson Immuno 703-225-155 1:100, West Grove, PA), 

AlexaFluor 568 (Invitrogen A11036 1:100, Carlsbad, CA), and Cy5 (Jackson Immuno 

715-175-151 1:100) fluorophores raised against the appropriate species.  Mounted 

sections were counterstained with 10μM DAPI (Sigma-Aldrich D9542, St. Louis, MO) in 

PBS. Sections were dehydrated through xylenes and coverslipped using Krystalon (EMD 

Chemicals, Gibbstown, NJ).   
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Imaging and Cell-Counting 

 The data described in results are based on observations of label from at least 3, 

and typically 4-5 viral vector injections, for each vector (see Supplemental Table S1). In 

most cases a single injection was analyzed from each animal, however, in some cases a 

second injection was made and analyzed from the opposite hemisphere. In all cases, 

reporter gene expression was restricted to the injected hemisphere, with no evidence of 

retrograde infection via axon terminals. For the purpose of statistical analyses, each 

injection was considered as an independent sample, as the variability between injections 

is presumed to be far greater than the variability between animals. For each injection 

analyzed, tissue sections were scanned to identify the region with the highest density of 

labeling and this was considered the center of the injection site. Neurons expressing 

reporter from the injected vector were counted in this section and up to 8 adjacent 

sections and scored for double-label with GFP (inhibitory neurons) and/or NeuN. 

Neurons were counted and scored within each section, only from the cortical columns 

with highest labeling density, typically within 300μm of the injection center. The total 

numbers of labeled cells counted and scored varied between sections and layers due to 

differences in labeling density for different vectors.  See Supplemental Table S1.  

Statistical analysis was performed using two tailed, unequal variance Welch’s t-test.  

Typically, about 700 cells were counted for each injection (range: ~1600 average cells 

per injection for AAV-hSyn 1:5 to ~350 average neurons per injection for AAV-CAG 

and LV-hSyn) and a total of more than 1400 cells for each vector. An exception was 



 60

AAV-hSyn diluted 125-fold, for which relatively few cells were labeled and only 543 

were scored from a single injection analyzed (see Results).  

 To count and score labeled cells, fluorophores were imaged independently at 3 

confocal planes at 10x and 20x magnification using either a Nikon TE300 with a Bio-Rad 

radiance 2100 system or an Olympus BX51 with a Bio-Rad Radiance 2100MP system.  

Images were projected and merged in RGB space.  Quantification of overlap of perikarya 

and/or neuropil cell labeling was done using the confocal images in Adobe Photoshop. 

Cortical layers were determined by DAPI or NeuN staining.   
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RESULTS 

 The studies described here focus on the ability of rAAV2/1 (AAV) and VSV-G- 

LV (LV) vectors to transduce inhibitory versus excitatory cortical neurons, and of the 

mCAMK promoter to preferentially drive gene expression in excitatory cortical neurons.  

All vectors used expression of the red fluorescent protein, DsRed-Express 

(Clontech)91(referred to as RFP) as a reporter. To facilitate identification of GABAergic 

inhibitory neurons without confounds related to antibody specificity or staining 

reliability, all vectors were assessed following injections into the somatosensory cortex of 

transgenic mice in which green fluorescent protein (GFP) is inserted into the glutamic 

acid decarboxylase (GAD) locus 90. In these mice, almost all of the GFP-positive cells 

showed GAD67 immunoreactivity in the perikarya or neuropil90  Conversely, basically 

all of the GAD67-immunoreactive cells labeled with GFP in the perikarya or neuropil.  In 

the typical experiment, cortical injections of the viral vector (see Materials and Methods 

for details) were followed by a period of 2-3 weeks to allow for reporter gene expression. 

Animals were then perfused and the brains sectioned and double-stained for anti-GFP and 

anti-RFP with appropriate fluorescent secondary antibodies to amplify the green and red 

signals respectively.  Sections were also counterstained with DAPI to allow for 

identification of cortical layers. In selected cases, anti-NeuN, a neuron specific antibody92 

was used to allow for quantification of neurons versus glia. Labeled neurons were 

quantified and scored as single, double, or triple stained using confocal microscopy (e.g. 

Fig. 1; see Materials and Methods for details). 

 Transduction of cortical neurons was tested with three different promoters driving 

RFP expression in AAV.  These included the hybrid CMV/chicken β-actin (CAG)86 
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promoter, the human synapsin promoter (hSyn) 85, and the mouse α-CAM kinase 

promoter (mCAMK)80.  LV was tested using only the hSyn promoter.  Genomic and 

infectious titers (Table 1) were determined using qPCR from lysed virus and infected 

293T cells, respectively (see Materials and Methods for further details).  AAV-CAG, 

AAV-mCAMK, LV-hSyn and 1:25 diluted AAV-hSyn viruses were of similar infectious 

titer.   

 

2.1  AAV biased expression to inhibitory neurons 

 The CAG promoter in AAV drove expression in excitatory and inhibitory 

neurons, and glia (Figs. 1d-f).  Quantification of neuron expression required staining for 

NeuN to exclude abundant populations of glial cells (Fig. S1). The  percentages of 

transduced neurons which were either excitatory or inhibitory were quantified and 

compared to expected values as follows. The percentage of transduced neurons that were 

inhibitory was expressed as the number of triple-labeled (GFP, RFP and NeuN) neurons 

divided by the total number of transduced neurons (RFP and NeuN). The remaining 

neurons were assumed to be excitatory.  Expected values (assuming random transduction) 

were estimated by quantifying NeuN expression in GAD67-GFP mice.  Cells double-

labeled (GFP and NeuN) were counted as inhibitory, and the remaining NeuN cells as 

excitatory.  Because neuronal transduction varied depending on cortical layers, labeled 

neurons and expected values were quantified separately in each cortical layer.  The 

calculated expected inhibitory values for layers 2/3, 4, 5 and 6 were 15%, 10%, 21% and 

12% respectively.  Quantification of expression from AAV-CAG showed that in cortical 

layers 2/3, 4 and 6, reporter expression was strongly biased toward inhibitory neurons 
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compared to excitatory neurons (Fig. 2). The percentages of inhibitory neurons that 

expressed RFP were 75% in layer 2/3, 88% in layer 4, and 60% in layer 6, which were 5-

9-fold higher than expected in these layers.  In contrast the percentage of inhibitory 

neurons in layer 5 was only 36%, which is closer to the expected value of 21% in that 

layer. (Layer 1 contains only inhibitory neurons and data are therefore not shown.) 

Welch’s t-test analysis indicate the distributions of AAV-CAG are significantly different 

than the expected values in all layers, including layer 5 (p=0.004) (Fig. 2). 

 These observations indicate that under the conditions tested (titer and promoter), 

rAAV2/1 can selectively transduce inhibitory relative to excitatory neurons with a bias up 

to 9-fold relative to expected values. We hypothesized that the higher proportions of 

inhibitory neurons observed with the AAV-CAG described above were related to the 

relatively low titer of that virus (see Table 1).  

 

2.2  AAV tropism showed titer dependency  

 To systematically and quantitatively test the role of AAV viral titer, subsequent 

studies used the hSyn promoter in order to avoid complications related to the transduction 

of glial cells. The hSyn promoter has been shown to drive near perfect neuron restrictive 

transgene expression in rat brain in adenovirus93,94, AAV95 and LV81. Our use of AAV-

hSyn also successfully eliminated glia expression (data not shown).  As hypothesized, 

high titer AAV-hSyn (see titer in Table 1) infected vast quantities of neurons, transducing 

excitatory and inhibitory neurons in all cortical layers at proportions indistinguishable 

from their expected distributions (Figs. 1j-l, 2 and 3).  
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 Of the dilutions of AAV-hSyn tested, only the highest titer showed transduction 

that was not biased toward inhibitory neurons.   Twenty-five fold dilution of this virus 

resulted in a clear shift towards greater percentages of transduced inhibitory neurons 

compared to excitatory neurons in all layers, including layer 5 (Figs. 1g-i, 2 and 3). At 

1:25 dilution, the bias toward inhibitory neurons was most pronounced in layers 2/3 and 

4, where 81% and 95% of transduced neurons were inhibitory. The percentage of 

transduced neurons that were inhibitory was lowest in layer 5 (69%), but this still 

represents a 3-fold higher percentage than expected by chance and twice the percentage 

observed with AAV-CAG. The expression difference between 1:25 diluted AAV-hSyn 

and AAV-CAG, which are similar in titer, is apparent in all layers, but is most 

pronounced in layer 5 (p=0.001), suggesting the possibility of an influence of the CAG 

promoter. 

 A systematic difference in expression was seen across all layers when comparing 

between dilutions of 1:1, 1:5 and 1:25 (Fig 3). Percentages of inhibitory neurons 

transduced at 1:5 dilution were intermediate to the values at 1:1 and 1:25. Very few cells 

were transduced with the 1:125 dilution, and only one animal was injected; but 

nevertheless a clear bias toward inhibitory neurons was still apparent.  Finally, a different 

batch of the AAV-hSyn (batch 2) with an infectious titer equivalent to a 1:8 dilution of 

the highest titer AAV, resulted in a bias toward inhibitory neurons that is intermediate to 

the 1:5 and 1:25 dilutions.  

 

2.3  LV predominantly labeled excitatory neurons 
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 Results with VSV-G-pseudotyped LV contrasted sharply with those from 

rAAV2/1. Using the same hSyn promoter, LV at the highest titer produced, transduced 

predominantly excitatory cortical neurons (Figs. 1m-o and 2).  LV-hSyn only co-labeled 

with GFP-labeled inhibitory neurons in 6%, 4%, 7% and 7% of neurons in layers 2/3, 4, 5 

and 6, respectively.  In all cortical layers, the percentages of transduced neurons that were 

inhibitory were lower than expected, by about half.  T-test statistics indicate a difference 

from expected with p≤0.06 in all layers, and lower in layers 2/3, 4 and 5 (p=0.006 for 

layer 2/3; p=0.05 for layer 4; p=0.005 for layer 5).   

 The observation that LV-hSyn expression is biased toward excitatory neurons 

further supports the conclusion that preferential transduction of inhibitory neurons with 

low titer AAV-hSyn is due to preferential infection and not the result of a bias in 

transcription introduced by the hSyn promoter.  The contrast between vectors further 

suggests that VSV-G- LV might preferentially transduce excitatory relative to inhibitory 

cortical neurons at the titer tested.  However, an alternative possibility is suggested by the 

observation that in the case of some LV-hSyn injections, we observed fewer and less 

bright GFP expression at the center of LV injections. This suggested that LV injection 

might result in a reduction in the numbers of inhibitory neurons and/or levels of GFP 

expression.  These observations are discussed further below. 

 A previous study by Dittgen80 described selective expression of reporter in 

excitatory neurons using a 1.3kB mouse α-CaMKII (mCAMK) promoter in VSV-G- LV. 

Our observations with LV-hSyn suggest that the observed bias might be due, at least in 

part, to selective transduction with LV (or reduction of the number of inhibitory neurons) 

rather than to transcriptional regulation by the mCAMK promoter. To further test the 
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ability of the mCAMK promoter to bias transcription and reporter gene expression 

toward excitatory neurons, we used the same mCAMK promoter in AAV. The infectious 

titer used was similar to the titer that biased expression toward inhibitory neurons when 

using the hSyn promoter (see Table 1). Under these conditions, the mCAMK reporter 

consistently drove gene expression in both inhibitory and excitatory neurons (Figs. 2 and 

4), indicating that this promoter does not restrict expression only to excitatory neurons in 

cortex.  Nevertheless, the mCAMK promoter appears to introduce a strong transcriptional 

bias toward excitatory neurons.  In particular, the percentages of RFP expressing neurons 

that were inhibitory were far lower with the AAV-mCAMK vector than with the AAV-

CAG or AAV-hSyn vectors at similar titers (p<0.05 for both in all layers).  
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CONCLUSIONS 

 Determining whether cell type specificity of gene expression, following injections 

of viral vectors into the brain, is conferred by transcriptional regulation by the promoter 

versus viral tropism, or a combination of both, requires a careful assessment of each 

factor. Specificity arising from a promoter can only be determined in viruses capable of 

infecting a broad range of cell-types.  Likewise, viral tropism can only be determined 

using a general purpose promoter.  These two ideal situations are difficult to obtain, and 

in reality these two variables are at best minimally confounded.   

 In the studies described here, we attempted to assess the tropism of rAAV2/1 and 

VSV-G- LV by using putative general promoters, CAG and hSyn.  The results indicate 

that these promoters are capable of driving gene expression in both excitatory and 

inhibitory neurons, but that the proportions of inhibitory/excitatory neurons expressing 

reporter depend on the titer of AAV and also differ between AAV and LV.  High titer 

rAAV2/1-hSyn transduces excitatory and inhibitory neurons in proportions consistent 

with their constituency.  Yet, a dilution of the virus results in a shift away from excitatory 

neurons.  In contrast, LV-hSyn at the highest titer that we could produce, fails to label 

large numbers of inhibitory neurons.  Because these different vectors transduce different 

cell types even when using the same promoter (hSyn), we attribute these differences to 

differential tropism according to AAV titer and vector identity (AAV vs. LV). The most 

conservative interpretation of these results is that rAAV2/1 preferentially transduces 

inhibitory relative to excitatory cortical neurons, while VSV-G-pseudotyped LV 

efficiently transduces excitatory neurons, and that hSyn conveys no bias. Nevertheless, 

other extreme possibilities cannot be entirely ruled out. For example, if hSyn conveys a 
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bias toward excitatory neurons, then there might potentially be no bias conveyed by LV 

tropism.  But if this were the case, then the tropism of AAV toward inhibitory neurons 

must be even stronger than was observed.  

 Importantly, following LV injections we sometimes observed fewer and less 

brightly labeled GAD67-GFP positive cells near injection centers. This suggests that the 

LV injections may have resulted in selective inhibitory cell damage or changes in gene 

expression.  Because we assessed inhibitory and excitatory distributions from the GFP 

expression, the observed rates of RFP and GFP double-labeling could underestimate 

inhibitory neuron transduction.  But, while the affect is apparent in inhibitory neurons, we 

have no method to assess effects on the excitatory neuron population.  If the effect is 

uniformly applicable to all neuron types, our results indicating LV bias towards 

excitatory neurons may hold. The normal appearance of DAPI staining suggests however, 

that excitatory neurons may not be strongly affected. On balance, the results suggest that 

tropism of LV toward excitatory neurons is likely, but other confounds prevent a 

definitive conclusion. Either way, caution is warranted when using LV to target cortical 

neurons. 

 In addition to the differences in proportions of cell types expressing reporter with 

different vectors under transcriptional control from the same promoter, we also observed 

differences when using different promoters with the same vector (low titer AAV).  

Results were similar for CAG and hSyn promoters, except in cortical layer 5, where the 

1:25 diluted AAV-hSyn resulted in a far higher proportion of inhibitory neurons 

expressing reporter (69%) than with AAV-CAG (36%). Informal observations of the 

morphology of the layer 5 excitatory neurons suggest that they are mostly tall-tufted 
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pyramids96, suggesting that the CAG promoter may generate a transcriptional bias toward 

expression in this particular cell type. 

 The mCAMK promoter was able to generate a far more clear, although 

incomplete, bias toward gene expression in excitatory cortical neurons, relative to results 

with hSyn in AAV of similar titer (see Fig. 2, AAV-hSyn 1:25 vs. AAV-mCAMK).  

Nevertheless, it is clear that this promoter did not restrict gene expression exclusively to 

excitatory neurons. The use of an AAV titer that biases transduction toward inhibitory 

neurons makes this fact far more apparent than it would be with LV, which appears to 

favor transduction (or survival) of excitatory neurons. Indeed, we used the same 1.3kb 

mCAMK promoter described in LV by Dittgen80. They observed that the mCAMK 

promoter restricted expression to cortical pyramidal neurons, identified by a 

characteristic apical dendrite and dendritic branching in layer 1, suggesting that the 

promoter was capable of generating a nearly exclusive bias toward excitatory neurons.  

Given the likelihood that both AAV and LV have strong and opposite biases toward 

transduction of inhibitory versus excitatory cortical neurons, the present results do not 

allow an accurate quantification of the extent of the transcriptional bias that is likely 

introduced by the mCAMK promoter. Nevertheless, our results suggest that some of the 

bias toward excitatory neurons observed by Dittgen et al80 could be due to LV tropism. 

 Tropism of rAAV2/1 can be due to both extra- and intra-cellular factors including 

receptor mediated viral entry, intracellular trafficking to the nucleus, virion uncoating, 

and conversion from single to double stranded DNA.  Identifying any of these specific 

factors responsible for virus tropism may be difficult to determine due to the complexities 

involved in transduction, but surface receptor molecules can provide specific entry 
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pathways.  Sialic acid residues are abundant on the surface of cells, and variants of these 

residues are primary receptor sites for many viruses97.  α-2,3 and α-2,6 sialic acids 

present on N-linked glycoproteins are primary receptors for both AAV1 and AAV6 

cellular transduction98.  However, additional receptors mediating cell-entry and/or 

differences in post-entry mechanisms are likely, since AAV6 has been shown to be more 

efficient than AAV1 for liver transduction99.  The abundances of α-2,3 and α-2,6 sialic 

acids on excitatory and inhibitory neurons are not known, and may provide an 

explanation for the bias we observe. 

 Most viral tropism studies do not characterize transduction beyond tissue regions 

and general cell-type classifications.  The brain is a diverse cellular environment, and 

characterization of a virus or promoter must take into account cell type heterogeneities.  

As such, we are not aware of previous reports on the transduction efficiencies of rAAVs 

in cortical neuron subtypes, but Haberman et al100have illustrated how differing transgene 

expression in inhibitory and primary output neurons can alter the outcome of receptor-

based gene therapy.  When using AAV to deliver antisense cDNA for the NMDA 

receptor 1, they found that reduction in seizure sensitivity differed as a result of the 

specificity of the promoter used.  Haberman et al’s results illustrate the need to 

characterize viral tropism at more detailed levels to determine the abilities of viruses and 

promoters to function in the necessary cell-types.  In other cases too, greater cell-type-

specific expression of therapeutic agents will minimize potential interactions posed by 

undesired expression in other cell types.    

 An imbalance of excitatory and inhibitory activity in cortex is likely a cause of 

many epileptic events101,102.  Since lower titer rAAV2/1 biases expression in inhibitory 
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neurons in cortex, targeted expression to predominately inhibitory neurons may not 

require cell type specific promoters.  Also, since rAAV2/1 efficiently infects inhibitory 

neurons at low titers, we reason that rAAV2/1 may be a suitable vector for testing 

promoters for subtypes of cortical inhibitory neurons.  In addition, LV may be best suited 

for determining if an inhibitory neuron cell type promoter is also active in excitatory 

neurons.   

The work in Chapter 2 was done in the lab of Edward Callaway.  The dissertation 

author was the primary investigator of this work. 
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Figure 1  Virus injections in GAD67-GFP mice. 
GAD67-GFP mice injected with AAV and LV.  The left column, (a-c), illustrates 
GAD67-GFP expression in somatosensory cortex corresponding to the AAV-CAG-RFP 
injection shown in the next column. Subsequent columns show virus expression: AAV-
CAG-RFP (d-f), AAV-hSyn-RFP 1:25 (g-i), AAV-hSyn-RFP 1:1 (j-l), and LV-hSyn-
RFP (m-o). The first row (a,d,g,j,m) shows virus expression patterns through all cortical 
layers.  Close-up images centered on layer 2/3 and layer 5 are shown in rows 2 
(b,e,h,k,n) and 3 (c,f,i,l,o), respectively.  GAD67-GFP label is shown in green, and virus 
expression in red.  Co-labeled cells are of varied yellow hue.  Examples of co-labeled 
inhibitory neurons are shown by upward pointing arrows, excitatory neurons by 
downward pointing arrows, and non-neuronal cells by boxes.  Dorsal and medial 
directions are indicated by the orientation grid. Orientation of rows 2 and 3 are as in b. 
Scale bars in a and b are both 50μm. Scale bar in a applies to a,d,g,j,m. Scale bar in b 
applies to b,c,e,f,h,i,k,l,n,o. 
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Figure 2  Differences in promoter, titer and virus type affect neuron transduction 
efficiencies.  
Percentages of excitatory neurons are shown in dark grey and inhibitory neurons in light 
grey.  Distributions are shown separately for somatosensory cortical layers 2/3, 4, 5 and 
6, for each viral vector tested. The thick horizontal lines indicate percentages of 
inhibitory/excitatory neurons expected from unbiased transduction.  Error bars indicate 
the standard deviation, and Welch’s t-test statistics comparing virus to unbiased 
transduction values are indicated. Some error bars for expected values are smaller than 
the thickness of the lines. Sample sizes are the number of viral injections (see Table 1, 
and Materials and Methods). AAV-CAG (rAAV2/1 with CAG promoter), n=6.    AAV-
hSyn 1:1 (undiluted rAAV2/1 with human synapsin promoter), n=4. AAV-hSyn 1:25 
(diluted 25-fold), n=5. LV-hSyn (VSV-G-pseudotyped lentivirus with human synapsin 
promoter), n=5. AAV-mCAMK (rAAV2/1 with mouse α-CaMKII promoter), n=2-3. 
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Figure 3  Dilution of virus shifts rAAV2/1 transduction away from excitatory 
neurons.  
Excitatory and inhibitory neuron expression is quantified as a function of viral titer. 
Dilution of rAAV2/1-hSyn-RFP causes a shift in expression towards inhibitory cells.  
Distributions of rAAV2/1-hSyn-RFP expression at 1:1 (diamond, n=4), 1:5 (square, n=5), 
1:25 (triangle, n=5), and 1:125 (circle, n=1), and 1:8 equivalent batch 2 version (x, n=4) 
are shown for somatosensory layers 2/3, 4, 5 and 6.  The thick horizontal bars indicate 
expected neuron distributions from unbiased neuron transduction.  Standard deviations 
are indicated, except for the 1:125 dilution which consists of cells counted from only one 
viral vector injection.
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Figure 4  mCAMK promoter expresses in inhibitory neurons in rAAV2/1. 
GAD67-GFP+ cells are shown in green (a), rAAV2/1-mCAMK-RFP+ cells are shown in 
red (b), and co-labeled are shown in yellow (c).   Arrows indicate co-labeled cells.  
Dorsal and medial directions are indicated. Scale bar is 50μm.  
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Supplemental Figure S1  NeuN labeling identifies neurons in rAAV2/1-CAG-RFP 
sections. 
(a) GAD67-GFP expression. (b) rAAV2/1-CAG-RFP expression. (c) NeuN labels 
neurons.  All three panels are the same plane. A subset of inhibitory neurons are marked 
with boxes and excitatory neurons with arrows.  Layers 2/3, 4, and 5 are indicated. Dorsal 
and medial directions are indicated. Scale bar is 50μm. 
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Table 1  Genomic and infectious titers 
a. Determined using qPCR from lysed virus (genome copies/ml) 
b. Normalized to rAAV2/1-hSyn-RFP 1:1 
c. Determined using qPCR from infected 293T cells (infectious particles/ml) 
 

Virus Genomic titera Relative genomic 
titerb 

Infectious titerc Relative 
infectious titerb 

rAAV2/1-hSyn-RFP 
(batch 1) 1:1 

8.4 x 1012 100.0% 4.9 x 1010 100.0% 

rAAV2/1-hSyn-RFP 
(batch 1) 1:5 

1.7 x 1012 20.0% 9.8 x 109 20.0% 

rAAV2/1-hSyn-RFP 
(batch 1) 1:25 

3.4 x 1011 4.0% 2.0 x 109 4.0% 

rAAV2/1-hSyn-RFP 
(batch 2) 

1.2 x 1011 1.5% 6.5 x 109 13.2% 

rAAV2/1-CAG-RFP 5.8 x 1011 6.8% 2.5 x 109 5.2% 
rAAV2/1-mCAMK-
RFP 

2.6 x 1011 3.0% 2.0 x 109 4.1% 

VSV-G- LV-hSyn-
RFP 

3.5 x 1011 4.1% 1.7 x 109 3.5% 
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Supplemental Table S1  Virus expression counts in GAD67-GFP mice. 
 
Number of animals, injections, sections, and cells counted are shown for layers 2/3-6.  The average, maximum and minimum 
numbers of cells per injection are shown for each virus.    
 

 # counted cells Summary 

Virus 
# of 
animals 

# of 
inject-
ions 

# total 
sections 

L2/3 
exc 

L2/3 
GAD67+ 

L4 
exc 

L4 
GAD67+ 

L5 
exc 

L5 
GAD67+ 

L6 
exc 

L6 
GAD67+ 

Total 
# of 
cells 

Avg 
cells/inj 

Max 
cells/
inj 

Min 
cells/ 
inj 

AAV-
hSyn 
1:1 3 4 10 1398 286 798 141 935 230 495 89 4372 1093 1807 384 
AAV-
hSyn 
1:5 2 5 15 1464 924 244 216 1803 687 700 353 6391 1278 2608 405 
AAV-
hSyn 
1:25 4 5 25 146 557 21 372 432 911 99 247 2785 557 725 446 
AAV-
hSyn 
1:125 1 1 9 6 149 4 87 98 184 2 13 543 543 543 543 
AAV-
hSyn v2 4 4 28 332 864 130 465 981 790 96 150 3808 952 1413 481 
AAV-
CAG 4 7 18 188 500 32 249 831 431 107 150 2488 355 580 229 
AAV-
mCAMK 3 3 17 486 120 63 31 533 107 96 21 1457 486 757 108 
LV-
hSyn 3 5 7 433 22 350 12 573 37 329 22 1778 356 594 107 
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CHAPTER 3 

 

Short promoters drive inhibitory neuron class specific, but not subtype specific 

expression in the mammalian brain 
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ABSTRACT 

 Short cell-type-specific promoters are important tools for both gene therapy and 

studies of brain circuitry.  We report on the specificity of short promoters in the 

mammalian brain.  Using AAV1 and LV to deliver fluorescent transgenes under the 

control of promoters, we tested regulatory sequences derived from Takifugu Rubripes 

(fugu), human, mouse, and composite regulatory elements.  All fugu promoters expressed 

in mouse cortex, and SST, CR, and NPY promoters largely restricted expression to 

inhibitory neurons, but not in a cell type specific manner.  The ability of these promoters 

to drive inhibitory neuron expression, but not subtype specific expression suggests that 

inhibitory neuron cell type regulation may differ between fugu and mammals.  We also 

demonstrated that AAV1 can transduce CR, NPY, PV, SST and VIP inhibitory neuron 

subtypes, but transduction in NPY cells was almost twice as efficient as in VIP cells.  Of 

the mammalian sequences, many failed to express, and only mA930038C07Rik showed 

restricted expression, although it too was not cell type specific.  Lastly, the composite 

regulatory elements consisting of a composite regulatory element assembled with Pax6 

E1.1 binding sites showed markedly restricted expression to a small subset of cells, but 

whose commonalities are unknown.   
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INTRODUCTION 

 The mammalian cerebral cortex is comprised of two major classes of neurons, 

excitatory and inhibitory.  Distinguished from excitatory neurons by their primary 

neurotransmitter, γ-aminobutyric acid (GABA) rather than glutamate, inhibitory neurons 

make up a modest 10-20% of cortical neurons and play critical roles in modulating the 

activity of the cortical circuits.  GABAergic inhibitory neurons can be further subdivided 

into numerous distinct subtypes. 

 Cortical circuits consist of precise cell type specific connections, whereby 

subcortical brain structures form connections with specific cortical inhibitory neuron 

subtypes 103-105.  Similarly, inhibitory neurons form selective inter-cortical connections to 

excitatory neurons and other inhibitory neurons106-110. Inhibitory neuron subtypes can be 

distinguished by morphology, intrinsic physiological properties and cellular function, and 

many can be uniquely differentiated by their gene expression profiles111-121.  Inhibitory 

neurons in rat can be divided into four largely non-overlapping groups, distinguished by 

the expression of either parvalbumin (PV), somatostatin (SST), cholecystokinin (CCK) or 

calretinin (CR) 113.  CCK and CR both overlap with vasointestinal polypeptide (VIP), but 

VIP does not overlap with PV or SST.  Thus PV, SST, and VIP can also be used to define 

three largely non-overlapping cell groups.  In mice, unlike rats, many CR expressing cells 

also express SST111.  Nevertheless, as in rats, three non-overlapping groups can be 

distinguished by PV, SST and VIP (Xu et al, in press).   

 AAV and LV are promising vectors for gene because they mediate stable neuron 

expression without toxicity122,123.  In addition, a collection of genetic methods, for which 

viruses are the best delivery vehicles, have been developed to directly study particular 
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cells, but the utility of these genetic tools requires the ability to selectively target gene 

expression to specific cell types.  One such way is to use short cis-regulatory sequences 

(termed promoters) which can regulate gene expression using enhancers, silencers, and/or 

insulator/boundary elements.  We used both rAAV2/1 (AAV2 backbone packaged with 

AAV1 capsid) and VSV (vesicular stomatitis virus)-G-pseudotyped LV (lentivirus) 

platforms for testing promoters.  AAV can package DNA sequences up to ~5 kilobases 

(kb)124 while LV can accommodate larger sequences up to ~9kb 125.  In the absence of 

helper virus or genotoxic stimuli, AAV can either integrate randomly or form circular 

episomal provirus by intermolecular concatamerization 126,127.  In contrast, LV mediates 

stable transduction by genome integration 128, creating the possibility that the same 

promoter and transgene will function differently. An additional difference is viral 

tropism.  We previously reported that rAAV2/1 (AAV) can efficiently transduce large 

numbers of cortical inhibitory neurons while VSV-G-LV  (LV) efficiently transduces 

excitatory, but not inhibitory neurons (Chapter 2).  We also found that both AAV and LV 

transduce glia and cortical excitatory neurons, but transduction in excitatory neurons is 

reduced with lower titer AAV. Therefore, AAV presumably provides a better system for 

testing expression differences between inhibitory neuron subtypes, while LV provides an 

alternative platform, and might be advantageous for determining whether a promoter 

drives expression in excitatory neurons.  AAV and/or LV were used to test promoters 

derived from Takifugu Rubripes (fugu), human, mouse and composite regulatory element 

sequences.  We sought to create viruses with cell type specific promoters capable of 

driving expression in only a specific subset of inhibitory neurons types, particularly in 

cell types expressing CR, neuropeptide Y (NPY), SST, VIP or PV.   
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 The fugu genome, only one-eighth the size of human genome, but with a similar 

repertoire of genes129, provides an excellent collection of concise regulatory regions.  The 

upstream genomic regions, which are thought to contain the bulk of the gene regulatory 

information, are small and similar to the capacities of AAV and LV.  We hypothesized 

that for some genes, the fugu upstream regions contained nearly equivalent genetic 

regulatory information found in the much larger mammalian sequences, and could be 

used for controlling gene expression in mammals.  Indeed, regulatory regions from the 

fugu isotocin and vasotocin genes drives specific expression in rodents in cells expressing 

the homologous oxytocin gene 130,131.  Also, a 6.5kb fragment of the fugu rhodopsin gene, 

containing 4.5kb of upstream DNA, produced specific expression in the retinae of 

transgenic mice132.  Further analysis also revealed a 500 basepair (bp) fragment capable 

of driving rod cell specific expression.  Therefore, gene regulatory sequences can be 

conserved across the large evolutionary distance between fugu and mammals.   

 We searched the fugu genome for inhibitory neuron candidates with good 

mammalian protein homology, conserved continuity among neighboring genes and short 

intergenic regions.  The premise of our fugu hypothesis is that distinct subtypes of 

inhibitory neurons in the fugu telencephalon contain similar proteins and neuropeptides 

as in the mammals and that they are similarly regulated.  Telencephalic inhibitory 

neurons in mammals and teleosts, of which Fugu is a member, and even the ancient sea 

lamprey, originate in the ganglionic eminences of the subpallial telencephalon 133. 

Therefore, even though fish lack a cortex, the telencephalic origin of the mammalian 

cortical inhibitory neurons is shared with fish.  As evidence of this link, a reporter 

construct driven by the zebrafish distal-less homeobox enhancer Dlx4/6, which is 



 84

involved in the generation inhibitory neurons in the ganglionic eminence, drove 

expression in cells that became mouse cortical inhibitory neurons134.  Regulatory 

mechanisms responsible for the generation of inhibitory neurons are thus shared between 

fish and mammals.  Importantly, the fish telencephalon expresses many of the same 

inhibitory genes for which we intend to test promoters- PV135, CR136,137, SST138,139 and 

NPY 139,140. 

 We tested putative regulatory regions from fugu genes orthologous to mammalian 

inhibitory neuron specific markers PV, CR, SST and NPY.  Additional candidate 

sequences for these cell types were found from genes thought to be co-expressed with 

these cell-types.  Sugino et al141 used microarrays to profile gene expression in several 

inhibitory neuron subtypes.  These co-expressed genes provided additional candidates for 

targeting inhibitory neuron subtypes.  Motivated by this data, we chose regulatory regions 

for the genes titin-cap (TCAP) and secreted frizzled-related protein 2 (SFRP2), which 

respectively correspond to PV and SST cell types.  In addition to the promoters targeting 

inhibitory neuron populations, we created a promoter for α-calcium/calmodulin-

dependent protein kinase II (CAMK), a gene with expression restricted to excitatory 

neurons in the neocortex and hippocampus in rat142 and monkey143.  Fugu upstream DNA 

sequences up to 2.7kb for AAV and 6.4kb for LV were cloned into green fluorescent 

protein (GFP) or red fluorescent protein DsRed-Express (RFP) expression cassettes.   

 Since co-expressed genes may also be co-regulated144,145, Sugino et al’s data 

provides a potential resource for applying bioinformatics analysis to reveal regulatory 

modules responsible for cell type specific expression.  For groups of co-expressed genes, 

we searched for transcription factor binding sites (TFBSs) in evolutionarily conserved 
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human upstream regions.  TFBSs enriched in one cell type and not others, were presumed 

to be important factors for conferring cell type specificity.  We chose human upstream 

sequences exhibiting a maximum number of presumed cell type specific TFBSs and a 

minimum number of cross-reactive TFBSs found in the other cell types.   Promoters were 

created to putatively target either SST, PV or VIP expressing inhibitory neuron subtypes.  

To target SST cells, the following promoters were selected and tested: glutamate 

receptor, metabotropic 1 (GRM1) and c-type natriuretic peptide precursor (NPPC).  To 

target PV cells, the following promoters were selected and tested: adrenomedullin 

(ADM) and type 2 lactosamine alpha-2,3-sialyltransferase (ST3GAL6).  Lastly, to target 

VIP cells, the following promoters were selected and tested: ras responsive element 

binding protein 1 (RREB1), deiodinase, iodothyronine, type II (DIO2) and nuclear 

receptor subfamily 2, group F, member 2 (NR2F2).  

 We also designed other mammalian promoters from upstream regions.  To target 

all inhibitory neuron subtypes, glutamic acid decarboxylase 2 (GAD2) was used.  To 

target SST cells the following were used: somatostatin (SST) and platelet-derived growth 

factor receptor, alpha polypeptide (PDGFRA).  And riken gene A930038C07Rik (A93) 

was used to target an unknown subpopulation of inhibitory neurons.  A930038C07Rik 

was identified because expression in the Allen Mouse Brain Atlas52 suggested the cells 

were inhibitory neurons, and they were largely restricted to the inhibitory neurons 

enriched in layer 1.   

 Lastly, we tested promoters consisting of composite regulatory elements (CREs) 

consisting of transcription factor binding sites (TFBSs) assembled with a minimal 

promoter.  CREs consisting of more than one transcription factor can drive highly 
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specific patterns of gene regulation146,147.  These factor-factor interactions have been 

shown to be synergistic or antagonistic.  Synergistic interactions can be a result of 

cooperative binding148-152 or hierarchical loading153.  Antagonistic interactions can be a 

result of mutually exclusive binding because of competition for overlapping binding 

sites154-156 or by repressor masking an activation domain157. We created CREs by 

combining DR1149 or E1.1158motifs with a neuron restrictive silencing element 

(NRSE)159,160 and a minimal cytomegalovirus (CMV) promoter. Previous work has 

shown that the DR1 and E1.1 motifs are capable of selectively binding peroxisome-

proliferator-activated receptor gamma/ retinoid X receptor alpha) complex 

(PPARγ/RXRα) and paired box gene 6 (Pax6), respectively.  NRSE has been shown to 

restrict expression to neuronal cells by silencing transcription in non-neural cells160,161.  

Since microarray data141 indicates that PPARγ and Pax6 are enriched in PV and VIP cell 

types, respectively, we hypothesized that these vectors could restrict expression these 

particular inhibitory neuron subtypes.   
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MATERIALS AND METHODS 

Design of Fugu Reporter Constructs 

 Upstream Fugu sequences were found by blasting the Fugu rubripes v3.0 or v4.0 

genome at JGI (http://genome.jgi-psf.org), Queen Mary University of London 

(http://fugu.biology.qmul.ac.uk) and/or Ensembl (http://www.ensembl.org) with the 

mammalian inhibitory neuron gene sequences.  Of the candidates with good homology, 

orthologous genes were determined by looking for conservation among short-range gene 

neighbors and preservation of intron/exon structure.  The upstream intergenic regions 

were isolated from the Fugu genomic DNA by PCR amplification using primers flanked 

with restriction enzyme cloning sites.  

 Sequences for the viral vectors were as follows.  

fCAMK (AAV)- α-calcium/calmodulin-dependent protein kinase II, 2567-bp, Fugu 2002 

assembly: chrUn:257,733,699-257,736,265 (UCSC), upstream of Ensembl transcript 

SINFRUT00000157719 (CAMK).  Fugu 2004 assembly: chrUn:114,469,050-

114,471,616 (UCSC), upstream of Ensembl transcript ENSTRUT00000018600 (CAMK). 

fCR (AAV)-calretinin, 2595-bp, Fugu 2002 assembly: chrUn:239,797,309-239,799,903 

(UCSC), upstream of Ensembl transcript SINFRUT00000150025.  Fugu 2004 assembly: 

chrUn:47,433,038-47,435,619 (UCSC), upstream of Ensembl transcript 

ENSTRUT00000046308 (CR). 

fCR (LV)- 6326-bp, A similar, but larger region of fCR (AAV) 

Fugu 2002 assembly: mapped to chrUn:239,793,595-239,799,905 (UCSC) 

Fugu 2004 assembly: mapped to chrUn:47,429,323-47,435,621 (UCSC) 
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fNPY (AAV)- neuropeptide Y, 2605-bp, Fugu 2002 assembly: chrUn:103,680,529-

103,683,131 (UCSC), upstream of Ensembl transcript SINFRUT00000153449 (NPY).  

Fugu 2004 assembly: chrUn:287,512,332-287,514,956 (UCSC), upstream of Ensembl 

transcript ENSTRUT00000016839 (NPY). 

fNPY (LV)- 6443-bp  A similar, but larger region of fNPY (AAV) 

Fugu 2002 assembly: mapped to chrUn:103,680,529-103,686,955 (UCSC) 

Fugu 2004 assembly: mapped to chrUn:287,509,165-287,514,956 (UCSC) 

fPV (AAV)- parvalbumin, 2395-bp, Fugu 2002 assembly: chrUn:103,113,651-

103,116,040 (UCSC), upstream of Ensembl transcript SINFRUT00000151321 (PV).  

Fugu 2004 assembly: chrUn:316,053,780-316,056,172, but is no longer identified as the 

fugu ortholog.  The new fugu ortholog is Ensembl transcript ENSTRUT00000000079. 

fPV (LV)- 2893-bp  A similar, but larger region of fPV (AAV) 

Fugu 2002 assembly: mapped to chrUn:103,113,151-103,116,041 (UCSC) 

Fugu 2004 assembly: mapped to chrUn:316,053,280-316,056,173 (UCSC) 

fSFRP2 (AAV)- secreted frizzled-related protein 2, 1218-bp, Fugu 2002 assembly: 

chrUn:13,504,648-13,505,865 (UCSC), upstream of Ensembl transcript 

SINFRUT00000138275 (SFRP2).  Fugu 2004 assembly: chrUn:96,858,434-96,859,651 

(UCSC), part of first intron of Ensembl transcript ENSTRUT00000017303 (SFRP2). 

fSST (AAV)- somatostatin, 2597-bp, Fugu Assembly 2002: chrUn:228,946,036-

228,948,614 (UCSC), upstream of Ensembl transcript SINFRUT00000151429 (SST).  

Fugu Assembly 2004: chrUn:232,110,513-232,113,091 (UCSC), downstream region of 

Ensembl transcript ENSTRUT00000025350 (SST). 

fSST (LV)- 4406-bp  A similar, but larger region of fSST (AAV) 
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Fugu 2002 assembly: mapped to chrUn:228,946,036-228,950,367 (UCSC) 

Fugu 2004 assembly: mapped to chrUn:232,108,687-232,113,091 (UCSC) 

fTCAP (AAV)- titin cap, 2656-bp, Fugu 2002 assembly: chrUn:17,827,063-17,829,718 

(UCSC), upstream of Ensembl transcript SINFRUT00000161814.  Fugu 2004 assembly: 

chrUn:49,879,491-49,882,146 (UCSC), upstream of Ensembl transcript  

ENSTRUT00000041782 (TCAP). 

 

Design of Mammalian Reporter Constructs 

 Cortical gene expression data141  was analyzed for the excitatory CT6 and YFPH 

cell-types and for the three inhibitory G30, GIN, and G42 cell-types.  Genes with more 

than a 3-fold enrichment compared to any other cell type were considered candidate co-

expressed genes.  The inhibitory cell-types were generally classified by the designation of 

one of their member genes: G30- VIP, G42- PV (note: PV not actually restricted to only 

this group), GIN- SST. 

 We looked at the promoters for genes specific to these cells to see if we could find 

a cassette that was smaller than 3kb and would give cell type specific expression.  To that 

end, we analyzed upstream segments of these genes, including multiple sequences for 

each gene if multiple alternate start sites existed.  Some of the genes from the microarray 

analysis did not appear to be cell type specific by in situ hybridization using the Allen 

Mouse Brain Atlas52. Genes that were not likely restricted to inhibitory neurons were 

removed from the analysis, leaving 25 genes for G30, 16 genes for G42 and 12 genes for 

GIN. (see Supplemental Table 1) 
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 Initial analysis was done by fusing all of the segments for each gene.  We used the 

TRANSFAC database162 to identify putative TFBS.  We sought to establish determinate 

TFBSs for each cell type, and to find the promoters that had a maximum number of sites 

for this cell type and a minimum number of sites for the determinate TFBSs for other cell 

types (cross-reactive).  Initial analysis immediately revealed that getting a strong signal, 

like a site that is in most of the promoters from one cell type, but absent from the others, 

was not possible.  Instead, almost all the analysis revolved around establishing ratios that 

were out of balance between cell types- that is, sites that tended to be seen in high 

numbers in one cell type relative to the others.  There was an inverse relationship 

between the number of promoters a site was seen in, and enrichment for a cell type- that 

is, there were very few sites that were seen in many promoters from a cell type that were 

also highly enriched in that type.  However, there did seem to be sites that were 

reasonably distinctive for the different cell types. (See Supplemental Tables 2-4) 

 We experimented with some of the partial union sets, which were genes that were 

expressed in, ex. G42+GIN cells, and the “all” set, which were expressed in all three, but 

the noisy nature of the data made it hard to get anything useful out of these.  For example, 

it might be guessed that the G42+GIN set would have sites shared with G42, and that 

would tell us those sites were not really G42 specific, even if they looked it from the 

primary analysis.  But G42 might be using those sites in the G42+GIN promoters, and 

GIN could be using other ones, making the assumption invalid.  We ended up only using 

the results for the genes expressed in only one cell type for all of the final outputs. 

 We used a measure integrating several criteria: 

a) % of promoters: >=10% (made sure we didn’t get any sites in just one promoter) 
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b) Ratio to promoters from other cell types: Above 1.5 in both cells (missing counts as 

meeting this criteria of course), or above 1.2 in one cell-type and above 2 in the other 

(this allows sites in that were quite strong relative to one cell type, but a little weak in the 

other). 

 Although we fused the promoters early on to get valid results, we had to un-fuse 

them and figure out which fragment the actual signal had come from.  Generally, this was 

easy, and again there was a clear winner.  To choose the best fragment we used the same 

criteria described above.  In several cases, there was only one fragment, so there was no 

choice to make.  In almost all cases, the winning promoter fragment was the one that 

appeared to be immediately proximal to the coding region of the primary isoform of the 

gene.   

 Sequences for the mammalian viral vectors were as follows.  

hSyn (AAV)- synapsin I,  468-bp, Human 2006 assembly: chrX:47,364,154-47,364,622 

(UCSC)85. 

mGAD2 (LV)- glutamic acid decarboxylase 2 ,  4415-bp, Mouse 2007 assembly: 

chr2:22,473,768-22,478,182 (UCSC). 

mA93 (AAV)- riken gene A930038C07Rik,  2694-bp.  Consists of two conserved 

regions, which we concatenated. Mouse 2007 assembly: chr6:65,592,490-65,594,288 and 

chr6:65,620,737-65,621,604 (UCSC). 

mSST (LV)- somatostatin,  6001-bp, Mouse 2007 assembly: chr16:23,890,831-

23,896,831 (UCSC). 

hPDGFRA (AAV)- platelet derived growth factor receptor alpha,  2650-bp, Human 2006 

assembly: chr4:54,787,691-54,790,341 (UCSC). 
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hGRM1 (AAV)- glutamate receptor, metabotropic 1,  2585-bp, Human 2006 assembly: 

chr6:146,389,761-146,392,345 (UCSC). 

hNPPC (AAV)- c-type natriuretic peptide precursor,  2585-bp, Human 2006 assembly: 

chr2:232,499,151-232,501,735 (UCSC). 

hADM (AAV)- adrenomedullin,  2555-bp, Human 2006 assembly: chr11:10,281,564-

10,284,118 (UCSC). 

hST3GAL6 (AAV)- type 2 lactosamine alpha-2,3-sialyltransferase,  2739-bp, Human 

2006 assembly: chr3:99,931,562-99,934,300 (UCSC). 

hRREB1 (AAV)- ras responsive element binding protein 1,  2715-bp, Human 2006 

assembly: chr6:7,050,563-7,053,277 (UCSC). 

hDIO2 (AAV)- deiodinase, iodothyronine, type II,  2568-bp, Human 2006 assembly: 

chr14:79,747,568-79,750,140 (UCSC). 

hNR2F2 (AAV)- nuclear receptor subfamily 2, group F, member 2,  2568-bp, Human 

2006 assembly: chr15:94,667,976-94,670,543 (UCSC). 

 

Design of Composite Regulatory Element (CRE) Reporter Constructs  

 Two E1.1 CMEs were created- four E.1.1 binding sites 

(TCATTCACGCCTAGAAGCAG), as described in Scardigli et al 2003 158, were 

assembled upstream of a mimimal CMV promoter with or without a NRSE binding site. 

The minimal CMV promoter consists of the 58 base pairs near the 3’ end of the CMV 

promoter.   
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 DR1 CME- a single DR1 binding site (TCTAGGGGTCAAAGGTCACCGGTC) 

was inserted between an upstream NRSE binding site 

(TTCAGCACCACGGACAGCGCC) and downstream minimal CMV promoter.   

 

Virus Production 

 Promoters were cloned into either ITR flanked AAV transfer vectors or LV 

transfer vectors expressing green fluorescent protein (GFP) or red fluorescent protein 

DsRed-Express (RFP).  Plasmids were purified using endotoxin-free maxiprep kits 

(Qiagen, Valencia, CA). Recombinant rAAV2/1 (AAV2 backbone packaged with AAV1 

capsid)  was produced by BBS/CaCl2 or PEI mediated co-transfection of 293T cells with 

the AAV2 ITR flanked transfer vector, pXR1 (AAV type-1) and pXX6-8087.  Cells were 

harvested and lysed, treated with benzonase (Sigma-Aldrich D9542, St. Louis, MO), and 

virus was concentrated and purified by iodixanol gradient centrifugation88.  Lentivirus 

was produced by HBS/CaCl2 mediated co-transfection of 293T cells with the hSyn 

transfer vector and plasmids pMDL, pRev, and pVSVG66.  Media was collected and virus 

concentrated through multiple centrifugation steps89.   

 

Virus Titration 

 The number of genomic copies were determined using SYBR Green with a qPCR 

cycler  (ABI 7900HT, Applied Biosystems, Foster City, CA).  AAV was lysed in 2N 

NaOH for 30min at 56C, and neutralized in HCl.  LV was incubated with DNase I (NEB, 

Ipswich, MA), and RNA isolated (QIAamp MinElute Virus Spin kit, Qiagen, Valencia, 

CA), followed by reverse transcription (Superscript III kit, Invitrogen, Carlsbad, CA).   
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Viral DNA was diluted and compared to a standard curve created from a known quantity 

of transfer vector.  Infectious titer of the virus was determined by infecting confluent 

293T cells with serial dilutions of virus, followed 60 hours later by two PBS washes, 

trypsinization, centrifugation to isolate cells, DNA isolation by proteinase K digestion in 

SNET lysis buffer (20mM Tris (pH 8), 1mM EDTA, 1% SDS, 0.4 M NaCl ) at 55C for 

12 hours, followed by alcohol precipitation.  Concentration of the precipitated DNA, 

composed of intrinsic cellular and extrinsic viral DNA, was determined by 

spectrophotometry.  qPCR was performed in same manner as used to determine the 

genomic titer, and the titer was normalized by the concentration of precipitated DNA 

loaded into the PCR reaction. 

 

Stereotaxic Virus Injections 

 Adult wildtype ICR, wildtype C57BL/6J, GAD67-GFP knock-in mice 90, 

Sprague-Dawley rats, and a macaque monkey (macaca mulatta) were injected with 

viruses following procedures approved by the Salk Institutional Animal Care and Use 

Committee guidelines.  Animals were anesthetized using a cocktail of ketamine and 

xylazine, and/or isoflurane.  Virus was delivered via a glass micropipette (~30-50µm tip 

diameter) using air pressure applied via a picospritzer.  Stereotaxic injections to mouse 

somatosensory cortex: 3.0mm lateral, -0.5mm to -1.0mm bregma, at depths of 0.75mm 

and 0.45mm; DG: 1.25mm lateral, -2.0mm bregma, at depths of 1.75mm, 1.45mm and 

1.10mm; thalamus: 1.25mm lateral, -2.0mm bregma, at depths 2.25mm and 2.0mm.  

Stereotaxic injection to rat somatosensory cortex: 5.0mm lateral, -2.3mm bregma, at 

depths 2.0mm, 1.3mm and 0.6mm. Stereotaxic injections to anterior (motor cortex) and 
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posterior (somatosensory cortex) to the central sulcus at depths 1.2, 0.8 and 0.4 mm.   

Five minute injections at each depth usually corresponded to 1-2ul of virus, delivered at 

20psi, with 1 pulse per second.  The pulse duration was adjusted to modulate the flow 

rate.    

 

Histology and Immunohistochemistry 

 25-40µm thick sections cut on a freezing microtome were stained with one or 

more of the following antibodies: Chicken anti-GFP (Aves Labs GFP-1020 1:500, 

Tigard, OR), Rabbit anti-DsRed (Clontech 632496 1:200, Mountain View, CA), Mouse 

anti-NeuN (Millipore MAB377 1:100, Billerica, MA), Rb anti-PV28 (Swant), Ms anti-

PV (Sigma P3088), Rb anti-CR (Swant), Rb anti-VIP (ImmunoStar 20077), Rb anti-NPY 

(Chemicon AB1915), Rat anti-Somatostatin (Chemicon MAB354), and Ms anti-CAMKii 

(Chemicon MAB869).  As secondary antibodies we used one or more of Cy2 (Jackson 

Immuno 1:100, West Grove, PA), AlexaFluor 568 (Invitrogen A11036 1:100, Carlsbad, 

CA), RhodX (Jackson Immuno 1:100), and Cy5 (Jackson Immuno 1:100) fluorophores 

raised against the appropriate species.  Mounted sections were counterstained with 10μM 

DAPI (Sigma-Aldrich D9542, St. Louis, MO) in PBS. Sections were dehydrated through 

xylenes and coverslipped using Krystalon (EMD Chemicals, Gibbstown, NJ).   

 

Imaging and Cell-Counting 

 Quantitative data described in the results are based on observations of label from 

at least 2, but typically 5 sections, from 3 or more animals (except for AAV-fPV which is 

from a single animal).  Except for the AAV-fSST-RFP in GAD67-GFP analysis, cells in 
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all cortical layers in each section were combined, as the inhibitory neuron subtype 

variability across layers was presumed to be less than the variability between sections.  

For each injection analyzed, tissue sections were scanned to identify the region with the 

highest density of labeling and this was considered the center of the injection site. 

Neurons expressing reporter from the injected vector were counted in this section and up 

to 8 adjacent sections and scored for no overlap or double-label with markers identifying 

neuron subtypes. Neurons were counted and scored within each section, only from the 

cortical columns with highest labeling density, typically within 300μm of the injection 

center. The total numbers of labeled cells counted and scored varied between sections and 

layers due to differences in labeling density for different vectors and cell type antibodies.  

Typically, ~10 double-labeled cells were counted per section (range: 0 – 163 (AAV-

fNPY stained with PV)) for cell type specific antibody labeling, and a total of more than 

170 cells for each vector. For AAV-fSST-RFP in GAD67-GFP mice, 8 sections with 17-

38 cells per section were counted. 

 To count and score labeled cells, fluorophores were imaged independently at 3 

confocal planes at 4x, 10x and 20x magnification using either a Nikon TE300 with a Bio-

Rad radiance 2100 system or an Olympus BX51 with a Bio-Rad Radiance 2100MP 

system.  Images were projected and merged in RGB space.  Quantification of overlap of 

cell labeling was done using the confocal images in Adobe Photoshop. Cortical layers 

were determined by DAPI staining.   
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RESULTS 

 Promoters cloned into AAV and LV backbones expressed either green fluorescent 

protein (GFP), or red fluorescent protein DsRed-Express (RFP) transgenes (Figure 1).  

Most of the viruses were tested for specificity in mouse somatosensory cortex.  Some of 

the viruses were also tested in mouse dentate gyrus and thalamus, and in the cortex of rat 

and monkey.  Cell type specificity was determined by cellular morphology and co-

localization with inhibitory neuron subtype specific antibodies parvalbumin (PV), 

calretinin(CR), somatostatin (SST), neuropeptide Y (NPY) and/or vasoactive intestinal 

polypeptide (VIP).   

 To target the specific cell types, we tested regulatory regions derived from 

multiple sources, 1) upstream segments from orthologous Fugu rubripes (fugu) genes, 2) 

mammalian upstream segments including transcription factor binding site (TFBS) 

conserved sequences from co-expressed mammalian genes, and 3) composite regulatory 

elements (CREs) containing TFBSs.  

 

3.1  Fugu promoters 

3.1.1 Fugu promoters in AAV drove expression in mouse cortex 

 All fugu promoters drove expression in mouse somatosensory cortex. (Figure 2, 

Table 1).  AAV expression of fugu somatostatin (AAV-fSST) and fugu neuropeptide Y 

(AAV-fNPY) vectors were widespread in all cortical layers with transduction often 

observed more than 300μm from the injection column (Figures 2a,d).  Calretinin (AAV-

fCR), parvalbumin (AAV-fPV), secreted frizzed-related protein 2 (AAV-fSFRP2), titin-

cap (AAV-fTCAP) and α-calcium/calmodulin-dependent protein kinase II (AAV-
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fCAMK) vectors showed expression usually confined to less than 200μm from the 

injection site(Figures 2d,g,j,m,p,s).  Depending on the virus injection, most vectors 

showed more widespread expression in layers 2/3 and 5 (~500μm laterally). Cells in 

layers 2/3 and 5 send projections to the brain surface, and cells far from the injection site 

are thus susceptible to virus uptake.   

 Examination of the cellular morphology of AAV-fSST, AAV-fNPY, AAV-fPV 

and AAV-fCAMK indicated expression was almost entirely restricted to neurons, with no 

visible glial cell expression (Figures 2a-i,s-u).  AAV-fCR, AAV-fSFRP2 and AAV-

fTCAP expression was also mostly neuronal, but the presence of small, compact 

transgene labeled cells with bushy processes indicated that promoters were also active in 

glia (Figures 2j-r, glia marked with upward arrows).   Pyramidal shaped cell bodies and 

apical dendrites are characteristic traits of cortical pyramidal neurons (excitatory 

neurons).  Due to the preservation of apical dendrites, pyramidal neuron identification 

was best in brain sections cut closest to the coronal plane, parallel to the apical dendrites. 

Non-ideal cuts do not show continuous apical dendrite label.  Injections of AAV-fPV, 

AAV-fTCAP and AAV-fCAMK showed many pyramidal cell bodies and apical 

dendrites (Figures 2g-i,p-u, pyramidal neurons marked with downward arrows).  The 

labeled pyramidal cells were typically located in layer 5.  In contrast, AAV-fSST, AAV-

fNPY, AAV-fCR and AAV-fSFRP2 did not show many cells morphologically 

identifiable as excitatory.  All promoters showed scattered cells in all cortical layers 

consistent with expression in inhibitory neurons. The degree to which promoter 

specificity and viral tropism contribute to inhibitory neuron expression will be considered 

in the context of further results presented below.  
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3.1.2  Fugu promoters in AAV drove expression in rat and monkey cortex 

 Injections of AAV-fSST, AAV-fNPY and AAV-fCAMK into rat and monkey 

somatosensory cortices showed robust transgene expression that was almost entirely 

restricted to neurons (Figure 3).  Morphology of AAV-fSST expressing cells suggested 

that nearly all of the labeled cells were inhibitory neurons (Figure 3a-c).   In contrast, the 

morphology of AAV-fNPY and AAV-fCAMK expressing cells in rat and monkey cortex 

indicated expression in both pyramidal and inhibitory cells (Figure 3d-i).  AAV-fNPY 

drove expression in only a few pyramidal neurons, whereas AAV-fCAMK drove 

expression in large numbers of pyramidal neurons.   Staining with inhibitory neuron 

antibody markers NPY, CR and SST confirmed that at least some of the labeled cells 

from each virus were inhibitory.  Staining with CAMK antibodies confirmed some of the 

AAV-fCAMK labeled cells were excitatory.    

 

3.1.3  Fugu promoters in AAV drove expression in dentate gyrus (DG) and thalamus 

 The granule cell layer (GZ) of the DG predominantly contains excitatory granule 

cells.   Inhibitory neurons are concentrated along the inner subgranular lining of the GZ 

(SGZ), and are abundant in the polymorphic layer (PoDG) 163.  In the PoDG, about half 

of the neurons are inhibitory and half of the neurons are excitatory mossy cells 164.  Some 

of the mossy cells in the PoDG express CR, but are not inhibitory 164.  AAV-fSST almost 

exclusively labeled cells in the PoDG and SGZ (Figure 4a,b). AAV-fNPY injections in 

the DG labeled cells in PoDG and a few scattered cells in GZ (Figure 4c,d).  Staining 

with inhibitory markers PV, SST and NPY confirmed that at least some of the labeled 
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cells from AAV-fSST and AAV-fNPY were inhibitory.   These results suggest that AAV-

fSST and AAV-fNPY largely restricted expression to inhibitory neurons.  In contrast, 

AAV-fCAMK drove strong expression in both PoDG and granule cells (Figure 4e,f).   

 Deeper injection of AAV-fCAMK into mouse thalamus revealed semi-restrictive 

expression to the anteroventral nucleus of the thalamus (Figure 4g,h).  In situ 

hybridization images from the Allen Mouse Brain Atlas52 indicate that CAMK expression 

is weak in the anteroventral nucleus and strong in other area of thalamus. CAMK has also 

been reported to be specifically expressed in the koniocellular layer of primate LGN 165.   

Injections into monkey LGN, however showed that AAV-fCAMK did not restrict 

expression to the koniocellular neurons (data not shown).  This evidence indicated that 

this vector did not recapitulate the natural expression patterns of CAMK in mammalian 

brains. 

 

3.1.4  AAV-fSST expression strongly favored cortical inhibitory neurons 

 As one of the most promising vectors, we sought to quantify the expression of 

AAV-fSST in inhibitory neurons.  AAV-fSST driving RFP was injected into the 

somatosensory cortex of transgenic mice in which GFP was inserted into the glutamic 

acid decarboxylase (GAD) locus90 (Figure 5).  In these mice, almost all of the GFP-

positive cells showed GAD67 immunoreactivity in the perikarya or neuropil90 Use of 

these animals facilitated identification of GABAergic neurons without confounds related 

to GAD or GABA staining reliability.  Cells expressing both GFP and RFP were 

considered inhibitory (Figure 5c).  We observed that 93%±7%, 95%±11%, 80%±13% 

and 89%±11% of the cells in layers 2/3, 4, 5 and 6 were inhibitory, respectively.  To 
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interpret the significance of the percentages, we must also account for the tropism of 

AAV.  Previous work has shown (Chapter 2) that high titer rAAV2/1 infects excitatory 

and inhibitory neurons in proportions consistent with their population percentage, but that 

low titer virus biases expression towards inhibitory neurons.  At infectious titers similar 

to AAV-fSST-RFP vector (9.1x109 infectious particles/ml), we previously observed that 

neurons transduced by the neuronally ubiquitous human synapsin promoter, were ~ 40%, 

50%, 30% and 50% inhibitory in layers 2/3, 4, 5 and 6 respectively (Chapter 2).  fSST in 

AAV, therefore, preferentially drove expression in about twice the proportion of 

inhibitory neurons than would be expected from a promoter producing no bias.  

 

3.1.5  Fugu promoters failed to generate inhibitory cell subtype specific expression 

 The expression of fugu promoters in AAV in inhibitory neuron subtypes were 

quantified in mouse cortex.  GFP transgene expression was co-localized to antibodies for 

CR, PV, SST, VIP and NPY.  Cell type specific antibody-labeled cells were counted in 

regions defined by the virus spread.  As an example, Figure 6 shows cell type antibody 

and GFP label in mouse cortex injected with AAV-fSST (GFP).   

 Virus expression in each cell type was quantified by dividing the number of 

double labeled cells (GFP and cell type antibody label) by the total number of antibody 

labeled cells in the virus labeled region.  To identify a baseline level of infection without 

a promoter induced biased, expression from the human synapsin (hSYN) promoter was 

first quantified.  Even with the high titer virus AAV-hSYN, not every inhibitory neuron 

expressed transgene, presumably because many neurons were not infected.  In mouse 

somatosensory cortex, AAV-hSYN labeled 72%, 79%, 70%, 55% and 97% of CR, PV, 
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SST, VIP and NPY cells, respectively, in the injected regions (Figure 7).  While the 

numbers of cells were small, these numbers suggest that some inhibitory cell types were 

transduced better than others.  Almost all of the NPY+ cells, but only about half of the 

VIP+ cells were labeled.     

 We observed that AAV-fSST, AAV-fNPY, AAV-fPV and AAV-fCR expressed 

in all identified cell types, demonstrating that none of the promoters restricted expression 

to a particular inhibitory neuron subtype.   Quantification of label (see Figure 7) also 

suggested that none of the promoters biased activity towards any particular cell type, and 

AAV-fSST and AAV-fNPY promoters did not show significant differences in inhibitory 

neuron subtype expression compared to the expression of high titer AAV-hSYN.  

Interestingly however, AAV-fPV and AAV-fCR showed a significant reduction in PV+ 

and CR+ cells, respectively (ttest- p= 0.001 and p=0.003), the very types of cell that their 

promoters aimed to target.   

 

3.1.6  Fugu promoters in lentivirus drove expression in excitatory neurons 

 The lentivirus (LV) genome can accommodate larger promoter sequences. Larger 

regions of the fugu PV, CR, SST and NPY sequences, encompassing the regions used in 

AAV, were cloned into lentivirus driving GFP.  We previously found that LV labeled 

large number of excitatory neurons and glia (see Chapter 2), but LV did not label large 

numbers of inhibitory neurons.  These results suggested that lentivirus would provide a 

biased, but more sensitive assay than AAV to assess the ability of promoters to express in 

excitatory neurons.   
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 Injection into mouse somatosensory cortex revealed that all viruses drove 

expression (Figure 7, Table 1).  LV-fPV and LV-fSST expression were the strongest and 

LV-fNPY LV-fCR were the weakest (Figure 8).  All of the promoters appeared to restrict 

expression to neurons.  Morphological observations indicated that all fugu promoters 

drove expression in many more excitatory cells than in AAV.  In LV-fPV, the labeled 

cells were densely packed, consistent with large numbers of dense pyramidal neurons 

(Figure 8a,b).  Cell label density was more scattered for LV-fSST, but cell density was 

still higher than would be expected if all the cells were inhibitory.  Indeed, we observed a 

few cells with pyramidal neuron morphology (Figure 8c,d).  Expression of LV-fNPY and 

LV-fCR vectors were restricted to only a handful of cells (Figure 8e,f).  Co-label with 

inhibitory markers PV, CR, SST, and VIP indicated that at least a few cells labeled by 

each virus were inhibitory (data not shown).   

 

3.2  Mammalian promoters 

 Short promoters were created with mouse and human DNA sequences for genes 

associated with known cell types (Table 1).  Prefixes denote mouse (m) and human (h) 

derived promoter sequences.  We created GFP and RFP expressing AAV and LV vectors 

for glutamic acid decarboxylase 2 (LV-mGAD2)- targeting all inhibitory neurons; 

somatostatin (LV-mSST); platelet-derived growth factor receptor, alpha polypeptide 

(AAV-hPDGFRA)- targeting SST inhibitory neuron populations; and A930038C07Rik 

(AAV-mA93)- targeting an unknown subpopulation of inhibitory neurons.  We also used 

microarray data from somatosensory and cingulate cortices compiled by Sugino et al.141 

to identify genes co-expressed with one of the inhibitory neuron subtypes G42 (PV), GIN 



 104

(SST) or G30 (VIP) and not excitatory neurons. A detailed description for choosing these 

genes and promoter design are provided in Material and Methods.  Briefly, we first 

analyzed the microarray data for genes that showed more than a 3-fold enrichment for a 

single inhibitory neuron cell type (see Supplemental Table 1). Because microarray data is 

prone to false positives, these genes were then checked for inhibitory neuron pattern 

consistency in the Allen Mouse Brain Atlas52.   For each gene, regions of human 

upstream intergenic and 5’UTR regions were analyzed for the presence of TFBSs 

conserved across multiple mammalian species.  Conserved TFBS enriched in the 

populations of co-expressed genes were presumed to be determinate regulatory elements 

for that cell type (see Supplemental Tables 2-4).  We sought to design sequences most 

likely to drive cell type specific expression, and presumably these would be ones with the 

maximum number of cell type specific regulatory elements and a minimum number of 

cross-reactive elements enriched in the other inhibitory cell types.   Using this strategy, 

AAV vectors expressing RFP were created with human DNA promoters for each of the 

cell types: SST- glutamate receptor, metabotropic 1 (AAV-hGRM1), c-type natriuretic 

peptide precursor (AAV-hNPPC); PV- adrenomedullin (AAV-hADM), type 2 

lactosamine alpha-2,3-sialyltransferase (AAV-hST3GAL6); VIP- ras responsive element 

binding protein 1 (AAV-hRREB1), deiodinase, iodothyronine, type II (AAV-hDIO2), 

nuclear receptor subfamily 2, group F, member 2 (AAV-hNR2F2).   

 Injections of viruses into the cortex of mice or rats revealed that some of the 

promoters drove transgene expression (Table 1).  Morphologies of cells labeled by LV-

mGAD2, LV-mSST and AAV-hPDGFRA indicated that these viruses expressed in some 
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excitatory pyramidal neurons (Figure 9a-c).  LV-mSST also drove expression in some 

glia (Figure 9b).  AAV-hNPPC, AAV-hNR2F2 and AAV-hDIO2 failed to label any cells. 

 GAD67-GFP transgenic mice injected with viruses expressing RFP are shown in 

Figure 10.  RFP+ cells that co-labeled with GFP were inhibitory. The sections were also 

stained with parvalbumin (PV) antibody.  AAV-hADM drove expression in only a few 

cells, all of which appeared to be glia (Figure 10a-d).  Expression of AAV-hGRM1 

(Figure 10e-h), AAV-hRREB1 (Figure 10i-l) and AAV-hST3GAL6 (Figure m-p) drove 

expression in both excitatory and inhibitory neurons. In contrast, AAV-mA93 (Figure 

10q-t) did not appear to label any excitatory neurons, but strongly labeled inhibitory 

neurons and glia.  AAV-hGRM1, AAV-hRREB1, AAV-hST3GAL6 and AAV-mA93 

labeled inhibitory neurons that were PV+ and PV-, indicating that none of these 

promoters drove inhibitory neuron subtype specific expression.  Interestingly, most of the 

PV+ cells labeled by AAV-hRREB1 displayed pyramidal morphology.   

 

3.3  Transcription factor binding site (TFBS) assembled promoters 

 We created promoter constructs assembled with known transcription factor 

binding sites DR1149 or E1.1158.  The DR1 motif binds the PPARγ/RXRα (peroxisome-

proliferator-activated receptor gamma/ retinoid X receptor alpha) complex 149.  

According to Sugino et al’s microarray data141, PPARγ is enriched in the PV population 

and RXRα is expressed at high levels in SST+ and VIP+ inhibitory populations, and at 

low levels in the PV+ population..  PPARγ/RXRα complex binds to DR1 in the presence 

of high molar ratios of PPARγ to RXRα149.  Thus we expected PPARγ/RXRα complexes 

to be present in PV+ inhibitory neurons.   
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 The E1.1 enhancer element contains 11 nucleotides of the 16-nucleotide Pax6 

consensus binding sequence and reportedly restricted expression in Ngn2 positive cells 

by binding Pax6 in the mouse spinal cord and telencephalon158. Since, Sugino et al’s data 

suggested that Pax6 is enriched in the VIP+ inhibitory population, we expected activity 

of this promoter in VIP+ cells. 

 Mice were injected with viruses expressing RFP under the control of promoters 

created by combining DR1 or E1.1 motifs with or without a neuron restrictive silencing 

element NRSE (intended to restrict expression to neurons)160,161 and a minimal CMV 

promoter (Table 1).   AAV-DR1 with NRSE expressed in only a few cells, most of which 

appeared to be glia (Figure 11).  AAV-E1.1 with NRSE expression strongly labeled only 

a handful of cells scattered over up to ~200μm from the injection (Figure 12). We have 

seen other vectors driving expression at similarly far distances, but the density of cell 

expression for AAV-E1.1 was more sparse, indicating that this promoter restricted 

expression in some cell types.  Most of the RFP labeled cells co-labeled with GAD67-

GFP, indicating the vector drove expression predominantly in inhibitory neurons (Figure 

12a-d,g,h). A few glia also expressed RFP.  Notably, in mice very few RFP labeled cells 

co-labeled with parvalbumin (PV) antibody, and expression in these cells was faint 

(Figure 12e-h).  Thus, in mice AAV-E1.1 largely restricted expression to non-

parvalbumin inhibitory neurons.  Interestingly however, when rats were injected with a 

version of the AAV-E1.1 lacking the NRSE site, transgene co-labeld with all inhibitory 

neuron subtypes (CR, SST and VIP), including PV (data not shown).  Further 

experiments are needed to clarify the roles of NRSE and the differences observed from 

the different AAV-E1.1 vectors in mouse and rat. 
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CONCLUSIONS 

 Overlap of rAAV2/1 with CR, NPY, SST, PV and VIP antibodies indicate that 

rAAV2/1 is a suitable vector for testing the specificity promoters in a diverse group of 

inhibitory neurons.  However, while the majority of CR, NPY and PV, and almost all of 

the nearby NPY immunoreactive cells were labeled using high titer rAAV2/1, only about 

half of the VIP immunoreactive cells were labeled.  And since we previously observed 

that transduction efficiency of rAAV2/1 can be biased towards inhibitory neurons 

depending on the titer of the virus, we might also suspect that lower titers of virus could 

result in even fewer proportions of VIP labeled cells.  One must therefore be cautious in 

interpreting results using rAAV2/1 in studying promoter activity in inhibitory neurons.  

The lesson should be extended to all viral vectors, and careful examination of the viral 

tropism should be considered by first using promoters capable of driving the most 

ubiquitous expression.   

 All of the fugu promoters drove expression in the mammalian brain.  AAV-fSST, 

AAV-fNPY and AAV-fCAMK drove high levels of neuron specific expression, 

suggesting the possibility that these sequences contain DNA binding elements for 

neuronal activation and glial suppression.  The neuron restrictive silencing element 

(NRSE) is one factor known to restrict expression to neurons160,161, but the consensus 

NRSE sequence is not found in any of the fugu promoters.  Alignment with the 21-bp 

consensus NRSE binding sequence revealed that fCAMK had the best match, sharing 16 

of the 21 base pairs.  ClusterW alignment of the best candidate NRSE sites from the 

vectors showing neuron restrictive expression (AAV-fSST, AAV-fNPY, AAV-fCAMK 

and AAV-fPV) suggested that the active NRSE binding site in fugu may be 
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TTCAGyCAmwsACAGCrCAGsrCC.   Lentiviral vectors containing fCR, fSST, fNPY 

and fPV promoters were also tested.  These promoters were larger, encompassing the 

promoters tested in AAV.  In general, we saw many more excitatory neurons in LV than 

in AAV.   The consistency of this excitatory neuron enrichment suggests that the virus 

vectors contribute more than the promoters or vector integration.   Nevertheless, AAV-

fCR drove expression in glia while LV-fCR did not.  Since both AAV and LV efficiently 

transduce glia, these results suggest differences in the promoter may be responsible for 

these observed differences in glia expression.   

 None of the promoters tested were capable of restricting expression to inhibitory 

neuron subtypes.  Interestingly however, AAV-fPV and AAV-fCR showed significant 

reductions of expression in PV and CR cell-types, the very cell types the promoters 

aimed to target.  Comparative analysis of fPV, fCR, fNPY, fSST and fCAMK (AAV) 

sequences between fugu and mammals, however, only revealed short repetitive elements 

in fNPY (~60bp C-T) and fCR (~100bp C-A), and no conserved TFBSs.  Yet while no 

conserved factors were apparent in fSST, AAV-fSST preferentially drove expression in 

inhibitory neurons, suggesting that regulatory sites must exist in the sequence, and that 

evolutionary pressures have conserved some regulatory constraints.  The presence of 

unidentifiable regulatory regions highlights the bioinformatic challenges in identifying 

critical regulatory elements.   The fact that none of the fugu promoters restricted 

expression to a particular cell type suggests that the intricacies of inhibitory cell type 

specific regulation may not be highly conserved among the genes tested.  Indeed, recent 

work has shown that inhibitory neuron expression can differ even between the small 

evolutionary distance between different rodent species.  Xu et al 111 has shown that unlike 
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in rat, CR expresses in a subset of SST+ cells which are otherwise similar across species 

in both morphology and intrinsic physiology.  Since even simple base pair substitutions 

and changes in distances between regulatory elements can change gene expression 166, 

complex regulatory environments involving many interacting factors may not be 

commonly shared between species.  Small genetic differences can have a profound effect 

if the regions of difference are important. King et al167, among others, have suggested that 

the profound phenotypic differences between humans and chimpanzees which share more 

than 98.5% nucleotide identity168, are likely a result of differences in the regulatory 

regions of genes.  Indeed, ~15% of CpG sites differ between human and chimpanzee 168. 

Therefore, the ability for the same regulatory region to function across multiple species 

may be more a rarity than a rule, and those that are evolutionarily conserved are likely to 

be concentrated among genes that are developmentally indispensable.  Regulation of the 

selected genes in inhibitory neuron subtypes may not have these evolutionary constraints.  

For example, expression of one calcium binding protein such as PV, might be replaced by 

others, such as calbindin. 

 A collection of promoters drove expression in neurons, but not glia (fNPY, fSST, 

fPV, fCAMK, hPDGRFA, hGRM1, hST3GAL6, hRREB1).  Likewise, a set of the 

promoters preferentially drove expression in inhibitory neurons with minimal excitatory 

neuron expression (fNPY, fSST, mA93, E1.1).  These results suggest that the regulatory 

mechanisms responsible for driving expression in the larger cell type classes of inhibitory 

neurons, excitatory neurons or glia, may be relatively simple and shared between species.   

In contrast, since none of the promoters restricted expression to any inhibitory neuron 

subtypes, we suspect subtype regulatory mechanisms are quite complex.  To this point, 
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even the simple E1.1 CRE drove expression in multiple inhibitory neuron subtypes.  

These results suggest that complex regulatory environments including antagonistic 

repressors may be needed to restrict expression to inhibitory neuron subtypes. 

 None of the promoters taken from the group of co-expressed genes showed 

inhibitory neuron subtype specificity.  These results suggest either that the promoters 

possessed improper activators, or lacked functional repressors of transcription.  A 

fundamental confounding variable in our approach was the size and reliability of the co-

expressed groups.  Only a limited set of the putatively co-expressed genes showed in situ 

hydridization patterns consistent with inhibitory neuron identity.  Furthermore, the 

variability of genes within our inhibitory neuron subtype clusters, as evident by the 

different patterns of expression seen in various regions of the mouse brain, indicate that 

many of the co-expressed genes are not associated in the same cell types outside of cortex 

(see Chapter 1).  If however our dataset truly consisted of co-expressed genes and the 

regulatory environment was not too complex, we hypothesized that an analysis of our 

limited dataset could succeed in identifying common regulatory elements.   However, the 

analysis suggested that inhibitory neuron subtype regulation is probably complex, since 

no TFBSs were strongly enriched in one cell type and absent from the others.  So rather 

than searching for determinate cell type specific factors, we sought to find factors 

enriched in a group.  To this end, the analysis revolved around establishing ratios that 

were out of balance between cell types (see Supplemental Tables 2-4).  And since the 

enriched factors were not entirely restricted to only a single cell type, the lack of 

promoter specificity was not altogether unexpected. 
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 How well does the clustering of co-expressed genes reflect co-regulation?  Since a 

microarray snapshot identifying the groups of co-expressed genes does not account for 

the dynamically responsive nature of regulatory elements, it may be useful to obtain lists 

of co-expressed genes satisfying multiple discriminating criteria. For example, do the 

genes 1) change together under various conditions169; 2) share common biological 

pathways170; and/or 3) show consistent anatomical expression in more than one brain 

structure?  One possible combination using existing data for finding inhibitory subtype 

specific regulatory elements, would be to combine Sugino et al’s141 microarray dataset 

with a complete survey of the Allen Mouse Brain Atlas52.  We describe a related proposal 

in Chapter 1.  Inhibitory neurons show distinct patterns of expression throughout the 

brain, including the cerebellum, cortex, hippocampus and reticular thalamus.  Genes that 

share common patterns of expression in many regions, and are found by microarray data 

to be enriched in a specific cell type, could provide a more stringent and larger basis for 

identifying common regulatory elements.    

 Of the most active promoters, the E1.1 CRE promoter showed the most potential 

for cell type selectivity.  While the DR1 CRE specific for the PPARγ/RXRα complex 

failed to drive much expression, alternative versions may prove to be more active. For 

example, since the Pal3 motif149 can bind the PPARγ homodimer without RXRα, this 

element may prove to be more active in PV+ cells.  Another option is to add multiple 

copies of the motif as was done with the E1.1 CRE promoter. Alternatively, the spacing 

of the factors in the CREs may be modified.   Versions of both the E1.1 and DR1 CREs 

contained an NRSE site and Bessis et al160 has shown that the distance between NRSE 

and other factors can affect whether the factor restricts or enhances activity.  Therefore, 
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the arrangement of factors in precise orders and at specific distances, consistent with the 

natural placements may be important for correct regulation.  The usefulness of regulatory 

elements as building blocks for obtaining specific and complex regulation, will require 

extensive characterization of these elements.  Expression datasets, such as the microarray 

dataset by Sugino et al141, can identify candidate TFBS elements to begin testing cell type 

specific CREs.  

 At this point, the only dependable method for targeting specific cell populations 

using inserted DNA is with the large BAC sequences, which are used for the creation of 

transgenic animals67 While Chhatwal et al have claimed to achieve specific 

cholecystokinin expression from a short promoter171, this report failed to provide detailed 

images confirming specific cell type identity.  We conclude that cell type specific 

regulation of inhibitory neuron subtypes is likely complex, and that the creation of short 

promoters targeting inhibitory neuron subtypes will likely remain a formidable challenge.  

Since the generation of BAC transgenic animals is not practical for many species, a 

possible viral vector based alternative may be the use of HSV vectors which can 

incorporate BACs of up to 150kb172.  Where smaller regulatory elements are required, 

multi-faceted approaches, including the CREs and multi-pronged bioinformatic 

comparisons of co-expressed genes are perhaps the most promising avenues of pursuit, 

and may yield new insights towards cell type specific regulation. 

 The work in Chapter 3 was done in the lab of Edward Callaway.  The dissertation 

author was the primary investigator of this work.  Roberto Jappelli contributed to the 

work with fugu promoters.  Eric Scheeff contributed to the bioinformatics analysis in the 

work with mammalian promoters from co-expresssed genes.
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Figure 1 Vector design 
Transfer vectors for adeno-associated virus (AAV) and lentivirus (LV) were constructed 
as in a and b, respectively.  The capacity of AAV and LV allowed promoter sequences of 
approximately 2.8kb and 6.6kb, respectively.  AAV contained either the green 
fluorescent protein (GFP) or red fluorescent protein DsRedX (RFP).  Lentivirus 
contained GFP.  Components of AAV include: ITR- inverted terminal repeat, SD/SA- 
splice donor splice acceptor, XFP- either GFP or RFP, BGH- bovine growth hormone 
poly (A) signal.  Components of LV include: LTR- long terminal repeat, Psi- element for 
viral genome packaging, RRE- Rev response element, cPPT- central polypurine tract, 
WPRE- woodchuck hepatitis virus posttranscriptional regulatory element, U3PPT- 
upstream border of the 3′ long terminal repeat polypurine tract. Viruses were made as 
described in Table 1.  
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Figure 2  Fugu promoters in AAV expressed in mouse cortex (continued) 
Fugu promoters in AAV injected in mouse somatosensory cortex expressed GFP.  Wide 
angle views are shown in left column (a,d,g,j,m,p.s).  Close-up images centered on layer 
5 and layer 2/3 are shown in columns 2 (b,e,h,k,n,q,t) and 3 (c,f,i,l,o,r,u), respectively.  
Expression of fugu promoters in AAV are shown in rows: somatostatin (AAV-fSST, a-c), 
neuropeptide Y (AAV-fNPY, d-f), parvalbumin (AAV-fPV, g-i), calretinin (AAV-fCR, 
j-l), secreted frizzled-related protein 2 (AAV-fSFRP2, m-o), titin-cap (AAV-fTCAP, p-r) 
and α-calcium/calmodulin-dependent protein kinase II (AAV-fCAMK), s-u).  Upward 
arrows mark glia and downward arrows mark excitatory pyramidal neurons.  Dorsal and 
lateral directions for all images are as indicated in l and u.  Scale bars are 50μm.  
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Figure 2  Fugu promoters in AAV expressed in mouse cortex (continued) 
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Figure 3  AAV-fSST, AAV-fNPY and AAV-fCAMK expressed in rat and monkey 
cortex 
Viruses expressing GFP were injected were in rat (a,b,d,e,g,h) and monkey (c,f,i) motor 
and somatosensory cortices.   Molecular identities of some GFP labeled cells of AAV-
fSST (a-c) (motor cortex), AAV-fNPY (d-f) (motor cortex) and AAV-fCAMK (g-i) 
(somatosensory cortex) were shown by co-labeling with NPY, CR, SST and CAMK 
antibodies.  Antibodies are indicated in their representative color. Overlap of green and 
red is yellow; green and blue is purple; green, red and blue is white.  Examples of cells 
consistent with pyramidal morphology were marked with arrows.  Boxed inserts are at 2x 
magnification.  Dorsal and lateral directions for all images are as indicated in i.  Scale 
bars are 50μm.
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Figure 4 Fugu promoters in AAV expressed in mouse dentate gyrus (DG) and 
thalamus 
Fugu promoters in AAV drove GFP expression in subcortical areas of the DG and 
thalamus.  Virus expression is shown in green (AAV-fSST- a,b; AAV-fNPY- c,d; AAV-
fCAMK- e-h).  Subcortical anatomical regions- granule cell layer (GZ) and polymorphic 
layer (PoDG), applying to a-f are indicated in f.  The anteroventral nucleus of the 
thalamus (AV) shown in g and h is indicated in h.  Cell type markers PV, SST and NPY 
are shown in red.  Green and red overlap is yellow.  Boxed inserts are at 2x 
magnification.  Dorsal and lateral directions for all images are as indicated in h.  Scale 
bars are 50μm. 
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Figure 5 AAV-fSST predominately labeled inhibitory neurons in mouse cortex 
Mouse cortex with inhibitory neurons expressing GFP under the control of the GAD67 
promoter (a) was injected with AAV-fSST expressing RFP (b). Panel c is the overlap of 
the boxed region in a and b.  Green and red overlap is yellow.  Dorsal and lateral 
directions for all images are as indicated c.  Scale bars are 50μm. 



 119 

Figure 6  AAV-fSST expression co-labeled with CR, PV, SST and VIP antibodies 
AAV-fSST-GFP expression in mouse somatosensory cortex is labeled in green in the left 
and right columns (a,c,d,f,g,i,j,l,m,o).  Antibody label in the same section is shown in the 
same row.  Marker specific antibody label: calretinin (CR-b,c), parvalbumin (PV-e,f), 
somatostatin (SST-h,i), vasoactive intestinal polypeptide (VIP-k,l) and neuropeptide Y 
(NPY-n,o) are shown alone in the middle column (b,e,h,k,n) and merged with GFP in the 
right column (c,f,i,l,o).  Cells that are GFP only are marked with green boxes.  Cells that 
are marker specific antibody label only are marked with red boxes.  Cells that are co-
labeled are marked with yellow boxes.  Dorsal and lateral directions for all images are as 
indicated in o.  The scale bar for all images, shown in o, is 50μm.
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Figure 7  Percentage of virus label in inhibitory neuron subtypes 
Viruses expressing GFP were injected into mouse somatosensory cortex and stained for 
inhibitory neuron markers calretinin (CR), parvalbumin (PV), somatostatin (SST), 
vasoactive intestinal polypeptide (VIP) and neuropeptide Y (NPY).  Percentages were 
calculated by dividing the number of co-labeled cells (GFP and cell type specific 
antibody) by the total number of antibody labeled cells in the injected region.  The 
percentages reflect the combined labeling in cortical layers 2/3-6 and the standard 
deviations show the labeling distributions treating each section as an independent 
observation.  Sections were counted from a single animal for AAV-fPV, and from three 
animals for all others.  NPY label was not counted for AAV-fPV and AAV-fCR. 
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Figure 8  Fugu promoters in LV drove expression in large numbers of excitatory 
neurons  
Fugu promoters in LV expressing GFP were injected into mouse somatosensory cortex-    
LV-fPV (a,b), LV-fSST (c,d), LV-fNPY (e), LV-fCR (f).  Panels b and d are magnified 
versions of the boxed regions of a and c, respectively.   Arrows mark excitatory 
pyramidal neurons.  Dorsal and lateral directions for all images are as indicated f.  Scale 
bars are 50μm. 
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Figure 9 Mammalian promoters drove expression in the rodent brain 
Mice were injected with LV expressing GFP driven by mouse promoter sequences for 
glutamic acid decarboxylase 2 (LV-mGAD2- a) and somatostatin (LV-mSST- b).  Rats 
were injected with AAV expressing GFP driven by the human promoter sequence for 
platelet-derived growth factor receptor, alpha polypeptide (AAV-hPDGFRA- c).  
Rightward pointing arrows mark glia and leftward pointing arrows mark excitatory 
pyramidal neurons.  Dorsal and lateral directions for all images are as indicated in c.  
Scale bars are 50μm. 
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Figure 10  Mammalian conserved TFBS promoters drove expression in mouse brain 
GAD67-GFP transgenic mice were injected with AAV expressing RFP driven by 
promoter sequences with presumed cell type specific regulatory elements.  Images in 
each row are images of the same section.  The first column on the left (a,e,i,m,q) in green 
is the inhibitory neuron specific GAD67-GFP expression. The second column from the 
left (b,f,j,n,r) in red is the RFP virus expression.  The third column from the left 
(c,g,k,o,s) in blue is the parvalbumin (PV) antibody label. The fourth column from the 
left (d,h,l,p,t) is the merge of the previous columns. Overlap of green and red is yellow; 
green and blue is teal; red and blue is purple; green, red and blue is white.  In Vectors 
were as follows: adrenomedullin (AAV-hADM- a-d), glutamate receptor, metabotropic 1 
(AAV-hGRM1- e-h), ras responsive element binding protein 1 (AAV-hRREB1- i-l), type 
2 lactosamine alpha-2,3-sialyltransferase (AAV-hST3GAL6- m-p) and riken gene 
A930038C07Rik (AAV-mA93- q-t).  Examples of double and triple labeled cells are 
marked with boxes. The color of the box reflects the overlapping color of the cell.  
Rightward pointing arrows mark glia and leftward pointing arrows mark excitatory 
pyramidal neurons. Dorsal and lateral directions for all images are as indicated in t.  
Scale bars are 50μm.
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Figure 11 AAV-DR1 drove expression in only a few cells 
AAV driven by promoter containing the DR1 motif (AAV-DR1) was injected into mouse 
somatosensory cortex.  Expression of the RFP transgene is shown in red (a,c) and PV 
antibody staining in blue (b).  Glia are marked with arrows. Dorsal and lateral directions 
for all images are as indicated in c.  Scale bars are 50μm.
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Figure 12 AAV-E1 drove strong expression in a scattered population of cells  AAV 
with a promoter containing the E1.1 motif (AAV-E1) was injected into the 
somatosensory cortex of GAD67-GFP transgenic mice (a,b,g,h).  Expression of the RFP 
transgene is shown in red (c,d,g,h) and parvalbumin (PV) antibody staining in blue (e-h). 
Green and red is yellow.  Boxes are colored to indicate the cell label.  Glia are marked 
with arrows. Dorsal and lateral directions for all images are as indicated in h.  Scale bars 
are 50μm.
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Table 1  AAV and LV vectors  (continued) 
a) Adeno-associated virus (AAV) and lentivirus (LV). Fugu, mouse and human derived 
sequences are denoted by the prefix “f”, “m” and “h”, respectively.  
b) Length of the promoter used in the virus (bases) 
c) Scoring is relative to other viruses. NE = no expression.  ND = not determined 
 

Gene/Promoter Symbola Transgene Genomic 
Titer 
(genomes/ 
ml) 

Promoter 
lengtha 

Target cell 
type 

Glia 
Expressionb 

Excitatory 
neuron 
expressionc 

Inhibitory 
neuron 
expression
d 

Fugu 
Calretinin 
 

AAV-
fCR 

GFP 9.70E+10 
 

2595 Inhibitory 
neuron 
subtype 
(CR) 

+ - + 

Neuropeptide Y AAV-
fNPY 

GFP 6.70E+10 
 

2605 Inhibitory 
neuron 
subtype 
(NPY) 

- - +++ 

Somatostatin AAV-
fSST 

GFP 
RFP  

1.40E+11 
5.92E+11 

2597 Inhibitory 
neuron 
subtype 
(SST) 

- 
- 

- 
+ 

+++ 
+++ 

Parvalbumin AAV-
fPV 

GFP 1.20E+11 
 

2395 Inhibitory 
neuron 
subtype 
(PV) 

- ++ ++ 

Secreted 
Frizzled 
Receptor Protein 
2 

AAV-
fSFRP2 

GFP 2.70E+11 1218 Inhibitory 
neuron 
subtype 
(SST) 

+ - + 

Titin Cap AAV-
fTCAP 

GFP 2.00E+11 
 

2656 Inhibitory 
neuron 
subtype 
(PV) 

+ + + 

Alpha-calcium/ 
calmodulin 
kinase II 

AAV-
fCAMK 

GFP 4.5E+10 2567 Excitatory 
neurons 

- ++ ++ 

Calretinin LV-fCR 
 
 

GFP 2.01E+10 
 

6326 Inhibitory 
neuron 
subtype 
(CR) 

- + + 

Neuropeptide Y LV-
fNPY 

GFP 4.51E+10 
 

6443 Inhibitory 
neuron 
subtype 
(NPY) 

- + + 

Somatostatin LV-
fSST 

GFP  4406 Inhibitory 
neuron 
subtype 
(SST) 

- + + 

Parvalbumin LV-fPV GFP 3.54E+10 
 

2893 Inhibitory 
neuron 
subtype 
(PV) 

- ++ + 

Mammalian 
Synapsin AAV-

hSYN 
RFP 8.44E+12 468 All neurons - +++ +++ 

Glutamic acid 
decarboxylase 2 

LV-
mGAD2 

GFP  4415 Inhibitory 
neurons 

- + ND 

Riken gene 
A930038C07Rik 

AAV-
mA93 

RFP 1.21E+11 
 

2694 Inhibitory 
neurons 

+++ - +++ 

Somatostatin LV-
mSST 

GFP  6001 Inhibitory 
neuron 
subtype 
(SST) 

++ + ND 
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Table 1  AAV and LV vectors  (continued) 
 

Platelet derived 
growth factor 
receptor alpha 

AAV-
hPDGFR
A 

GFP 4.50E+10 2650 Inhibitory 
neuron 
subtype 
(SST) 

- + + 

Glutamate 
receptor, 
metabotropic 1 

AAV-
hGRM1 

RFP 2.92E+12 
 

2585 Inhibitory 
neuron 
subtype 
(SST) 

- + + 

C-type 
natriuretic 
peptide 
precursor 

AAV- 
hNPPC 

RFP 2.64E+12 2585 Inhibitory 
neuron 
subtype 
(SST) 

NE NE NE 

Adrenomedulli
n 

AAV-
hADM 

RFP 2.41E+12 
 

2555 Inhibitory 
neuron 
subtype (PV) 

+ - - 

Type 2 
lactosamine 
alpha-2,3-
sialyltransferase 

AAV-
hST3GA
L6 

RFP 3.02E+12 2739 Inhibitory 
neuron 
subtype (PV) 

- ++ ++ 

Ras responsive 
element binding 
protein 1 

AAV-
hRREB1 

RFP 3.16E+12 
 

2715 Inhibitory 
neuron 
subtype 
(VIP) 

- ++ ++ 

Deiodinase, 
iodothyronine, 
type II 

AAV-
hDIO2 

RFP 7.20E+10 
 

2568 Inhibitory 
neuron 
subtype 
(VIP) 

NE NE NE 

Nuclear 
receptor 
subfamily 2, 
group F, 
member 2 

AAV-
hNR2F2 

RFP 9.60E+10 
 

2568 Inhibitory 
neuron 
subtype 
(VIP) 

NE NE NE 

Transcription factor binding site assembled 
PpargDR1 
binding site 
with NRSE 

AAV- 
PPARG-
NRSE 

RFP 1.66E+12 
 

121 Inhibitory 
neuron 
subtype (PV) 

+ - - 

E1.1 binding 
sites 

AAV-
E1.1 

GFP 
 

9.60E+10 
 

214 
 

Inhibitory 
neuron 
subtype 
(VIP) 

+ - + 

E1.1 binding 
sites with 
NRSE 

AAV-
E1.1-
NRSE 

RFP 1.53E+12 239 Inhibitory 
neuron 
subtype 
(VIP) 

+ - + 
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Supplemental Table 1 Co-expressed genes in the G30 (VIP), G42 (PV) and GIN 
(SST) cell type populations 
a) Average expression of in the specific cell population divided by the average expression 
in the cell type with the next highest expression value  
 

Symbol Gene name Fold Enrichmenta 

G30 
Acss1 acyl-CoA synthetase short-chain family member 1 4.46 
Bambi BMP and activin membrane-bound inhibitor, homolog (Xenopus laevis) 4.38 
Ccl19 chemokine (C-C motif) ligand 19 10.12 
Cnr1 cannabinoid receptor 1 (brain) 7.26 
Cplx3 complexin 3 26.24 
Cxcl14 chemokine (C-X-C motif) ligand 14 64.97 
Dio2 deiodinase, iodothyronine, type II 11.03 
Egln3 EGL nine homolog 3 (C. elegans) 8.89 
Eps8 epidermal growth factor receptor pathway substrate 8 4.16 
FAM107B family with sequence similarity 107, member B 6.43 
Hapln1 hyaluronan and proteoglycan link protein 1 7.90 
Kctd12 potassium channel tetramerisation domain containing 12 4.82 
Kit kit oncogene 5.18 
LOC374887 cDNA sequence BC028663 (FJ44968) 15.91 
Npy2r neuropeptide Y receptor Y2 42.60 
Nr2f2 nuclear receptor subfamily 2, group F, member 2 40.68 
Pcdh20 protocadherin 20 34.31 
Pnoc prepronociceptin 5.59 
Rgs10 regulator of G-protein signalling 10 12.02 
Rgs16 regulator of G-protein signaling 16 8.69 
Rreb1 ras responsive element binding protein 1 6.82 
Tac2 Tac3 (Human); tachykinin 2 66.94 
Tnnt1 troponin T1, skeletal, slow 14.38 
Unc5b unc-5 homolog B (C. elegans) 19.44 
Vip vasoactive intestinal polypeptide 84.31 
G42 
Adm adrenomedullin 12.19 
Adssl1 adenylosuccinate synthetase like 1 5.20 
Akr1C4 Aldo-keto reductase family 1 member C4  (but could be C3) 28.25 
Antxr2 anthrax toxin receptor 2 6.71 
Cenpa centromere protein A (C2orf18) 4.62 
Cox6a2 cytochrome c oxidase, subunit VI a, polypeptide 2 7.30 
Entpd7 ectonucleoside triphosphate diphosphohydrolase 7 3.37 
Gpr125 G protein-coupled receptor 125 4.42 
Lyz Lysozyme C precursor (Human); P lysozyme structural, Lzp-s 21.76 
Nek7 NIMA (never in mitosis gene a)-related expressed kinase 7 5.30 
Rerg RAS-like, estrogen-regulated, growth-inhibitor 5.47 
Sccpdh saccharopine dehydrogenase (putative) 5.73 
St3gal6 ST3 beta-galactoside alpha-2,3-sialyltransferase 6 12.30 
Tac1 tachykinin 1 10.21 
Tm6sf1 Transmembrane 6 superfamily member 1 3.72 
Tspan9 tetraspanin 9 4.22 
GIN 
Calb2 calbindin 2 3.82 
Dcn decorin 9.78 
Erf Ets2 repressor factor 8.59 
Frmd4b FERM domain containing 4B 7.93 
Grm1 glutamate receptor, metabotropic 1 4.83 
Masp1 mannan-binding lectin serine peptidase 1 3.45 
Nppc natriuretic peptide precursor type C 5.80 
Pcdh18 protocadherin 18 3.59 
Sfrp2 secreted frizzled-related protein 2 5.56 
Smc2 structural maintenance of chromosomes 2 4.17 
Sst somatostatin preproprotein 4.98 
Timp3 tissue inhibitor of metalloproteinase 3 5.88 
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Supplemental Table 2 TFBSs enriched in the G30 (VIP) population of co-expressed 
genes 

a) Cross reactive sites are ones that are enriched in other cell types 
b) % of specific sites found in the gene divided by the number of specific sites for the cell type 
c) % of cross-reactive sites found in the gene divided by the number of total cross-reactive sites  
d) Ratio of the percentages of specific sites to the percentages of cross-reactive sites 
 

Cell type enriched 
factors 

% of 
promoters 

Count (25 total 
promoters) DIO2 RREB1 NR2F2 

ATATA 12 3 ATATA ATATA  
HNF4 16 4 HNF4 HNF4 HNF4 
SZF1-1 16 4  SZF1-1 SZF1-1 
Evi-1 16 4 Evi-1 Evi-1  
PPAR, 24 6  PPAR, PPAR, 
IRF-1 28 7 IRF-1 IRF-1 IRF-1 
SMAD-3 28 7 SMAD-3 SMAD-3 SMAD-3 
KAISO 12 3   KAISO 
E12 12 3  E12  
Pit-1 12 3  Pit-1  
Freac-2 40 10 Freac-2 Freac-2 Freac-2 
V$CDPCR1_01 28 7 V$CDPCR1_01 V$CDPCR1_01  
PPAR 24 6  PPAR PPAR 
Pbx1b 12 3    
Ik-1 16 4  Ik-1  
TEF 16 4 TEF   
Poly A 20 5  Poly A Poly A 
Pbx-1 16 4   Pbx-1 
TEF-1 28 7 TEF-1 TEF-1  
Myc 16 4   Myc 
USF2 16 4   USF2 
FOXO3A 48 12  FOXO3A FOXO3A 
SOX10 68 17 SOX10 SOX10 SOX10 
TFII-I 28 7  TFII-I TFII-I 
Spz1 52 13  Spz1 Spz1 
Freac-3 48 12 Freac-3 Freac-3 Freac-3 
MEIS1 20 5    
E2F-1 40 10 E2F-1 E2F-1  
S8 36 9 S8 S8 S8 
PBX1 16 4  PBX1  

TCF11:MafG 16 4  TCF11:MafG 
TCF11:Maf
G 

HNF1 28 7  HNF1  
 
Total cell type 
unique sites   13 20 25 
Total cross-reactive 
sitesa   25 31 40 
Ratio of unique to 
cross-reactive sites   0.52 0.65 0.63 
% specific sitesb   40.63 62.50 78.13 
% Cross-reactive 
sitesc   43.10 53.45 68.97 
Ratio of 
specific/cross 
reactived   0.94 1.17 1.13 
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Supplemental Table 3 TFBSs enriched in the G42 (PV) population of co-expressed 
genes 

a) Cross reactive sites are ones that are enriched in other cell types 
b) % of specific sites found in the gene divided by the number of specific sites for the cell type 
c) % of cross-reactive sites found in the gene divided by the number of total cross-reactive sites  
d) Ratio of the percentages of specific sites to the percentages of cross-reactive sites 

 

 
% of 
promoters 

Count (16 total 
promoters) ST3GAL6 ADM 

FOX 12.5 2 FOX  
Poly 12.5 2  Poly 
MAZR 12.5 2   
Bach1 12.5 2 Bach1  
CDP 37.5 6 CDP CDP 
NF-E2 12.5 2 NF-E2  
SRF 18.75 3  SRF 
XFD-3 50 8 XFD-3 XFD-3 
EGR 31.25 5   
aMEF-2 12.5 2   
HIF-1 12.5 2   
Clox 31.25 5 Clox Clox 
 
Total cell type unique sites   6 5
Total cross-reactive sitesa   18 9
Ratio of unique to cross-
reactive sites 

  
0.33 0.56

% specific sitesb   50.00 41.67
% Cross-reactive sitesc   31.03 15.52
Ratio of specific/cross reactived   1.61 2.69
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Supplemental Figure 4 TFBSs enriched in the GIN (SST) population of co-expressed 
genes 

a) Cross reactive sites are ones that are enriched in other cell types 
b) % of specific sites found in the gene divided by the number of specific sites for the cell type 
c) % of cross-reactive sites found in the gene divided by the number of total cross-reactive sites  
d) Ratio of the percentages of specific sites to the percentages of cross-reactive sites 

 
GIN 

% of 
promoters 

Count (12 total 
promoters) GRM1 NPPC 

RBP-Jkappa 25 3 RBP-Jkappa RBP-Jkappa 
RORalpha1 25 3 RORalpha1  
Whn 16.67 2   
MTF-1 16.67 2  MTF-1 
EBF 16.67 2   
ATF-1 41.67 5  ATF-1 

CRE-BP1:c-Jun 75 9 CRE-BP1:c-Jun 
CRE-BP1:c-
Jun 

CREBATF 33.33 4  CREBATF 
HNF-4alpha1 58.33 7  HNF-4alpha1 
HNF-4 50 6  HNF-4 
PEBP 25 3   
Pax-3 41.67 5  Pax-3 
CBF 41.67 5 CBF  
AR 58.33 7 AR AR 
AHRHIF 58.33 7 AHRHIF  
AML-1a 41.67 5 AML-1a  
ER 41.67 5 ER  
GLI 16.67 2   
COUP-TF, 41.67 5 COUP-TF, COUP-TF, 
TCF-4 25 3   
PITX2 16.67 2 PITX2 PITX2 
GATA-4 75 9 GATA-4  
myogenin 91.67 11 myogenin myogenin 
deltaEF1 25 3 deltaEF1 deltaEF1 
Gfi-1 33.33 4 Gfi-1  
POU1F1 16.67 2 POU1F1  
Olf-1 16.67 2   
FXR/RXR-alpha 16.67 2 FXR/RXR-alpha  
CREB 66.67 8 CREB CREB 
ATF3 66.67 8 ATF3 ATF3 
HSF1 25 3 HSF1  
HNF-4alpha 66.67 8 HNF-4alpha HNF-4alpha 
BRCA1:USF2 66.67 8 BRCA1:USF2  
TFE 41.67 5 TFE  
AhR:Arnt 41.67 5   
GABP 66.67 8 GABP GABP 
COUPTF 33.33 4  COUPTF 
COUP 50 6 COUP COUP 
HSF2 16.67 2 HSF2  
core-binding 16.67 2   
SF-1 16.67 2 SF-1  
HEB 16.67 2   
E2F-1:DP-2 16.67 2 E2F-1:DP-2  
Crx 50 6  Crx 
Pax-4 25 3 Pax-4  
CAC-binding 33.33 4  CAC-binding 
p53 41.67 5 p53  
 
Total cell type unique sites   29 21 
Total cross-reactive sitesa   6 3 
Ratio of unique to cross-reactive 
sites 

  
4.83 7.00 

% specific sitesb   61.70 44.68 
% Cross-reactive sitesc   19.35 9.68 
Ratio of specific/cross reactived   3.19 4.62 
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