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Abstract
Many potential uses of direct gene transfer into neurons require restricting expression to one of the
two major types of forebrain neurons, glutamatergic or GABAergic neurons. Thus, it is desirable to
develop virus vectors that contain either a glutamatergic or GABAergic neuron-specific promoter.
The brain/kidney phosphate-activated glutaminase (PAG), the product of the GLS1 gene, produces
the majority of the glutamate for release as neurotransmitter, and is a marker for glutamatergic
neurons. A PAG promoter was partially characterized using a cultured kidney cell line. The three
vesicular glutamate transporters (VGLUTs) are expressed in distinct populations of neurons, and
VGLUT1 is the predominant VGLUT in the neocortex, hippocampus, and cerebellar cortex.
Glutamic acid decarboxylase (GAD) produces GABA; the two molecular forms of the enzyme,
GAD65 and GAD67, are expressed in distinct, but largely overlapping, groups of neurons, and
GAD67 is the predominant form in the neocortex. In transgenic mice, an ∼9 kb fragment of the
GAD67 promoter supports expression in most classes of GABAergic neurons. Here, we constructed
plasmid (amplicon) Herpes Simplex Virus (HSV-1) vectors that placed the Lac Z gene under the
regulation of putative PAG, VGLUT1, or GAD67 promoters. Helper virus-free vector stocks were
delivered into postrhinal cortex, and the rats were sacrificed 4 days or 2 months later. The PAG or
VGLUT1 promoters supported ∼90 % glutamatergic neuron-specific expression. The GAD67
promoter supported ∼90 % GABAergic neuron-specific expression. Long-term expression was
observed using each promoter. Principles for obtaining long-term expression from HSV-1 vectors,
based on these and other results, are discussed. Long-term glutamatergic or GABAergic neuron-
specific expression may benefit specific experiments on learning or specific gene therapy approaches.
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Of note, promoter analyses might identify regulatory elements that determine a glutamatergic or
GABAergic neuron.
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herpes simplex virus vector; glutamatergic neuron-specific expression; GABAergic neuron-specific
expression long-term expression; cortical neuron

1. Introduction
Due to the heterogeneous cellular composition of specific brain areas, neuronal subtype-
specific expression is required for many potential uses of direct neural gene transfer. The two
predominant types of forebrain neurons are glutamatergic or GABAergic neurons, although
the classification of classes of neurons within each type remains controversial [28,29,41]. Thus,
it is desirable to develop vectors that support either glutamatergic or GABAergic neuron-
specific expression. One approach is to exploit promoters that are specific for either
glutamatergic or GABAergic neurons. Vectors containing such promoters could restrict
recombinant expression to either type of neuron, and, conversely, analyses of these promoters
might identify the critical regulatory elements that determine a glutamatergic or GABAergic
neuron.

Glutamatergic or GABAergic neuron-specific promoters might be obtained from specific
genes for neurotransmitter biosynthetic enzymes or vesicular transporters. The brain/kidney
phosphate-activated glutaminase (PAG [2]), the product of the GLS1 gene, produces the
majority of the glutamate for release as neurotransmitter [16], and PAG knockout mice show
a reduction in depolarization-evoked glutamate release [27]. PAG has been used as an
immunohistochemical marker for glutamatergic neurons [20,21,35,50]. The rat PAG promoter
was cloned and partially characterized by DNA transfection studies in a cultured kidney cell
line [49], but no analyses in neuronal cells have been reported to date. The three vesicular
glutamate transporters (VGLUT1, VGLUT2, VGLUT3) are expressed in distinct populations
of neurons (review [13]). VGLUT1 is the predominant VGLUT in the neocortex, hippocampus,
cerebellar cortex, and basolateral nuclei of the amygdala; VGLUT2 is found in the thalamus,
deep cerebellar nuclei, hypothalamus, brainstem, and in some neurons in layer 4 of neocortex;
and VGLUT3 is found in neurons traditionally viewed as non-glutamatergic [3,12,13,17,46,
47,51]. VGLUT1 knockout mice show large reductions in glutamatergic neurotransmission
and quantal size [56]. There are no published studies on the VGLUT1 promoter. Glutamic acid
decarboxylase (GAD) produces GABA, and the two GAD isoforms are encoded by two genes,
GAD65 and GAD67 [8]. GAD65 and GAD67 are expressed in distinct, but largely overlapping,
types of neurons, and GAD67 is the predominant form in the neocortex [8-10]. Both the GAD65
[1,24,26] and GAD67 [5,7,15,23,25,30,31,48] promoters have been analyzed in transgenic
mice, and an ∼9 kb fragment of the GAD67 promoter is sufficient to support expression in
most types of GABAergic neurons.

Helper virus-free Herpes Simplex Virus (HSV-1) plasmid vectors [11] (amplicons) are
attractive for gene transfer into neurons because they efficiently transduce neurons, have a
large capacity (51 kb or 149 kb HSV-1 vectors have been reported [52,54]), and can support
long-term neuronal-specific, or neuronal subtype-specific, expression from specific cellular
promoters. Specifically, the preproenkephalin (preproENK) promoter supported long-term (2
months) expression in specific brain areas containing enkephalinergic neurons (ventromedial
hypothalamus or amygdala, helper virus system [22]). Large fragments of the tyrosine
hydroxylase (TH; 6.8 kb or 9 kb) promoter supported long-term (2 months) expression in
midbrain dopaminergic neurons (helper virus system [18,38]; helper virus-free system [55]).
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Of note, vectors containing the TH promoter supported 40 to 60 % nigrostriatal neuron-specific
expression [38,55], compared to only 5 % using an vector containing the HSV-1 immediate
early 4/5 promoter [38]. A vector containing a neurofilament heavy gene (NF-H) promoter
supported neuronal-specific expression, but expression was only short-term [55]. To obtain
long-term, neuronal-specific expression, we previously constructed chimeric promoters that
fused an upstream enhancer from the TH promoter to the NF-H promoter (TH-NFH promoter)
or placed a β-globin insulator (INS) upstream of the TH-NFH promoter (INS-TH-NFH
promoter) [59]. The TH-NFH promoter supported long-term expression in two different
neocortical areas (1 month), hippocampus (2 months), or striatum (6 months; helper virus-free
system) [59]. At 6 months after gene transfer, vectors containing the INS-TH-NFH promoter
supported expression in ∼11,400 striatal neurons (using 3 sites for gene transfer), and
expression was maintained for 14 months [42]. The TH-NFH or INS-TH-NFH promoters
supported ∼90 % neuronal-specific expression in the striatum, hippocampus, or neocortex
[42,58,59]. However, glutamatergic or GABAergic neuron-specific expression has not been
reported using a virus vector system.

In this study, we inserted the PAG, VGLUT1, or GAD67 promoters into HSV-1 vectors, and
delivered these vectors into rat postrhinal (POR) cortex. The PAG or VGLUT1 promoters
supported ∼90 % glutamatergic neuron-specific expression, and the GAD67 promoter
supported ∼90 % GABAergic neuron-specific expression. These promoters supported
expression for 2 months after gene transfer.

2. Results
2.1. HSV-1 vectors containing the PAG, VGLUT1, or GAD67 promoters are efficiently
packaged into HSV-1 particles

Putative promoter sequences from the rat PAG, mouse VGLUT1, or mouse GAD67 genes were
substituted for the TH-NFH promoter in the vector pTH-NFHlac [59], to yield pPAGlac,
pVGLUT1lac, or pGADlac (Fig. 1). These vectors (Fig. 1A) placed the Lac Z gene under the
control of each of these promoters (Fig. 1B). The first intron from the VGLUT1 gene was
included in pVGLUT1lac because this intron may have a role in regulating expression (Dr.
Herzog, personal communication).

Using a helper-virus free packaging system [11,45], each of these vectors was packaged into
HSV-1 particles. To quantify the numbers of infectious virus particles (IVP/ml), the purified
vector stocks were titered on Baby Hamster Kidney (BHK) cells; at 1 day after transduction,
positive cells were visualized using 5-bromo-4-chloro-3-indoyl-β-D-galactopyranoside (X-
gal) staining (Table 1). The titers ranged from 6.5 to 8.6 × 106 IVP/ml. This titering was
performed on BHK fibroblast cells as the best available assay; these fibroblast cells form a
monolayer. In contrast, PC12 cells, and most neuronal cell lines, do not form a monolayer. The
titers obtained on BHK cells are higher than the titers obtained on PC12 cells [57,59].
Expression from these neuronal subtype-specific promoters in fibroblast cells represents
ectopic expression that declined rapidly at longer times after gene transfer (not shown). Next,
the titers of vector genomes (VG/ml) were determined by performing a PCR assay on DNA
isolated from these vector stocks (Table 1). The packaging efficiency was quantified by
evaluating the ratio of VG:IVP (Table 1), and the ratios ranged from 12 to 19 for these vector
stocks. The IVP/ml, VG/ml, and ratios of VG:IVP observed for these vector stocks are similar
to the titers and ratios obtained using vectors that contain the TH-NFH promoter [57,59].

We did not perform experiments in cultured cells to examine glutamatergic or GABAergic
neuron-specific expression, because a suitable cell culture system is not available. Neuronal
cell lines differ in important properties from neurons in the brain; thus, results on a specific
promoter obtained in a cell line do not always apply to neurons in the brain. Another alternative
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is cultured neurons, but cultured neurons are usually prepared from late gestation embryos or
newborn rodents; and because the promoters studied here are developmentally regulated,
results obtained in cultured neurons may not reflect the properties of the promoters in mature
neurons in adult rats. Additionally, the GAD67 promoter has already been established in
transgenic mice [5,7,15,23,25,30,31,48], with qualitatively similar results in transfected brain
slices [19], rendering additional cell culture studies redundant. Thus, as detailed next, we
quantified glutamatergic or GABAergic neuron-specific expression in mature neocortical
neurons in the young adult rat brain. Although we did not measure levels of expression per
cell, expression levels were sufficient to support both X-gal and immunofluoresence assays.

2.2. Vectors containing the PAG, VGLUT1, or GAD67 promoters support glutamatergic or
GABAergic neuron-specific expression in rat POR cortex

First, we established immunofluoresence assays to detect either glutamatergic or GABAergic
neurons. We chose an anti-PAG antibody to identify glutamatergic neurons, and an anti-GAD
antibody to identify GABAergic neurons. Sections from rat POR cortex were costained for
either PAG-immunoreactivity (IR) or GAD-IR and a marker for neurons, NeuN-IR. PAG-IR
(Fig. 2A-C) or GAD-IR (Fig. 2D-F) each stained a subset of neurons.

Stocks of each of the vectors (pPAGlac, pVGLUT1lac, or pGADlac) were microinjected into
rat POR cortex, and the rats were sacrificed at 4 days after gene transfer. The histological
analysis focused on the transduced cells in POR cortex, because we previously showed that
delivery of a vector containing a neuronal-specific promoter (INS-TH-NFH promoter) into
POR cortex resulted in expression predominantly in POR cortex cells, with minimal expression
in specific cortical areas with large projections to POR cortex, and no detectable expression in
a large number of specific subcortical areas [58]. We used the immunofluoresence assays just
described to evaluate the cell type specificity of expression; β-galactosidase (β-gal)-IR was
localized to glutamatergic neurons by costaining for PAG-IR, or to GABAergic neurons by
costaining for GAD-IR, or to all neurons by costaining for NeuN-IR. The injection site
coordinates specify a site deep in POR cortex, and most of the transduced cells were located
deep in POR cortex; however, we did not determine the distribution of the different types of
transduced cells among the different cortical layers.

pPAGlac supported expression in glutamatergic neurons, as shown by a high level of costaining
for β-gal-IR and PAG-IR (Fig. 3A-C); however, some β-gal-IR cells lacked PAG-IR. In
contrast, we observed only low levels of expression in GABAergic neurons, as shown by
limited costaining for β-gal-IR and GAD-IR (Fig. 3D-F). Consistent with glutamatergic
neuron-specific expression, the vast majority of the expression was in neurons, as shown by a
high level of costaining for β-gal-IR and NeuN-IR (Fig. 3G-I). Cell counts (Table 2) showed
that 87 % of the expression was in glutamatergic neurons, and only 11 % of the expression was
in GABAergic neurons. The sum of the counts of expression in glutamatergic neurons and
GABAergic neurons (87 % + 11 % = 98 %) showed that almost all of the expression was in
glutamatergic or GABAergic neurons, consistent with 97 % neuronal-specific expression from
counts of the NeuN-IR costaining (Table 2). As virtually all the expression was in neurons, we
did not perform costaining for β-gal-IR and markers for specific types of glia.

pVGLUT1lac also supported expression in glutamatergic neurons. Of note, we observed a high
level of costaining for β-gal-IR and PAG-IR (Fig. 4A-C), although a few β-gal-IR cells lacked
PAG-IR. Conversely, pVGLUT1lac supported only limited expression in GABAergic neurons,
as shown by low levels costaining for β-gal-IR and GAD-IR (Fig. 4D-F). Also, almost all of
the expression was in neurons, as shown by a high level of costaining for β-gal-IR and NeuN-
IR (Fig. 4G-I). Cell counts (Table 3) showed that 92 % of the expression was in glutamatergic
neurons, but only 11 % of the expression was in GABAergic neurons. The sum of the counts
of expression in glutamatergic neurons and GABAergic neurons (92 % + 11 % = 103 %)
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showed that the vast majority of the expression was in glutamatergic or GABAergic neurons,
and counts of the NeuN-IR costaining showed 97 % neuronal-specific expression (Table 3).
Because the assays for glutamatergic neurons and GABAergic neurons use different antibodies
with different sensitivities, the sum of the counts of these two types of neurons (103 %) was
slightly over 100 %.

pGADlac supported expression in GABAergic neurons, as revealed by a high level of
costaining for β-gal-IR and GAD-IR (Fig. 5A-C); nonetheless, a few β-gal-IR cells lacked
GAD-IR. In contrast, pGADlac supported only low levels of expression in glutamatergic
neurons, as shown by costaining for β-gal-IR and PAG-IR (Fig. 5D-F). Consistent with
GABAergic neuron-specific expression, virtually all of the expression was in neurons, as
shown by costaining for β-gal-IR and NeuN-IR (Fig. 5G-I). Cell counts (Table 4) showed that
88 % of the expression was in GABAergic neurons, whereas only 13 % of the expression was
in glutamatergic neurons. The sum of the counts of expression in glutamatergic neurons and
GABAergic neurons (88 % + 13 % = 101 %) showed that virtually all of the expression was
in GABAergic or glutamatergic neurons, consistent with 96 % neuronal-specific expression
from counts of the NeuN-IR costaining (Table 4). Because the assays for glutamatergic neurons
and GABAergic neurons use different antibodies with different sensitivities, the sum of the
counts of these two types of neurons (101 %) was slightly over 100 %.

2.3. These vectors supported high levels of long-term (2 months) expression in glutamatergic
or GABAergic neurons

Stocks of each of the vectors (pPAGlac, pVGLUT1lac, or pGADlac), or control vectors, were
microinjected into POR cortex, and the rats were sacrificed at either 4 days or 2 months after
gene transfer. The positive control was pTH-NFHlac, which supports long-term expression,
and the negative control was pNFHlac, which supports only short-term expression [59]. Using
pPAGlac, a rat sacrificed at 4 days contained numerous X-gal positive cells proximal to the
injection site (Fig. 6A), and a high power view (Fig. 6B) showed numerous X-gal positive cell
bodies with neuronal morphology (large, non-spherical cell bodies). A rat sacrificed at 2
months contained X-gal positive cells proximal to the injection site (Fig. 6C), but fewer than
observed at 4 days, and a high power view (Fig. 6D) showed X-gal positive cell bodies with
neuronal morphology. Similar results were obtained using pVGLUT1lac (4 days, Fig. 6E and
F; 2 months, Fig. 6G and H) or pGADlac (4 days, Fig. 6I and J; 2 months, Fig. 6K and L). In
rats sacrificed at 2 months, the positive control (pTH-NFHlac) supported X-gal positive cells
(not shown), but using the negative control (pNFHlac), no X-gal cells were observed (not
shown), similar to previous results [57,59].

Cell counts were used to determine the numbers of expressing cells for each vector and time
point. We calculated the % efficiency of gene transfer for each vector (number of X-gal cells
at 4 days / titer (IVP) of vector injected × 100). The results (Table 5) showed that pPAGlac,
pVGLUT1lac, or pGADlac supported 2, 5, or 2 % efficiency of gene transfer, respectively.
Vectors containing the TH-NFH or INS-TH-NFH promoter supported similar % efficiencies
of gene transfer (1-10 %) in specific brain areas [57,59]. Next, we calculated the % stability
of long-term expression for each vector (X-gal cells at 2 months / X-gal cells at 4 days × 100).
The results (Table 5) showed that pPAGlac and pVGLUT1lac supported similar stabilities of
long-term expression, 26 % or 21 %, respectively. pVGLUT1lac appeared to support
expression in more cells than pPAGlac, but the difference was significant only at 2 months (4
days p>0.05, 2 months p<0.05, t-test). Of note, pGADlac supported 36 % stability of long-
term expression (Table 5). These stabilities of long-term expression compare favorably with
the 10 to 20 % stability of long-term expression supported by pTH-NFHlac in the striatum,
hippocampus, or neocortex [59].

Rasmussen et al. Page 5

Brain Res. Author manuscript; available in PMC 2009 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To establish long-term glutamatergic or GABAergic neuron-specific expression, we performed
costaining for β-gal-IR and the appropriate cell marker on sections from rats sacrificed at 2
months after receiving each of the three vectors. Using either pPAGlac or pVGLUT1lac, we
observed many cells that costained for β-gal-IR and PAG-IR (pPAGlac, Fig. 7A-C;
pVGLUT1lac, Fig. 7D-F). Conversely, using pGADlac, we observed many cells that costained
for β-gal-IR and GAD-IR (Fig. 7G-I). Cell counts showed that pPAGlac supported 87 %
glutamatergic neuron-specific expression at either 2 months (Table 6) or 4 days (Table 2).
pVGLUT1lac supported 77 % glutamatergic neuron-specific expression at 2 months (Table
6), slightly lower than the 92 % glutamatergic neuron-specific expression observed at 4 days
(Table 3). pGADlac supported 87 % GABAergic neuron-specific expression at 2 months
(Table 6), similar to the 88 % GABAergic neuron-specific expression observed at 4 days (Table
4).

3. Discussion
3.1. HSV-1 vectors containing the PAG, VGLUT1, or GAD67 promoters supported
glutamatergic or GABAergic neuron-specific expression

We showed that HSV-1 vectors containing either the rat PAG or mouse VGLUT1 promoter
supported ∼90 % glutamatergic neuron-specific expression, and a HSV-1 vector containing
the mouse GAD67 promoter supported ∼90 % GABAergic neuron-specific expression, in POR
cortex. We previously showed that a HSV-1 vector containing a modified neurofilament
promoter (INS-TH-NFH promoter) supported approximately equal levels of expression in
glutamatergic or GABAergic neurons in POR cortex, specifically, 52 % glutamatergic neuron-
specific expression and 45 % GABAergic neuron-specific expression [58]. Thus, the neuron
subtype-specific expression reported here is due to the activity of the specific promoters, and
not preferential transduction of a specific neuronal subtype by HSV-1 vector particles. The
GABAergic neuron-specific expression supported by pGADlac is consistent with results on
the GAD67 promoter in transgenic mice [5,7,15,23,25,30,31,48]. The PAG promoter fragment
used here supported kidney cell type-specific expression in a DNA transfection study [49];
however, it remains to be determined if the same, or different, genetic elements confer kidney
cell-specific and glutamatergic neuron-specific expression. To our knowledge, there are no
previously published studies on the VGLUT1 promoter.

The PAG, VGLUT1, and GAD67 promoters each supported ∼10 % expression in inappropriate
cell types. Inappropriate expression is defined as expression from a specific vector in a cell
type in which the corresponding endogenous promoter is silent; for example, expression from
pVGLUT1lac in GABAergic neurons, as the endogenous VGLUT1 promoter is silent in these
cells. Most of this inappropriate expression appeared to be in other types of neurons, although
costaining with glial-specific markers was not performed. Some of this inappropriate
expression may be due to side effects of the vector system (any cytotoxicity or immune
response); consistent with this view, the same vector containing a TH promoter supported 40
% catecholaminergic neuron-specific expression using a helper virus-containing system [38],
but ∼61 % catecholaminergic neuron-specific expression using the helper virus-free system
[55], which causes markedly less cytotoxicity or immune response [11,32]. Thus, although the
helper virus-free system causes few side effects, any side effects it does cause may contribute
to the inappropriate expression. Alternatively, this inappropriate expression could be due to
genetic regulatory events that occur during the differentiation of neurons, and are not
reproduced when HSV-1 vectors deliver these promoters into mature neurons. For example,
at a specific time during development, a specific DNA sequence may be demethylated as part
of the mechanism that initiates transcription from that promoter, and this event will not occur
following introduction of a vector into a mature neuron. Or, each promoter fragment used here
may lack specific modulatory genetic regulatory elements that assist in conferring high levels
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of neuronal subtype-specific expression; for example, pVGLUT1lac supported ∼90 %
glutamatergic neuron-specific expression, and this vector may lack specific modulatory
elements in the endogenous VGLUT1 promoter that enable this endogenous promoter to
support expression in glutamatergic neurons, with no expression in inappropriate cell types.

Glutamatergic and GABAergic neuron subtypes each contain multiple classes of neurons
[28,29,41], and specific classes are preferentially located in specific cortical layers. Our
injection coordinates were located deep in POR cortex, and most of the transduced neurons
were located deep in POR cortex, although we did not determine the distribution of transduced
neurons among the different cortical layers. Thus, we did not determine if the promoters studied
here supported expression in most classes of either glutamatergic or GABAergic neurons.
However, it seems unlikely that the high levels of % glutamatergic or GABAergic neuron-
specific expression, and the high efficiencies of gene transfer, observed here are consistent
with activity in only a small subset of the classes of either glutamatergic or GABAergic
neurons. Moreover, the GAD67 promoter fragment used here supports expression in most
classes of GABAergic neurons in transgenic mice, while shorter fragments of the GAD67
promoter show more restricted expression in transgenic mice [5,7,15,23,25,30,31,48]. PAG
produces the majority of the neurotransmitter glutamate and is thought to be present in most
glutamatergic neurons [20,21,27,35,50], consistent with our results. VGLUT1 is the
predominant VGLUT in the neocortex [3,12,13,17,46,47,51], consistent with our results.
VGLUT2 is found in some neurons in cortical layer 4. However, the level of analysis used here
was unlikely to discern the presence, or lack, of β-gal-IR cells in a subset of neurons within a
narrow band, such as layer 4. Moreover, POR cortex contains a different set of layers compared
to much of neocortex; posterior or anterior POR cortex contains 3 or 4 layers, respectively
[4], and the distributions of VGLUT1 and VGLUT2 in POR cortex have not been precisely
determined.

HSV-1 vectors might be used to identify the critical elements in the PAG, VGLUT1, or GAD67
promoters that confer neuronal subtype-specific expression. A deletion analysis of the 6.0 kb
TH promoter fragment in the TH-NFH promoter identified two ∼100 bp fragments with
enhancer activity within an ∼320 bp fragment [14]. A deletion analysis of the PAG, VGLUT1,
or GAD67 promoters might determine if one element supports expression in all the classes of
glutamatergic or GABAergic neurons, or if different elements support expression in specific
classes. Such deletion analyses are difficult to perform in transgenic mice due to time and cost,
and AAV or lentivirus vectors lack the capacity to contain the large promoter fragments used
here.

3.2. HSV-1 vectors containing specific promoters support long-term expression in neurons,
or specific types of neurons

The PAG, VGLUT1, or GAD67 promoters supported a % of long-term expression that
compares favorably with the TH-NFH promoter [59]; however, the numbers of positive cells
at 2 months were modest, ∼150 X-gal cells (Table 5). In contrast, using the INS-TH-NFH
promoter, we obtained ∼11,400 expressing cells (in the striatum) at 6 months after gene transfer
[42]. This other study [42] used three injection sites, compared to the one site used here, and
the vector titers were ∼3-fold higher than those used here (and studied a different brain region).
Also, this other study used the INS-TH-NFH promoter which is active in most neurons, whereas
each of the promoters used here is active in ∼50 % of the neurons. Together, this 18-fold
difference accounts for most the difference between the numbers of positive cells observed
here and in the study that reported ∼11,400 expressing cells at 6 months [42].

Addition of the INS to the TH-NFH promoter increased the stability of long-term expression
from 10 - 20 % to 30 - 40 % [59]. Analogously, addition of the INS to the PAG, VGLUT1, or
GAD67 promoters might further increase the stability of long-term expression supported by
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each promoter. Nonetheless, the 26, 21, or 36 % stabilities of long-term expression supported
by PAG, VGLUT1, or GAD67 promoters, respectively, are already comparable to the 30 to
40 % stability of long-term expression supported by the INS-TH-NFH promoter [59]. Of note,
the INS-TH-NFH promoter has supported physiological studies with long-term changes in
neuronal physiology, behavior, and learning [42-44,58].

Although initial attempts at identifying promoters that support long-term expression from
HSV-1 vectors were problematic, there is now a list of five promoters that support long-term
expression from HSV-1 vectors, namely the TH [18,38], preproENK [22], PAG, VGLUT1, or
GAD67 promoters. Interestingly, each of these five promoters supports expression in a specific
subtype of neurons. Of note, the proteins encoded by these five genes have diverse functions;
TH, PAG, and GAD are classical neurotransmitter biosynthetic enzymes; ENK is a peptide
neurotransmitter, and VGLUT1 is a vesicular transporter. This diversity of function suggests
that other promoters that are active in a specific type of neuron will also support long-term
expression from HSV-1 vectors. In contrast, a number of herpesvirus, and other viral,
promoters support little or no long-term expression from HSV-1 vectors (reviewed in [59]).
These viral promoters may be shut off by mechanisms similar to those that shut off most HSV-1
gene expression as HSV-1 enters the latent state [34,39,40]. Also, a number of neuronal-
specific promoters support minimal long-term expression from HSV-1 vectors, including the
NF-H, neuron-specific enolase, and voltage-gated sodium channel promoters [55]. Many
neuronal-specific promoters, including the NF-H promoter, contain the neuronal silencer
element (REST) [6,36,37]; REST is expressed in virtually all non-neuronal cells. Thus, these
neuronal-specific promoters are passively turned on in neurons, which lack REST. In HSV-1
vectors, this passive induction may render these promoters vulnerable to the mechanisms that
shut off most HSV-1 gene expression as HSV-1 enters the latent state [34,39,40]. These
observations suggested that addition of specific enhancers from neuronal subtype-specific
promoters would enable long-term expression from REST-regulated, neuronal-specific
promoters. Three chimeric promoters support this hypothesis; the TH-NFH [14,59], INS-TH-
NFH [59], and ENK-NFH [53] promoters each support long-term expression in forebrain
neurons.

Thus, HSV-1 vectors containing neuronal subtype-specific promoters can support long-term
expression in specific types of neurons. In particular, expressing specific genes that affect
neuronal physiology, in glutamatergic or GABAergic neurons, may benefit gene therapy or
basic neuroscience studies.

4. Materials and Methods
4.1. Materials

OptiMEM, penicillin/streptomycin, Dulbecco's modified minimal essential medium (DMEM),
and fetal bovine serum (FBS) were obtained from Invitrogen. G418 was obtained from RPI.
Restriction endonucleases and DNA modifying enzymes were from New England Biolabs.
PCR primers, PCR reagents, and the TOPO TA cloning kit were obtained from Invitrogen. X-
gal was obtained from Sigma. Rabbit anti-E. coli β-gal, rabbit anti-GAD, and mouse anti-NeuN
antibodies were obtained from Chemicon. Mouse anti-E. coli β-gal, fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit immunoglobulin G (IgG), and tetramethylrhodamine
isothiocyanate (TRITC)-conjugated goat anti-mouse IgG were obtained from Sigma.
Prepacked diethylaminoethyl/Affi-Gel blue column was from Biorad.

4.2. Cells
BHK21 and 2-2 cells were maintained in DMEM supplemented with 10 % FBS, 4 mM
glutamine and penicillin/streptomycin. They were grown in an incubator at 37 °C, 5 % CO2
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and 100 % humidity. G418 (0.5 mg/ml), present during the growth of 2-2 cells, was removed
before plating cells for vector packaging.

4.3. Vectors
The starting point for the vector constructions was pTH-NFHlac [59]; the TH-NFH promoter
fragment was excised (BamH I partial, Hind III complete reaction), and was replaced by a
polylinker to yield pLinker-lac. The polylinker sequence was: sense, 5′
CTCGAGGGATCCCTTAAGACTGTAGCGGCCGCGGCCGGCCGTTTAAACGGCGCG
CCAAGCTT 3′ and antisense, 5′
AAGCTTGGCGCGCCGTTTAAACGGCCGGCCGCGGCCGCTACAGTCTTAAGGGAT
CCCTCGA 3′, the polylinker contains sites for Xho I, BamH I, Afl II, Not I, Fse I, Pme I, Asc
I, Hind III, and includes a 6 bp spacer between the Afl II and Not I sites.

A 2.4 kb fragment containing the rat PAG promoter (pλGA1 [49]) was isolated by PCR. Primers
were designed to introduce a Not I site at the 5′ end and an Asc I site at the 3′ end; sense, 5′
GCGGCCGCCCTCTACCCACTGAGCCATG 3′ (nucleotides 1 - 20) and antisense, 5′
GGCGCGCCGCCGCCGGCGCCCGCTCGTCAGAAGAGGATGC 3′ (antisense to
nucleotides 2,390 – 2,422). The PCR product was digested with Not I and Asc I, and inserted
into pLinker-lac that had been digested with the same enzymes, to yield pPAGlac.

pVGLUT1lac was designed to contain the mouse VGLUT1 promoter and first intron (p7-13
and p7-14 [56], gifts from Drs. N. Brose and C. Rosenmund). The first intron may have a role
in VGLUT1 transcription control (Personal communication from Dr. Herzog). The VGLUT1
promoter was isolated from p7-14 as a 7 kb Not I fragment and inserted into pLinker-lac that
had been digested with Not I, to yield pVGLUT1-prom-lac. The splice donor and acceptor sites
for the VGLUT1 first intron were isolated as two PCR fragments; one PCR fragment contained
the splice donor site, and the other PCR fragment contained the splice acceptor site. The
template for PCR was p7-13; primers for the first PCR fragment were: sense, 5′
GGATCCGGCCGGCCCCGGTGAGCCTGGTGGGGTTCCTGG 3′ (nucleotides 118 to 142;
contains BamH I and Fse I sites); and antisense, 5′ CTATAGGTGTGAGTGTAACCCCTGA
3′ (antisense to nucleotides 2,322 - 2,343). The primers for the second PCR fragment were:
sense, 5′ TGTATGAGACTCAGAATCCTGTTTG 3′ (nucleotides 2,236 – 2,260); and
antisense, 5′ GGTACCGGCGCGCCCTGCAGGGAAGCGAGAAGCAAAGAC 3′
(antisense to nucleotides 4,689 – 4,713; contains Kpn I and Asc I sites). The two PCR fragments
were cloned into TOPO vectors. Both PCR fragments contained an internal Hind III site. The
first PCR fragment was excised from the TOPO vector with BamH I and Hind III, the second
PCR fragment was excised with Hind III and Kpn I, and the two fragments were inserted into
pUC19 that had been digested with BamH I and Kpn I, to yield pVGLUT1intron. The intron
was excised from pVGLUT1intron by digestion with Fse I and Asc I and inserted into
pVGLUT1-prom-lac that had been digested with the same enzymes, to yield pVGLUT1lac,
which contains an 11.6 kb fragment of the VGLUT1 promoter and first intron.

A 10.1 kb fragment containing the mouse GAD67 promoter (derived from pGAD67-lacZ
[23], gift from Dr. Y. Yanagawa) was inserted into pLinker-lac in two steps. First, a 3.1 kb
fragment containing the 3′ part of the promoter (and 1.4 kb of the Lac Z gene) was obtained
by digestion of pGAD67-lacZ with Not I and EcoR V, and inserted into pLinker-lac that had
been digested with the same enzymes, to yield pGAD3′-lac. Next, pGAD67-lacZ was digested
with Hind III, treated with the Klenow fragment of DNA polymerase I, and then digested with
Not I (yielding an 8.4 kb fragment of upstream GAD67 promoter sequences); pGAD3′-lac was
digested with Afl II, treated with the Klenow enzyme, and then digested with Not I; these two
fragments each contain a Not I end and a blunt end, and they were ligated to yield pGADlac.
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4.4. Packaging
The vectors were packaged into HSV-1 particles using a modified form of the helper-virus free
packaging protocol described previously [11,45]. Purified vectors were titered on BHK cells,
by counting X-gal positive cells at 24 hrs post-transduction. Vector genome titers were
determined by performing PCR on DNA extracted from the purified vector stocks, using
primers for the Lac Z gene [57]. Wild-type HSV-1 was not detected (<10 plaque forming units/
ml) in any of the vector stocks.

4.5. Stereotactic injections of vectors into rat POR cortex
The W. Roxbury VA Hospital IACUC approved all the animal procedures. Adult male
Sprague-Dawley rats (250-300 g) were anesthetized by ip injection of a Ketamine (20 mg/ml)
Xylazine (2 mg/ml) mixture with a final dose of 60 mg/kg and 6 mg/kg, respectively. Additional
anesthesia was administered as needed. Each rat received 2 injections into POR cortex, one in
each hemisphere: The injection coordinates were anteroposterior (AP) -7.8 – -8.0 mm,
mediolateral (ML): ±5.8 – 6.0 mm and dorsoventral (DV): (-5.6) – (-6.0) mm [33]. AP is
measured relative to bregma, ML is relative to the sagittal suture and DV is relative to the
bregma-lambda plane. The coordinates are given as intervals to allow for individual variation
in rat size. A micropump (model 100, KD Scientific) was used for the injections, 3 μl of vector
stock was injected at each site over 5 minutes, and after 5 additional minutes, the needle was
slowly retracted.

4.6. Immunohistochemistry
Brains were perfused as described [59], and 25 μm coronal sections containing, or proximal
to, the injection site were prepared using a freezing microtome. X-gal staining was performed
as described [59]. Mouse anti-PAG antibody was purified using a prepacked
diethylaminoethyl/Affi-Gel blue column, following the manufacturer's instructions.
Immunohistochemistry was performed on free-floating sections as described [59]. β-gal-IR
was detected using either rabbit or mouse anti-β-gal antibody (1:1,000 dilution or 1:200
dilution, respectively). Cell types were identified using rabbit anti-GAD (1:5,000 dilution), or
rabbit anti-PAG (1:150 dilution), or mouse anti-NeuN (1:200 dilution). Primary antibodies
were visualized with either TRITC-conjugated goat anti-mouse IgG or FITC-conjugated goat
anti-rabbit IgG.

4.7. Cell counts
Neuronal subtype-specific or neuronal-specific expression was quantified by cell counts.
Digital images were taken at 20× or 60× magnification, merged using image manipulation
software (GNU image manipulation program, www.gimp.org), and counts were performed on
these merged images. In the fields that were examined, all the β-gal-IR cells were scored for
containing, or lacking, a specific cell marker. X-gal positive cells were counted from digital
images taken at 60× magnification. All counts were done at least two separate times, and results
differed by <10 %.
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Fig. 1.
Schematic diagrams of (A) the vector backbone common to all constructs, and (B) the rat PAG,
mouse VGLUT1, and mouse GAD67 promoters. (A) The transcription unit contains the
promoter region (clear segment), followed by the Lac Z gene (diagonal line segment), the
second intron from the mouse α-globin gene (triangle), and the SV40 early region
polyadenylation signal (SV40 poly A, gray). Three polyadenylation sites (Tri A, black) were
placed 5′ to the promoter segment, to minimize effects on each promoter from the upstream
HSV IE 4/5 promoter. Two sequences from HSV-1 were included to support DNA replication
(HSV-1 oriS, small circle) and packaging into HSV-1 particles (HSV-1 a, horizontal line
segment). To allow propagation in E. coli, sequences from pBR322 (vertical lines) were
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included. (B) The three promoters are drawn to scale relative to each other; the sizes and
transcription start sites are indicated. The triangle denotes the first intron in the VGLUT1 gene.
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Fig. 2.
The PAG-IR and GAD-IR assays recognize specific subpopulations of cortical neurons.
Sections that contained POR cortex were obtained from a rat that did not receive gene transfer.
PAG-IR or GAD-IR was visualized using a fluorescein isothiocyanate-conjugated secondary
antibody, and NeuN-IR was visualized in the same sections using a rhodamine isothiocyanate-
conjugated secondary antibody. (A-C) PAG-IR stains a subset of neurons; (A) PAG-IR, (B)
NeuN-IR, or (C) merged. Numerous neurons were detected, many of which contained PAG-
IR (arrows). (D-F) GAD-IR stains a subset of neurons; (D) GAD-IR, (E) NeuN-IR, or (F)
merged. Scale bar: 100 μm.
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Fig. 3.
pPAGlac supported expression of β-gal predominantly in glutamatergic neurons. The rat was
sacrificed at 4 days after gene transfer. β-gal-IR was detected using an anti-β-gal antibody, and
glutamatergic neurons, or GABAergic neurons, or all neurons, were identified using anti-PAG,
or anti-GAD, or anti-NeuN antibodies, respectively. (A-C) Glutamatergic neuron-specific
expression; (A) β-gal-IR, (B) PAG-IR, or (C) merged. (D-F) GABAergic neuron-specific
expression; (D) β-gal-IR, (E) GAD-IR, or (F) merged. (G-I) Neuronal-specific expression; (G)
β-gal-IR, (H) NeuN-IR, or (I) merged. Arrows indicate costained cells, and arrowheads show
cells that contained only β-gal-IR. Scale bars: (A-F) 50 μm; (G-I) 100 μm.
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Fig. 4.
pVGLUT1lac supported expression of β-gal predominantly in glutamatergic neurons. The rat
was sacrificed at 4 days after gene transfer. (A-C) Glutamatergic neuron-specific expression;
(A) β-gal-IR, (B) PAG-IR, or (C) merged. (D-F) GABAergic neuron-specific expression; (D)
β-gal-IR, (E) GAD-IR, or (F) merged. (G-I) Neuronal-specific expression; (G) β-gal-IR, (H)
NeuN-IR, or (I) merged. Arrows indicate costained cells, and arrowheads show cells that
contained only β-gal-IR. Scale bars: (A-F) 50 μm; (G-I) 100 μm.
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Fig. 5.
pGADlac supported expression of β-gal predominantly in GABAergic neurons. The rat was
sacrificed at 4 days after gene transfer. (A-C) GABAergic neuron-specific expression; (A) β-
gal-IR, (B) GAD-IR, or (C) merged. (D-F) Glutamatergic neuron-specific expression; (D) β-
gal-IR, (E) PAG-IR, or (F) merged. (G-I) Neuronal-specific expression; (G) β-gal-IR, (H)
NeuN-IR, or (I) merged. Arrows indicate costained cells, and arrowheads show cells that
contained only β-gal-IR. Scale bars: (A-F) 50 μm; (G-I) 100 μm.
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Fig. 6.
X-gal positive cells from rats sacrificed at either 4 days or 2 months after gene transfer using
pPAGlac, or pVGLUT1lac, or pGADlac. (A-D) pPAGlac; (A and B) 4 days, or (C and D) 2
months. Low power views (A and C) show numerous X-gal cells proximal to the injection
sites, and high power views (B and D) show neuronal morphology, including large cell bodies.
(E-H) pVGLUT1lac; (E and F) 4 days, (E) low power, or (F) high power; or (G and H) 2
months, (G) low power, or (H) high power. (I-L) pGADlac; (I and J) 4 days, (I) low power, or
(J) high power; or (K and L) 2 months, (K) low power, or (L) high power. Scale bars: (A, C,
E, G, I and K) 50 μm; (B, D, F, H, J and L) 30 μm.
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Fig. 7.
In rats sacrificed at 2 months after gene transfer, each of the three vectors supported either
glutamatergic neuron-specific or GABAergic neuron-specific expression of β-gal. (A-C)
pPAGlac; (A) β-gal-IR, (B) PAG-IR, or (C) merged. (D-F) pVGLUT1lac; (D) β-gal-IR, (E)
PAG-IR, or (F) merged. (G-I) pGADlac; (G) β-gal-IR, (H) GAD-IR, or (I) merged. Arrows
indicate costained cells, and arrowheads show cells that contained only β-gal-IR. Scale bar: 20
μm.
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TABLE 1
Titers of the purified vector stocks

Vector VG/mla IVP/mlb VG/IVP

pPAGlac 1.6×108 8.6×106 19

pVGLUT1lac 9.6×107 6.5×106 15

pGADlac 8.9×107 7.5×106 12

a
VG/ml is vector genomes/ml.

b
IVP/ml is infectious virus particles/ml.

Brain Res. Author manuscript; available in PMC 2009 June 10.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rasmussen et al. Page 24

TABLE 2
Numbers of cells that contained β-gal-IR, and the types of transduced cells, in rats sacrificed at 4 days after injection
of pPAGlac into POR cortex

Cell marker β-gal-IR cells Costained cellsa % costained

PAG 538 470 87

GAD 269 29 11

NeuN 253 245 97

The titers of pPAGlac are in Table 1. Gene transfer used 1 injection site/hemisphere (see methods for stereotactic coordinates), and 3 μl of vector stock
was injected. Three hemispheres were analyzed, and 3-6 sections were analyzed in each hemisphere. All the β-gal-IR cells in each section that was
examined were scored for costaining with the appropriate cell marker.

a
Costained cells are positive for both β-gal-IR and cell marker-IR.
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TABLE 3
Numbers of cells that contained β-gal-IR, and the types of transduced cells, in rats sacrificed at 4 days after injection
of pVGLUT1lac into POR cortex

Cell marker β-gal-IR cells Costained cellsa % costained

PAG 314 287 92

GAD 212 23 11

NeuN 207 200 97

The titers of pVGLUT1lac are in Table 1. Gene transfer conditions were as in Table 2. Three hemispheres were analyzed, and 3-6 sections were analyzed
in each hemisphere. All the β-gal-IR cells in each section that was examined were scored for costaining with the appropriate cell marker.

a
Costained cells are positive for both β-gal-IR and the cell marker-IR.
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TABLE 4
Numbers of cells that contained β-gal-IR, and the types of transduced cells, in rats sacrificed at 4 days after injection
of pGADlac into POR cortex

Cell marker β-gal-IR cells Costained cellsa % costained

PAG 186 25 13

GAD 450 394 88

NeuN 235 226 96

The titers of pGADlac are in Table 1. Gene transfer conditions were as in Table 2. Four hemispheres were analyzed, and 3-6 sections were analyzed in
each hemisphere. All the β-gal-IR cells in each section that was examined were scored for costaining with the appropriate cell marker.

a
Costained cells are positive for both β-gal-IR and the cell marker-IR.
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TABLE 5
Numbers of X-gal positive cells in rats sacrificed at 4 days or 2 months after injection of pPAGlac, pVGLUT1lac,
pGADlac, or control vectors, into POR cortex

Average X-gal cells / hemisphere % efficiency of
gene transfera % long-term expressionb

Vector
4 days 2 months

pPAGlac 592±190 152±12 2 % 26 %

pVGLUT1lac 887±357 184±8 5 % 21 %

pGADlac 433±87 156±16 2 % 36 %

pTH-NFHlac NDc 149±31

pNFHlac NDc 0±0

The titers of the pPAGlac, pVGLUT1lac, or pGADlac stocks are in Table 1; the titer of pTH-NFHlac was 9.6 × 106 IVP/ml, and the titer of pNFHlac

was 1.5 × 106 IVP/ml. Gene transfer conditions were as in Table 2. Three hemispheres were analyzed for each vector and time point, and every 4th section
containing the X-gal positive cells (sections proximal to the injection site) was analyzed. The means±SEMs are shown.

a
% efficiency of gene transfer = number of X-gal cells at 4 days / titer (IVP) of vector injected × 100.

b
% long-term expression = number of X-gal cells at 2 months / number of X-gal cells at 4 days × 100.

c
ND, not done.
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TABLE 6
Numbers of cells that contained β-gal-IR, and the types of transduced cells, in rats sacrificed at 2 months after injection
of pPAGlac, pVGLUT1lac, or pGADlac, into POR cortex

Vector β-gal-IR cells Costained with PAG-IR Costained with GAD-IR % costained

pPAGlac 247 214 NDa 87

pVGLUT1lac 215 166 NDa 77

pGADlac 121 NDa 105 87

The titers of the vector stocks are in Table 1. Gene transfer conditions were as in Table 2. For each vector, the sections that were examined were from 3
hemispheres, and 6-8 sections were analyzed in each hemisphere, for each assay. All the β-gal-IR cells in each section that was examined were scored for
costaining with the appropriate cell marker.

a
ND, not done.
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