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During herpes simplex virus type 1 (HSV-1) latent infection in human peripheral sensory ganglia, the major
viral gene transcribed is the latency-associated transcript (LAT) gene. In order to facilitate the study of this
gene, we generated a transgenic mouse that contains the DNA fragment that transcribes the LAT RNAs (2.0
kb and its 1.5-kb spliced transcript) under control of the cytomegalovirus promoter. The tissue distribution of
these transcripts and their effects upon HSV-1 replication, latency, and reactivation in the transgenic-mouse
model were examined. Different steady-state amounts of both transcripts were found in various tissues. While
the highest levels of the 2.0-kb RNA were detected in heart and skeletal muscle, the 1.5-kb transcript was found
at elevated levels in the brain and at much higher levels in the trigeminal ganglia (TG). Replication of both the
wild-type and a LAT-negative mutant virus was suppressed in primary embryonic fibroblasts obtained from
LAT-expressing transgenic mice compared to that in cells obtained from normal mice. HSV-1 DNA amounts
in latently infected TG of transgenic mice were similar to those in normal mice. Reactivation of latent HSV-1
LAT-negative mutants by explant cocultivation of TG from transgenic mice was more efficient than reactivation
from normal-mouse TG. Considering our present and previous results, we propose that the significantly higher
steady-state level of the 1.5-kb RNA in the TG may link this transcript to latency functions and that by
inhibition of virus replication, the LAT gene may protect ganglion cells and thereby increase the probability of
reactivation.

Herpes simplex virus type 1 (HSV-1) establishes lifelong
latent infection in human peripheral sensory ganglia (for re-
views, see references 26 and 40), usually in the absence of viral
replication (38). From a quiescent, nonreplicating state, it can
reactivate to produce recurrent mucocutaneous disease.
HSV-1 latency is present in the majority of the adult popula-
tion (50) and is not accompanied by damage to peripheral
sensory ganglion cells. During latency, a limited part of the
viral genome, the LAT (latency-associated transcript) gene, is
transcriptionally active, and two colinear LATs, 2.0 and 1.5 kb
in size, accumulate in latently infected nervous tissues (34, 36,
41). The 2.0-kb LAT is a stable intron derived from a less
abundant 8.3-kb RNA (28, 53) and is further spliced to pro-
duce the 1.5-kb LAT. While the 2.0-kb transcript is observed
during productive and latent infections, the 1.5-kb RNA ap-
pears to be specific for neuronal tissue harboring the latent
viral genome (13, 42). Both transcripts contain several large
open reading frames, have been detected in the nucleus and
cytoplasm (1, 12, 13, 29), and bind to polyribosomes (12).
Although no protein products have yet been identified, there is
an indication of biological function for the largest LAT open
reading frame (41).

Viruses incapable of expressing the LATs have a defective
reactivation phenotype (15, 37, 45, 47). Whether this gene
exerts its function during reactivation or the defective reacti-
vation phenotype is due to impaired ability of LAT-negative

viruses to establish latent infection is still unsettled. However,
improved reactivation efficiency was correlated with HSV-1
ability to establish latent infection in a higher percentage of
neurons (45, 46). Neuronal cell lines that express the LAT
gene were previously generated, and it was demonstrated that
HSV-1 replication in these cells is partially blocked and that
the viral immediate-early (IE) genes are repressed in the pres-
ence of the LATs. It was therefore suggested that the LAT
gene might have a role in facilitating the establishment of
HSV-1 latency (23).

Several questions associated with HSV-1 latent infection in
vivo await elucidation. Is splicing of the 1.5-kb RNA specific to
the nervous system? What cellular or tissue functions, manda-
tory for the latent state, are mediated by the LAT gene? Can
LAT suppress HSV-1 replication and improve establishment
of latency, and by what mechanism? Does this gene encode
proteins?

To address these questions, we have generated a transgenic
mouse in which the HSV-1 DNA fragment that transcribes the
2.0- and 1.5-kb LATs is controlled by the cytomegalovirus
(CMV) IE promoter. A recent study examined the effect of the
HSV-2 LAT transgene upon HSV-2 infection and latency in
transgenic mice and did not identify any phenotypic difference
from the parental mouse strain (49).

The present work reports differential processing of both the
2.0- and 1.5-kb LATs in various transgenic-mouse tissues. It
indicates that splicing of the 2.0-kb LAT to generate the 1.5-kb
transcript takes place in every tissue but its steady-state level is
significantly higher in neuronal tissues. We also studied the
effects of the LAT transgene upon the replication of the
HSV-1 wild type, as well as an HSV-1 LAT-negative mutant, in
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primary fibroblasts obtained from the transgenic mice and on
the efficiency of explant reactivation from the trigeminal gan-
glia (TG). Replication of both viruses was suppressed in the
LAT-expressing cells; the latent-HSV-1 copy numbers were
similar in LAT-expressing and normal TG, while reactivation
from transgenic-mouse TG was more efficient than from nor-
mal-mouse TG.

MATERIALS AND METHODS

Viruses. HSV-1 strain F was obtained from B. Roizman, University of Chi-
cago, Chicago, Ill. HSV-1 FS1001K, a KOS strain-derived LAT-negative mutant
(9), was kindly provided by N. Fraser, The Wistar Institute. The viruses were
propagated and titrated on CV-1 cells as described before (38), using 0.5 mg of
human gamma globulins/ml.

Generation of LAT transgenic mice. The pLAT-expressing vector (23), which
contains the LAT coding sequences (from the PvuI site at position 118802 to the
MluI site at position 121651) under the control of the CMV IE promoter, was
cleaved with AflIII and BamHI (Fig. 1A, II) to separate the LAT transgene from
vector sequences. The appropriate transgene DNA fragment was electropho-
resed on a 1% agarose gel, purified on an ion-exchange column (Elutip-d col-
umn; Schleicher and Schuell), ethanol precipitated, and dissolved in the injection
buffer (7.5 mM Tris, 0.2 mM EDTA, pH 7.5) to a final concentration of 15 ng/ml.
The LAT transgene was injected into pronuclei of fertilized ova derived from
(C57Black � BALB/c)F1 mice according to standard procedures (16). After
injection, ova were transferred at the two-cell stage to the oviducts of surrogate
pseudopregnant F1 females. Transgenic mice generated by this procedure were
identified by slot blot hybridization of high-molecular-weight DNA extracted
from tail biopsy specimens.

Replication of HSV-1 in primary fibroblast cultures. Mouse embryonic fibro-
blast (MEF) cultures were prepared from embryos collected on day E16 of
gestation. The embryos were surgically removed, separated from maternal tissues
and yolk sacs in phosphate-buffered saline, and then decapitated and degutted,
and the bodies were incubated in 0.08% trypsin–0.007% EDTA solution with
shaking at 37°C for 30 min. The suspension was allowed to settle, the supernatant
was collected, and 1% fetal calf serum (FCS) was added. The pellet was then
incubated with trypsin for an additional 30 min, the supernatant was collected
and centrifuged for 7 min at 1,000 � g, and the cells were resuspended in
Dulbecco’s modified Eagle’s medium with 10% FCS. After 18 h, the medium was
replaced (3).

Primary fibroblast cells from the second passage were seeded (0.5 � 105 per
plate). A day later, the cultures were infected with HSV-1 strain F and with the
KOS strain-derived LAT-negative FS1001K mutant. Cells and media were har-
vested 24 h postinfection and subjected to three cycles of freeze and thaw, and
virus titers were determined on CV-1 cells as described before (23). All exper-
iments were done with triplicate plates. As control cultures, MEFs were derived
from LAT-negative siblings obtained from the same litter.

Cell viability assay (MTT). The cell viability assay is based on the ability of
cellular mitochondria to convert MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide [Sigma]) into a blue formazan product and was performed
according to the procedure of Miller and McDevitt (25). Absorbance (492 nm)
was measured in an enzyme-linked immunosorbent assay plate reader (Organon
Teknika) with a reference wavelength of 630 nm.

Inoculation of mice. Eight-week-old transgenic and normal mice were anes-
thetized by intraperitoneal injection of ketamine (85 mg/kg) and xylazine (3
mg/kg). Both corneas were scarified, and a total inoculum of 2 � 105 PFU of the
FS1001K LAT-negative mutant was applied to the corneas as described previ-
ously (37). The entire study with mice was approved by the Institutional Com-
mittee for Ethical Control of Experimentation with Animals.

HSV-1 reactivation from TG by explant cocultivation. Following primary in-
fection, the mice were maintained for at least 30 days. TG were explanted into
24-well plates, each well containing 4 � 104 CV-1 cells in 0.5 ml of Dulbecco’s
modified Eagle’s medium including 10% FCS, and transferred to a new well
every 3 days. To monitor reactivation, 0.1 ml of medium was transferred every
day to another well containing cells as described above in 0.4 ml of fresh medium.
The wells were examined daily for evidence of infectious viral particles by
observing the cytopathic effect in the cell monolayer. For quantification of re-
activated virus, another 0.1 ml of medium was removed and used for titration as
described before (38).

DNA slot blot. High-molecular-weight DNA was extracted from mouse organ
samples, using the GenElute Mammalian Genomic DNA Miniprep kit (Sigma).
Genomic DNA (10 �g) was then manipulated as described before (23).

Preparation of radioactively labeled DNA probes. The DNA probe for the
LAT gene was cleaved from the pLAT plasmid using the BstEII restriction

FIG. 1. Structure of the HSV-1 LAT transgene and analysis of its
copy number in transgenic mice. (A) Structure of the HSV-1 LAT
transgene. (I) Schematic representation of HSV-1 genome and LAT
transcripts. The unique long (UL) and short (US) regions are repre-
sented as lines, and the internal and terminal long and short repeats
(IRL, TRL, IRS, and TRS) are represented as open boxes. The loca-
tions of the LAT gene and its 8.3- and 2.0-kb LATs are indicated. (II)
DNA fragment inserted into mice. The 2.0-kb LAT gene, the locations
of the CMV promoter and simian virus 40 (SV40) poly(A) site, the
relevant restriction sites, and the location of the BstEII-cleaved LAT
gene probe are indicated. (III) Locations of the primers used for
RT-PCR and for quantitative RT-PCR. The arrows indicate the two
colinear 2.0- and 1.5-kb LATs and their orientations. (B) LAT copy
number analysis. DNAs (5, 10, and 20 �g), extracted from tail biopsy
specimens from transgenic mice, were slot blotted to two different
filters: one was hybridized with the LAT DNA probe (BstEII cleaved;
977 bp [panel A, II]), while the other filter was hybridized with a mouse
�-actin cDNA fragment (PstI cleaved; 1,100 bp) (27) as a diploid gene
control (LAT and �-actin, respectively). As a negative control, the
same amounts of DNA derived from nontransgenic mice were blotted
to the filters. The specific activities of the two probes were similar (3 �
109 � 0.3 � 109 cpm/�g of DNA). Computerized image analysis and
quantification of radioactive signals were performed with a Bio-Imag-
ing analyzer (45). The LAT transgene copy numbers were estimated
relative to the �-actin radioactive signal and are indicated above the
columns.
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enzyme (positions 120091 to 121068) (Fig. 1A, II). The probe was labeled as
described before (23). The specific activity of the probes was �108 cpm/mg of
DNA.

RNA purification and Northern blot analysis. Individual tissues were dissected
from transgenic mice and homogenized, and total RNA was obtained using the
Tri reagent (Molecular Research Center, Inc.) according to the manufacturer’s
instructions. Northern blot analysis was performed according to the method of
Spivack and Fraser (34).

RT-PCR. Total RNA (0.15 �g), extracted from the various tissues, was sub-
jected to reverse transcription (RT)-PCR using the Access RT-PCR system
(Promega) according to the manufacturer’s instructions. The following oligonu-
cleotide primers that flank the intron within the 2.0-kb LAT (Fig. 1A, III) were
prepared according to the published sequence of HSV-1 (31): P1, 5�-GACTCT
GTTACTTACCCGTCCGAC-3� (HSV-1 bases 119612 to 119635), and P2, 5�-
GAAAGCATCCTGCCACTGGCATGGA-3� (bases 120402 to 120426). RT was
performed with primer P2.

Quantitative RT-PCR. Quantitative RT-PCR was performed in two steps.
First, 1 �g of total RNA from different tissues was subjected to RT for 45 min at
48°C using the P2 primer (Fig. 1A, III) and avian myeloblastosis virus reverse
transcriptase (Promega). When the reaction was complete, the enzyme was
inactivated for 2 min at 94°C. This step was followed by quantitative PCR in a
LightCycler (Roche Molecular Biochemicals) in a total volume of 20 �l consist-
ing of 3.5 �l of the RT product, 2 �l of LightCycler FastStart DNA Master SYBR
Green I (Roche Molecular Biochemicals), P1 and P2 primers (1 �M each), and
4 mM MgCl2. The amplification conditions consisted of a hot-start preincubation
step of 10 min at 95°C, followed by 45 cycles of denaturation for 15 min at 95°C,
annealing (a touchdown from 65 to 60°C with a step size of 0.5°C per cycle), and
elongation for 12 s at 72°C. Melting peaks were used to determine the specificity
of the PCR.

DNA purification. Following primary infection, mice were maintained for at
least 30 days. High-molecular-weight DNA was extracted from pairs of ganglia,
using the GenElute Mammalian Genomic DNA Miniprep kit; 80 ng of DNA was
subjected to quantitative real-time PCR.

Quantitative PCR. The viral genome copy number in latently infected TG was
determined by quantitative DNA PCR, using an Applied Biosystems (Foster
City, Calif.) PCR system. Reactions were performed in 50-�l volumes containing
1� TaqMan Universal PCR Master Mix (Applied Biosystems), 80 ng of ganglion
DNA, 500 nM (each) forward and reverse primers, and 100 nM probe. The
primers and probe were based on the HSV-1 gB sequence: forward primer,
5�-CCGTCAGCACCTTCATCGA-3�; reverse primer, 5�-CGCTGGACCTCCG
TGTAGTC-3�; and probe, 5�-FAM-CCACGAGATCAAGGACAGCGGCC-T
AMRA-3� (Applied Biosystems) (19).

Real-time PCR amplification and detection were performed using a PRISM
7900HT sequence detector (Applied Biosystems) with optimized cycle condi-
tions: 50°C for 2 min, 95°C for 10 min, 50 cycles at 95°C for 15 s, and 60°C for
1 min. The relative copy number was calculated using a standard curve generated
from plasmid pgB that was serially 10-fold diluted to contain from 104 to 1011

copies of the desired gene in 5 �l and subjected to TaqMan PCR with the same
set of primers. By comparing the threshold cycle of each sample to the threshold
cycle of the standards, the copy number for each reaction was estimated. The
results were normalized for genomic DNA using the commercially available
TaqMan 18S rRNA Control Reagents kit (Applied Biosystems) and a serial
fivefold dilution of mouse genomic DNA. All samples were run in triplicate. TG
DNA samples from 11 ganglion pairs per group were assessed.

RESULTS

Generation and characterization of a LAT gene transgenic
mouse line. All viable progeny arising from (C57Black �
BALB/c)F1 mouse oocytes microinjected with the LAT trans-
gene (Fig. 1A, II) were screened by DNA hybridization. Three
founders containing the LAT transgene were identified and
designated MLAT1, MLAT2, and MLAT3. The founders gave
rise to offspring in crosses with parental nontransgenic mice
and transmitted the transgene in a Mendelian fashion (�50%
hemizygotes). The male and female transgenic mice of all
founders did not differ from the nontransgenic parental mice in
development and growth and had similar weights at 1, 2, and 3
months of age (data not shown). By extracting DNA and RNA
from tails, the three founder mouse lines were screened for the

LAT gene copy number (by DNA hybridization) and LAT
RNA expression (by Northern blot analysis), using the BstEII-
cleaved LAT DNA probe (Fig. 1A, II). The transgene copy
number per cell was analyzed by quantitative hybridization of
tail-extracted DNA (Fig. 1B). Filters blotted with increasing
amounts of DNA were hybridized with the LAT DNA probe or
with a mouse �-actin cDNA fragment (PstI cleaved; 1,100 bp)
(27) as a diploid gene control. The LAT transgene copy num-
ber was estimated relative to the �-actin radioactive signal
(diploid) using a Bio-Imaging analyzer (48). We found that
MLAT1 had a relatively high LAT gene copy number (13 or
14) (Fig. 1B) and a high LAT expression level (Fig. 2A), while
MLAT2 and MLAT3 had low LAT gene copy numbers (�2 or
3 copies) and a low LAT expression level (MLAT2) or no LAT
expression (MLAT3) (data not shown). In all further experi-
ments, we characterized the MLAT1 founder line and used its
heterozygous offspring.

A complete autopsy was performed on two MLAT1 trans-
genic mice and one normal parental mouse. Samples of the
lungs, heart, liver, spleen, kidneys, pancreas, adrenal glands,
gastrointestinal tract, internal sex organs, skeletal muscle, TG,
and cerebral cortex were histologically examined. The tissues
were fixed in 4% formalin and embedded in paraffin, and
5-�m-thick sections were obtained. The slides were stained
with hematoxylin and eosin for histopathological examination.
No abnormality was detected, except for a single focus of liver
cell necrosis observed in one of the transgenic mice.

Analysis of the 2.0- and 1.5-kb LATs in transgenic-mouse
tissues. The presence of the LAT RNA in various tissues was
determined using Northern blot analysis (Fig. 2A) and RT-
PCR (Fig. 2B). Total RNA was extracted from TG, brain,
heart, kidney, spleen, skeletal muscle, and liver; resolved by gel
electrophoresis; Northern blotted; and hybridized with the
LAT probe (Fig. 1A, II). The 2.0-kb LAT was readily identified
in all tissues examined, but in different amounts (Fig. 2A, I and
II). Using Northern blot analysis, previous studies detected the
1.5-kb LAT only in the TG of HSV-1-infected mice and human
individuals (31, 33, 48). By RT-PCR, it was detected in other
neuronal (brainstem) (13) and quasineuronal (adrenal gland)
tissues (42). Thus, the transgenic-mouse model provides a
unique opportunity to study the steady-state level of the 1.5-kb
LAT in nonneuronal tissues as well. Our Northern blot analysis
demonstrated that the 1.5-kb RNA can be clearly detected only
in TG tissue of the transgenic mouse (Fig. 2A, I, lane 1).

To further examine the presence of the 1.5-kb LAT spliced
product in the transgenic-mouse tissues, we applied the
method of RT-PCR using primers flanking the 2.0-kb LAT
intron sequence (Fig. 1A, III). The 254-bp RT-PCR product,
representative of the 1.5-kb LAT, was identified in all tissues
examined (Fig. 2B). Thus, splicing of the 2.0-kb transcript to
produce the 1.5-kb LAT is not a neuronal-tissue-specific event
but takes place in other tissues as well.

It should be noted that the RT-PCR did not amplify the
larger, 814-bp DNA product, representative of the 2.0-kb LAT,
since the Taq polymerase tends to selectively amplify the
smaller fragments of overlapping DNA templates bearing dif-
ferent sizes (22, 35).

Quantitative analysis of the 2.0- and 1.5-kb LAT RNAs in
various tissues. To determine the 2.0-kb LAT RNA levels in
various tissues, a quantitative Northern blot analysis of radio-

VOL. 77, 2003 LAT TRANSGENIC MOUSE 12423



FIG. 2. Analysis of HSV-1 2.0- and 1.5-kb LATs in transgenic-mouse tissues. (A) Northern blot analysis. Total RNAs were obtained from
mouse tissues. The positions of RNA markers (in kilobases) are indicated on the right. The locations of the 1.5- and 2.0-kb LATs are indicated
on the left. The DNA probe used was the BstEII-BstEII DNA fragment (Fig. 1A, II). (I) RNA (0.5 �g) was loaded in each lane. Lanes 1 to 7,
transgenic-mouse tissues; lanes 8 to 11, normal-mouse tissues. To verify that equal amounts of RNA were loaded, the same blotted membrane was
rehybridized with a 5�-end-labeled single-stranded DNA probe specific for the 18S rRNA, as described before (20) (data not shown). (II) RNA
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actively labeled RNA was performed (Fig. 2A), using the Bio-
Imaging analyzer. We revealed large amounts of the 2.0-kb
LAT in TG, kidney, skeletal muscle, and heart compared to
brain, spleen, and liver (Fig. 3).

The 1.5-kb RNA levels were further analyzed by real-time
quantitative PCR with the LightCycler system (Roche Molec-
ular Biochemicals). We found 20-fold-larger amounts of the
1.5-kb LAT in the TG than in the kidney and heart and a
300-fold-higher level than in skeletal muscle of transgenic an-
imals (Fig. 3). However, these four tissues expressed similar
amounts of the 2.0-kb RNA (Fig. 3). Relatively larger amounts
of the 1.5-kb RNA were also identified in the brain, another
neuronal tissue that may harbor the latent viral genome (10,
39), than in the other, nonneuronal tissues, such as kidney,
skeletal muscle, and heart, that also expressed higher levels of
the 2.0-kb LAT (Fig. 3). Thus, (i) splicing of the 1.5-kb LAT
takes place in every tissue, but its steady-state levels are higher
in neuronal tissues, and (ii) no correlation was observed be-
tween 1.5- and 2.0-kb LAT levels. For example, levels of the
2.0-kb LAT in the liver were low compared to those in the
kidney and heart, yet amounts of the 1.5-kb transcript were
similar.

This may suggest that the limiting factor in the splicing
process is tissue specific rather than the amount of the 2.0-kb
precursor RNA.

HSV-1 replication in primary fibroblasts of transgenic mice.
It was previously shown that HSV-1 replication is suppressed
in neuronal cell lines that express the LAT gene (23). Primary
cell cultures have an advantage, since they do not express the
antiapoptotic machinery characteristic of transformed cell
lines (20). Therefore, we have cultured MEFs from transgenic
and normal mice in order to compare viral replication.

MEFs from heterozygous transgenic embryos, as well as
from the LAT-negative normal siblings obtained from the
same litter, were prepared. Fibroblast cultures were infected
with HSV-1 (strain F), and 24 h later, the plates were harvested
and titrated on CV-1 cell monolayers. In parallel, cultures were
subjected to cell quantification by the MTT viability assay. This
analysis enabled us to accurately infect the different cell cul-
tures at identical multiplicities of infection (MOI) by adjusting
them to the number of viable cells.

At MOI of 0.1 and 1, replication of the virus was suppressed
sevenfold in the transgenic-mouse cells compared to normal
cells, and at an MOI of 10, the LATs had a fourfold suppres-
sive effect upon HSV-1 replication (Fig. 4A). The expression of
LATs in these cells was confirmed by RT-PCR analysis (Fig.
4B).

To further examine whether the LAT gene may function in
trans to suppress HSV-1 replication, we used a mutant of
another strain (HSV-1 FS1001K; KOS strain derived), in which
1.1 kb was deleted from the 5� end of the 2.0-kb LAT coding
sequence to abolish all LAT expression (9). MEFs from two
other hetrozygote transgene-positive embryos, as well as from

two other LAT� normal embryos derived from the same litter,
were cultured, infected, and harvested after 24 h for titration.
The results indicated that primary LAT-expressing cells sup-
pressed virus replication at a range of 3.4 to 14 compared to
viral replication in normal MEFs (Fig. 4C). A one-way analysis
of variance revealed a statistically significant difference be-
tween the transgenic and the normal embryos in all experi-
ments (P 	 0.01). Thus, LAT may suppress viral replication in
trans even out of the context of the HSV-1 genome.

The suppressive effect of the LAT gene upon HSV-1 repli-
cation was not due to its effect on cell viability and prolifera-
tion, since growth curves of MEFs from transgene-positive
embryos were identical to that of a normal embryo (Fig. 4D).

HSV-1 reactivation from transgenic-mouse TG. Since it was
shown that HSV-1 reactivation ability in vivo correlated with
expression of the LAT gene RNAs (45), we went on to exam-
ine the ability and efficiency of an HSV-1 LAT-negative mu-
tant to reactivate from TG containing the LAT transgene.
Transgenic and normal mice were infected as described above
and maintained for at least 30 days postinfection. TG removed
from the two groups of mice (22 transgenic and 24 normal TG)
were explanted and cocultivated over a cell monolayer, and the
cultures were examined daily for cytopathic effect. The results
show that viruses reactivated earlier from TG explanted from
the transgenic mice than from those from normal mice (Fig.
5A) and that the difference was statistically significant (P 	
0.04 by hypothesis testing for incidence rate (one-side test)).
At each time point postexplantation, more ganglia of the trans-
genic group than of the normal group yielded reactivated virus.
After 10 days in culture, 100% of the ganglia from the trans-

FIG. 3. Quantitative analysis of HSV-1 2.0- and 1.5-kb LATs in
transgenic-mouse tissues. The relative amounts of the 2.0-kb LAT in
the various tissues were determined by measurement of the radioactive
signal from Northern-blotted RNA hybridized with a 32P-labeled
probe, using the Bio-Imaging analyzer. The same blotted membrane
was rehybridized with a 5�-end-labeled single-stranded DNA probe
specific for the 18S rRNA, and the 2.0-kb LAT amounts were esti-
mated relative to the 18S rRNA signals. The relative amounts of the
1.5-kb LAT were analyzed by real-time quantitative RT-PCR.

(10 �g) was loaded in each lane. (B) RT-PCR analysis. Shown are RT-PCR products from total RNAs extracted from various tissues (lanes 1, 3,
5, 7, 9, 11, and 13). A 254-bp RT-PCR DNA product represents the 1.5-kb spliced RNA, while a larger, 814-bp product represents the unspliced
2.0-kb transcript (18). For each sample, a control PCR was performed with no RT enzyme added (�) (lanes 2, 4, 6, 8, 10, 12, and 14). Lane 15,
control RT-PCR with sample without RNA (�RNA). Lane 16, RT-PCR of RNA extracted from TG of normal mouse. Lane 17, RT-PCR of RNA
extracted from LAT-expressing neuronal cells (20). Lane 18, PCR of the pLAT plasmid containing the LAT gene. Lane M, 100-bp DNA ladder
(Promega). The PCR products were analyzed on a 1.8% agarose gel stained with ethidium bromide.
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genic group underwent reactivation compared to only 80% of
normal ganglia. PCR analysis confirmed the presence of
HSV-1 DNA in the three TG derived from normal animals
that did not yield reactivated virus after 35 days (Fig. 5B).

In another experiment, we measured the viral titer produced
in explanted TG on day 4 postexplantation, the day associated
with the highest number of reactivated TG. Virus in the culture
medium of each ganglion was measured separately by plaque
assay on CV1 cells. TG from transgenic mice yielded 31 � 18
viral plaques compared to 6 � 3 plaques produced by normal
reactivated ganglia (�5-fold difference). We therefore con-
clude that HSV-1 is reactivated earlier by a higher percentage
of ganglia and to a higher titer from transgenic than from
normal ganglia.

Analysis of viral DNA copy numbers in transgenic-mouse
ganglia. To determine whether the LAT gene effect upon
reactivation is the outcome of improved HSV-1 ability to es-

tablish latency or is mediated by its impact upon the reactiva-
tion step per se, the latent viral copy number per TG was
measured using quantitative real-time PCR. Total DNA was
isolated from latently infected TG of transgenic as well as
normal mice (11 TG pairs from each group) and subjected to
real-time PCR for the HSV-1 gB gene. For the standard curve,
we applied the plasmid pgB, including the corresponding
HSV-1 gene. In parallel, the numbers of ribosomal genes were
also measured in the same ganglion DNA preparations using
quantitative real-time PCR. This measurement was used to
calibrate the amounts of DNA applied in the test and to cal-
culate the HSV-1 DNA copy number per ganglion. A compar-
ison of the mean HSV-1 genome copy number per ganglion
revealed no significant difference between the latently infected
transgenic animals and the control animals (Fig. 6). The re-
ported HSV-1 DNA copy number in the latently infected TG
is variable, ranging from 103 to 106 copies per ganglion (7, 32,

FIG. 4. LAT gene effects on HSV-1 replication in primary fibroblasts. (A) Wild-type HSV-1 replication in primary fibroblasts obtained from
transgenic and normal embryos. The cells were infected for 24 h with HSV-1 (strain F) at MOI of 0.1, 1, and 10. The cultures were harvested and
titrated on CV-1 cells. Presented are the mean values of experiments performed in triplicate � standard errors of the mean (SEM). (B) LAT
expression in primary fibroblasts obtained from transgenic and normal embryos. Shown are RT-PCR products from total RNAs extracted from
transgenic (lane 1) and normal (lane 3) embryos. For each sample, a control PCR was performed with no RT enzyme added (lanes 2 and 4). Lane
5, control RT-PCR with sample without RNA. Lane 6, RT-PCR of RNA extracted from LAT-expressing neuronal cells (18). A 254-bp RT-PCR
DNA product represents the 1.5-kb spliced RNA, while a larger, 814-bp product represents the unspliced 2.0-kb transcript (20). Lane 7, PCR of
the pLAT plasmid containing the LAT gene. Lane M, 100-bp DNA ladder (Promega). The PCR products were analyzed on a 1.8% agarose gel
stained with ethidium bromide. (C) HSV-1 LAT-negative mutant replication in primary fibroblasts obtained from transgenic and normal embryos.
The cells were infected for 24 h with an HSV-1 LAT-negative mutant (FS1001K) at an MOI of 0.001. Triplicate cultures were harvested, pooled,
and titrated in triplicate on CV-1 cells. Presented are the mean values of experiments � SEM. (D) Proliferation rate of transgenic and normal
primary fibroblasts. Cells were seeded (5 � 104 per plate) and subjected daily to the MTT cell viability assay.
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33, 46). From the data obtained in this work, using quantitative
real-time PCR, we estimated that there were �104 copies of
HSV-1 DNA per ganglion.

DISCUSSION

Steady-state levels of the 2.0- and 1.5-kb LATs differ in
various tissues of transgenic mice. (i) The 2.0-kb LAT. It was
recently reported that, unlike typical introns, which are rapidly
degraded following splicing, the 2.0-kb LAT intron has a half-
life (�24 h) similar to that of the more stable cellular mRNAs
(43). Therefore, the different steady-state levels of the 2.0-kb
LAT in the transgenic tissues observed in this work (Fig. 2A
and 3) do not result from differences in stability but are prob-
ably due to the fact that transgenes controlled by the CMV IE
promoter are differently transcribed in various tissues (4, 11,
52). This promoter was selected in order to enable constitutive
expression of the LAT gene, as well as to prevent the impact of
other HSV-1 genes upon the LAT promoter (5).

(ii) The 1.5-kb LAT. The mechanism responsible for the
accumulation of the 1.5-kb LAT in TG during HSV-1 latency

might be either neuronal cell specific or determined by the
virus, namely, the outcome of HSV-1 latency (51). The results
of our experiments with the LAT transgenic model, demon-
strating significantly greater accumulation of the 1.5-kb LAT in
TG, argue for tissue specificity. Higher levels of the 1.5-kb
LAT in the TG may reflect either more efficient splicing or
higher stability of the transcript in this tissue.

Efficient splicing in neuronal tissue can be explained by the
observation that the splicing donor site for the 1.5-kb LAT
(GC rather than GT) constitutes a unique neuronal-tissue-
specific signal (35). Other splicing control mechanisms and
factors that operate exclusively in the nervous system (14)
could also govern production of the 1.5-kb LAT in TG. Accu-
mulation of the 1.5-kb LAT is not influenced by the amounts of
2.0-kb LAT, since large amounts of this transcript in nonneu-
ronal tissues (e.g., kidney, muscle, and heart [Fig. 3]) were not
associated with correspondingly large amounts of 1.5-kb LAT.
Thus, although nonneuronal tissues are also capable of splicing
the 2.0-kb LAT (Fig. 2B), though inefficient1y, the limiting
factor in the splicing process is tissue specific rather than the
amount of the 2.0-kb precursor RNA.

The finding of increased steady-state levels of the 1.5-kb
LAT in TG is intriguing. It is reasonable to assume that these
high levels have a functional significance, since latency is a
neuronal-tissue-specific phenomenon.

LATs suppress HSV-1 replication in the transgenic-cell cul-
tures. HSV-1 is a lytic virus; therefore, prevention of its rep-
lication in neuronal tissue might be mandatory for the ability of
the virus to establish latent infection. In a previous study, a
neuronal cell line that stably expresses the HSV-1 LAT gene
under the control of the CMV IE promoter was generated.

FIG. 5. Explant reactivation of latent HSV-1 from TG. (A) Reac-
tivation of HSV-1 LAT-negative mutant from transgenic (n 
 22) and
normal (n 
 24) TG. The monolayers were examined daily for cyto-
pathic effects over a 35-day period. The results are presented as cu-
mulative percentages of all ganglia that underwent reactivation.
(B) Gel electrophoresis analysis of PCR products of DNA from non-
reactivated TG. DNA was extracted from the three normal, LAT-
negative nonreactivated ganglia 35 days postexplantation and sub-
jected to PCR analysis using primers for the HSV-1 ICP27 IE gene.
The primers were prepared according to the published sequence of
HSV-1 (28): 5�-CCCTTTCTCCAGTGCTACCTGAA-3� (bases
114919 to 114941) and 5�-GTGCGTGTCTAGGATTTCGATC-3�
(bases 115170 to 115149). Lanes 1 to 3, PCR products of DNAs
extracted from the nonreactivated ganglia. Lane 4, PCR products of
DNA extracted from a reactivated ganglion. Lane 5, PCR with no
DNA template added to the reaction mixture. Lane M, 100-bp DNA
ladder (New England Biolabs). The sizes of amplified sequences are
presented.

FIG. 6. Latent HSV-1 copy number in TG.Quantitative real-time
PCR was performed on DNAs extracted from ganglia derived from
transgenic and normal mice latently infected with an HSV-1 LAT-
negative mutant. In parallel, the same DNA samples were analyzed for
rRNA gene copy numbers for normalization of DNA amounts. Prim-
ers for the HSV-1 gB gene and for the rRNA gene were used (as
described in Materials and Methods). The results represent HSV-1
copy numbers per 80 ng of DNA and are the means � standard errors
of the mean for 1 pair of ganglia in each group. Bars 1 and 2, HSV-1
copy numbers based on absorbance at 260 nm; bars 3 and 4, HSV-1
copy numbers following normalization for mouse rRNA gene. Solid
bars, transgenic TG; cross-hatched bars, normal TG.
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Infection of these cells with an HSV-1 LAT-negative mutant,
as well as with wild-type HSV-1, was suppressed by 2 to 3
orders of magnitude compared to control neuronal cells (23).
These observations were tested in cultured primary fibroblasts
(MEFs), in which the endogenous antiapoptotic machinery
characteristic of cell lines is not operative (20). This is espe-
cially important for the analysis of the LAT gene, as it was
reported to possess antiapoptotic activity (2, 17, 30) and the
capacity to protect cells from death following HSV-1 infection
of mice (44). We show here that replication of HSV-1 strain F,
as well as of an HSV-1 KOS strain-derived LAT-negative mu-
tant, is inhibited in primary fibroblasts derived from heterozy-
gous LAT transgenic embryos compared to that in control cells
obtained from normal mice (Fig. 4). Taking into consideration
previous findings in LAT-expressing neuronal cell lines (24),
this inhibition might take place at a step prior to IE gene
expression.

The LAT gene facilitates HSV-1 reactivation. Our results
indicate that expression of the LAT gene in transgenic mice
augments reactivation of the LAT-negative virus mutant (Fig.
5A). Enhancement was observed in the total number of reac-
tivation-positive TG, kinetics of reactivation, and amount of
infectious virus released from the ganglia. These findings are in
accordance with those of other studies that demonstrated im-
proved reactivation of wild-type virus compared to LAT-neg-
ative mutants (15, 18, 21, 37, 46, 47).

LAT transgene involvement in HSV-1 latency. In order to
directly study whether the LAT transgene can facilitate the
entry of HSV-1 into latency, we infected groups of transgenic
and normal animals with an HSV-1 LAT-negative mutant and
compared the viral DNA copy numbers per ganglion. The data
were analyzed by three statistical tests, Kolmogonov-Smirnov,
Shapiro-Wilk, and Wilcoxon. Although there was appreciable
variation among individual animals, no statistically significant
differences between the amounts of latent viral DNA in the
two groups could be detected (Fig. 6). The amounts of latent
viral DNA after infection of normal mice with LAT-negative
and wild-type HSV-1 have been investigated by several groups.
While Thompson and Sawtell (46) reported �3-fold reduction
in the amount of latent DNA after infection with LAT-nega-
tive compared to wild-type virus, no significant differences in
the amounts of latent-virus DNA were reported in other stud-
ies (6, 7, 8, 30).

Differences between HSV-2 and HSV-1 LAT transgenic
mice. Our findings with HSV-1 differ from those reported in a
recent study that examined the effects of the HSV-2 LAT
transgene upon viral replication, latency, and reactivation from
transgenic mice (49) and did not identify phenotypic differ-
ences compared to the parental mouse strain.

There are several notable differences between the LAT
genes of the two viruses: HSV-2 has only one major LAT
species, 2.2 kb in size, transcribed from a single latency-asso-
ciated promoter. An equivalent of the HSV-1 spliced 1.5-kb
LAT RNA is not found during HSV-2 latency. The HSV-1
LAT transgene described here also differs from the HSV-2
transgenic model in that LAT expression is not driven by either
of the two native HSV-1 latency-associated promoters but by a
constitutive CMV promoter.

While HSV-2 replication in fibroblasts obtained from the
HSV-2 transgenic mouse was identical to replication in paren-

tal mice (49), we observed substantial inhibition of HSV-1
replication in primary fibroblasts of transgenic mouse embryos.
These discrepancies might be inherent to the two different
viruses, but they may also reflect variation between the sources
of the primary cells. We used cells derived from degutted
whole embryos, while Wang et al. (49) infected primary lung
fibroblast cells.

The HSV-2 viral copy numbers in latently infected TG for
both LAT transgenic and normal mice were similar (49). Our
experiments with HSV-1 also indicated no significant differ-
ences between the amounts of latent viral DNA in infected
transgenic and control groups. The reactivation of HSV-2 from
latently infected TG of transgenic mice was identical to that
from TG of wild-type mice, while reactivation of HSV-1 from
its respective transgenic mouse was superior. This might be
related either to the inherent differences between HSV-1 and
HSV-2 or to the difference in reactivation techniques: we mea-
sured reactivation kinetics and viral titers in explant cultures of
TG, while Wang et al. (49) used UV irradiation of the eyes,
followed by extraction of TG and homogenization of the tissue
2 days later. In conclusion, the present work demonstrates that
the steady-state levels of the spliced 1.5-kb LAT are increased
in neuronal tissues of HSV-1 transgenic animals, a fact gov-
erned by cellular and not viral factors; that the LAT gene
suppresses in trans HSV-1 replication; and that this is associ-
ated with enhanced reactivation ability. Based on these data,
we propose that LAT is involved in the viral reactivation phase,
perhaps through controlling viral replication and thus protect-
ing the ganglion cells against death.
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