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Lymphotactin: A Cytokine That Represents a 
New Class of Chemokine 

Gregory S. Kelner, Jacqueline Kennedy, Kevin B. Bacon, 
Sarah Kleyensteuber, David A. Largaespada, Nancy A. Jenkins, 

Neal G. Copeland, J. Fernando Bazan, Kevin W. Moore, 
Thomas J. Schall, Albert Zlotnik* 

In this study, the cytokine-producing profile of progenitor T cells (pro-T cells) was de
termined. During screening of a complementary DNA library generated from activated 
mouse pro-T cells, a cytokine designated lymphotactin was discovered. Lymphotactin is 
similar to members of both the Cys-Cys and Cys-X-Cys chemokine families but lacks two 
of the four cysteine residues that are characteristic of the chemokines. Lymphotactin is 
also expressed in activated CD8+ T cells and CD4~CD8~ Tcell receptor a(3+ thymocytes. 
It has chemotactic activity for lymphocytes but not for monocytes or neutrophils. The gene 
encoding lymphotactin maps to chromosome one. Taken together, these observations 
suggest that lymphotactin represents a novel addition to the chemokine superfamily. 

The pro-T cell is an immature thymocyte 
subset that is likely to be the final differen
tiation stage before the onset of T cell 
receptor (TCR) P chain gene rearrange
ment (I, 2). These cells are phenotypically 
characterized by the surface expression of 
both CD25 and CD44 and by lack of sur
face expression of CD3, CD4, and CD8. 
Pro-T cells can produce high titers of inter-
leukin-2 (IL-2), tumor necrosis factor a 
(TNF-a), and interferon 7 (IFN-7) when 
activated in vitro with phorbol 12-myristate 
13-acetate (PMA), calcium ionophore 
A23187, and IL-1 (3). We screened a com
plementary DNA (cDNA) library generat
ed from activated pro-T cells in an attempt 
to identify new cytokines. Here we describe 
such a cytokine, which has chemotactic 
activities that appear to be specific for lym
phocytes. 

To characterize the cytokine-producing 
potential of pro-T cells, both in vitro acti-
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vated and freshly sorted pro-T cells were 
analyzed by polymerase chain reaction 
(PCR). Pro-T cells activated in vitro with 
PMA, A23187, and IL-1 produced mRNA 
for IL-2, IFN-7, TNF-a, granulocyte-mac
rophage colony-stimulating factor (GM-
CSF), and both the p35 and p40 chains of 
IL-12. No mRNA for IL-4 or IL-10 was 
detected. Similarly, freshly sorted pro-T 
cells were shown to contain mRNA for 
IL-2, IFN-7, TNF-a, and GM-CSF. Again, 
no message for IL-4 or IL-10 was detected, 
and there was no message for either the p35 
or p40 chain of IL-12. This common 
mRNA cytokine profile of freshly sorted 
pro-T cells and pro-T cells activated in 
vitro suggests that the pro-T cells are acti
vated in vivo. To further verify the cyto
kine-producing potential of pro-T cells, a 
Southern (DNA) blot of an activated pro-T 
cell cDNA library was probed. IL-2, IL-3, 
GM-CSF, IFN-7, and the p40 chain of 
IL-12 were detected in this library. 

During screening of the pro-T cell 
cDNA library, a clone was isolated (Fig. 
1A), the protein translation of which con
sistently matched a short COOH-terminal 
segment of Cys-Cys chemokine protein 
chains in BLAST searches of protein and 
nucleic acid databases (4). A weaker simi
larity in this region was also noted with 
Cys-X-Cys chemokine sequences. Because 
of its biological activities described below, 
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we designated this molecule lymphotactin. 
A closer comparison of lymphotactin 

with members of both the Cys-Cys and 
Cys-X-Cys chemokine families has yielded 
insight into its possible origin. In Fig. lB, 
the amino acid sequences of macrophage 
inflammatory protein 1 (MIP- 1 P) and 
Gro-a, respectively representative of Cys- 
Cys and Cys-X-Cys chemokines (3, are 
shown, based on the conserved exon orga- 
nization of their chemokine gene families. 

u 

Alignment of the lymphotactin sequence 

with these molecules shows that the highest 
degree of identity occurs within exon three 
equivalents. The Cys-Cys and Cys-X-Cys 
chemokine families are defined bv two 
structurally conserved cysteine residues in 
their respective protein NH2-termini, 
which in turn form part of two distinct 
disulfide links to a pair of cysteine residues 
located at the COOH-terminal. The lvm- 
photactin sequence lacks the first cysteine 
residue of the distinctive NHz-terminal 
Cys-Cys or Cys-X-Cys motifs, as well as the 

A 
CCCAGCAAGACCTCAGCC ATG AGA CTT CTC CTC CTG ACT TTC CTG GGA GTC TGC TGC 

CTC ACC CCA TGG GTT GTG GAA GGT GTG GGG ACT GAA GTC CTA GAA GAG AGT 

AGC TGT GTG AAC TTA CAA ACC CAG CGG CTG CCA GTT CAA AAA ATC AAG ACC 

TAT ATC ATC TGG GAG GGG GCC ATG AGA GCT GTA ATT TTT GTC ACC AAA CGA 

GGA CTA AAA ATT TGT GCT GAT CCA GAA GCC AAA TGG GTG AAA GCA GCG ATC 

AAG ACT GTG GAT GGC AGG GCC AGT ACC AGA AAG AAC ATG GCT GRA ACT GTT 

CCC ACA GGA GCC CAG AGG TCC ACC AGC ACA GCA GTA ACC CTG ACT GGG TAA 

CAGCCTCCAGGACAATGTTTCCTCACTCGTTAAGCAGCTCATCTCAGTTCCCAAACCCATTGCACAAATACTTATTTTTATTT 

B 
Exon l 

Gro U I P A T R S L L C A A L L L L A T S R L A T G  
Ltn M R L L L L T F L G V C C L T P W V V  
YIP-1 Y K L C V S A L S L L L L V A A F C A P G F S  

Exon 2 

Gro 
Lbl 
MIP-1 

Gro 
Lbl 
MIP-1 

Fig. 1. The pro-T cell cDNA library was generated and screened (19, 20). (A) The cDNA clones were 
sequenced with double-stranded templates and a sequence kit. Obtained sequences were compared to 
previously reported sequences in the data banks with FASTDB (Intelligenetics, Mountain View, California). 
(B) Lymphotactin (Ltn) amino acid sequence is aligned with the Cys-X-Cys chemokine Gro-a and the 
Cys-Cys chemokine MIP-1 p (21). Exon organization represented is based on MIP-1 p. Boxed residues 
are homologous between the two sequences. Black boxed residues represent the four cysteine residues 
that are diagnostic of both the Cys-X-Cys and Cys-Cys chemokine families. In addition, the shaded boxes 
represent the residues that are diagnostic of the Cys-Cys chemokine family (7). 

Fig. 2. Ltn maps in the distal region of mouse chromo- F,,, rn rn rn rn rn 
some one. Ltn was placed on mouse chromosome one A13 ,, . ,, ,, ,, ,, 
by interspecific backcross analysis (22). The segregation 
patterns of Ltn and flanking genes in 154 backcross 
animals that were typed for all loci are shown at the top of Ltn W rn rn . rn 
the figure. For individual pairs of loci, more than 154 mi 5 !-& 7 7 9 7 9 $ 9 
animals were typed. Each column represents the chro- 
mosome identified in the backcross progeny that was 
inherited from the (C57BU6J x M. spretus) F, parent. 
The black boxes represent the presence of a C57BU6J 
allele, and white boxes represent the presence of an M. 
spretus allele. The number of offspring inheriting each 

At3 Fasl lq23-q25.1 
type of chromosome is listed at the bottom of each col- 
umn. A partial linkage map of chromosome one, showing 
the location of Ltn in relation to linked genes, is shown at Sele lqzz-qz5 
the bottom of the figure. Recombination distances be- 1.2 
tween loci are shown in centimorgans to the left of the 0.6 1 lcen-q32 
chromosome, and the positions of loci in human chromo- 
somes, where known, are shown to the right. Gene en- 
coding lymphotactin is indicated by Ltn, gene encoding 
Fas ligand by Fasl, gene encoding antithrombin 3 by At3, 

transcription factor 1 by Otfl. 

1.8 t 
gene encoding selectin endothelium by Sele (formerly Elam), and gene encoding octamer-binding 

corresponding disulfide partner elsewhere 
in the chain (Fig. 1B). Therefore, lympho- 
tactin maintains only one of the two disul- 
fide bridges (CysZ-Cys4) of the chemokine 
fold (6). Aside from this, lymphotactin ap- 
pears to be more closely related to the 
Cys-Cys chemokine family, as judged by 
sparse sequence patterns that are diagnos- 
tic of Cys-Cys chemokines (7). Specifical- 
ly, a phenylalanine and a tyrosine residue 
(Fig. 1B) that are characteristic of the 
Cys-Cys chemokine family but not found 
in the Cys-X-Cys family are conserved in 
lymphotactin. 

Vertebrate chemokine genes are closely 
clustered on discrete chromosomes accord- 
ing to their Cys-Cys or Cys-X-Cys family 
relation. For example, all previously report- 
ed Cys-Cys chemokines map to human 
chromosome 17 and mouse chromosome 
11. Similarly, the Cys-X-Cys chemokines 
map to human chromosome four and, based 
on the similarities between mouse and hu- 
man chromosomes, the Cys-X-Cys chemo- 
kines probably map to mouse chromosome 
five. Lymphotactin maps to the distal re- 
gion of mouse chromosome one, which is 
linked to Fasl, At3, Sele, and Otfl (Fig. 2). 
Taken together with the sequence compar- 
isons, these data support the hypothesis that 
lymphotactin represents the structural pro- 
totype of a new chemokine class. 

Lymphotactin is abundant in the pro-T 
cell cDNA library; it is present at a fre- 
quency of 1 in 125 clones. Lymphotactin 
was also isolated from a cDNA library 
generated from aPTCR+CD4-CD8- [ ap  
double negative (DN)] thymocytes (8). 
RNA blot analysis of T cell subsets con- 
firmed that lymphotactin was present in 
activated, but not freshly isolated, pro-T 
cells (Fig. 3). A very high level of expres- 
sion of lymphotactin was detected in both 
activated thymic CD8+CD3+ cells and 
activated CD8+CD3+ T cells derived 
from the spleen (Fig. 3). A very low level 

Fig. 3. RNA blot of lymphocyte subsets. Poly- 
adenylated RNA was isolated from sorted cell 
populations from the thymus (thym.) and spleen 
(spl.) (23). The number of cells used to generate 
mRNA employed in the RNA blot was similar for all 
cell types and was confirmed by hybridization with 
p-actin. The weak p-actin signal detected on ac- 
tivated (act.) DP cells is most likely due to pro- 
grammed cellular degradation known as apopto- 
sis, which occurs when DP cells are activated. 
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of expression in activated mature CD4+ 
thymocytes was detected. This weak hybrid- 
ization signal may be due to the small sub- 
population of CD4+ NK1.1+ cells that are 
present in total CD4+ T cells (9). The 
CD4+ NK1.1+ T cells have characteristics 
similar to those of the a@ DN T cells that 
produce lymphotactin, in that both cell 
types are biased toward V,8.2 in their T cell 
receptor repertoire, both broduce high titers 
of IL-4 without being T helper cell type 2 
(TH2), and both are major histocompatabil- 
ity complex class I-restricted. There was no 
detectable expression of lymphotactin in ac- 
tivated CD4+CD8+ [double positive (DP)] 
thymocytes. Furthermore, hybridization to a 
mouse multiple tissue RNA blot failed to 
detect lymphotactin in heart, brain, spleen, 
lung, liver, kidney, testis, or skeletal muscle 
tissue. 

Recombinant lymphotactin was generat- 
ed by expression in Escherichia coli (10) and 
tested for biological activity. A defining 
characteristic of chemokines is their ability 
to induce a chemotactic response in cells of 
the immune system (1 1, 12). A cell type 
will demonstrate chemotaxis to a relatively 
narrow concentration range of chemokine 
in vitro-too high a concentration causes 
adhesion. and too low a concentration will 
not elicit chemotaxis (1 3). In order to assess 
the chemotaxis induced by lymphotactin, 
several leukocyte populations were tested 
for their ability to migrate in response to 
lymphotactin. Qualitative interpretation of 
the meaning of the chemotactic response in 
comparing one cell population to another is 
determined bv several characteristics: the 
absolute number of cells that demonstrate 
chemotaxis, the concentration of factor 
that elicits the maximum chemotactic re- 
sponse, and the difference in number of 
cells that migrate from the least to the most 
optimal concentration. 

As seen in Fig. 4, a variety of cells 
demonstrate a dose-dependent chemotactic 
response to lymphotactin. Among the most 
responsive cells were CD4+-depleted thy- 
mocytes, which are enriched for CD8+ thy- 
mocytes (Fig. 4B), and DN thymocytes (Fig. 
4J), in which a lo-'' M concentration 
induced chemotaxis. In contrast, a lo-' M 
concentration was required to  induce a che- 
motactic response in thymic CD8+-deplet- 
ed cells, which are enriched for CD4+ T 
cells. This parallels the response of these 
two cell types to MIP-la .  The chemotactic 
responses of T cell-depleted spleen cells, 
day 15 fetal liver cells, bone marrow cells, 
and lymph node cells were comparable with 
the response of thymic CD8+-depleted 
cells. These cell populations demonstrated a 
similar chemotactic response to MIP-la. 
Unlike MIP-la ,  lymphotactin did not in- 
duce a chemotactic response in either peri- 
toneal exudate cells (Fig. 4H) or in the cells 

Factor concentration (M) 

Fig. 4. Lymphocytes are chemotactic in response to lymphotactin. Chemotaxis assays were done with 
48-well microchemotaxis apparatus as previously described (24). Migration is expressed as cell number 
per five high-power fields (X400), with duplicate wells being counted for each of three experiments. 
Closed circles represent MIP-lol; open circles represent lymphotactin. All cells were obtained from 
BALB/c mice unless otherwise noted. Number of cells in the negative control of media alone is indicated. 
(A) Total thymocytes (media = 128 i- 12). (B) CD4+-depleted thymocytes (media = 112 % 3). (C) 
CD8+-depleted thymocytes (media = 70 i- 9). (D) Total spleen cells (media = 86 ? 4). (E) CD4+CD8+- 
depleted splenocytes (media = 80 i- 30). (F) Day 14 fetal liver cells (media = 128 i- 8). (G) Bone marrow 
cells (media = 112 2 8). (H) Peritoneal exudate macrophages (media = 61 i- 17). (1) Cells from human 
monocytic cell line THP-I (media = 157 i- 43). (J) CD4+CD8+-depleted thymocytes (media = 93 % 7). 

of human monocvtic cell line THP-1 (Fig. CD8+ cells did not demonstrate chemotax- 
~ u 

41). Further analysis of monocyte-macro- is to  lymphotactin. 
phage populations derived from a variety of In order to distinguish between chemo- 
sources as well as neutrophils supported the taxis (directed movement) and chemokine- 
conclusion that lvm~hotact in does not in- sis (increased random movement), a modi- , . 
duce chemotaxis in ;onocyte-macrophages fied filter-based assay system was used (13). 
or neutrophils. In addition, thymic CD4+ CD8+-depleted thymocytes, CD4+-deplet- 
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Fig. 5. Ca2+ flux on T 
cells. CD4+-depleted thy- 
mocytes were loaded in 
the presence of 3 pM 
INDO 1 /AM (Calbiochem). 
Fluorescence was rnea- 
sured on a PTI spectroflu- .p 
ororneter at an excitation 3 
wavelength of 350 nm. ?i Dual simultaneous emis- 8 
sions were recorded at " 
400 and 490 nrn Rat~os 5 
were calculated at two G 
points per second. Fluo- 
rescence ratio equals 
400:490 nm. Arrows indi- 
cate points where the fac- 
tors were added to the 
cells [MIP-la M), 
~ ro-a ' (1  o - ~  M),  lympho- o 
tactin M), and 
MCP-I (1 0-6 M)]. 

phosphate-buffered saline (PBS), eluted with 0.1 M 
glycine HCI (pH 3.0), and neutralized with tris-HCI to 
pH 8.0. The recombinant protein was buffer-ex- 
changed in PBS. 
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19. Pro-T cells (~~44+25+3'4-8-)  from BALB/c mice 
were prepared for sorting on a fluorescence-act~vat- 
ed cell sorter by being labeled with appropriate anti- 

I I 
I I bodies as previously described (3). Sorted pro-T 

ed thymocytes, and DN thymocytes were 
assaved for chemokinesis. None of these cell 
pophations demonstrated chemokinesis. 
This further supports the idea that lympho- 
tactin is a chemotactic factor. Therefore, 
lymphotactin appears to be unique among 
chemokines in that it induces chemotactic 
responses only in lymphoid populations. 

In general, when Cys-Cys chemokines 
bind their receptor on  leukocytes there is a 
measurable intracellular Ca2+ flux ( 14). . , 

Therefore, we examined the ability of lym- 
 hota act in to initiate Ca2+ flux in CD4+- 
depleted thymocytes, because these cells 
demonstrated a Dotent chemotactic re- 
sponse to lymphotactin. As seen in Fig. 5, 
lymphotactin was able to  generate a small 
but significant Ca2+ flux in these cells. In 
addition, MIP-la ,  Gro-a, and monocyte 
chemotactic protein 1 (MCP-1) were able 
to generate a Ca2+ flux in this population. 
This result suggests that a small subpopula- 
tion of the CD4+-depleted thymocytes em- 
ploy Ca2+ signaling in response to  lympho- 
tactin. Whether this is the same population 
of cells that r e s ~ o n d  chemotacticallv to  
lymphotactin is k t  known. Also, it is'not 
known whether alternative signaling mech- 
anisms that do not involve Ca2+ may be 
employed by these cells in response to  lym- 
photactin. 

Taken together, both the structural and 
biological data support the view that lym- 
photactin represents a new class of chemo- 
kine. The  chemotactic studies suggest that 
lymphotactin is specific for lymphocytes. If 
this holds true, it will be the first example of 
a lymphocyte-specific chemokine. This 
chemokine is unlikely to represent an 
anomalous occurrence, because we have re- 
cently isolated a cDNA encoding human 
lymphotactin (15). The  structure of the 
human gene encoding lymphotactin shares 
the unique characteristic of the mouse gene 

200 

Time (s) 

in regard to the cysteine residues. Based on  
this data, and on  the chromosome mapping 
and the sequence data, we propose that 
lymphotactin does not belong to the Cys- 
Cys or Cys-X-Cys chemokine family. In- 
stead, it may represent the first known 
member of a new class of chemokines that 
we propose be designated the C family of 
chemokines. 
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continued at 20°C for a further 18 hours. Cells from a 
1-llter culture were hatvested by centrifugation and 
resuspended in 200 ml of ice-cold 30% sucrose, 50 
mM tris-HCI (pH 8.0), and 1 mM ethylenediaminetet- 
raacetic acid. After 10 min on ice, ice-cold water was 
added to a total volume of 2 liters. After 20 mln on 
ice, cells were removed by centrifugation, and the 
supernatant was clarified by filtration with a 5 FM 
Millipak 60 (Milllpore, Bedford, MA). The recombi- 
nant protein was purified with a 25-ml M2 affinity 
matrix (International Biotechnologies) after being cy- 
cled at 200 ml/hour for 48 hours at 4°C washed wlth 

cells were activated-for 6 hours with calcium iono- 
phore A231 87 (Calblochem) (resuspended to 1 mM 
dimethyl sulfoxide and used at a final concentration 
of 0.35 pM), PMA (Calbiochem) (resuspended to 1 
mg/ml in ethanol and used at 10 ng/ml), and IL-1 
(Genzyme, Cambridge, MA) (20 U/ml) and then cul- 
tured in IL-7, stem cell factor, and IL-2 for 9 to 12 
days to allow them to expand. Cells were then reac- 
tivated for 6 hours before being harvested and 
stored at -70°C. In order to assess the quality of the 
second activation, an aliquot of cells was transferred 
to fresh complete media after the 6 hours of activa- 
tlon and cultured overnight. Supernatant from these 
cultures was assayed on the IL-2-dependent cell 
line HT-2. Only cultures that showed high titers of 
IL-2 after activation were used in generating the 
cDNA libraries. In this manner, cells were accumu- 
lated and later pooled to isolate mRNA. The 
D l  0.G4.1 Tcell line, which demonstrates a T,2 phe- 
notype; the HC7 T cell line, which demonstrates a 
T,1 phenotype; and the HT-2 T cell line, which was 
used as a "housekeeping gene" T cell Ilne, were 
used to make cDNA libraries for screening the pro-T 
cell cDNA Ilbrary. The D10.G4.1 line was expanded 
in culture and activated on culture plates coated with 
antibody to CD3 (Pharmingen) (1 0 pg/ml) for 6 hours 
before being hatvested and stored at -70°C. These 
cells were assayed for quality of activation as de- 
scribed above. The HT-2 cells were expanded in 
culture media containing IL-2 (490 U/ml), washed in 
PBS, and stored at -70°C. 

20. The mRNA was prepared with the FastTrack kit (In- 
vitrogen), from which cDNA was generated by use of 
the Superscript plasm~d system for cDNA synthesis 
from Gibco-BRL (Galthersburg, MD), essentially as 
descr~bed by the manufacturer. One mod~fication to 
the procedure was the substitution of Bst XI adapt- 
ers (lnv~trogen) for the Sal I adapters provided with 
the kit. The resultant cDNA from these cells was 
used to generate libraries in the plasmid PCDNA II 
(Invitrogen). The cDNA was cloned into the Bst XI- 
Not I slte in the polylinker and was used to transform 
the DHl OB strain of E. coli. Plasmid was isolated and 
purified with the Qiagen system (Chatsworth, CA), 
which was used to generate RNA probes from the 
SP6 promoter. A second cDNA lhbrary from the 
pro-T cells was generated in the Bst XI-Not I 
polylinker of the plasmld pJFE14 SR alpha (16). This 
library was used to transform DHIOB, and the bac- 
terla were plated on agarose, transferred to nylon 
membranes In triplicate, and screened with RNA 
probes from the other libraries. The screening ap- 
proach used was termed differential screening. In 
general, this procedure uses RNA probes generated 
from two categories of cDNA libraries. The flrst cat- 
egory contains probes from cDNA libraries generat- 
ed from cell types that are not to be characterized. 
The cDNA libraries used in this screening were gen- 
erated as described above from D10.G4.1, HC7, 
and HT-2 T cell lines in the PCDNA I or PCDNA II 
plasmid (Invitrogen) containing an SP6 and a T7 
promoter. The second category contains probes 
from the cDNA library to be characterized. The cDNA 
library used in this screening was prepared from the 
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pro-T cells as described above. The RNA probes 
were labeled by means of the Genius system (Boeh- 
ringer Mannheim), as described by the manufacturer. 
However, both the SP6 and T7 RNA polymerase 
used were obtained from Promega (Madlson, WI). 
The HT-2 probe and pro-Tcell probe were each used 
at 10 ng/ml, and the HC7 and DlO.G4.1 probes were 
each used at 5 ng/ml and were comb~ned Into one 
probe mix. The filter lifts of the pro-T cell pJFE cDNA 
library were prehybridlzed at 42°C for 3 to 6 hours in 
Church's buffer [50% formamide, 6 x  salinesodium 
phosphate-EDTA buffer, 50 mM NaHPO, (pH 7.2), 
7% SDS, 0.1 % N-lauryl sarcosine, and 2% Boehr- 
lnger Mannheim blocklng reagent]. Filters were 
probed overnight in the same buffer containing the 
appropriate probe. Specifically, each filter from the 
set of triplicate filters was probed w~th HT-2 RNA 
probes, pro-T cell RNA probes, or pooled HC7 + 
D10.G4.1 RNA probes. The filters were washed as 
described by the Gen~us system. Chem~lum~nescent 
detection of hybridization was used as described by 
the Genius system The colonies that were positive 
for hybridizat~on with the pro-T cell probe but not the 
HT-2 or D10.G4.1 + HC7 probes were selected as 
being potentially unique to the pro-Tcell cDNA Ihbrary. 
These clones were selected for sequencing. 

21. S~ngle-letter abbreviations for the amlno acid resi- 
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, HIS; I, Ile; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, 

Thr; V, Val; W, Trp; and Y, Tyr. 
22. lnterspec~fic backcross progeny were generated by 

mating (C57BU6J x Mus spretus) F, females and 
C57BU6J males as described (1 3. A total of 205 N, 
mice were used to map the locus of the gene encod- 
Ing lymphotactin, Ltn. DNA  sola at ion, restriction en- 
zyme d~gestion, agarose gel electrophores~s, South- 
ern blot transfer, and hybridizat~on were done essen- 
t~ally as described (78). All blots were prepared w~th 
Hybond-N nylon membrane (Amersham). The probe, 
an -536-base palr fragment of mouse cDNA, was 
labeled w~th [32P]deoxycytidine triphosphate (dCTP); 
washlng was done to a final stringency of 0.1 x sodl- 
um chlor~de, sodium cltrate, and sod~um phosphate 
and 0.1 % SDS at 65°C. A fragment of 13.0 kb was 
detected in Sph I-d~gested C57BU6J DNA, and a 
fragment of 8.6 kb was detected In Sph I-digested 
M. spretus DNA. The presence or absence of the 
8.6-kb M. spretus-specif~c Sph I fragment was fol- 
lowed in backcross mlce. Recomblnat~on d~stances 
were calculated wlth the computer program SPRE- 
TUS MADNESS (National Cancer Institutefreder~ck, 
Research and Development, Frederick, MD). Gene 
order was determ~ned by min~mizatlon of the number 
of recomb~nat~on events requ~red to explaln the allele 
distr~bution patterns. The most likely gene order and 
the ratios of the total number of mlce exhibiting re- 
combinant chromosomes to the total number of mice 
analyzed for each pair of loci are: centromere-- 
Fasl-0 : 180-At3-3 : 164Sele-2 : 162-Ltn-- 

Long-Term Behavioral Recovery in 
Parkinsonian Rats by an HSV Vector 

Expressing Tyrosine Hydroxylase 
Matthew J. During," Janice R. Naegele, Karen L. OIMalley, 

Alfred I. Geller 

One therapeutic approach to treating Parkinson's disease is to convert endogenous 
striatal cells into levo-3,4-dihydroxyphenylalanine (L-dopa)-producing cells. A defective 
herpes simplex virus type 1 vector expressing human tyrosine hydroxylase was delivered 
into the partially denervated striatum of 6-hydroxydopamine-lesioned rats, used as a 
model of Parkinson's disease. Efficient behavioral and biochemical recovery was main- 
tained for 1 year after gene transfer. Biochemical recovery included increases in both 
striatal tyrosine hydroxylase enzyme activity and in extracellular dopamine concentra- 
tions. Persistence of human tyrosine hydroxylase was revealed by expression of RNA and 
immunoreactivity. 

Parkinson's disease (PD), a neurodegen- 
erative disorder, is characterized by the 
progressive loss of the dopaminergic neu- 
rons in the substantia nigra pars compacta 
that project to the corpus striatum ( I ) .  
The principal therapy for PD is the oral 
administration of L-dopa (2),  which is 
converted to dopamine (DA) by endoge- 
nous striatal aromatic amino acid decar- 

M. J. During, Departments of Surgery and Medicine, Yale 
University School of Medicine, New Haven, CT 06510, 

boxylase (AADC) (3). Although it is ini- 
tially effective, L-dopa therapy loses effi- 
cacy over a period of several years ( I ) .  
Transplantation of cells that produce L- 
dopa or DA into the striatum can correct 
animal models of PD (4) but has not been 
a viable therapy in most human trials (5). 
Peripheral cell types that are genetically 
modified to express tyrosine hydroxylase 
(TH) and produce L-dopa have supported 
only short-term improvement (less than 2 
months) in animal models of PD (6, 7). 

1 : 170--0tf7. The recomb~nat~on frequenc~es (ex- 
pressed as genetlc distances In centimorgans ? 
SEM) are: (Fasi, A t3k1 .8  ? 1 .l-Seie--1.2 ? 

0.9-Ltn--0.6 2 0.6--0tfl. References for the hu- 
man map pos~tions of loci cited In this study can be 
obtained from the Genome Data Base, a computer- 
ized database of human lhnkage informat~on maln- 
ta~ned by the Willlam H. Welch Medical Library of The 
Johns Hopkins Un~versity (Balt~more, MD). 

23. Polyadenylated RNA was isolated from sorted cell 
populations with the FastTrack mRNA kit (Invitro- 
gen). Samples were electrophoresed In a 1 % aga- 
rose gel contain~ng formaldehyde and transferred to 
a Genescreen membrane (NEN Research Products, 
Boston, MA). Hybridization was done at 65°C in 0.5 
M NaHPO, (pH 7.2),7% SDS, 1 mM EDTA, and 1% 
bov~ne serum albumin (fract~on V) with [3T]dCTP- 
labeled lymphotact~n cDNA at lo7 cpm/ml. After hy- 
br~dization, filters were washed three times at 50°C In 
0 . 2 ~  standard sal~ne citrate and 0.1 % SDS and ex- 
posed to f~lm for 24 hours. 

24. K. B. Bacon, R. D. Camp, F. M. Cunningham, P. M. 
Woollard, B r  J. Pharmacoi. 95, 966 (1988). 

25. We thank G. Zurawski for help in expressing recom- 
binant lymphotactin and B. Behrens and D. J. Gilbert 
for excellent techn~cal assistance. The GenBank ac- 
cession number for the nucleotide sequence of lym- 
photactin is mLtn: U15607. 
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simplex virus type 1 (HSV-1) vector (10). 
Potential advantages of this approach in- 
clude production of L-dopa at the required 
site of action, so that diffusion over substan- 
tial distances is not necessary, and allevia- 
tion of potential problems caused by graft 
rejection or tumor formation. To test this 
strategy, a human TH complementary 
DNA (cDNA) (form 11) (1 1, 12) was in- 
serted into an HSV-1 vector (pHSVth). 
Infection of cultured striatal cells with 
pHSVth resulted in expression of human 
T H  RNA, TH immunoreactivity, and the 
release of L-dopa into the culture medium 
(13). The amounts of L-dopa released per 
infected cell suggested that pHSVth might 
be evaluated in the 6-hydroxydopamine 
(6-0HDA)-lesioned rat, a model of PD. 

pHSVth virus or pHSVlac virus or ve- 
hicle alone [phosphate-buffered saline 
(PBS)], was delivered by stereotactic in- 
jection into the partially denervated stri- 
atum of unilaterally 6-OHDA-lesioned 
rats (14). The apomorphine-induced rota- 
tion rate was measured as an index of 
behavioral recovery. The average decrease 
in the rotation rate caused by pHSVth was 
64 2 6% at 2 weeks after gene transfer. 
This value remained relatively constant 
over a l-year period, and the decrease 
remained statistically significant at both 6 
months (P < 0.01) and 1 year (P  < 0.05) 
after gene transfer as compared with the 

USA. 
J. R. Naegele, Department of B~ology, Wesleyan Univer- 

Genetically modified muscle cells support control groups (Fig. 1A and Table 1). The 

slty, Middletown, CT 06457, USA. longer improvements (6  months) (8), but rotation rate of each rat in the pHSVth 
K. L. O'Malley, Department of Anatomy and Neurobiolo- the viability of a muscle cell graft in the group remained relatively constant and 
gys Washington University School of Medicine, St, Louis' human striatum is not yet clear. An alter- was similar to the rotation rate in the final 
M 0  631 10, USA. 
A. I. Geller, Dlvision of Endocrinology, ~ h i l d ~ ~ ~ ~ ~  ~ ~ ~ ~ i .  native therapeutic strategy is to convert a test  a able I ) .  
tal, and Proqram in Neuroscience, Harvard Medical fraction of the striatal cells into L-dopa- TH enzyme activity and extracellular 
school, ~os ton ,  MA 021 15, USA producing cells by expression of TH- in DA concentrations in the injected striatum 
*To whom correspondence should be addressed. striatal cells (9)  from a defective herpes were evaluated in selected rats 4 to 6 
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