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NGF Modulates Sympathetic Innervation of Lymphoid Tissues 

Sonia L. Carlson, Kathryn M. Albers,2 Daniel J. Beiting,’ Mark Parish,’ James M. Conner,3 and Brian M. 
Davis’ 

‘Department of Anatomy and Neurobiology and *Department of Pathology, University of Kentucky College of 
Medicine, Lexington, Kentucky 40536-0084 and 3Department of Biology, University of California at San Diego, La 
Jolla, California 92093-0601 

Immune tissues are known to be innervated by the sym- 
pathetic nervous system, but little is known of what directs 
the innervation to specific tissue compartments. This re- 
port examines the sympathetic innervation of immune tis- 
sues in transgenic mice that overexpress nerve growth fac- 
tor (NGF) in skin and other epithelial structures. NGF trans- 
genie mice exhibited dramatic hyperinnervation in the 
splenic marginal zone, and the medulla and capsule of pe- 
ripheral lymph nodes. In contrast, the transgenic mesen- 
teric lymph nodes showed no hyperinnervation. This dif- 
ference correlated with the location of these nodes; pe- 
ripheral lymph nodes drain skin where the transgene was 
expressed while mesenteric lymph nodes drain non-trans- 
gene-expressing structures. In addition, the level of inner- 
vation correlated with the level of NGF peptide content as 
assayed by ELISA (3- and l&fold increase in transgenic 
spleen and axillary lymph nodes, respectively; no increase 
in mesenteric nodes) and immunocytochemistry. RT-PCR 
showed that the NGF transgene was not being expressed 
in the immune tissues, suggesting that immune tissues can 
concentrate transgene-produced NGF. It was also demon- 
strated that the change in innervation had functional con- 
sequences. The mitogen response to concanavalin A 
(ConA) by spleen cells was decreased in the transgenics 
suggesting that elevated catecholamines or NGF can mod- 
ulate the proliferative response of these cells. These mice 
demonstrate that NGF can modulate the sympathetic in- 
nervation and function of the immune system. 

[Key words: NGF, fyrosine hydroxylase, spleen, lymph 
node, mitogen, immune] 

Numerous studies have shown communication between the ner- 
vous system and the immune system. In particular, the sympa- 
thetic nervous system has been well documented to innervate 
lymphoid tissues (Felten and Felten, 1991) and to modulate im- 
mune responses (Madden and Livnat, 1991; Roszman and Carl- 
son, 1991). In general, sympathetic fibers in immune tissues are 
found surrounding blood vessels and in T-cell zones within lym- 
phoid tissues such as spleen, lymph nodes, gut-associated lym- 
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phoid tissue (GALT), etc. (Felten et al., 1987). Examination of 
splenic innervation at the electron microscopic level shows 
nerve terminals directly adjacent to lymphocytes in the white 
pulp and thus these fibers do not innervate solely the smooth 
muscle of arteries (Felten and Olschowka, 1987). Lymphocytes 
also express P-adrenergic receptors (Pochet et al., 1979; Kra- 
wietz et al., 1982; Carlson et al., 1994), and can respond func- 
tionally to catecholamines released into their microenvironment. 
Catecholamine stimulation of lymphocytes has been shown to 
modulate various aspects of immune function including lym- 
phocyte proliferation, antibody production, natural killer cell ac- 
tivity and lymphocyte homing (reviewed in Madden and Livnat, 
1991). 

It is not known what “directs” the sympathetic axons to in- 
nervate specific compartments of lymphoid tissues. One poten- 
tial guidance molecule is NGE a neurotrophic protein known to 
be required for sympathetic neuron survival and differentiation 
(Levi-Montalcini and Angeletti, 1968; Harper and Thoenen, 
1980), and to support sympathetic innervation in other tissues. 
Previous studies have shown that the level of sympathetic in- 
nervation of many tissues is correlated with the level of NGF 
peptide (Korsching and Thoenen, 1983; Shelton and Reichardt, 
1984). To examine the role of NGF in regulation of the inner- 
vation pattern of lymphoid tissue, we have studied transgenic 
mice that overexpress NGE These transgenic mice express a 
transgene in which the NGF cDNA was linked to an epidermal 
keratin (K14) gene promoter and enhancer sequences. They ex- 
press high levels of NGF in the skin and other stratified epithe- 
lium beginning at approximately embryonic day 14, resulting in 
hyperinnervation of this tissue by sensory and sympathetic ax- 
ons (Albers et al., 1994). Although the NGF transgene is not 
expressed in the lymphoid tissues, the spleen and peripheral 
lymph nodes of the K16NGF transgenics had a profound sym- 
pathetic hyperinnervation in specific tissue compartments, in- 
cluding the marginal zone of the spleen and the medulla and 
capsule of peripheral lymph nodes. In contrast, the mesenteric 
lymph nodes of the gut were not hyperinnervated. The mitogen 
response of spleen cells to ConA was significantly decreased in 
the transgenics. Thus, these mice provide a means to determine 
the role of neurotrophins in the development of innervation of 
lymphoid tissues and the functional consequence of hyperinner- 
vation on immune function. 

Materials and Methods 
Trunsgenic mice. The K14-NGF transgenic mice used in this study have 
previously been described (Albers et al., 1994). In brief, a 797 bp frag- 
ment encoding the NGF short transcript (Edwards et al., 1989) was 
ligated into a K14-hGH cassette vector (Cheng et al., 1992). This vector 
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contains the human keratin K14 gene promoter and enhancer that directs 
high levels of transgene expression to basal keratinocytes of the epi- 
dermis. Mice expressing the Kl4-NGF transgene were isolated as de- 
scribed previously (Albers et al., 1994) and screened for the transgene 
using Southern hybridization analysis and slot blot analysis using DNA 
extracted from tail. Relative levels of transgene expression were deter- 
mined by Northern analysis based on the hybridization signal and two 
lines, A-47 and A-56, were chosen for analysis. Line A-47 (medium 
expresser) has a lower level of transgene mRNA expression and skin 
hyperinnervation than line A-56 (high expresser) (Albers et al., 1994). 

Tyrosine hydroxylase immunocytochemistry. Mice were deeply anes- 
thetized, perfused intracardially with buffered 4% paraformaldehyde, 
and tissues removed, weighed, embedded in gelatin (10% in PBS) and 
postfixed overnight. Tissues were transferred to 30% sucrose in PBS 
and kept at 4°C overnight. Sections were cut at 30 pm on a freezing 
microtome and stored in a cryoprotectant solution (Watson et al., 1986). 
Sections to be stained were rinsed several times in KPBS (40 mM 
K,HPO,, 10 mM KH,PO,, 0.9% NaCl, pH 7.2), incubated 30 min in 
4% goat serum, and incubated overnight at 4°C with primary antibody 
(0.05 pg/ml rabbit anti-TH, Chemicon) in KPBS with 0.02% Triton 
X-100. After six rinses, tissues were incubated with biotinylated sec- 
ondary antibody (goat anti-rabbit, 5 p,g/ml, Kirkegaard and Perry, 
Gaithersburg, MD) for 60 min at room temperature. Sections were 
rinsed and endogenous peroxidase activity blocked by incubating for 
20 min in KPBS containing 2.5% H,O, and 5% methanol. After rinsing, 
sections were incubated with avidin-biotin complex (ABC kit, Vector 
Labs) for 60 min, rinsed one time in KPBS and two times in sodium 
acetate buffer (0.1 M, pH 6). The immunoreactivity was visualized using 
nickel-enhanced 3,3’-diaminobenzidine (DAB, 0.4 mg/ml) and H,O, 
(0.005%) in sodium acetate buffer, Tissue sections were mounted on 
slides, counterstained with methyl green, dehydrated through a graded 
series of alcohols and xylene, and coverslipped with Permount. 

NGF immunocytochemistry. The pattern of NGF staining was deter- 
mined using a rabbit-anti-NGF antibody (Conner et al., 1992). Animals 
were perfused with 2% paraformaldehyde with 0.2% parabenzoquinone 
in PBS. Tissues were embedded in 10% gelatin, postfixed 2 hr, and 
processed and cut as above for TH staining. All immunocytochemistry 
steps were carried out in 0.1 mM Tris buffered saline (TBS), pH 7.4. 
Tissue sections were pretreated with 0.25% Triton X-100 in TBS for 
20 min, and then blocked with 5% goat serum, 2% bovine serum al- 
bumin in TBS for 1 hr. Sections were incubated with the anti-NGF 
antibody (2 p,g/ml) for 48 hr at 4°C. The secondary antibody (bioti- 
nylated goat anti-rabbit, 1.5 kg/ml, Vector Laboratories, Burlingame, 
CA) was incubated for 3 hr, room temperature. The ABC step (Vector 
Laboratories) was incubated for 90 min. The color reaction was devel- 
oped using 0.4 mg/ml DAB, 0.06% nickel chloride, 0.06% H,O, in 
TBS. 

Reverse transcriptase-PCR. Total RNA was isolated from tissues us- 
ing Trizol (BRL, Grand Island, NY), resuspended in sterile water, and 
DNased (Promega Biotechnology, Madison, WI). One pg of each sam- 
ple was reverse transcribed using Superscript reverse transcriptase 
(BRL) following the manufacturer’s protocol. Reverse transcribed sam- 
ples were denatured at 99°C for 5 min, put on ice 5 min, and split into 
two. separate tubes. PCR amplification was carried out in a 100 ~1 
volume following addition of 1.5 U of Taq polymerase (Promega) and 
a primer set (20 FM each) to either NGF or actin sequences. Actin 
served as an internal standard for RNA quality and reaction efficiency. 
Reaction conditions for NGF amplification were: 1 min: 94°C 1 min: 
58”C, 1 min: 72°C for 25 cycles. Actin amplification was carried out in 
separate tubes for 20 cycles. Following amplification, reactions were 
extracted with 100 ~1 of chloroform to remove the overlying mineral 
oil and 90 p,l of each reaction precipitated with ammonium acetate and 
ethanol. DNA pellets were resuspended in 10 mM Tris, 1 mM EDTA 
pH 8 and run on an 8% polyacrylamide gel in TBE buffer that was 
stained with ethidium bromide. To detect endogenous and transgene 
NGF DNAs, internal primers to the NGF sequence were utilized 
(S’TCCAATCCTGTTGAGAGTGG 3’; S’CAGGCTGTGTCTATCCG- 
GAT 3’). Amplification produced a 144 bp fragment. Actin primers 
(S’TAAAACGCAGCTCAGTAACAGTCCG 3’; S’TGGAATCCTGT- 
GGCATCCATGAAAC 3’) produced a 348 bp fragment. To detect 
transgene expression, primers to sequences at the 3’ end of the NGF 
cDNA (5’GGATAGACACAGCCTGTGTG 3’) and at the 5’ end of the 
hGH noncoding region (5’AAAAGCCAGGAGCAGGGACGT 3’) were 
used (see Albers et al., 1994). This region contained an intron sequence 

specific for the transgene and further verified that only mRNA and not 
DNA sequences were amplified. 

NGF ELBA. The ELISA was carried out according to the protocol 
of Creeden and Tuttle (1988). Fresh frozen tissue samples were soni- 
cated briefly in ice cold sample buffer (0.1 M PBS, 0.4 M NaCl, 0.1% 
Triton X-100, 2 mM EDTA, 0.5% BSA pH 7.4; plus protease inhibitors 
added just prior to use from 100X stocks: 0.1 mM benzethonium chlo- 
ride, 2 mM benzamidine, 0.1 mM PMSF, and 20 KIu/ml aprotinin). The 
samples were centrifuged 10 min at 40,000 X g, 4°C and the super- 
natants transferred to new microfuge tubes. Tissue pellets were saved 
for protein measurement. The ELISA plate was coated with anti-NGF 
antibody (0.25 kg/ml in binding buffer: 50 mM sodium carbonate/b- 
carbonate, pH 9.6; Boehringer Mannheim #lo08 218, Chicago, IL) for 
2 hr, 37°C. The antibody was removed, and the wells blocked with LO 
mg/ml BSA in binding buffer for 1 hr, 37°C washed 4X with wash 
buffer, and the samples and NGF standards (15.661000 pg/ml) added 
in triplicate. The plate was sealed and incubated overnight at room 
temperature. The wells were washed 1 X 1 min, and 3 X 20 min using 
a plate shaker. The secondary anti-NGF antibody conjugated to B-ga- 
lactosidase (10 mu/ml, Boehringer Mannheim, #lo088 234) was added 
and incubated for 3 hr at 37°C. The plate was washed 3 X 30 min, 
fluorescein di-B-galactopyranoside (FDG 25 FM, Molecular Probes, Eu- 
gene, OR) was added as a substrate for B-galactosidase, and the plate 
sealed and incubated overnight at 37°C. The fluorescence per well was 
measured using a CytoFluor 2300 fluorescence plate reader (Millipore, 
Bedford, MA; Ex 485 nm; Em 530 nm), and the results calculated from 
the standard curve. 

Mito,qen response. Spleens of control and transgenic mice were asep- 
tically removed and dissociated into cell suspensions in wash medium 
[Hanks’ Balanced Salt Solution (HBSS). 20 mM HEPES. 0.5% BSAl. 
Spleen cells were pelleted by centrifugation at 200 X g, 10 min, and 
resuspended in lysis buffer (0.15 M NH,Cl, 0.1 mM EDTA, 1.0 mM 
KHCO,, pH 7.4) for 10 min, 4°C to eliminate red blood cells. Spleen 
cells were washed twice in wash buffer, resuspended in complete me- 
dium [Dulbecco’s Modified Eagles Medium, 2 mM L-glutamine, 1X 
nonessential amino acids (GIBCO, Grand Island, NY), 50 PM 2-mer- 
captoethanol, 10 mM HEPES, 100 U/ml penicillin, 100 pg/ml strepto- 
mycin, 10% alpha calf serum (HyClone, Salt Lake City, UT)] and ad- 
justed to 2 X 10h/ml. Cells (100 ~1) were added to 96 well plates 
containing 100 ~1 of 2X solutions of Con A (Sigma Chemical, St. 
Louis, MO) diluted in complete medium. The final concentrations of 
ConA were 0, 1, 2.5, and 5-pg/ml, with all groups plated in triplicate. 
The mates were incubated for 72 hr at 37°C in a humidified 5% CO, 
incubator. During the last hour of incubation, 20~1 of Alamar blue (Alar 
mar, Sacramento, CA) was added, and the plates read using a CytoFluor 
2300 fluorescence plate reader (Millipore, Bedford, MA; Ex: 530 nm, 
Em: 590 nm). Wells containing medium plus Alamar blue were used 
for background subtraction. The combined data of replicate experiments 
for the transgenic mice are expressed as percent of control values. A 
Student’s t test was used with each concentration of ConA to determine 
significant differences. Previous studies from our lab (unpublished ob- 
servations) and others (Ahmed et al., 1994) have shown a good corre- 
lation between proliferation results using Alamar blue and 3H-thymidine 
incorporation. 

Results 
Spleen innervation is enhanced in K14-NGF transgenic mice. 
To investigate the effect of NGF overexpression on the sympa- 
thetic innervation pattern of various lymphoid tissues, tissue sec- 
tions from control and K16NGF transgenics were incubated 
with an antibody against tyrosine hydroxylase (TH), the rate 
limiting enzyme in catecholamine biosynthesis. Antibody label- 
ing of control spleen showed a dense innervation surrounding 
the central artery of the white pulp (Fig. 1A). In addition, nerve 
fibers extended away from the central artery into the white pulp 
parenchyma, consistent with the previously described pattern in 
rat and mouse (Felten et al., 1987). TH-positive fibers were not 
found in the red pulp, and only occasionally seen in the marginal 
zone of the white pulp. In contrast, splenic tissue from the high 
expresser (A-56 line) K14-NGF transgenic mice consistently had 
a dense innervation in the marginal zone, forming a sharp 
boundary around each area of white pulp (Fig. 1B). The plexus 





in the marginal zone was composed of a dense network of fine 
fibers. Innervation of the central artery and white pulp paren- 
chyma were present, but often appeared less dense than in con- 
trols. In many transgenics, numerous coarse fiber bundles were 
located in the red pulp. Large nerve fiber bundles could be seen 
entering the tissue. 

Spleen tissue from medium expresser (A-47 line) NGF mice 
showed a pattern of innervation that was intermediate between 
the control and high expresser pattern (Fig. 1C). The central 
artery innervation was robust, but fibers also were found in the 
marginal zone. The marginal zone plexus consisted of a few 
fibers ringing the white pulp in contrast to the heavy plexus of 
fibers seen in the high expresser animals. Some TH-labeled fi- 
bers were seen in the red pulp, but at a much lower level than 
present in the high expresser animals. 

Innervution of peripheral and mesenteric lymph nodes. Sym- 
pathetic innervation of peripheral lymph nodes (axillary, cervi- 
cal, inguinal) in control animals was sparse, with most fibers 
around blood vessels in the medulla (Fig. 1D). In contrast, large 
TH-positive nerve fiber bundles were detected entering the hilus 
region of lymph nodes in the high expresser transgenic mice 
(Fig. 1E). Nerve fibers ramified from the hilus, extending to the 
adjacent capsular and subcapsular regions and into the medulla 
(Fig. l&F). The medullary region was extremely hyperinner- 
vated, with sharp demarcations at the cortico-medullary junction 
as the TH-labeled fibers did not extend into the cortex. The TH- 
positive fibers extended to the capsule adjacent to the medulla, 
but in most cases did not innervate the entire capsule. Although 
the cortex of the lymph node did not appear innervated, TH- 
positive fibers circled around B-cell follicles at the periphery of 
the cortex, without sending fibers into the follicles. In general, 
the peripheral lymph nodes with the highest level of innervation 
were the cervical and axillary nodes. In some transgenic mice, 
the innervation of the inguinal lymph nodes appeared less ro- 
bust. The popliteal lymph nodes were examined in one animal 
and were hyperinnervated as well (data not shown). In the me- 
dium expresser mice, the sympathetic innervation of the periph- 
eral lymph nodes was enhanced and, though a fiber distribution 
similar to that in high expressers was present, the overall density 
of innervation was considerably less (data not shown). 

Innervation of mesenteric lymph nodes in control mice was 
similar to that present in control peripheral nodes (Fig. 1G). 
Small plexuses of fibers surrounded blood vessels and extended 
into the medullary regions. Surprisingly, the innervation of the 
mesenteric lymph nodes of the high and medium Kl4-NGF ex- 
pressing mice did not differ from the pattern and intensity seen 
in controls (Fig. 1H). 

NGF peptide levels are elevated in lymphoid tissues of NGF 
transgenic mice. One possible explanation for the hyperinner- 
vation of the lymphoid tissues in the transgenics is that they 
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Table 1. NGF peptide content is elevated in high-expresser 
transgenic spleen and axillary lymph node 

% of nontransgenic 
Tissue NGF content 

Spleen 316 2 49 
Axillary lymph node 1272 -t 361 
Mesenteric lymph node 91 2 21 

The data represent the mean k SEM of tissues from 9-13 transgenic mice and 
5-10 controls. Average NGF content of control (nontransgenic) tissues (pg 
NGF/mg protein): spleen, 25.74 k 2.34; axillary lymph node, 7.98 2 2.45; 
mesenteric lymph node, 32.44 2 10.41. 

contained higher levels of NGF and thus supported greater levels 
of innervation. To determine if this was the case, the levels of 
NGF were measured in control and high-expresser transgenic 
spleens using a two-site ELISA and fluorescence detection. The 
NGF level in the transgenic spleens was threefold higher than 
measured in controls (Table 1). In axillary lymph nodes, the 
level of NGF in the high-expresser transgenics was more vari- 
able than controls, but the mean level was approximately 13- 
fold higher than in controls. NGF levels in transgenic mesenteric 
lymph node were not different than control values. Thus, in con- 
trast to transgenic axillary lymph nodes and spleen, transgenic 
mesenteric lymph nodes did not have elevated NGE 

Immunocytochemical staining for NGF. To localize NGF 
within lymphoid tissues, immunocytochemical staining for NGF 
was carried out. The pattern of NGF staining was similar to that 
seen with TH immunocytochemistry. In control spleen NGF- 
positive fibers surrounded the central artery (Fig. 2A). In NGF 
transgenic spleens, fibers were distributed in the marginal zone 
as well as in the white pulp surrounding the central artery (Fig. 
2B). In both controls and transgenics the staining was relatively 
light. In control axillary lymph nodes, no specific staining for 
NGF was apparent (Fig. 2C). In contrast, anti-NGF staining was 
very intense in the medulla and capsule of the NGF transgenic 
axillary lymph nodes (Fig. 20). No specific staining was de- 
tected in either the control or transgenic mesenteric lymph nodes 
(Fig. 2E, F). 

Measures of endogenous and transgene NGF expression us- 
ing RT-PCR. One possible explanation for the elevated NGF 
peptide levels in the transgenic tissues is that the K16NGF 
transgene was aberrantly expressed in these tissues. Alternative- 
ly, the endogenous expression of NGF could have been elevated. 
To examine the level of NGF mRNA expression in lymphoid 
tissues of control and transgenic mice, we used reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) analysis. Analy- 
sis of total NGF mRNA expression, that is, endogenous and 
transgene derived, was done on axillary and mesenteric lymph 

Figure 1. Immunostaining for TH in control and transgenic spleen (A-C), axillary lymph node (D-F) and mesenteric lymph node (G, H). A-C, 
In control spleen (A), TH+ fibers surrounded the central artery of the white pulp (cut longitudinally, arrowheacls) and extended into the white pulp 
parenchyma. In high expresser transgenic (A-56 line) spleen (B), the TH’ fiber hyperinnervation was present in the marginal zone of the white 
pulp (arrows) and the central artery innervation (arrowheads) appeared less dense than in controls. In medium expresser transgenic (A-47 line) 
spleen (C), TH’ fibers were located around the central artery (cut in cross-section; arrowhead) as well as in the marginal zone (arrows). The level 
of innervation was intermediate between that of the control and high expresser transgenic spleens (rp, red pulp; wp, white pulp). D-F, Control 
axillary lymph node (D) had TH+ fibers surrounding blood vessels in the medulla (arrow). Large nerve bundles entered the hilus and densely 
innervated the medulla of the high expresser transgenic axillary lymph node (E, F). Sympathetic fibers surrounded the B cell follicles and extended 
into the capsule. No staining in the cortex was apparent. (B, B cell follicle; c, cortex; m, medulla) G and H, In both control (G) and transgenic (H) 
mesenteric lymph node, TH+ fibers surrounded numerous blood vessels in the tissue (uvrows). No hyperinnervation was found in the transgenic 
mesenteric lymph node. Scale bars: A-D and F-H, 100 pm; E, 500 km. 
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Figure 2. Immunostaining for NGF peptide in control and high expresser transgenic spleen (A, B), axillary lymph node (C, D), and mesenteric 
lymph node (E, P). A and B, In control spleen (A), faint NGF- staining surrounded the central artery (trrr~orvlrrnrls) of the white pulp (cv~I). No 
specific staining wily apparent in the red pulp (rp). In the transgenic spleen (B), NGF- stainin g WBS present around the central artery, and in nerve 
fiberi in the marginal zone (UI.II)IL.S). C and D, In control axillary lymph node (C), no specific stainin g for NGF was present. In transgenic axillary 
lymph node (II). intense staining for NGF was present in the capsule and medulla. No stninin p was apparent in the B cell follicles or cortex. (B, 
B cell follicle: 111. medulla) E and F, No specific stainin g for- NGF was apparent in either control (E) or transgenic (F) mesenteric lymph node 
Scale bars. I00 km. 

nodes and spleen sample\ from control and transgenic mice (Fig. 
3A). Reaction efficiency wa5 monitored using actin mRNA an- 
phhcation. In the tir5t experiments, primers specilic for an in- 
ternal sequence of the NGF coding region were used. These 
primers would detect cndogenous or transgene derived NGF pro- 
duction. The result\ showed stmtlar low levels of NGF expres- 
5ron m all tran\gemc and control samples. 

To further verify that the K14-NGF transgene was not ex- 

pressed in lymphoid trssues, RT-PCR analysis was carried out 
using primers that amplified a region that overlapped the hGH 
3’ and NGF coding sequence regions and thus was specific for 
the transgene (Fig. 3B). As expected, no product was detected 
in the lymphoid tissue samples. These primers have consistently 
shown transgene product in skin samples of the transgenic mice, 
and selective expression of the transgene in K14-positive tissues 
has previously been shown (Albers et al.. 1994; Davis et al.. 
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Figure 3. Transgene derived NGF is not synthesized in the transgenic lymphoid tissues. A, Total RNA was isolated from nontransgenic (nt) and 
transgenic (tg) skin, axillary lymph nodes (Ad), mesenteric lymph nodes (Mln), and spleen (Spl). Samples were DNased and used for reverse 
transcription assays. One RT reaction was carried out for each sample after which the reaction was split into equal portions and PCR amplified 
using primers to either NGF or actin. Actin was used as an internal control for reaction efficiency. Products were precipitated and loaded on an 
8% polyacrylamide gel that was EtBr stained. Amplification of actin cDNAs produce a band at 348 bp whereas NGF cDNAs produce a band at 
144 bp. Note that NGF levels in all lymphoid tissues are low and not elevated in the transgenic samples. Transgenic skin is included as a positive 
control for the NGF product. Markers are @X174 HaeIII fragments. B, Total RNA was reverse transcribed and PCR amplified using primers specific 
for the K14-NGF transgene which, if present, produce a fragment of 160 bp. No evidence of transgene expression in lymphoid tissues was apparent. 

l 

C T 
0 

! 100.0 *70x 

3~ 3.6 + 7.8 

C T 
1.0 

- 
1500 

j  1000 
ri 

=+ 500 

0 tT  
0 1 2.5 5 

ConA,pg/ml 
L 

l 

I : 

I 

0 

0 
100.0 *72.9 

r- 2.1 f 9.8 

C T 
2.5 

i 8 

: 

i 

100.0 *68.6 

zk 3.5 f 8.4 

CTI 

5.0 
Concanavalin A, yglml 

Figure 4. The mitogen response to ConA is decreased in transgenics. 
Spleen cells were incubated 72 hr with various doses of ConA, and the 
proliferation detected with Alamar blue and a fluorescence plate reader. 
Data for each animal (n = 6, controls; 8, transgenics) is expressed as 
the percent of the average control value for each dose of ConA. Prolif- 
eration of the transgenic spleen cells was significantly decreased at each 
of the ConA dilutions used. The inset shows the average fluorescence 
of control wells: 0 ConA, 83.93 t 10.08; 1 &ml, 913.20 t 53.47; 
2.5 pg/ml, 1232.92 t 46.81; 5 Kg/ml, 1089.75 + 69.70. *, p < 0.05. 

1994). Thus, the low level of NGF mRNA detected with the first 
set of primers was from the endogenous NGF gene. 

Decreased mitogen response to ConA in transgenics. Spleen 
cells were stimulated with various concentrations of the T-cell 
mitogen ConA. All concentrations of ConA stimulated prolif- 
eration, with the peak response for control and transgenics at 
2.5 Fg/ml ConA (Fig. 4, inset). The proliferation of transgenic 
spleen cells was significantly decreased at each of the ConA 
concentrations (1, 2.5, 5 kg/ml; Fig. 4). Most of the transgenics 
(6 of 8) showed a profound decrease in proliferation (up to 50% 
decrease); however, the response of two of the mice was not 
different from controls at any concentration. 

Discussion 

Though innervation of lymphoid tissues by sympathetic post- 
ganglionic neurons has been well documented (Felten et al., 
1987; Felten and Felten, 1991), much remains unknown about 
the factors that control the density and pattern of innervation 
and the significance of this innervation on the immune response. 
Trophic factors such as NGE which are essential for the survival 
of sympathetic neurons (Levi-Montalcini and Angeletti, 1968; 
Harper and Thoenen, 1980), could play a key role in the devel- 
opment and maintenance of lymphoid innervation. To study this 
issue, we examined various lymphoid tissues of NGF transgenic 
mice for sympathetic fiber content and distribution. Our results 
show that many, though not all, transgenic lymphoid tissues 
were hyperinnervated and displayed alterations in fiber distri- 
bution when compared to control tissues. In spleen, hyperinner- 
vation of the marginal zone of the white pulp was striking and 
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correlated with the level of NGF peptide, that is, transgenics 
expressing high NGF levels (A-56 mice) had a more dense plex- 
us in the marginal zone than found in the medium expressing 
(A-47) mice. Interestingly, the pattern of fiber distribution in the 
adult transgenic is similar to that seen in developing rat spleen. 
In rat, splenic innervation occurs postnatally and appears first in 
the developing marginal zone prior to establishing the adult pat- 
tern which is predominantly around the central artery and in the 
white pulp parenchyma (Felten et al., 1987; Ackerman et al., 
1989). Thus, elevated NGF levels in transgenic mice may sta- 
bilize the embryonic pattern of innervation around the marginal 
zone and alter the development of the mature pattern. Future 
developmental studies will determine if increased NGF in trans- 
genie mice does in fact “freeze” the innervation to the marginal 
zone and decrease the progression of innervation to the central 
artery and white pulp. 

In peripheral lymph nodes (i.e., axillary and cervical) of trans- 
genie mice, hyperinnervation was evident in the medulla and 
capsule, compartments that normally have a low degree of in- 
nervation (Felten et al., 1984, 1987). As in spleen, the degree 
of hyperinnervation correlated with the level of NGF peptide in 
the tissue as measured by ELISA and the pattern of NGF by 
immunocytochemistry. In contrast, the transgenic mesenteric 
lymph nodes, which had control levels of NGE were not hy- 
perinnervated in either line of transgenic mice. Thus, the level 
of sympathetic hyperinnervation was proportional to the level of 
NGE a relationship previously described for a variety of tissues 
(Korsching and Thoenen, 1983; Shelton and Reichardt, 1984). 

That NGF guides sympathetic innervation of lymphoid tissues 
in normal mice is consistent with studies that reveal lymphocytes 
produce NGF (Ehrhard et al., 1993; Santambrogio et al., 1994). 
In support of this, spleen, but not mesenteric lymph nodes, can 
induce neurite outgrowth from superior cervical ganglia in vitro 
which can be blocked with anti-NGF antibody (Kannan et al., 
1994). In addition, lymphocytes and monocytes have been 
shown to express NGF receptors (Thorpe et al., 1987a; Otten et 
al., 1989; Kittur et al., 1992; Ehrhard et al., 1993) suggesting 
that NGF has both immune and neural targets in lymphoid tis- 
sues. 

Presently it is not clear why only the peripheral lymph nodes, 
and not the mesenteric lymph nodes, contain elevated NGF lev- 
els in the transgenic mice. One possibility is that NGF produced 
in the overlying skin is released into the blood or lymph, and is 
concentrated in certain immune tissues as these fluids are fil- 
tered. Measurements of NGF in skin by ELISA have shown up 
to a fourfold increase in transgenics compared to controls (un- 
published observation), a value similar to the increase in NGF 
found in spleen. In contrast the increase in NGF peptide in the 
axillary lymph nodes, which are exposed to lymph drained from 
the skin, was much greater (13-fold) suggesting that NGF was 
being concentrated in these tissues. In contrast, the lack of ele- 
vation in NGF in the mesenteric lymph nodes, which drain 
lymph from the gut, suggests that these nodes do not concentrate 
NGF or are not exposed to elevated NGF from the blood. 

The mechanism by which elevated NGF levels induce hyper- 
innervation is not clear. One possibility is that this innervation 
pattern is a nonspecific result of the hypertrophy of the sympa- 
thetic ganglia. The sympathetic ganglia, including the superior 
cervical ganglion (Albers et al., 1994), the sympathetic chain, 
and collateral ganglia (unpublished observations) are hypertro- 
phied in the transgenics. However, the spleen which is hyper- 
innervated, and the mesenteric lymph nodes which are not, are 

likely to receive fibers from the same sympathetic ganglia, that 
is, superior mesenteric/celiac ganglion and lower thoracic sym- 
pathetic chain ganglia (Bellinger et al., 1989; Nance and Burns, 
1989). If ganglia are shared, it suggests that tissue specific fac- 
tors are involved in establishing the innervation pattern and den- 
sity. It is possible that factors that inhibit as well as promote 
axonal ingrowth reside within specific lymphoid tissues. These 
factors also may be important in establishing innervation to spe- 
cific tissue compartments such as the marginal zone of the spleen 
and medulla of peripheral lymph nodes. 

Another possibility is that NGF acts as a chemotropic agent, 
a hypothesis that has been intensively investigated and debated’ 
(Gunderson and Barrett, 1979; Gunderson and Barrett, 1980; 
Lumsden and Davies, 1983; Davies et al., 1987; Hoyle et al., 
1993; Davis et al., 1994) Also, since sympathetic fibers are nor- 
mally found in lymphoid tissue, the transgenic pattern of inner- 
vation could be due, in part, to sprouting of local sympathetic 
fibers (Diamond et al., 1992; Isaacson et al., 1992). However, 
the unique nature of the transgenic sympathetic projection can 
not be completely explained by sprouting alone. 

The results of the mitogen assays demonstrate that the im- 
mune system is altered functionally in the transgenic mice. The 
decrease in proliferation to ConA is not the result of altered 
ratios of T-cell subsets as the percent of CD4+ or CD8+ cells in 
spleen was not different in the transgenics (unpublished obser- 
vations). The change in proliferative capacity may be a direct 
effect of the elevated NGF or of the enhanced tissue innervation. 
Both NGF (Thorpe and Perez-Polo, 1987; Thorpe et al., 1987b; 
Otten et al., 1989) and catecholamines (Madden and Livnat, 
1991; Roszman and Carlson, 1991) have been shown to alter 
immune responses, including proliferation. 

While the exact mechanism by which NGF affects immune 
system development and function are just beginning to be iden- 
tified, it is clear from the present data that NGF plays a central 
role in establishing the pattern of catecholamine innervation. Be- 
cause of the presence of NGF receptors on lymphoid cells and 
its ability to affect the adult sympathetic nervous system, it is 
likely that NGF could be a modulator of immune function in the 
adult as well. Thus these mice will provide an excellent model 
system to examine the interactions between catecholamines, 
NGF and the immune system both during critical periods of 
development and in the adult. 
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