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When the sympathetic nerves that innervate rat sweat glands reach their targets, they are 
induced to switch from using norepinephrine as their neurotransmitter to acetylcholine. 
Catecholamines (such as norepinephrine) released by nerves growing to the sweat gland 
induce this phenotypic conversion by stimulating production of a cholinergic differentiation 
factor [sweat gland factor (SGF)] by gland cells. Here, culture of gland cells with sympa- 
thetic, but not sensory, neurons induced SGF production. Blockage of a,- or p-adrenergic 
receptors prevented acquisition of the cholinergic phenotype in sympathetic neurons 
co-cultured with sweat glands, and sweat glands from sympathectomized animals lacked 
SGF. Thus, reciprocal instructive interactions, mediated in part by small molecule neu- 
rotransmitters, direct the development of this synapse. 

Neurons communicate with target tissues 
at synapses by releasing neurotransmitters. 
Each class of neurons has a characteristic 
repertoire consisting of a small molecule 
transmitter and a neuropeptide (or neu- 
ropeptides), and subpopulations of neurons 
within a class share a distinctive comple- 
ment of transmitter and peptide. Our un- 
derstanding of how this diversity arises dur- 
ing development is incomplete. In periph- 
eral neurons, environmental factors influ- 
ence this aspect of neuronal development. 
Thus, sympathetic neurons dissociated from ' 
superior cervical ganglia (SCG) of newborn 
rats are initially noradrenergic, and when 
grown in the absence of non-neuronal cells, 
they continue to differentiate as noradren- 
ergic neurons. When cultured in the pres- 
ence of certain non-neuronal cells or of 
differentiation factors such as ciliary neuro- 
trophic factor (CNTF) or leukemia inhibi- 
tbry factor (LIF), however, their noradren- 
ergic properties are reduced and they ac- 
quire a cholinergic phenotype instead (1- 
3). The sympathetic innervation of sweat 
glands in the developing rat footpad under- 
goes an analogous switch in neurotrans- 
mitter properties during development (4, 
5). The sympathetic axons innervating rat 
sweat glands are initially noradrenergic, but 
as the sweat gland innervation matures, 
noradrenergic markers decrease and cholin- 
ergic and peptidergic properties are ac- 
quired ( 6 4 ,  so that the mature sweat 
gland innervation is functionally choliner- 
gic (9). This postnatal switch depends on 
the target sweat glands (1 0, 1 1). 

To elucidate the molecular mechanisms 
of this switch, investigators have character- 
ized sweat gland-neuron interactions in 
vitro. Treatment of cultured sympathetic 
neurons with soluble extracts of rat foot- 

pad tissue reproduces the neurotransmitter 
changes seen in vivo (1 2-1 4), which indi- 
cates that these extracts contain a differen- 
tiation factor [sweat gland factor (SGF)] 
that induces cholinergic and reduces norad- 
renergic properties in the sweat gland in- 
nervation. In primary cultures of sweat 
gland cells, production of SGF required 
neurons (1 5), an unexpected result. Thus, 
sweat gland cells grown alone do not pro- 
duce the differentiation factor, but culture 
of gland cells with dissociated sympathetic 
neurons induces cholinergic properties in 
those neurons, and conditioned medium 
(CM) from co-cultures causes a similar 
change in na'ive sympathetic neurons. 
These observations suggest that SGF pro- 
duction by developing sweat glands is in- 
duced by innervation. Here we examine the 
mechanism by which sweat gland innerva- 
tion regulates SGF expression. 

To further characterize the interactions 
between neurons and sweat glands, we used 
two variations of the co-culture procedure. 
Because morphological studies have indi- 
cated that signaling between sweat gland 
innervation and developing glands is medi- 
ated by secreted factors (6), we used trans- 

filter co-cultures to test whether soluble 
molecules regulate production of SGF in 
co-cultures. Although a 0.45-pm filter pre- 
vented contact between neurons and gland 
cells, it did not alter the cholinergic differ- 
entiation of the neurons (Fig. I) ,  which 
indicates that the neuronal signal that in- 
duces secretion of the differentiation factor 
is soluble rather than membrane-associated. 
In addition, we determined whether other 
peripheral neurons could induce factor ex- 
pression by gland cells or if this ability was 
restricted to sympathetic neurons. Gland 
cells were cultured with dissociated dorsal 
root ganglion (DRG) sensory neurons, a 
population of neurons that innervate non- 
gland targets in the footpad, and CM from 
these co-cultures was tested for cholinergic 
differentiation activity. In contrast to cul- 
ture with sympathetic neurons, culture of 
sweat gland cells with sensory neurons 
failed to induce release of SGF into the CM - - 

(Fig. 2). Therefore, sensory neurons lack a 
component that is critical for signaling to 
gland cells. 

Because norepinephrine is secreted by 
sympathetic, but not sensory, neurons, we 
tested the possibility that norepinephrine 
released by sympathetic neurons regulates 
SGF production. Noradrenergic transmis- 
sion was disrupted in co-cultures by addi- 
tion of adrenergic receptor antagonists. Al- 
though neurons in sympathetic neuron- 
sweat gland co-cultures grown in control 
medium acquired a cholinergic phenotype, 
those grown with the adrenergic antago- 
nists prazosin (al) ,  propranolol (PI, PI), or 
alprenolol (PI) lacked cholinergic function 
(Fig. 3). In contrast, cells grown with the 
antagonists yohimbine (a2) or atropine, 
which are antagonists of muscarinic acetyl- 
choline receptors, acquired cholinergic 
properties similar to those of cells grown in 
control co-cultures [choline acetyltrans- 
ferase activity was measured as a percentage 
of the control: control co-culture, 100%; 
atropine, 114 * 15%, three experiments 

Fig. 1 (left). Soluble factors medi- 
ate signaling in neuron-gland co- 
cultures. Sweat gland cells were 32000 
added to sympathetic neurons or = 
to a 0.45-km filter over neurons 
(21). Five days later, control neu- 
rons (C.), transwell co-cultures ,000 
(Trans, co.), and co-cultures (Co.) .c 
were assayed in duplicate for g 
ChAT, the synthetic enzyme for 
acetylcholine (22). Data are rep- 
resentative of three experiments C. Trans. 
(?SD, asterisks indicate P < CO. 

0.05). Fig. 2 (right). Sympa- 
thetic, but not sensory, neurons induce SGF production in sweat gland cells. Sweat gland cells (SG) 
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(+SEM); yohirnbine 91 ? 7%, four exper- 
iments (kSEM)]. These observations sug- 
gest that activation of a,- and P-adrenergic 
receptors is critical for production of SGF in 
neuron-sweat gland co-cultures and for the 
resulting change in neuron phenotype. 

To determine if catecholamines and ad- 
renergic antagonists act through receptors 
in sweat glands or neurons, we collected 
CM from control and propranolol-treated 
co-cultures and from sweat gland cells treat- 
ed with forskolin to mimic activation of P 
receptors. Conditioned medium from con- 
trol co-cultures and from forskolin-treated 
sweat gland cells induced cholinergic prop- 
erties in sympathetic neurons, but treat- 
ment of sympathetic neurons with forskolin 

Fig. 3. (A) Adrenergic re- 
ceptor antagonists prevent A 
cholinergic differentiation - 
in sympathetic neuron- 5800 
sweat gland co-cultures E 
(~0.1. CO-cultures were 5 600 
grown in control medium 
(C.) or in medium contain- 400 
ing 1 pM (-)propran0101 = 
(Pi and 82) (PrOP.), 10 PM !ZOO 
alprenolol (p,) (Alpren.), or = 
100 nM prazosin (a,) ' 
(Praz.) (21). Drugs were 
added every 2 days, and 

or adenosine 3'3'-monophosphate analogs 
did not induce cholinergic function (16). 
Medium from propranolol-treated co-cul- 
tures induced little cholinergic activity in 
neurons (Fig. 3), although propranolol did 
not decrease the cholinergic activity in- 
duced by co-culture CM [choline acetyl- 
transferase activity was measured as a per- 
centage of the control: co-culture CM, 
100%; propranolol, 99 k lo%, two ex- 
periments (fSD)]. Therefore, catechol- 
amines activate adrenergic receptors on 
sweat glands to induce SGF production, 
rather than affecting sympathetic neurons 
directly. 

Culture studies indicate that adrenergic 
receptors are crucial for the production of 

200 

Rop. Alpren. Praz. O C. Co. Co. + C. Fonk. 
SCG-SG co. C M  prop. C M  C M  

cells were harvested for 
ChAT assay after 5 to 7 days (22). Samples were assayed in triplicate ( G D ,  asterisk indicates P 
< 0.05) and are representative of four or more experiments. (B and C) Antagonists act on sweat 
glands. Conditioned media were collected from control and propranolol-treated co-cultures and 
from sweat gland cultures treated for 24 hours with 10 pM forskolin (Forsk.). Samples were 
concentrated (23) and added to sympathetic neurons 7 days before ChAT assay [n  = 2 or 3 (+SD, 
asterisks indicate P < 0.05)]. Data are representative of three experiments. 

Fig. 4. Sweat glands express adrenergic receptors. (A) 1 2 3 4  5 6 
Total RNA was isolated from cultured sweat gland cells A 
and from gland-containing footpads of PI0 rats. After 
reverse transcription, oligonucleotides specific to a,-, 
%-, pl- and p,-adrenergic receptors (24) were used to 
prime polymerase chain reactions. Unmarked lane 
shows 123-base   air ladder: lanes 1 to 4 show am~li- 
fication products f;om cultured cells (a,, a,, p,, and i,); 
lanes 5 (a,) and 6 (p,) show Southern (DNA) blots of 
products from footpads. Rat brain cDNA was a positive 
control and RNA was a negative control for all primers 
(18). (B and C) Radioligand binding in footpads. Sec- 
tions were incubated with either 1251-labeled (2-{p-(4- 
hydroxy-3-[1251]iodophenyl)-ethylaminomethyl)-tetral- 
one) + 100 nM prazosin to identify a, receptors or with 
1251-labeled pindolol 210 pM propranolol to identify p 
receptors (25). (B) 1251-labeled pindolol identifies p-re- 
ceptor localization. Shown are a bright field micrograph 
of a footpad section with stained glands (a) and a dark c 
field micrograph showing highest grain density over 
glands (b). (C) a, (open bars) and p (filled bars) binding 
was quantified by assessing grain density with the Cue g 2 1 0  

4 image analysis system (Olympus, Lake Success, New CIC 
York). Data shown are the average of 25 fields (+SEM) - - 
minus the 20 to 25% of total binding not blocked by an 5 '$ - 
antagonist. Similar results were obtained in four assays 
of p binding and two of a binding. ii o Sweat kL- glands Non-gland tloow 

differentiation factor in co-cultures and sug- 
gest that a similar mechanism regulates 
production in vivo. Although catechol- 
amines are present in early sweat gland 
innervation [posmatal day (P) 4 to 141, 
adrenergic receptor expression has not been 
characterized in developing glands. Analy- 
sis of adrenergic receptor mRNA by reverse 
transcription polymerase chain reaction in- 
dicates that sweat gland cultures and gland- 
containing footpads from PI0 rats express 
mRNA encoding a,-, a2-, and P2-adrener- 
pic receptors (Fig. 4). Radioligand binding 
studies on footuad sections from PI0 rats 
confirm the presence of a, and p2 receptors 
and localize their expression in developing 
sweat glands (Fig. 4), which indicates that 
gland cells bind norepinephrine secreted by 
the gland innervation. 

To test whether sympathetic innerva- 
tion is necessary for the production of SGF 
in developing sweat glands in vivo, we 
treated newborn rats with the neurotoxin 
6-hydroxydopamine (6-OHDA), which spe- 
cifically destroys developing sympathetic 
neurons (1 7). In contrast to surgical dener- 
vation (1 4), chemical sympathectomy does 
not disrupt sensory innervation of footpads 
or alter CNTF expression in Schwann cells 
(18). Extracts were prepared from footpads 
of sympathectomized and of control animals 
at P2 1. Extracts from vehicle-injected rats 
induced a cholinergic phenotype in sympa- 
thetic neuron cultures but those from sym- 
pathectomized animals did not (Fig. 5), 
which indicates that sweat glands deprived 
of noradrenergic input do not produce SGF. 
Sweat glands of adult rats contain SGF 
even though their innervation is no longer 
noradrenergic. It is unclear if SGF produc- 
tion becomes innervation-independent or if 
activation of muscarinic acetylcholine and 
of vasoactive intestinal peptide receptors by 
the mature innervation (7-9) substitutes for 

Fig. 5. Sweat gland fac- 1 
toi activity does not 
appear in footpads 
of sympathectomized 
rats. Newborn rats were 
injected for 7 days with 
100 mg per kilogram 
of body weight of the 
sympathetic neurotoxin 
6-OHDA or of vehicle 
(V.) (0.9% NaCl and 1 
mM ascorbate) (17). 
Control: C. At P21, ex- 
tracts were prepared from footpads of sympa- 
thectomized and control animals and added to 
sympathetic neuron cultures at a concentration 
of 100 pglml. Medium was changed after 3 
days, and ChAT activity was assayed after 6 
days (22). Data shown are representative of 
extracts from three treated and three control 
animals [n  = 3 (&EM, asterisk indicates P < 
0.05)]. 
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noradrenergic receptor activation. 
Our data show that catecholamines from 

sweat gland innervation induce production 
of a cholinergic. differentiation factor in 
developing sweat glands, thereby triggering 
the switch to a cholinergic phenotype. Fur- 
ther, they indicate' that the initial expres- 
sion of catecholamines by cholinergic sym- 
pathetic neurons is not simply a default 
pathway (4) but is an essential step in their 
developmental differentiation. The require- 
ment for target innervation, which is not 
necessary for production of nerve growth 
factor (1 9), the target-derived trophic fac- 
tor for sympathetic neurons, may restrict 
the availability of the differentiation factor 
and increase the specificity of neuron-target 
interactions. 

This study shows that both anterograde 
and retrograde signaling are needed for 
development of functional synapses be- 
tween sympathetic neurons and sweat 
glands. Noradrenergic neurons contact the 
glands and stimulate production of SGF. 
Sweat glands release SGF, which induces 
cholinergic properties in the noradrenergic 
neurons, and acetylcholine then induces 
maturation of the sweat glands (20), which 
results .in the establishment of a functional 
synapse. 
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Digenic Retinitis Pigmentosa Due to Mutations at 
the Unlinked PeripherinlRDS and ROM 1 Loci 

Kazuto Kajiwara, Eliot L. Berson, Thaddeus P. Dryja* 
In spite of recent advances in identifying genes causing monogenic human disease, very 
little is known about the genes involved in polygenic disease. Three families were identified 
with mutations in the unlinked photoreceptor-specific genes ROMl and peripherinlRDS, 
in which only double heterozygotes develop retinitis pigmentosa (RP). These findings 
indicate that the allelic and nonallelic heterogeneity known to be a feature of monogenic 
RP is complicated further by interactions between unlinked mutations causing digenic RP. 
Recognition of the inheritance pattern exemplified by these three families might facilitate 
the identification of other examples of digenic inheritance in human disease. 

Retinitis pigmentosa (RP) is the name era1 vision in young adulthood, and are 
given to a set of hereditary human diseases blind by middle age. In the United States 
that cause blindness resulting from degen- alone 50,000 to 100,000 people are afflicted 
eration of rod and cone photoreceptors in with RP. Oral vitamin A supplementation 
the retina. Patients typically develop night has been reported to slow but not stop the 
blindness in adolescence, lose midperiph- course of the disease (I). RP exhibits ge- 
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netic heterogeneity and can be transmitted 
as an autosomal dominant, autosomal re- 
cessive, or X-linked trait. Most cases are 
considered to be monogenic; that is, in any 
given family, only one responsible locus is 
thought to be defective. Although polygen- 
ic inheritance could explain the variable 
expressivity seen in some pedigrees (2), no 
specific combinations of genes have been 
identified that cause or modify this disease. 

We identified three families with RP 
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