
when the latter are elevated during 
DFMO treatment. Exogenous spermine, 
however, may gain access to the en- 
zyme, perhaps through the lysosomal 
system. Alternatively, high intracellular 
levels o f  spermine achieved during treat- 
ment with DFMO and spermine could 
inhibit spermine synthase and thereby 
lead to an accumulation o f  spermidine. 

O f  the putrescine homologs, only DA5 
and DA6 afforded some growth in the 
presence o f  DFMO, but this may be 
attributable to their conversion by the 
cell to 3TA5 and 3TA6, respectively. Ap- 
parently, the substrate specificity o f  
spermidine synthase is broader than the 
structural specificity for biological func- 
tion since the enzyme converted DA7 to 
3DA7 (Table 2 ) ,  but the latter d id  not 
support growth (Table 3 ) .  In no instance 
was there indication o f  further biological 
conversion o f  spermidine homologs to 
spermine homologs at a detection limit 
- 5 pmole per lo6 cells. The putrescine 
homolog DAB was not converted to a 
spermidine homolog. Despite having a 
chain length similar to that o f  spermi- 
dine, DA8 did not support growth, sug- 
gesting that the central nitrogen is essen- 
tial in spermidine function. 

Similar data for prokaryotes has been 
obtained by measuring the growth o f  
Haernophilus parainjluenzae (13) or 
polyamine auxotrophs o f  Escherichia 
coli (14) in media supplemented with 
spermidine homologs. As we have found 
with eukaryotes, the structural stringen- 
cies o f  prokaryotes for spermidine are 
not absolute, and limited variation in the 
tetramethylene moiety still permits bio- 
logical function as indicated by growth. 
One striking difference between eukary- 
otes and prokaryotes is that norspermi- 
dine (3TA3) was not toxic to bacteria and 
substituted for spermidine in supporting 
growth (14). 

Although polyamines influence vari- 
ous cellular reactions, particularly in vi- 
tro, many o f  these are nonspecific ionic 
interactions that probably would not im- 
pose structural constraints on the sper- 
midine molecule. The interaction o f  
spermidine with DNA, however, is po- 
tentially structure dependent. The spac- 
ing o f  the positively charged nitrogen 
atoms in the polyamines is particularly 
well suited to stabilize double-stranded 
regions o f  nucleic acids. Molecular mod- 
els based on x-ray diffraction studies (6) 
indicate that the tetramethylene portion 
o f  spermidine can bridge the narrow 
groove of  the helix, thus binding together 
phosphate groups on opposite double 
helical DNA strands, whereas the tri- 
methylene moiety can bridge adjacent 
phosphate groups on the same strand. I f  
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this represents a critical biological func- 
tion o f  polyamines, our study demon- 
strates that DNA exhibits unexpected 
tolerance for variation in the structure o f  
spermidine. However, rotations o f  the 
cationic groups around the carbon-car- 
bon and carbon-nitrogen bonds impart 
considerable conformational flexibility 
on these polycations, and this could ac- 
count for the apparent allowances in the 
structural variability o f  spermidine. 

Other intracellular functions o f  sper- 
midine may also be essential for cell 
proliferation. Cellular protein synthesis, 
for example, is affected by polyamines at 
the transcriptional and translational lev- 
els (14), as are the structure and activity 
o f  transfer RNA (15). It may now be 
possible to obtain an indication o f  which 
of  these or other spermidine functions 
are essential for cell proliferation by 
mapping the structural specificity o f  
each and comparing it with that de- 
scribed in this report. 
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Discrete Visual Defects in Pearl Mutant Mice 

Abstract. The mutant mouse pearl, characterized by its hypopigmentation, has a 
speciJic functional defect in a sensory system-the retina. The intactpearl mouse has 
reduced sensitivity in the dark-adapted condition. Normal sensitivity is restored by 
isolation and superfusion of the retina with bicarbonate-buffered Ringer solution, 
suggesting that the retinal expression of the pearl mutation depends on a diffusible 
substance. The pearl phenotype is described as a possible model for human 
congenital stationary night blindness. 

Successful analysis o f  neurological 
mutants o f  the mouse (1) depends on the 
ability to recognize defective pheno- 
types. Mutants with gross malformations 
or abnormalities o f  locomotion are easily 
detected; however, mutants with senso- 
ry defects are often indistinguishable 
from normal mice. Consequently, mu- 

tants such as reeler (2),  dystonia muscu- 
lorum (3),  and retinal degeneration (4),  
as well as the coat-color mutants (5,  6 ) ,  
have been extensively examined, but 
mutants with sensory defects (7) have 
received little attention. W e  report here 
a mouse mutant that has no gross malfor- 
mations or abnormalities o f  locomotion 



or motor systems but has a functional 
defect within a sensory system (8). 

The hypopigmentation mutant pearl 
(5, 6, 9) has a specific defect in retinal 
function-that is, decreased dark-adapt- 
ed sensitivity, but has no photoreceptor 
degeneration. Normal sensitivity is re- 
stored in pearl by isolation and superfu- 
sion of the retina, suggesting that the 
retinal expression of the pearl mutation 
depends on a diffusable substance. Pearl 
is an autosomal recessive mutation in the 
mouse that has been mapped to chromo- 
some 13 (5, 6). Sarvella (9) reported the 
spontaneous occurrence of this mutation 
and described it as resulting in a dilution 
of hair and eye pigmentation. More re- 
cently, the pearl locus has been implicat- 
ed as one of several unique chromosomal 
sites related to coat-color mutations that 
also regulate kidney lysosomal function 
in a novel manner (10). 

Although we identified pearl as a visu- 
al system mutant by measuring optoki- 
netic nystagmus (OKN) (11, 12), the 
present report concerns a different disor- 
der that we identified with subsequent 
investigation. The retinas of pearl mice 
were examined in 1-pm-thick plastic sec- 
tions stained with toluidine blue and 
were found to have normal retinal histol- 
ogy (13); however, the density of mel- 
anosomes in the pigment epithelium was 
reduced in pearl (14). In addition, pearl's 
ipsilateral projections to the lateral ge- 
niculate nucleus, superior colliculus, and 
olivary pretectal nucleus were reduced 
(11, 14, 15). Aberrant retinal projections 
of this same nature have been described 
for a number of other murine pigmenta- 
tion mutants and seem to be correlated 
with the reduction of pigment in the 
pigment epithelium (6, 16). 

We recorded from central visual struc- 

Fie. 1. (A) Increment sensitiv- Luminance (cdtm2) 

cording procedures were as ' ' ' ' ' ' ' 
J 

10-2 100 102 104 106 described ( I ! ,  21). For both 2 

- , ,  

ity curves obtained from re- 4x10-6 4x10-3 4x10-1 4x101 4x103 

, , , . , , , , 

mutant and wild-type mice 
1 0 6 / ~  most of the 120 receptive = 

fields had concentric, center- 
surround organization. Sensi- 3 
tivity was measured as a func- 
tion of background luminance 
for 33 cells. The inverse of the 
luminance that was required to 
evoke a criterion response was 
defined as the sensitivity (22) 
(ordinate); sensitivity was de- 
termined for each of many 

10' Dark l o 0  102 1 0 4  l o 6  
background luminances (ab- Background illumination (qlrod-sec) 
scissa). (Bars indicate stan- 
dard error.) Two scales (illuminance = cdim2 and illuminance = quantairod-sec) are presented 
to illustrate the relation between these two photometric units. (B) Increment sensitivity curves 
obtained from retinal ganglion cell recordings in the isolated, superfused retina. Symbols: 0, 
pearl retinas; 0 ,  wild-type retinas. The ordinate and abscissa are the same as described for (A). 
In contrast to the result from intact, anesthetized mice, the sensitivity in the isolated, 
superfused pearl retinas is not reduced in the dark-adapted condition. For both mutant and wild- 
type mice the 58 cells had concentric, center-surround organization and the response wave- 
forms were similar to those recorded from anesthetized, intact mice. For these experiments, 
mice that had been dark-adapted for at least 24 hours were decapitated; the eyes were removed 
and placed in a dish of bicarbonate-buffered Ringer solution (NaCI, 120 mM; KC1, 4.8 mM; 
MgC12, 0.5 mM; CaC12, 1.9 mM; NaHC03, 25 mM; 2.8 mM Hepes; glucose, 5 mM; PC02,  40 
mmHg, pH 7.4, PO2, 570 mmHg, 35°C). The lens was removed and the retina was separated 
from the pigment epithelium and pinned vitreal side up in a 1-ml perfusion chamber with a 
transparent bottom. The dish was placed on the stage of a compound microscope. The retina 
was superfused with the Ringer solution at a rate of 1.5 mlimin. Infrared illumination was used 
to view the retina and position the electrode. The stimulus was focused on the retina by the 
microscope condenser. Action potentials were recorded with glass-insulated tungsten elec- 
trodes (23). Retinal illumination was measured with a calibrated photodiode placed on the 
microscope stage. The effective retinal illumination was calculated (24) with the following 
assumptions: (i) the rhodopsin quantum efficiency is 0.62; (ii) rhodopsin specific absorbance is 
0.014ipm; and (iii) the length of mouse rod outer segments is 25 p n  and the cross-sectional area 
is 2.27 kmZ. 

tures in intact, anesthesized pearl ani- 

N" 

cordings of single axons in the 
optic tract of intact, anesthe- 
tized mice. Symbols: 0, pearl 

mals. The light sensitivities for single 

mutants; 0, wild-type mice. E . Sensitivity was below normal 
for pearl mutants when mea- lo4' - 4 x 1 0 1  

p ------- + ---- 0---- sured against dim back- 
grounds. Mice in this study ? - 4x100 

were of the C57BLi6J inbred % 102 - 4x10-1 5 
strain and of the congenic 

- 

pearl strain, C57BLi6J peipe. - 
Surgical preparation and re- lo' 

A o petpe pearl 
+/+normal 

units recorded in the visual cortex, supe- 
rior colliculus, and in the optic nerve 
from retinal ganglion cell axons were 
comparable to those of wild-type mice 
when measured in the light-adapted state 
[levels that were used during the OKN 
testing (Il)]. However, the sensitivity 
was, on the average, 1.8 log units sub- 
normal with dim backgrounds (see Fig. 
1A). We also measured visual sensitivity 
for unanesthetized, unrestrained animals 
using a black versus white discrimination 
task (17). Pearl mice performed the task 
as well as wild-type animals in the light- 
adapted state (> 10 -3 cdim2). However, 
in the dark-adapted state, wild-type mice 
performed consistently better than pearl 
mice. Thus, behavioral experiments con- 
firmed the subnormal sensitivity that 
was found in electrophysiological experi- 
ments in intact, anesthetized pearl mice. 

To identify the retinal target of the 
pearl mutant gene we measured the elec- 
troretinograms (ERG's) in intact, anes- 
thetized mice and measured the concen- 
tration of visual pigment in the photore- 
ceptors and the sensitivity of the retinal 
ganglion cell reponses in isolated, super- 
fused retinas. The ERG's were recorded 
from dark-adapted animals. The maxi- 
mum amplitudes of the a- and b-waves 
recorded from pearl mice were, on the 
average, smaller than those from normal 
mice (11). However, when these values 
were normalized relative to the maxi- 
mum voltage and plotted against stimu- 
lus luminance there was no significant 
difference between the half-maximum 
amplitudes of the a- and b-waves from 
pearl compared to those from wild-type 
mice (11). In isolated, superfused reti- 
nas, the concentration of rhodopsin was 
computed from absorbance difference 
spectra and was approximately equal for 
pearl and wild-type retinas (18). In addi- 
tion, in the isolated retina, pearl's retinal 
ganglion cell sensitivity in both the light- 
and dark-adapted states was indistin- 
guishable from that of wild-type animals 
(from either intact or isolated retinas) 
(see Fig. 1, A and B). This restoration of 
the mutant phenotype to wild-type im- 
plies that either some substance neces- 
sary for the restoration of normal func- 
tion is added to the pearl retina or some- 
thing deleterious is removed when the 
optic nerve is cut and the retina is sepa- 
rated from the pigment epithelium and 
superfused with normal mouse Ringer 
solution. 

The work of Novak and Swank and 
their co-workers (10) suggests that pearl 
has a defect in the regulation of kidney 
lysosomal enzymes. Although the ex- 

SCIENCE, VOL. 219 



pression of this defect may share some Collewjin, B. J .  Winterson, M. F.  W. Dubois, the maze was lowered and the mice were tested 
Science 199, 1351 (1977)l. With the assistance of at each of many lower luminances. 

features with the expression of the reti- J ,  W, Vanable, Jr., we have repeated our optoki- 18. Difference spectra were measured for isolated 
rial sensitivity defect, our results cannot netic nystagmus (OKN) measurements in pearl retinas bathed in NaHC03-buffered Ringer con- 

using partial visual field masking as described in taining 5 mM NH,OH HCI. Wild-type ( N  = 3): 
establish the site of gene action for the the above report. We have observed OKN re- mean change in absorption (+ standard error), 

sensitivity defect, ~h~ fact that the ERG sponses to stimulation in the posterior visual 0.12 + 0.3, A ,,,, 509; pearl ( N  = 4): mean 
field (very infrequent and of the correct sign) change in absorption, 0.16 i 0.3, A ,,,, 503. 

responses are relatively normal while and inverted OKN responses to stimulation in 19. L. B. Russell and M. H. Major, Genetics 4, 658 

ganglion cell sensitivity is reduced im- the anterior visual field. These results are con- (1956). 
sistent with the idea that the optokinetic anoma- 20. R. E.  Cam, H. Ripps, I .  M. Siegel, R. A. Weale, 

plies that the retinal location where sen- ly may be a consequence of abnormal retinofu- Invest. Ophthalmol. 5, 497 (1966); M. U.  AI- 
gal projections [see (16)l. pern, M. Holland, N.  Ohiba, J .  Physiol, (Lon- 

sitivit~ is affected lies between the pho- 13, NO differences were found in the overall layer- don) 225, 457 (1972). 
toreceptors and the ganglion cells, H ~ ~ -  ing of the retina or in the density of the cells 21. In performing craniotomies on pearl mice, we 

within the layers, and there was no indication of noticed that the mice have a hemostatic defect 
ever, this affected location may not be photoreceptor loss or damage [see (II)]. (unpublished observation). Prolonged bleeding 
the site of gene action because restora- 14. U. C. Drager, G. W. Balkema, Jr., N. J .  Man- after experimental injury has also been noted for 

gini, L.  H. Pinto, J. W. Vanable, Jr. ,  Invest. other mouse pigment mutants, and one (pale 
tion of sensitivity is possible in the isolat- Ophthalmol. Vision Sci. Suppl. 19, 252 ears) has been correlated with defective dense 

(1980). granules of platelets [E. K. Novak, S.-W. Hui, ed retina. Our findings in pearl 15. G.  W. Balkema, Jr. ,  and U. C. Driger, ibid., p. R. T. Swank, Blood 57, 38 (1981)l. 
(reduced sensitivity in the dark-adapted 2. 22. H. B. Barlow and W. R. Levick, .I. Physiol. 

16. The association of abnormal retinofugal projec- (London) 200, 1 (1969). 
condition, n0~mal a-wave response, nor- tions with melanin deficit in the retinal pigment 23. W. R. Levick, Med. Biol. Eng. 10, 510 (1972). 
mal concentration of visual pigment, and epithelium has been described for a variety of 24. These values were computed from equations 

mammalian species. For a discussion of this and measurements of photoreceptors in the fol- 
absence of photoreceptor degeneration) phenomenon and additional references see U. lowing sources: A. C. Hardy and F. H. Perrine, 
suggest that this single gene mutation C. Dr&ger and M. Stryker, in Function and Principles of Optics (McGraw-Hill, New York, 

Formation of Neural Systems (Stent, Berlin, 1932); P. A. Liebman and B. Entine, Vision Res. 
(19) may provide a mutant model for 1977), pp. 114 and 118; also A.  C.  Strongin and 8, 761 (1969); L. Carter-Dawson and M. M. 

some forms of human stationary night R. W. Guillery, J .  Neurosci. 1, 1193 (1981); 1. LaVail, J .  Comp. Neurol. 188, 245 (1979). 
Silver and J. Shapiro, J. Comp. Neurol. 202, 521 25. We thank E.  Eicher of the Jackson Laboratory 

blindness (20). (1981). for help with the original screening, A. I. Cohen 
17. Mice were tested in a six-choice swimming (Washington University School of Medicine) for GRANT W. BALKEMA* maze. The maze was white. A piece of black showing us his method of isolating a mouse 

NANCY J .  MANGINI sheet metal was placed against the back wall of retina, and C. Blazynski for measuring the dif- 
one of the six arms of the maze. Only this ference spectra. Supported by NIH grant 

LAWRENCE H. PINTO "dark" compartment contained an escape R01EY02536. 

Department of Biological Sciences, ramp. The position of the black sheet and escape * Present address: Department of Neurobiology, 
ramp was randomly selected for each trial. Mice Harvard Medical School, Boston, Mass. 021 15. 

Purdue University, were conditioned to swim to the dark compart- Requests for reprints should also be sent to this 

West Lafayette, Indiana 47907 ment containing the escape ramp. After condi- address. 
tioning (90 to 100 percent correct responses for 
each of ten consecutive trials) the luminance of 26 April 1982; revised 3 August 1982 
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