
acetate or potassium chloride was able to 
promote [35S]methionine incorporation 
into cataractous lenses, indicating the 
importance of the cation in this process. 
Optimum incorporation of [35S]methi-
onine into the crystallins was observed 
between 30 mM K+ (90 mM Na+) 
and 60 mM K+ (60 mM Na+). At 
best [35S]methionine incorporation into 
the crystallins of the cataractous lens fi
ber cells was approximately 30 percent 
of the incorporation in the normal lens 
fiber cells. The failure to obtain greater 
incorporation of [35S]methionine into the 
crystallins may be due to decreased 
amounts of adenosine triphosphate (ATP) 
or to reduced specific activities of the in
tracellular pool of [35S]methiohine in the 
Philly (4, 8) and Nakano (3, 7) lenses. 
The differences in [35S]methionine incor
poration could not be accounted for by 
differences in uptake of the labeled 
amino acid. 

Further evidence indicating the impor
tance of the intracellular cation environ
ment for optimal crystallin synthesis was 
obtained in ouabain-treated lenses from 
13-day-old normal mice. Ouabain is an 
inhibitor of Na+,K+-adenosine triphos
phatase (14) and increases the Na+/K+ 

ratio in cultured lenses (15). As re
ported previously (7), ouabain treat
ment (2 x \0~SM) reduced crystallin 
synthesis at least 95 percent in the cul
tured lenses. Approximately 80 percent 
recovery of crystallin synthesis was ob
tained when the K+ concentration was 
increased to 50 mM and the Na+ concen
tration was decreased to 89 mM in the 
lenses cultured in the presence of oua
bain (data not shown). 

The above experiments indicate that 
the reduction in crystallin synthesis dur
ing the early phases of cataractogenesis 
in the Philly and the Nakano lenses oc
curs principally in the fiber cells and is 
due to underutilization rather than degra
dation of crystallin mRNA's. We do not 
know whether or not the crystallin 
mRNA's in the fiber cells are confined to 
the clear regions of the cataractous 
lenses or for how long the crystallin 
mRNA's remain in the Nakano or Philly 
lens. The fact that changes in the intra-
lenticular concentrations of Na+ and K+ 

may stimulate crystallin synthesis in the 
cultured lens of the Nakano or Philly 
mouse or in the ouabain-treated lens of 
the normal mouse supports the idea that 
alterations in the concentration of these 
cations contribute to the reduction in 
crystallin synthesis in osmotic cataracts 
(5, 6).. It is likely that other factors be
sides ions also contribute to the limita
tion of crystallin synthesis in the Nakano 
and Philly lens since we were only able 

to obtain partial recovery of crystallin 
synthesis by changing the concentrations 
of Na+ and K+ in the cultured lenses; 
much better results were achieved in the 
ouabain-treated normal lenses. Taken to
gether, our findings show that the impair
ment of crystallin synthesis during the 
onset of cataractogenesis in Nakano and 
Philly mice is due to poor utilization of 
crystallin mRNA's in the lens fiber cells. 
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mouse NGF (6). We now report that rats 
and guinea pigs immunized with mouse 
NGF produce antibodies that cross-react 
with their own NGF. Antibodies to 
NGF, transferred to the offspring in 
utero, caused massive destruction of 
both peripheral sympathetic neurons and 
DRG sensory neurons. In the rat, ex
posure to maternal antibodies to NGF 
postnatally in milk destroyed sympathet
ic neurons, but not dorsal root ganglion 
neurons. 

Adult female Sprague-Dawley rats and 
outbred guinea pigs were immunized 
with mouse NGF (7). These two species 
were chosen for study because they rep
resent species in which antibody is pas
sively transferred to offspring at different 
times during development. The rat re
ceives small amounts of antibody pre-
natally and greater quantities postnatally 
via the milk, whereas the guinea pig re
ceives large amounts of maternal anti
body prenatally (8). For initial immuni
zations, 100 fxg (rats) or 200 /xg (guinea 

Dorsal Root Ganglion Neurons Are Destroyed by Exposure 
in utero to Maternal Antibody to Nerve Growth Factor 

Abstract. Rats and guinea pigs, when immunized with mouse nerve growth factor, 
produce antibodies that cross-react with their own nerve growth factor. The anti
bodies reach developing offspring of these animals both prenatally (rats and guinea 
pigs) and postnatally (rats). Depriving the fetus of nerve growth factor in this way 
results in the destruction of up to 85 percent of dorsal root ganglion neurons as well 
as destruction of sympathetic neurons. Sensory neurons of placodal origin in the 
nodose ganglion were not affected. These data demonstrate that dorsal root gangli
on neurons go through a phase of nerve growth factor dependence in vivo. 
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pigs) of mouse NGF in complete 
Freund's adjuvant was injected into the 
footpads. Boosters of 15 percent of the 
initial dose of mouse NGF in complete 
Freund's adjuvant were given at approx
imately monthly intervals. Serums from 
mothers and from offspring were assayed 
in the chick dorsal root ganglion by a 
modification (6) of a method previously 
described (9). Titers were defined as 
being greater than or equal to the recip
rocal of the highest serum dilution that 
blocked the outgrowth of neurites in the 
bioassay. Rats were killed at maturity, 
and guinea pigs were killed shortly after 
birth; the animals were either perfused 
with 10 percent Formalin before death or 
were immersed in 10 percent Formalin 
after death. Ganglia were removed, and 
cell counts and size-frequency histo
grams were determined (10). 

Initial experiments were carried out in 
rats. Considerable variation was found 
among litters born to different rats immu
nized with NGF (11). Therefore, a fe
male rat (titer, 500 to 1000) that had pre
viously produced seriously affected lit
ters was selected for breeding. Offspring 
born to this NGF-immunized rat were 
exchanged at birth with offspring of a 
control rat. Thus, animals were exposed 
to antibodies to NGF in utero only or in 
milk only. Offspring born to the NGF-
immunized female rat had serum titers of 
antibodies to NGF at birth (10 to 25), 
confirming their exposure to the anti
body during prenatal development. Rats 
born to a normal rat, but nursed by the 
NGF-immunized female, had higher 
serum titers during the first 2 weeks of 
life (~ 50). Rats exposed to antibodies to 
NGF grew normally, and the only ex
ternal sign of abnormality in these ani
mals was ptosis (drooped eyelids in
dicative of sympathectomy). Exposure 
to antibodies to NGF in utero only or in 
milk only produced a 90 percent de
crease in neurons in the superior cervical 
sympathetic ganglia (Table 1). The num
ber of neurons in the eighth cervical 
DRG was decreased 70 percent in ani
mals exposed to antibodies to NGF in 
utero, but was not decreased in animals 
exposed to the antibodies in milk. These 
results are consistent with our previous 
data showing a 70 to 80 percent decrease 
in the retrograde transport of 125I-labeled 
NGF in rats exposed in utero to maternal 
antibodies to NGF (6) and demonstrate 
that NGF is required for the survival of 
sensory neurons in vivo. The lack of ef
fect of postnatally administered anti
bodies to NGF on D&G neurons in
dicates that either DRG neurons lose 
their dependence on NGF or that post
natally administered antibodies to NGF 

Table. 1. Effects of exposure to maternal antibodies to NGF on neuronal numbers in peripheral 
ganglia of offspring. Animals were the offspring of control or NGF-immunized females. Rats 
were examined at maturity (16 to 20 weeks of age). The ' in utero only" group was born to an 
NGF-immunized rat and nursed by a control rat; the "in milk only" group was born to a control 
rat and nursed by an NGF-immunized rat. Guinea pigs were examined shortly after birth. 

Species 

Rat 

Guinea 
Pig 

Exposure 

None (control) 
In utero only 
In milk only 
None (control) 
In utero 

Litter 1 
Litter 2 

Cell numbers 

Superior 
cervical 

25,400 ± 1,940(3) 
1,690 ± 40(3) 
2,300 ± 270 (3) 

57,600 ± 5,080(3) 

280 ± 130(5) 

in ganglia* 

Eighth 
cervical DR,G 

5,650 ± 220(3) 
1,750 ± 110(3) 
5,870 ± 220(3) 

15,500 ± 180 (3) 

3,120 ± 96(3) 
2,280 ± 156(3) 

Nodose 

15,900 ± 980 (3) 

15,500 ± 1,530(3) 

*Means ± standard errors, with number of animals in group given in parentheses. Cell numbers were 
determined as described in (8). Blank spaces indicate cell numbers were not determined. 

do not gain access to the NGF supplied 
to peripheral sensory neurons. 

As mentioned above, developing rats 
received more antibodies postnatally via 
the milk than rats that were exposed to 
antibodies prenatally. More profound 
and consistent effects of prenatal ex
posure to maternal antibody would be 
expected in a species in which greater 
amounts of maternal antibody are pas
sively transferred to the offspring pre
natally. This occurs in the guinea pig (8). 
The guinea pig offers the additional ad
vantage that guinea pig NGF can be iso
lated and purified from the prostate (12). 
Hence, antibodies to mouse NGF in the 
guinea pig show reactivity to both mouse 
and guinea pig NGF, and cross-reactiv
ity can be determined in vitro. Two fe
male guinea pigs that were immunized 
against mouse NGF showed serum titers 
of antibody against mouse NGF of 4000 
to 8000. Antiserums from both animals 
neutralized guinea pig NGF at dilutions 
equal to a titer of 2000 or greater, thus 

0 10 20 30 40 50 60 0 10 20 30 40 50 
Diameter (urn) 

Fig. 1. Size-frequency histograms of neurons 
of the eighth cervical DRG in (A) normal ani
mals and (B) animals exposed in utero to ma
ternal antibodies to NGF. Guinea pigs were 
killed within 2 days of birth. Rats were killed 
at 16 to 20 weeks of age. 

directly demonstrating cross-reactivity 
of the antibodies with guinea pig NGF. 
Serums of newborns from these guinea 
pigs had titers greater than 1000 against 
guinea pig NGF and mouse NGF (titers 
about two orders of magnitude higher 
than that of newborn rats). At birth the 
guinea pigs appeared normal; however, 
by 2 days of age, all had bilateral corneal 
keratitis (opacities). Most of the off
spring died within a few days of birth. 
All offspring failed to gain weight and 
had obvious sensory deficits, including 
insensitivity to heat, cold, pinpricks, 
pinching, and corneal irritation. Such 
stimuli elicited brisk responses from age-
matched control guinea pigs. One off
spring of a guinea pig producing anti
bodies to NGF survived for 2 weeks, 
during which time growth was stunted 
(weight of 89 g compared to a control 
weight of 210 g). In spite of the limited 
number of animals examined it is clear 
that guinea pigs exposed to antibodies 
to NGF prenatally are severely affected. 
Cell counts were performed on three pe
ripheral ganglia in guinea pigs fixed 
shortly after birth (Table 1). The superior 
cervical sympathetic ganglia were barely 
recognizable as expansions of attenuated 
sympathetic trunks, and the number of 
neurons was reduced by more than 99 

percent. The eighth cervical DRG was 
reduced in neuronal number by 80 per
cent in one litter and by 85 percent in 
another. The nodose ganglion, a sensory 
ganglion (tenth nerve) of placodal origin, 
rather than of neural crest origin, was 
not affected. 

Sensory neurons of the DRG are het
erogeneous in size and subserve dif
ferent sensory modalities. Size-frequen
cy histograms were generated from the 
DRG of both guinea pigs and rats (Fig. 
1). Histograms from control guinea pigs 
and guinea pigs exposed to antibodies to 
NGF were similar, indicating that the 
antibodies affected cells of almost all 
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sizes. The histograms of the guinea pigs 
exposed to antibodies to NGF tended to 
shift toward larger cell diameters; this 
shift is more pronounced in the rat (Fig. 
1), in that the decrease in cell numbers 
appears to be due to the loss of cells 
having diameters less than 30 jum. The 
shift toward cells of larger diameter in 
the histograms of both species may in
dicate either that the largest neurons are 
less susceptible to antibodies to NGF or 
that surviving neurons become hyper-
trophied. It is perhaps more likely that 
the larger neurons, which develop earlier 
in gestation (13), pass through the phase 
of NGF dependence before the antibody 
reaches the fetus [antibody levels in the 
fetus increase in later stages of gestation 

These experiments indicate that most 
of the sensory neurons in dorsal root 
ganglia depend for survival on NGF dur
ing prenatal development. Our data are 
quantitatively consistent with experi
ments showing that most embryonic 
DRG neurons will survive in vitro in the 
presence, but not in the absence, of NGF 
(3). The survival of 15 to 20 percent of 
DRG neurons in the guinea pig may be 
interpreted as an incomplete destruction 
of NGF-sensitive neurons, resulting ei
ther from an insufficient titer of antibody 
or access of antibody to their source of 
NGF, or from a temporal difference in 
their dependence on NGF. Alternative
ly, some DRG neurons (up to 20 percent) 
may not require NGF at any time. 

It is not known whether sensory neu
rons in cranial ganglia are affected by ex
posure to antibodies to NGF. Deficits 
observed in the guinea pig (for example, 
absence of corneal reflex in response to 
irritants) suggest that at least some of the 
sensory functions mediated by the tri
geminal ganglion are affected. Since sen
sory neurons in the nodose ganglion are 
not decreased in number, neurons de
rived from the placodes, rather than 
from the neural crest, do not appear to 
require NGF. This is consistent with the 
inability of nodose ganglion neurons to 
retrogradely transport 125I-labeled NGF 
(14). Further studies will be required to 
resolve the issue of whether cranial sen
sory ganglia and sensory ganglia that are 
derived all or in part from the placodes 
undergo a period of NGF dependence 
during development. 

These data demonstrate that exposure 
in utero to maternal antibodies to NGF, 
in addition to producing immuno-
sympathectomy, destroys sensory neu
rons. Because the developmental anom
alies observed in sympathetic and sen
sory ganglia in familial dysautonomia 
(75) are similar to those observed in the 

animals described in this report, we sug
gest that these animals may be a useful 
model of this human pathological condi
tion. At a more fundamental level, the 
experimental autoimmune approach 
should make possible a more precise de
termination of the time and degree of de
pendence of different populations of sen
sory neurons on NGF. The ability to ab
late prenatally a significant percentage of 
the peripheral sensory nervous system 
will make possible the study of retro
grade and anterograde effects of sensory 
lesions. 
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venient solution to this problem. This 
technique, described briefly below and 
more fully elsewhere (1-5), can be em
ployed for studying the properties of such 
biological materials. Photoacoustic spec
troscopy (PAS) of solid materials in the 
visible and ultraviolet spectral regions 
was originally developed in 1881 by Tyn-
dall (6), Rontgen (7), and Bell (8) and has 
recently been brought back to the fore
front of research by Rosencwaig (9) and 
others (10-13). However, visible and ul-

Fourier-Transformed Infrared Photoacoustic 
Spectroscopy of Biological Materials 

Abstract. A new technique for measuring the infrared spectra of solids has been 
developed. The photoacoustic spectra of hemin, hemoglobin, protoporphyrin IX, 
and horseradish peroxidase show how this technique can be used to obtain structural 
information about biological materials which cannot readily be studied by normal 
transmission infrared spectroscopy. The method requires milligram quantities of ma
terial and involves no sample preparation. 
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