decay. However, in this case, bias for
shorter strands might also reflect the
asymmetric structure of the DNA mole-
cule pictured in Fig. 1B. The single-
stranded character of a portion of the
hybrid might affect both the sensitivity of
the DNA to radiochemical damage and
the distance of the nucleotides from the
site of '*’I decay.

Decay of each '*°I appears to result in
multiple breaks on each strand. If such
lesions do occur, they would still be
assayed as just one double-strand break
by neutral sucrose gradient analysis,
which was the method used in the '*°I-
IdU suicide experiments with bacterio-
phages () and bacteria (5). The nature of
the lesion will have important implica-
tions for repair.

Our results should aid in the design of
125].labeled cytotoxic agents. Although
the range of '>’I damage to DN A extends
to 70 A or more from the site of decay,
for maximum efficiency the '*°I isotope
should be located no more than 15 to 20
A from the double helix. This limited
range of damage following '’ decay
may also prove useful in studying the
interaction of DNA with proteins and
other ligands that can be labeled with
1251, The results of these experiments are
consistent with the calculated energy de-
position of low-energy electrons released
in the vicinity of I'** decay (8).
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Fluctuating Responses at a Central Synapse: n of Binomial Fit

Predicts Number of Stained Presynaptic Boutons

Abstract. Binomial predictions provided a better description than the Poisson law
of fluctuating unitary inhibitory postsynaptic potentials evoked in the goldfish
Mauthner cell by impulses in presynaptic interneurons. The number of terminal
boutons established on this target cell by each horseradish peroxidase-filled
interneuron corresponded to the value of the binomial parameter n.

Amplitude fluctuations of chemically
mediated postsynaptic potentials evoked
by single presynaptic impulses can be
described by mathematical relations that
share one common assumption, namely
that the response is made up of an inte-
gral number of equal basic units, called
quanta. The number of units released
depends on both the total amount capa-
ble of responding, n, and the average
probability, p, of release of one unit;
then m, the mean number of quanta
responding to one impulse (mean quantal
content), can be expressed by the prod-

uct np. When p is made small, such as at
the frog neuromuscular junction bathed
in low Ca®", high Mg®® solution, the
fluctuations are described by Poisson’s
law, px = MYk e, where k is a par-
ticular number of units constituting a
response (/). In this case n is large, and it
was thus postulated to represent the pop-
ulation of presynaptic vesicles (2). How-
ever, it is difficult with this model to give
independent meaning to » and p. Fur-
thermore, at most junctions studied thus
far, especially when pharmacological
manipulations were avoided, the binomi-

’
A B1 AN i o 82
n=64 [>
» / E
PHP cell 5 msec
\_\’ Bs
"I
| U :
stim. I ‘ l
-/ — o
5 msec 5 msec
B, B Be
Comm. neuron
6001
E 1860 Binomial Histological
5400‘ counts n=11 n=11_
o
§
z200
L py =
0.25 0.5 0.75 1.0 0.25 0.5 0.75 1.0 Mauthner cell

Amplitude of responses (mV)

Fig. 1. Evidence for quantal fluctuations of unitary IPSP’s. (A) Experimental arrangement used
for simultaneous intracellular recordings (Rec.) from the M cell and a presynaptic inhibitory
interneuron (PHP cell), both neurons being identified by their characteristic responses to
antidromic stimulation (Stim.) of the M axon in the spinal cord. The presynaptic electrode was
also used for intracellular stimulation (Stim.) and subsequent staining with HRP. (B, to Bs)
Properties of depolarizing IPSP’s recorded in a Cl -injected M cell throughout the same
experiment. (B,) Variable amplitude of unitary IPSP’s (arrows, upper three traces) following
single presynaptic impulses directly evoked at a frequency of | per second. Only one spike is
shown (lower trace). (B,) Computer-averaged unitary IPSP (N = 64). (B;) The maximum
amplitude IPSP foliowing antidromic activation of the recurrent collateral network was large
enough to fire the M cell. (B, and Bs) Comparisons of observed IPSP amplitude variations
(stepwise distributions for 150 responses) with best fits (continuous curves) obtained with a
Poisson (B,) or binomial (Bs) relation. Abscissas show the amplitude of responses evoked by
nerve impulses; ordinates, the density of observations expressed as number of occurrences per
millivolt. The likelihood criterion was better for the binomial, which yielded a value of 11 for
parameter n, while p and ¢ were 0.62 and 80 WV, respectively (when derived from the Poisson
model, m and g were, respectively, 19 and 30 nwV). The binomial prediction satisfied the
Koimogorov test (P > .05) but the Poisson did not (P < .01). (B¢) Schematic representation of
the reconstructed presynaptic cell’s terminals in relation to the M cell body (shaded area) and its
axon cap {dashed line). This cell, which was a commissural (Comm.) neuron, established 11
synaptic boutons, represented by closed circles.
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al equation, pr = () p* (1 — p)" ~ ¥, has
provided a more adequate description
of the observed amplitude variations
(3). This expression, of which the Pois-
son is an extreme case, is often more
difficult to apply, especially in the cen-
tral nervous system, because knowledge
of m alone is insufficient for determin-
ing py.

Use of the binomial relation to derive
n and p would provide an opportunity to
determine possible relations between
these parameters and identifiable struc-
tural components of presynaptic neu-
rons. Numerous attempts to provide
such correlates have been unsatisfactory
because they have been inferential, rely-
ing on comparisons of physiological and
morphological data collected separately.
The only conclusion thus far reached, at
both the invertebrate neuromuscular
junction (4) and a central vertebrate syn-
apse (5), is that n is much less than the
total number of available vesicles, and
might be related to the density of presyn-
aptic release sites (6), those being poorly
defined histologically.

The study we report here was con-
cerned with the characteristics of trans-
mitter release at inhibitory synapses on
the goldfish Mauthner (M) cell. This sy-
tem allows simultaneous recordings from
single pre- and postsynaptic neurons,
statistical treatment of fluctuating post-
synaptic potentials (7), and histological
reconstruction of the intracellularly
stained presynaptic inhibitory cells (8).
We found that when uncertainty intro-
duced by background noise was mini-
mized, a binomial model provided the
best description of the observed fluctua-
tions; more important, there was a one-
to-one correspondence between the ba-
sic unit n, as determined with the bino-
mial fit, and the number of presynaptic
boutons. That is, the quantal unit at this
central junction is defined by the amount
of transmitter released by one bouton.

Experiments were performed on gold-
fish (Carassius auratus) by techniques
illustrated in Fig. 1A and described pre-
viously (9, 10). Recordings from the M
cell soma were made with KCl-filled
microelectrodes in order to convert in-
hibitory postsynaptic potentials (IPSP’s)
into depolarizing responses. In each
preparation one cell, belonging to either
the M cell’s collateral network or a class
of commissural vestibular interneurons,
was identified by the presence of a pas-
sive hyperpolarizing potential (PHP) (10)
and was impaled with a microelectrode
filled with horseradish peroxidase (HRP)
for intracellular stimulation, evoking
presynaptic impulses at frequencies less
than 1 per second, and for dye injection.
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Techniques for serially reconstructing
the interneurons and delimiting the coun-
terstained M cell and for electron mi-
croscopy have been described (8, 11).
The response fluctuations (sample size,
100 to 300) were analyzed with a pro-
gram developed for a CII Mitra 15 com-
puter.

Figure 1, B, to B, illustrates the re-
sults of a typical experiment, in which
unitary IPSP’s were evoked by single
presynaptic spikes (B,). In this case the
mean IPSP amplitude (B,) was 0.61 mV,
that is, about 2.2 percent of the full-sized
collateral IPSP (B3), which is a measure
of the driving force for Cl™. Overall, the
mean IPSP’s ranged from 1 to 7 percent
of the collateral IPSP (mean, 3.75 per-
cent; standard deviation, = 2.21; N =
14), indicating that corrections for non-
linear summation of quantal components
were not necessary (12).

The responses were analyzed statisti-
cally, using a model where fluctuations
in both evoked IPSP’s and background
noise summated algebraically according
to X = gK + B, where X is the observed
random variable, g the elementary or
quantum size, K the Poisson or binomial
variable, and B the noise process. As-
suming that the numbers, k, of quanta
released add algebraically, the amplitude
of an individual response, x, is deter-
mined by x = gk + b, where b is the
noise contribution at that time. As in
other cases (/3), the noise could be ap-
proximated as a white (uncorrelated)

e \3

Fig. 2. Camera lucida reconstruction of an
HRP-stained inhibitory interneuron presynap-
tic to the M cell. Same cell as that of Fig. 1;
the diagram of Fig. 1, B¢, was based on this
representation. The M cell soma-dendritic
membranes are delimited by bold lines and its
axon cap by dashed lines. The primary pro-
cesses of the presynaptic cell are outlined
with thinner double lines and, for simplifica-
tion, terminal branches and boutons are solid,
swellings representing the latter. Eleven bou-
tons were visualized; insets 1 and 2 are light
micrographs of the correspondingly labeled
terminals. Only those shown in inset 2 im-
pinged directly on the soma; all others, which
are somewhat remote from that region, ap-
peared to be in relation to M cell dendrites
within the axon cap (see text).

Gaussian process (/4) with a constant
variance, o2, which was obtained from
direct measurements of spontaneous ac-
tivity; the value of o ranged from 30 to 90
rV and was generally about 10 percent
of the mean evoked response amplitude.

Estimation of parameters defining K
on the basis of a sample of N responses
is a problem of ‘‘constraint deconvolu-
tion,”’ requiring definition of a goodness-
of-fit criterion, which was chosen as the
likelihood criterion, L (15). Its definition
depended on the statistical characteris-
tics of the background noise; if the ob-
served individual responses had values
of x;withi = 1, ..., N, then L could be
expressed by

N n
L{x}, n, p, q9) = 1—[ z (Z )

i=1k=0
xpk(l_p)n—k

1 i — qk)?

X —— exp—(——x'zg)
V2w o o

for the binomial assumption and

N
Lt m =11 2 e mbk
i=1k=0
1 .- 2
X ———exp— i 5 gk)
V2m o o

for the Poisson assumption. These crite-
ria were maximized by a nonlinear opti-
mization technique (/6), which yielded
the optimal values of the binomial and
Poisson parameters and indicated which
model provided a better fit. This report
includes only cases where the binomial
product np did not exceed ~ 7, since
above this level several parametric val-
ues can be equivalent due to degeneres-
cence (17).

The data summarized in Fig. 1, B4 to
Be, are representative of the two major
results obtained with this analysis. First,
the binomial predictions provided a sta-
tistically more satisfactory description of
the observed fluctuations in IPSP ampli-
tudes than did the Poisson, as shown by
a comparison of Fig. 1, B4 and Bs. Sec-
ond, the value of the optimal binomial
parameter n was essentially the same
(Fig. 1, Bs) as the number of stained
presynaptic boutons (Fig. 1, B, and Fig.
2). All synaptic endings of this interneu-
ron could be identified as distinct knobs
(Fig. 2, insets), and all necessarily termi-
nated on the M cell, either on its soma
or, when distant to it, on dendritic rami-
fications within the axon cap, as these
are their only possible targets in this
region (18).

Figure 3, A, to Aj;, shows that the
same results apply to interneurons that
also establish synapses on the M cell
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outside the axon cap. Again, the binomi-
al provided the best prediction of the
data (Fig. 3, A;) and the number of
quantal units determined statistically
was equivalent to the total number of
synaptic knobs (Fig. 3, A;). This finding
is of interest since the terminals are
morphologically different, appearing as
unmyelinated club endings within the
axon cap and small vesicle boutons ex-
ternal to it (I8, I19). Finally, electron
microscopic investigations of about 50
injected terminals, in another series of
experiments, confirmed that whatever
their localization, all such terminals ex-
hibit the ultrastructural features of trans-
mitting active zones (20), as shown for
one of them in Fig. 3B. Data from 3
collateral and 11 commissural interneu-
‘rons are summarized in Fig. 3C, which
demonstrates that the equivalence be-
tween the n’s derived with the two ap-
proaches is valid at least for values from
3 to 20. The other binomial parameters
were independently distributed, between
0.21 and 0.62 for p, and between 0.47 and
2.3 percent of the collateral IPSP for g.

In all our experiments the likelihood
criterion indicated that the binomial

Fig. 3. Evidence that
the binomial parame-
ter, n, is equivalent to
the number of presyn-
aptic endings. (A, to
A;) Correlation of the
statistical properties
of postsynaptic re-
sponses with morpho-
logical features of the
presynaptic neuron.
(A,) Comparison of
the observed IPSP

182
counts

Number/mV

0.5 1.0

model provided a better description of
the data. The Poisson, which was fit with
one less degree of freedom, only passed
an independent test, the Kolmogorov
(P > .05), in two of seven cases, and
even then at a lower significance level
than established for the binomial. The
latter satisfied this test in 10 of the 14
experiments, and data from the remain-
ing four were also used for Fig. 3C since
the discrepancy between predicted and
observed values was localized within a
narrow range, presumably because of
limited sample size. The large values of p
are also consistent with a binomial mod-
el.

Postsynaptic potentials generated at
all synaptic loci could be recorded from
the M cell’s soma, because (i) even the
presynaptic terminals on the primary
dendrites are located less than one elec-
trotonic length from the recording site
and (ii) the responses generated at distal
cap dendrites are also electrotonically
close to the cell body, since these pro-
cesses lie in an extracellular medium of
high resistivity (/0). Thus, any regional
variations in quantal size are insufficient
to invalidate the model, which provides

A3

Comm. neuron

A2
n=8 >
{W/\>|E

5 msec

Binomial
n=6 Histological

-, n:6

-~

Axon cap™

Mauthner cell

2.0
Amplitude of responses (mV)

1.6

(]

amplitude variations
(stepwise plot for 182
responses) with best
fits obtained with the
Poisson (dashed line)
and binomial (contin-
uous curve) equa-
tions. Same abscissa
and ordinate as for
Fig. 1, B; and Bs.

14 experiments

N
o

-
(=]

-
(=]

Binominal n

np \(B.B

o

Only the binomial
passed the Kolmo-
gorov test (P > .05);

5 10 15 20
Histological n

its corresponding parameters were N = 6, p = 0.46, and g = 310 pV (the values of m and g
were respectively 5.8 and 153 pV with the Poisson model, the rather small value of the latter
accounting for the smooth aspect of the corresponding curve). (A,) Sample computer-averaged
unitary IPSP (8 counts); the overall mean amplitude for the 182 trials was 880 wV. (Aj)
Schematic representation of the terminals established on the M cell by the investigated
inhibitory interneuron; of a total of six synaptic boutons (histological n), two were within the
axon cap and four were outside it. (B) Elecron micrograph, from another preparation, of an
HRP-filled bouton established by a PHP-exhibiting collateral interneuron on an M cell cap
dendrite. Note the synaptic vesicles, the presynaptic differentiation, and the postsynaptic
density (arrow) characterizing chemically transmitting junctions. (C) One-to-one correspon-
dence between the binomial parameter n (ordinate) and the number (histological n) of synaptic
boutons (abscissa), as determined in 14 experiments for which the product np was less than or
equal to 6.6 (see text). Horizontal bars indicate range of possible histological n values in two
cases. The solid line is the identity relation. The correlation suggests that for these cells the
quantal unit corresponds to the transmitter released by a single bouton.
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a reliable indicator of the histological n.
Several postsynaptic components
have been suggested as physical corre-
lates of n (3). Our data indicate that at
low stimulus frequencies this parameter
corresponds to the number of synaptic
knobs, each of which contains several
distinct presynaptic densities in both
stained and unstained material. Our re-
sults indicate that each bouton functions
as an independent unit, even when in a
tight cluster arising from the same termi-
nal. However, whether such a quantal
unit releases the contents of one or of a
larger, relatively invariant, number of
vesicles cannot be specified (2/). In any
case, it seems likely that n is a fixed
parameter for a given interneuron, as
indicated by experiments where stimulus
frequency was increased. Acute presyn-
aptic modifications of synaptic efficiency
would then be related to changes in the
probability of release, p, for which this
anlysis only provides mean values, and
which might be different at each bouton.
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Major Polybrominated Biphenyl in Firemaster

Abstract. Sunlight photodegradation of 2,2',4,4',5,5'-hexabromobiphenyl, the
major component of Firemaster, gave a mixture that produces severe hyperkeratosis
of the rabbit ear. This component in its pure state does not cause hyperkeratosis.
One or more of the four major photolysis products must be responsible for this
activity. A similar photodegradation pattern was observed for 2,2',3,4,4',5,5'-
heptabromobiphenyl, the second largest component of Firemaster.

In 1973 and 1974 more than 10,000
Michigan residents—principally farm
families and their neighbors—were ex-
posed to grain, meat, dairy, and poultry
products that had been contaminated
with a mixture containing polybrominat-
ed biphenyls (PBB’s). The PBB’s even-
tually were detected in a statistically
representative sample of persons who
had consumed this contaminated food
).

In 1976 several government agencies
funded a collaborative study between the
Michigan Department of Public Health
and the Center for Disease Control to
assess and monitor the PBB exposure
levels of various groups and adverse
health effects. In addition, the Environ-
mental Sciences Laboratory of Mount
Sinai School of Medicine studied health
effects among exposed farm populations
and among workers at Michigan Chemi-
cal Company, formerly a producer of
PBB’s. These two groups showed a 3
and 13 percent incidence of chloracne,
respectively (2). Chloracne, an acne-like
eruption produced by prolonged expo-
sure to certain halogenated aromatic
compounds, may be accompanied by
systemic toxicity (2). Compounds that
cause chloracne also produce hyperkera-
tosis of the rabbit ear. The sensitivity of
the rabbit ear to chloracne-causing com-
pounds was first recognized by Adams et
al. (3). The rabbit ear forms lesions ex-
actly like those observed in human chlor-
acne (4) and thus is an excellent model
for studies of chemicals with this proper-
ty (2, 5). Many investigators have used
the rabbit bioassay to identify chemicals
with chloracnegenic potential (2, 5-10),
and we have used the test to assess
hyperkeratotic activity in various chemi-
cals (11-14).

In the collaborative study (I5), the
Michigan Department of Public Health
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and the Center for Disease Control have
been monitoring the serum concentra-
tions of 2,2',4,4',5,5'-hexabromobi-
phenyl (PBB-4), which constitutes ap-
proximately 60 percent of the commer-
cial PBB mixture (Firemaster FF-1, lot
FH 7042) involved in the Michigan PBB
incident. However, this may not be the
compound responsible for the toxic ef-
fects of Firemaster. We previously re-
ported our attempt to identify the toxic
components of Firemaster FF-1 by using
purified congeners in the rabbit ear test
(12). We report here studies on the sun-
light degradation of certain PBB conge-
ners, their keratotic effects, and PBB
contamination of soil at the former man-
ufacturing site in St. Louis, Michigan.

Table 1. Relative amounts of PBB-4 photoly-
sis products at various intervals and rabbit ear
test results. Total dose of reaction mixture per
rabbit at each interval was 10 mg. Severe
hyperkeratosis (+) consisted of dilation of the
hair follicles, marked proliferation of the epi-
thelium, and complete atrophy of the seba-
ceous glands, Abbrevations: N.R., no reac-
tion; N.T., not tested.

Amount of product Ra.b-

Expo- in mixture (%) bit
sure ear

(;g:}fs} PBB- PBB- PBB- PBB- o
1 la 2 4 g

00 05 9.0 N.R.

117 25 09 23 934 N.T.

234 42 1.1 44 860 NT.

35 S8 3.0 57 840 (+)

467 63 29 58 846 N.T.

s84 7.0 37 57 764 NT.

70 81 43 66 713 NT.

817 97 S1 87 708 N.T.

93¢ 105 6.1 82 69.0 (+)

1267 126 7.8 100 6.1 N.T.
177 147 87 92 525 N.T.
2125 108 81 94 468 ()
37.67 167 97 6.0 267 (+)
60.0 174 78 38 164 (+)

0036-8075/81/0821-0901301.00/0

The photodegradation of PBB-4 by
sunlight was conducted in a large quartz
reaction vessel containing 0.3125 g of
PBB-4 dissolved in 1500 ml of hexane.
Portions were taken from the reaction
vessel at various intervals for gas chro-
matography, gas chromatography-mass
spectrometry, and rabbit ear tests. The
results of the rabbit ear tests (Table 1)
clearly show that although PBB-4 is not
hyperkeratotic at the 10-mg dose, a se-
vere reaction is produced if PBB-4 is
exposed to sunlight for 3.5 hours. Por-
tions removed from the vessel after 1.17
and 2.34 hours of sunlight were not test-
ed for hyperkeratotic activity; therefore,
3.5 hours is not necessarily the minimum
time required to produce severe hyper-
keratosis.

Figure 1 shows the probable structures
of the major photolysis products of PBB-
4 (peaks 1, la, and 2) after 9.34 hours in
the sunlight. The portion removed from
the reaction vessel after 3.5 hours did not
contain detectable amounts of peaks a,
b, or ¢. Therefore, one or more of the
PBB’s represented by peaks 1, 1a, and 2
are probably responsible for the severe
hyperkeratosis. Support for the structur-
al assignments for peaks 1 and 2 can be
found in earlier studies in which Fire-
master was exposed to artificially gener-
ated ultraviolet light (/6-20). In one of
these studies (20), it was suggested that
the major peak in the photolysis mixture
(peak 1in Fig. 1) corresponds to the loss
of an ortho bromine, giving 2,3',4.4',5-
pentabromobiphenyl  (PBB-2).  This
PBB, however, was recently identified in
Firemaster and characterized (2/), and
its relative retention time corresponds to
peak 2 rather than peak 1. Peak 1 has
the same retention time and mass spec-
trum as 2,2',4,5,5'-pentabromobiphenyl,
which has also been identified in Fire-
master (2/).

Robertson et al. (22) showed that
PBB-2 is a mixed phenobarbitone- and 3-
methylcholanthrene—-type inducer of he-
patic microsomal enzymes. Loss of the
ortho bromine by subsequent photolysis
of PBB-2 would give peak la (tentative-
ly identified as 3,3'.4.4'-tetrabromobi-
phenyl), which has been reported to be a
3-methylcholanthrene—-type inducer (23).
Our gas chromatography-mass spec-
trometry data indicate that peak la rep-
resents a mixture of tetrabromobiphenyl
and pentabromobiphenyl rather than
pentabromobiphenyl alone, as reported
earlier (20). Support for the tentative
structural assignment of the tetrabromo-
biphenyl as the 3,3',4,4’ congener can be
found in the Cadagan coupling reaction
between 3,4-dibromoaniline and 1,2-di-
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