
not change for about 20 minutes after 
the addition of more thymine but it then 
doubled in the next 15 minutes. This 
result was obtained in four separate ex- 
periments. It is consistent with the hy- 
pothesis that the transcription event for 
the synthesis of this enzyme in the re- 
pressed state occurs at a particular time 
in the replication of the chromosome. 

Our model would suppose that the 
entire bacterial genome is transcribed 
-it least once in the course of its repli- 
cation, as supported by evidence of Mc- 
Carthy and Bolton (14), and that this 
event accounts for basal levels of in- 
ducible enzymes. 

PHILIP HANAWALT 
Biophysics Laboratory, Stanford 
University, Stanford, California 

RICHARD WAX 

Biophysics Department, Pennsylvania 
State University, University Park 

References and Notes 

1. S. S. Cohen and H. D. Barner, Proc. Natl. 
Acad. Sci. U.S. 40, 885 (1954). 

2. S. Spiegelman, Proc. Intern. Congr. Biochem. 
3rd Brussels (1955), p. 185; S. Wainwright 
and A. Nevill, J. Bacteriol. 71, 254 (1956); 
E. McFall and B. Magasanik, Biochim. 
Biophys. Acta 55, 900 (1962). 

3. D. Nakada, Biochim. Biophys. Acta 44, 241 
(1960). 

4. F. Jacob, P. Schaeffer, E. L. Wollman, in 
Symp. Soc. Gen. Microbiol. 10, 76 (1960); 
W. D. Donachie, Biochim. Biophys. Acta, 
in press. 

5. M. Masters, P. L. Kuempel, A. B. Pardee, 
Biochem. Biophys. Res. Commun. 15, 38 
(1964); J. Gorman, B. Taruo, H. 0. Halfor- 
son, ibid., p. 43. 

6. A derivative of E. coli 15T- (1) thymine-re- 
quiring, and with additional requirements 
for arginine, methionine, proline, and tryp- 
tophan (as isolated by R. Weatherwax) 
and a uracil requirement (as isolated by R. 
Wax). It is designated TAU-bar to dis- 
tinguish it from the similar strain TAU 
(see 8). 

7. P. C. Hanawalt, Nature 198, 286 (1963). 
8. 0. Maal0e and P. C. Hanawalt, J. Mol. Biol. 

3, 144 (1961). 
9. D. S. Hogness, in Biophysical Science, J. 

Oncley, Ed. (Wiley, New York, 1959), 
p. 256. 

10. Alkaline phosphatase assay as described by 
A. Torriani, Biochim. Biophys. Acta 38, 
460 (1960). 

11. J. Cairns, J. Mol. Biol. 6, 208 (1963); F. 
Bonhoeffer and A. Gierer, ibid. 7, 534 
(1963); T. Nagata, Proc. Natl. Acad. Sci. 
U.S. 49, 551 (1963); H. Yoshikawa and N. 
Suteoka. ibid., pp. 559 and 806. 

12. P. C. Hanawalt, 0. Maal0e, D. J. Cummings, 
M. Schaecter, J. Mol. Biol. 3, 156 (1961). 

13. K. G. Lark, T. Repko and E. J. Hoffman, 
Biochim. Biophys. Acta. 76, 9 (1963). 

14. B. J. McCarthy and E. T. Bolton, J. Mol. 
Biol. 8, 184 (1964). 

15. Bausch and Lomb "Spectronic 20" colorim- 
eter. 

16. o-Nitro phenyl-D-galactopyranoside, Mann 
Research Laboratories, New York 6, New 
York. 

17. A. B. Pardee, F. Jacob, J. Monod, J. Mol. 
Biol. 1, 165 (1959). 

18. This work was performed in the Biophysics 
Laboratory, Stanford University, and was 
aided by USPHS grant GM09901 to P. Hana- 
walt and NASA grant NSG324 to E. C. 

not change for about 20 minutes after 
the addition of more thymine but it then 
doubled in the next 15 minutes. This 
result was obtained in four separate ex- 
periments. It is consistent with the hy- 
pothesis that the transcription event for 
the synthesis of this enzyme in the re- 
pressed state occurs at a particular time 
in the replication of the chromosome. 

Our model would suppose that the 
entire bacterial genome is transcribed 
-it least once in the course of its repli- 
cation, as supported by evidence of Mc- 
Carthy and Bolton (14), and that this 
event accounts for basal levels of in- 
ducible enzymes. 

PHILIP HANAWALT 
Biophysics Laboratory, Stanford 
University, Stanford, California 

RICHARD WAX 

Biophysics Department, Pennsylvania 
State University, University Park 

References and Notes 

1. S. S. Cohen and H. D. Barner, Proc. Natl. 
Acad. Sci. U.S. 40, 885 (1954). 

2. S. Spiegelman, Proc. Intern. Congr. Biochem. 
3rd Brussels (1955), p. 185; S. Wainwright 
and A. Nevill, J. Bacteriol. 71, 254 (1956); 
E. McFall and B. Magasanik, Biochim. 
Biophys. Acta 55, 900 (1962). 

3. D. Nakada, Biochim. Biophys. Acta 44, 241 
(1960). 

4. F. Jacob, P. Schaeffer, E. L. Wollman, in 
Symp. Soc. Gen. Microbiol. 10, 76 (1960); 
W. D. Donachie, Biochim. Biophys. Acta, 
in press. 

5. M. Masters, P. L. Kuempel, A. B. Pardee, 
Biochem. Biophys. Res. Commun. 15, 38 
(1964); J. Gorman, B. Taruo, H. 0. Halfor- 
son, ibid., p. 43. 

6. A derivative of E. coli 15T- (1) thymine-re- 
quiring, and with additional requirements 
for arginine, methionine, proline, and tryp- 
tophan (as isolated by R. Weatherwax) 
and a uracil requirement (as isolated by R. 
Wax). It is designated TAU-bar to dis- 
tinguish it from the similar strain TAU 
(see 8). 

7. P. C. Hanawalt, Nature 198, 286 (1963). 
8. 0. Maal0e and P. C. Hanawalt, J. Mol. Biol. 

3, 144 (1961). 
9. D. S. Hogness, in Biophysical Science, J. 

Oncley, Ed. (Wiley, New York, 1959), 
p. 256. 

10. Alkaline phosphatase assay as described by 
A. Torriani, Biochim. Biophys. Acta 38, 
460 (1960). 

11. J. Cairns, J. Mol. Biol. 6, 208 (1963); F. 
Bonhoeffer and A. Gierer, ibid. 7, 534 
(1963); T. Nagata, Proc. Natl. Acad. Sci. 
U.S. 49, 551 (1963); H. Yoshikawa and N. 
Suteoka. ibid., pp. 559 and 806. 

12. P. C. Hanawalt, 0. Maal0e, D. J. Cummings, 
M. Schaecter, J. Mol. Biol. 3, 156 (1961). 

13. K. G. Lark, T. Repko and E. J. Hoffman, 
Biochim. Biophys. Acta. 76, 9 (1963). 

14. B. J. McCarthy and E. T. Bolton, J. Mol. 
Biol. 8, 184 (1964). 

15. Bausch and Lomb "Spectronic 20" colorim- 
eter. 

16. o-Nitro phenyl-D-galactopyranoside, Mann 
Research Laboratories, New York 6, New 
York. 

17. A. B. Pardee, F. Jacob, J. Monod, J. Mol. 
Biol. 1, 165 (1959). 

18. This work was performed in the Biophysics 
Laboratory, Stanford University, and was 
aided by USPHS grant GM09901 to P. Hana- 
walt and NASA grant NSG324 to E. C. 
Pollard. We express appreciation to Mrs. 
Donald Anthony for technical assistance 
and to Dr. Boris Rotman for reading the 
manuscript. 

6 April 1964 

4 SEPTEMBER 1964 

Pollard. We express appreciation to Mrs. 
Donald Anthony for technical assistance 
and to Dr. Boris Rotman for reading the 
manuscript. 

6 April 1964 

4 SEPTEMBER 1964 

Mechanoreceptors in the Cuticle 
of the Honey Bee: Fine Structure 
and Stimulus Mechanism 

Abstract. The distal nerve process 
of hair plate sensilla and campaniform 
sensilla contains a special terminal 
structure in the form of a bundle of 
tubules herein designated the "tubu- 
lar body." Physiological and morpho- 
logical results indicate that compres- 
sion at the site of this body probably 
acts as the stimulus at the cellular 
level. A ciliary structure separates an 
outer segment of the distal nerve proc- 
ess from the remaining distal fiber. 

Recent investigations show that the 
hair plates of insects function as po- 
sition receptors in the joints and in 
this way can act as gravitation re- 
ceptors (1, 2). An electrophysiologi- 
cal and microscopic study of the single 
receptor elements brought results 
which related to the mechanism of 
stimulation in the nerve endings (3). 
In the study reported here the morpho- 
logical basis of the primary receptor 
processes was investigated by electron 
microscopy. The objects studied were 
the cervical hair plates of the honey 
bee (2, 3) and, for comparison, the 
campaniform sensilla of the head. 

The sensilla of the hair plates and 
the campaniform sensilla each contain 
only one receptor cell of the bipolar 
type. The distal process of the cell 
enters through a canal in the cuticle 
and connects with the joint membrane 
in the hair plate sensillum, and with 
the cap membrane in the campaniform 
sensillum (Fig. 1). These cuticular 
structures probably consist of the rub- 
ber-like protein resilin (4), as indi- 
cated by their special staining proper- 
ties, by their extraordinary deformabil- 
ity in the joint membrane, by their 
stress-birefringence, and by their digest- 
ability by pepsin. Both types of sen- 
sillum have a nearly bilaterally sym- 
metrical form: the hairs in their resting 
position lean against an overhang of 
the cuticle at one side and can be 
freely pivoted only in the opposite di- 
rection; the campaniform sensilla have 
an elliptic form, when observed from 
above. 

With the electron microscope (5) 
it is possible to distinguish in both 
types of sensilla an outer segment of 
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sensillum the outer segments are of 
roughly constant length (6 to 8.5 /I in 
the hair sensilla, 3.2 to 4.2 ,u in the 
campaniform sensilla) independent of 
the thickness of the surrounding cuti- 
cle. Within the conical ending of the 
outer segment lies a prominent dense 
body (Figs. 2 and 3A) consisting of 
50 to 100 tubules lying parallel to one 
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Fig. 1. Diagram of hair plate sensillum 
(A) and campaniform sensillum (B). Ab- 
breviations: c, ciliary structure; e, extra- 
cellular space; g, granules; h, cuticular 
sheath; m, joint membrane (A), cap mem- 
brane (B); o.s., outer segment; p, cap; s, 
Schwann cell; r, root fiber; t, tubular body; 
cut, cuticle; zi, Z2, centrosome-like struc- 
tures. 
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Fig. 2. The distal part of the outer segment of the hair plate sensillum (A) and the 
campaniform sensillum (B) with the tubular body (t) in longitudinal section. Note 
the free tubuli in A indicated by the crosses. At the infoldings of the cuticular sheath, 
h, the cell membrane is bordered with granules. For abbreviations see Fig. 1. The 
scale in B is the same as in A. Because of the extraordinary hardness of the dehydrated 
cuticle, sections thinner than 400 to 800 A could not be made. 

another in an electron dense material. 
The inner diameter of such a tubule is 
about 90 A, and the wall about 30 A 
thick; thus in size these tubules are 
very similar to those which form the 
filaments of the ciliary structure (Fig. 
3). In the living cell this tubular body 
presumably fills up the end of the 
outer segment; however, with dehydra- 
tion, the diameter of the tip becomes 
dilated by outer shrinkage, whereas 
the tubular body itself probably shrinks, 
resulting in greater distances between 
the membrane and the tubular body. 
The separate tubules leave the body 

at its proximal side and continue in- 
dependently of each other in the cyto- 
plasm toward the ciliary structure. 
However, it is not possible to follow 
them as far as this structure; continui- 
ty with the ciliary tubules remains 
doubtful. Only with the proximal re- 
duction of the diameter of the outer 
segment are tubules visible again, 
where they form a ring consisting of 
about 18 pairs of tubules. Before the 
outer segment changes into the distal 
fiber the pairs become arranged in two 
concentric rings each consisting of nine 
double elements (Fig. 3B). Each pair 

Fig. 3. Cross sections of the hair plate sensillum on the level of (A) tubular body 
and (B) the ciliary structure. Same scale in A as in B. For abbreviations see Fig. 1. 
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in the inner ring is connected radially 
with one pair in the outer ring. The 
inner elements are connected with each 
other by a tubular membrane, as are 
the outer elements by the outer cell 
membrane. Within the ciliary structure 
the outer segment changes into the 
fiber-like distal nerve process; the di- 
ameter is abruptly enlarged to 1 /, 
and the tubules are connected with a 
centrosome-like structure and thence 
to about nine root fibers, which show 
a cross striation of about 500 A peri- 
odicity. These root fibers enclose a 
second parallel centrosome structure. 

The outer segment contains few or 
no inclusions except the tubules de- 
scribed and thus differs remarkably 
from the fiber proximal to the ciliary 
structure, which contains an especially 
great number of irregular vesicles. In 
the region between the tubular body 
and the formation of the ciliary struc- 
ture, however, the inner surface of the 
cell membrane of the outer segment is 
studded with granules of about 200 A 
diameter, especially at the surface of 
the many infoldings of the membrane 
(Fig. 2A). These granules lie at rather 
regular distances from each other; 
in cross sections of the outer segment 
they are visible, lying side by side in 
rows of ten and more granules. Their 
chemical nature and their function are 
unknown. 

The whole outer segment of the dis- 
tal nerve process is enclosed within a 
relatively thick cuticular sheath. This 
sheath connects the outer segment with 
the joint membrane or the cap mem- 
brane of the sensilla. In the hair plate 
sensillum, but not in the campaniform 
sensillum, the sheath terminates in the 
form of a thin tube (inner diameter 
200 A) which changes into the wall 
of the hair. This point of fastening of 
the nerve process is always found in the 
plane of symmetry at the side of the 
overhang of the cuticle (3). In both 
types of sensillum there is a cap of 
spongy, fibrous material beneath the 

joint or cap membrane, which is con- 
tinuous with this membrane. The end- 
ing of the outer segment, which en- 
closes the tubular body, is embedded 
in this cap. The whole nerve process 
is enclosed by a Schwann cell begin- 
ning at the lower end of the cap. 
With the tapering of the nerve process 
to the ciliary structure an extracellu- 
lar volume results between the nerve 
membrane and the Schwann cell. 

Bending the hair has two effects on 
the nerve ending, as measured in 
vitro with 10-pt thick sections of the 
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hair plate (3): its point of fastening 
at the joint membrane becomes ele- 

vated, and the joint membrane of one 
side is buckled into the hair base, 
compressing the cap and in this way 
shifting and compressing the nerve end- 
ing (Fig. 4). By means of push-pull 
experiments it was possible to apply 
these two distortions separately while 
recording their effect on the impulse 
activity of the cell (3). Pulling on a 
hair in its resting position had no 
measurable effects, pushing it in this 

position resulted in a weak excitation; 
pulling on a hair in its fully bent posi- 
tion abolished the high impulse fre- 
quency of the sense cell, although the 
length of the nerve ending could not 
be altered in this case; pushing the 
bent hair increased the high excitation 
further. An isolated compression of 
the cap without bending the hair was 
achieved by inserting a needle into 
the cuticle in the neighborhood of a 
sensillum; excitation of the sense cell 
increased with the thickness of the 
needle in the cuticle. In these cases 
only those distortions of the hair base 
which compressed the cap beneath the 
joint membrane were effective in stimu- 
lation. A compression directed trans- 
verse to the long axis of the nerve 
ending was most effective; it caused 
reactions covering the whole response 
range. In contrast, an elevation of the 
point of fastening of the nerve ending 
had no stimulus effect. These results 
indicate that a compression of a special 
part of the outer segment, which is 
located in the cap, is probably the 
normal stimulus event. A compression 
of this part, just measurable in the 
light microscope for maximal bending 
of the hair, is in the range of 0.1 . 

The dynamic properties of the sensil- 
lum depend on the elastic and plastic 
properties of the joint membrane, cap, 
and cuticular sheath. Since cap and 
cuticular sheath react to staining and 
digestion with pepsin in the same man- 
ner as the joint membrane, it is rea- 
sonable to conclude that they are like- 
wise composed of resilin. Resilin has 
no measurable plastic or flow proper- 
ties (4, 6). A hair, released from a 
bent position after some hours, springs 
back precisely to its original resting 
position. 

The structures of the distal nerve 
processes are the same in the hair 
plate and in the campaniform sensilla; 
these types of sensilla are different in 
the structure of the supporting cutic- 
ular apparatus and in the connection 
of the outer segment to the cuticle; 
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Fig. 4. The distortions of the hair base 
with bending of the hair; resting position 
with dashed lines, maximal bent posi- 
tion with full lines. From photomicro- 
graphs of a section in vitro. 

there are also quantitative differences 
in the formation of the outer seg- 
ments. These results are in agreement 
with the concept that hair sensilla and 

campaniform sensilla are homologous 
sense organs (7). The mechanical dis- 
tortions of the cuticular structures are 
different in the two types of sensil- 

lum, but these structures seem to func- 
tion by transforming the different dis- 
tortions of the cuticular parts into equal 
effects at the nerve endings. Campani- 
form sensilla respond to certain strains 
in the cuticle (8, 9) which are sup- 
posed to diminish the diameter of the 
sensillum. In this way a compression 
of the cap results, as in the hair sen- 
silla; the structures for the subsequent 
processes of stimulus transmission are 
also the same. Other than in the hair- 

plate sensilla it is probable that no 
shifting or bending of the nerve proc- 
ess takes place. One might, therefore, 
consider compression of the terminal 
region of the outer segment, which is 
enclosed in the cap, to be the primary 
stimulus effect in both the campani- 
form and the hairplate sensilla. In con- 
trast to this, Pringle (8) based his 
hypothesis of the stimulatory mecha- 
nism of campaniform sensilla on the 
assumption that stretching the nerve 
ending acts as a stimulus at the nerve 
level. However, as already mentioned, 
in the similarly constructed hair sensil- 
la stretching does not stimulate the 
receptor cell. 

The principles of construction com- 

mon to hair plate and campaniform re- 
ceptors are similar to those of scolopi- 
dia sensilla reported in Locusta (10) 
and Carcinus (11). But in the hair 
plate and campaniform receptors the 
region of the stimulus action can be 
localized with more certainty. The tu- 
bular body is situated just in that part 
of the outer segment of the hair plate 
sensillum which is most compressed. 
This structure, therefore, might have 
a special function in the transducer 
process. In the scolopidia sensilla, 
structures corresponding morphologi- 
cally to the tubular body are found- 
namely, in Carcinus (11), the numerous 
tubules which are of the same diameter 
as the tubules of the cilium, and, in 
Locusta (10), the elongated ciliary 
structure without central filaments. In 
contrast to these receptors, whose ter- 
minal regions are characterized by cili- 
ary or tubular structures, there are a 
number of other mechano-receptors 
with sensitive regions structurally simi- 
lar to an axon [Pacinian corpuscle 
(12); muscle spindle (13); stretch re- 
ceptor (14)]. Their mechanical sensi- 
tivity is considered to be a specializa- 
tion of the mechanical sensitivity of 
axons (see 15). Perhaps receptors with 
ciliary structures have a different trans- 
ducer mechanism, which may be a 
property of ciliary or related tubular 
structures-that is, the tubular body in 
the special case of the hair plate and 
campaniform receptors. But at present 
this remains an open question. 
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