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A scanning laser acoustic microscope was used to generate
growth curves for amphibian limb regeneration. The me-
chanical properties of the specimen were converted into a
visual image that was suitable for the measurements of limb

Introduction

The application of the scanning laser acoustic microscope, SLAM

(Sonoscan, Inc. , Bensenville, IL), in the area of biological research

has been largely unexplored. Some applications include investiga-

tion of the fetal mouse heart (1), tendon fibers (2,3), mouse em-

bryos (4), skin and wound tissue (5), and fatty livers (6). The

generation of growth curves for amphibian limb regeneration

presented another possible application because the curves could

be generated from single individuals, eliminating several sources

of error as well as the need to sacrifice large numbers of individu-

als. Since the SLAM translates the mechanical properties of the

specimen into the visual image, the image of an axolotl (Am-

bystoma mexicanum) makes a fairly good “acoustic” subject.

Materials and Methods

The SLAM operates at an ultrasonic frequency of 100 MHz and has an ap-

proximate resolution in biological materials of 20 g.im. The magnification

( x 77) is sufficient to obtain accurately the data reported herein. However,

the resolution and contrast of this particular SLAM are not sufficient to

distinguish individual cells, although there are SLAMs that operate at

higher frequencies and thus have better resolution. The specific distribu-

tions of ultrasonic propagation properties are found elsewhere (7-9).

Rur axolotl larvae (age approximately 5 months, sex undetermined)
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growth. Bone, cartilage, musde, dermis, and epidermis can

be visualized.
KEY WORDS: Scanning laser acoustic microscope; Amphibian limb

regeneration; Axolotl.

were kept in 1% Holfreter’s solution in glass bowls and fed every fourth

day with a mixture of liver and Gainsburgers. Amputations were made on

the right rear limb just distal to the knee under chlorotone anesthesia.
Length of the stumps did not differ by more than 150 gim. The left leg

was considered to be an internal control. Measurements were made at 24

± 2 hr intervals for 25 days and at 48 ± 2 hr intervals through day 31.

Both limbs were simultaneously examined optically and acoustically with

the acoustic microscope. Data were retained by photographing the images

on the monitors. Measurements for the growth curves were made directly

from projections of the photographic slides or from composite photo-

graphs. Two axolotls were followed for the full 31 days and the other two
died as a result of stress, most probably caused by handling or anesthesia.

Results and Discussion

The measurements that generated the graphs were taken from

slides such as those reproduced in Figure 1. Blastema formation

(Figures la-id) and subsequent redifferentiation (Figures ic-li)

are evident in both images (Figure 1) and graphs (Figures 2 and

3). Stages of dedifferentiation and regeneration are as suggested

by Stocum (10). By day 1 after amputation (initial dedifferentia-

tion) epidermis has migrated over the wound. By day 6 (early bud

stage), the periosteal bone, cartilage, and muscle level to the am-

putation surface have dedifferentiated and the released blastema

cells have formed an accumulation of cells, the blastema. The

blastema grows through medium bud and late bud stages (days

7-9). At the late bud stage, it flattens distally into a paddle shape.

By day 10 (early redifferentiation), a longitudinal groove becomes

visible, marking the place where digits one and two will separate.

By day 19 (early two-finger bud stage), the blastema is greatly in-

creased in size. The shape ofthe blastema is somewhat angled rela-

tive to the position of the future knee joint. Cartilage condensa-

tion is visible but indistinct. On day 21 (late two-finger bud

stage) the first two digits are elongating. New cartilage is some-

what more visible. By day 27 (third finger bud stage), digits one
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Figure a Normalized growth curves for three axolotls. Measurements from
acoustic micrographs were used to generate curves showing limb regenera-
tion for three axolotls (A-2, A-4, A-5).

microscope images are similar in appearance to those generated

from adult newt limbs by more traditional techniques (11), al-

though our data show a somewhat quicker regeneration process

( Figure 4). Larval forms of salamanders regenerate faster than

adult forms. Also, our data were generated by amputation of the

hindlimb, rather than the forelimb as in other studies.

Conclusion

The scanning laser acoustic microscope has many advantages over

conventional techniques in the generation of growth curves. The

use of the SLAM eliminates the need to sacrifice large numbers

of individuals to generate a single curve. The traditional fixation

and staining techniques are eliminated. Data are easily stored on

slides.

Variations caused by differing levels of amputation and un-

equal rates of growth can be accounted for and, if necessary, nor-

malized. Measurements can be kept very constant by the use of

Figure 2. Bone re9ression and blastema formation for one axolotl (A-4). Mea-
surements from acoustic micrographs were used to generate curves for bone
regression and blastema formation of a single axolotl. A, total length of
regenerate from knee joint to tip; B, length of regenerate from knee joint to
epidermis; C, length of tibia; 0, length of periosteal bone.

and two are more distinct. The individual pieces of cartilage can

be distinguished. Digit three is starting to elongate. By day 29,

digit four is starting to separate. Redifferentiating cartilage is

acoustically more distinct than the surrounding redifferentiating

muscle cells.

Figure 2 shows curves plotted for overall growth of the blastema

epidermal thickness, bone regressions, and subsequent cartilage

recondensation of one axolotl. This is the first time such growth

curves have been generated from a single axolotl. In more tradi-

tional studies, as many as 60 individuals may be sacrificed for a

single curve. Data such as these can easily be normalized to climi-

nate differences resulting from unequal growth rates between in-

dividuals (Figure 3). Growth curves generated from the acoustic

Figure 1 . Acoustic micrographs of the dedifferentiation and regeneration process of the same axolotl (AmI�stoma mexicanum) limb. The time after amputation
and stage are: (a) day 1, initial dedifferentiation; (b) day 6, early bud stage; (C) day 7, middle bud stage; (d) day 9, late bud stage; (e) day 10, early redifferentiation.
Bone regression and blastema growth can be visualized at the site of amputation distal to the knee joint of an axolotl. P. periosteal bone; M, muscle; Fe, femur;
0, dermis; T, tibia; F, fibula; B, blastema; E, epidermis; (f) day 19, early two-finger bud stage; (g) day 21, late two-finger bud stage; (h) day 27, third-finger bud
stage; (I) day 29, fourth-finger bud stage. Bar = 0.4 mm.
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tional techniques, which require many individuals to be sacrificed

, , / at a variety of times, show an average rather than a single and con-

tinuous process.
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Figure 4. Acoustically generated data versus measurements by conventional
methods. Growth curve measurements by conventional methods (1 1) (open cir-
des) show a similar but not identical trend when compared to acoustically
generated data. (Two dashed lines represent range of acoustically generated
data.)

two internal controls. The unchanging diameter of the femur

proximal to the knee joint over the period of study was a con-

venient marker when slides were enlarged for measurement.

The application of the SLAM to generate growth curves also al-

lows for the effects ofindividual variation to be determined. Tradi-
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