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Effects of In Utero Ultrasound Exposure on the Development

of the Fetal Mouse Testis1
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ABSTRACT

The effect on the developing fetal testis of in utero exposure to 1-MHz, continuous-wave ultrasound in the spatial peak,

temporal average intensity range 0.5-10 W/cm2 for durations of 400-30 sec on Day 9, 12, or 15 of gestation was determined.

Results show that two subtle, yet potentially deleterious, effects occurred: a reduction in the Sertoli cell population and an

apparent delay in the cessation of gonocyte mitosis. An increase was also seen in the number of fetal resorptions and stillborn

pups per number of implantation Sites in the exposed specimens as compared to the sham and cage controls. Because the

reduction in testis weight was proportional to decreased body weight and because there was no difference in Sertoli cell numbers

due to day of treatment, the testicular effects may reflect a generalized delay in growth. Whether this effect of ultrasound on

fetal testis will be translated into an equal reduction in germ cell numbers in the adult testis remains to be determined.

INTRODUCTION

Ultrasound has been extensively employed clinically to

monitor the health and well-being of the developing fetus

for nearly three decades [1]. It has been estimated that 80%

of women in Europe and the United States, for example,

undergo at least one sonogram procedure during preg-

nancy, implying that more than one-half the population re-

ceives ultrasound exposure prior to birth [2,3]. Such a large

number of fetal exposures has raised concern for safety and

has encouraged several animal studies to investigate pos-

sible effects from these exposures [4]. While it is comfort-

ing to know that obvious deleterious effects have not been

detected from the clinical use of ultrasound, there still re-

mains the possibility that subtle or delayed effects that have

not yet been observed may occur. Recently obtained ex-

perimental data suggest that potential subtle effects may be

produced; insonation of near-term fetal lambs induced

changes in the auditory brain stem response [5]. Further,

Tarantal and Hendrickx [6, 7] observed changes in white

blood cell counts, behavior, Apgar scores, and body weight

in neonatal cynomolgus macaques following in utero ul-

trasound scans carried out at human clinical conditions. Such

findings suggest that further investigations are necessary to

assess the full import of clinical exposures upon the fetus

and to establish guidelines for safe and efficacious em-

ployment of this modality for diagnostic purposes.

One mammalian system thus far overlooked in studies

of fetal bioeffects of ultrasound is the fetal reproductive sys-

tem, in particular the fetal gonad. The fetal gonad is known
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to be highly sensitive to several types of insult to which it

may be exposed during development, such as x-radiation

[8], diethylstilbesterol (DES) [9-11], ethinyl estradiol [12, 13],

and stress [14-16]. These exposures have produced de-

layed effects that are expressed primarily in the adult ani-

mal, as well as abnormalities in reproductive behavior, go-

nadotropin production, testicular and ovarian morphology,

and fertility. The fact that subtle in utero effects on the gonad

may go undetected until adulthood, when these abnor-

malities can be measured and reproductive capacity can be

tested, led us to investigate the potential effects of ultra-

sound on the fetal mouse testis.

MATERIALS AND METHODS

Mating and Animal Care

All animals were housed in the same animal-care room.

They were maintained on a 14L: iOD cycle with food (Pur-

ina rat chow, Ralston-Purina, St. Louis, MO) and water dis-

pensed ad libitum. Males were housed in close proximity

to females to insure regular 4-5-day estrous cycles [17].

Female nulliparous ICR: HD (Harlan Sprague-Dawley,

Indianapolis, IN) mice 70-100 days of age in proestrus or

estrus, as determined by vaginal smears, were mated to

proven males in the afternoon. The following morning (Day

0), the males were removed, and females with seminal plugs

or sperm-positive vaginal smears were set aside for expo-

sure to ultrasound on Day 9, 12, or 15 of gestation.

Ultrasound Calibration

Figure 1 illustrates the exposure system used, which in-

cludes a Hewlett Packard (Palo Alto, CA) signal generator,

an AR power amplifier, and a i-inch-diameter PZT-4,

1-MHz unfocused ultrasound transducer. The transducer

acoustic field has a 95% power beam width of 1 cm and a
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FIG. 1. Schematic representation of the ultrasound exposure system.
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3-dB beam width of 1.9 cm. Primary calibration of the acoustic

intensity output is carried out by determining the force ex-

erted on a small (1/16-inch diameter) steel sphere and is

accurate to ±3% [18]. The calibration is carried out at the

same location in the sound field at which the specimen is

positioned for the exposure procedure. The ultrasonic beam

pattern is determined by the transient thermoelectric method

[19].

Experimental Procedures

The dams were anesthetized on the day of exposure with

methoxyflurane (Metofane, Pitman-Moore, Inc., Washington

Crossing, NJ) inhalation; shaved and depilated on the ab-

domen, back, and sides; and swabbed with a mild detergent

solution to effect wetting of the acoustic coupling medium.

Depilation is necessary to remove hair stubble, which can

trap air bubbles, which would significantly distort the sound

field. Each animal, mounted spread-eagle in a specially de-

signed holder, was placed in the Plexiglas exposure tank,

which was filled with degassed mammalian Ringer’s solu-

tion maintained at 37#{176}C,such that the abdomen faced the

transducer and was perpendicular to the ultrasound beam

axis. The muzzle of the animal protruded above the cou-

pling medium and was fitted into the nose cone of the

anesthesia circulator mounted on the holder, which main-

tained anesthesia throughout the exposure procedure.

A 2 X 3 exposure matrix over the abdominal area was

employed to assure uniform exposure over each uterine

horn. This was accomplished by maintaining the holder and

animal stationary, while moving the transducer to each of

the six predetermined positions. A digital position-indicat-

Specimen
Holder

ing device provided for maintenance of the i-cm center-to-

center distance between exposure sites.

Groups of six dams, four exposed and two shams, were

used for each of the six ultrasound doses, i.e., for each pair

of spatial peak temporal average acoustic intensity (Is�-A)

and duration of exposure parameters, for each of the 3 days

of gestation during which the exposures were carried out.

Sham-exposed animals were treated identically to the ul-

trasound-exposed animals, with the exception that the

transducer was not energized. A group of 10 cage control

litters (animals neither anesthetized nor restrained) were

also assessed to determine if any aspect of the preparation

procedure affected the experimental subjects.

Six ultrasound dosages were used: 10 W/cm2 at 30 sec,

2.5 W/cm2 at 120 sec, 2.5 W/cm2 at 180 sec, 1 W/cm2 at

200 sec, 0.5 W/cm2 at 400 sec, and 5 W/cm2 at 90 sec. The

5- and iO-W/cm2 intensities were chosen as “high” doses

to insure occurrence of an effect, the 2.5- and 1-W/cm2 doses

were in the range of therapeutic ultrasound intensities, and

the 0.5-W/cm2 intensity was at the upper range of clinical

diagnostic devices. Treatments were given on Day 9, 12, or

15 of gestation. These days of gestation were chosen for

exposure because of specific events occurring in gonadal

development at those times. On Day 9 of gestation, the pri-

mordial germ cells (PGC5) begin migrating from the yolk

sac endoderm, where they originate, to the genital ridges,

which ultimately develop into the gonads [20]. The PGCs

undergo mitosis during and shortly after this migration. The

very early stages of sexual differentiation begin on Day 12,

when the PGCs move to the peripheral region of the go-

nadal ridge if the fetus is to be female, or to the central
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1, = V�/’nr� = T�R/ir� (2)

area if the fetus is to be male [20]. Also, the Sertoli cell

precursors are histologically identifiable on Day 12 [21]. On

Day 15, the sex cords of the male fetuses, which differen-

tiate into the seminiferous tubules, have become devel-

oped and contain the Sertoli cell and the gonocyte pre-

cursor cells, which are again dividing mitotically [20].

After the ultrasonic exposure, the dams were removed

from the exposure tank, dried, and allowed to recover from

the anesthetic. They were then placed three to a cage and

returned to the animal quarters until Day 18 of gestation,

when they were killed and the fetuses were removed by

laparotomy. The following data were recorded: position of

fetuses within the uterus, fetal weight, testis weight, num-

ber of live fetuses, number of males and females, number

of resorptions and stillborns, and presence of any fetal mac-

roscopic abnormalities or deformities.

A detailed study of temperature increases produced in

the fetus in response to ultrasound exposure under the same

conditions employed in this study has been reported [22].

H&ology and Moiphometric Analysis

The pairs of fetal gonads were removed, weighed, and

placed in Bouin’s fixative, then subjected to standard de-

hydration and paraffin embedding. The specimens were

sectioned into 6-p.m serial sections, and every fifth section

(24 p.m between sections) was mounted on a glass slide

and stained with hematoxylin and eosin.

Section thicknesses were checked by a direct micro-

scopic method [23]. Ten histologic slides were selected ran-

domly, and section thickness was determined in 3 regions

of 2 sections per slide by use of an Olympus Vanox mi-

croscope with a lOOX planopochromatic objective (1.4 NA).

The mean section thickness was 6.01 ± 0.28 p.m (SD).

Shrinkage due to fixation and embedding was not deter-

mined; however, this factor was unlikely to influence the

data since pathological conditions such as edema, atrophy,

or fibrosis were not present.

After microscopic evaluation of testicles from all males

in each litter, two animals from each litter/dose/day were

chosen for morphometric analysis, one from each uterine

horn. This was performed such that the observer was un-

aware of the treatment conditions of the specimen. Mor-

phometric analysis of the chosen specimens was by means

of JAVA (Jandel Scientific, Corte Madera, CA), a computer-

ized video analysis system that permits the simultaneous
viewing of histologic sections and a cursor used for mor-

phometric measurements. Analysis was completed for 30

circular cross sections of seminiferous tubules per testis, 6

from each of the 5 largest consecutive central sections of

the testis on each slide. The following data were collected:

number of clearly identified Sertoli cell nuclei and gono-

cyte nuclei per tubule cross section, number of mitotic Ser-

toli cells, number of mitotic gonocytes, number of degen-

erating gonocytes, number of multinucleated gonocytes,

tubule diameter and area, and percentage of the testis cross-

sectional area occupied by the seminiferous tubules (rel-

ative tubule area). Total number of cells counted per testis

ranged from 28 to 32 gonocytes per section and from 142

to 163 Sertoli cells per section. The relative tubule area

ranged from 68% to 82% and showed no statistically sig-

nificant difference among treatment groups. Data were also

recorded for the number of testes exhibiting abnormalities

in development and the number of testes with hemor-

rhages or hypervascularity.

Sertoli cells, gonocytes, and mitotic figures for each were

identified according to the criteria of Clermont and Perey

[24]. On Day 18 of gestation, gonocytes appear as very large

cells located predominantly within the lumen, whereas

supporting cells (Sertoli) are found along the basement

membrane. The Sertoli cell nucleus was counted rather than

the nucleolus because with Bouin’s fixative the nucleolus

was often confused with large clumps of chromatin. The

mean number of Sertoli cell nuclei counted per testis was

744. In fetal testis sections, the Sertoli cell nucleus is often

near-round to oval (see Fig. 5), in contrast to the highly

irregularly shaped nucleus in adult testis [25]. Mean diam-

eters of Sertoli cell nuclei were determined by measuring

two perpendicular diameters per nucleus in 300 clearly vis-

ible Sertoli cell nuclei per treatment group. The overall mean

diameter was 6.49 p.m. No difference in diameter was found

between group means (p < 0.05). For every gonocyte

counted, its nuclear diameter was measured in two per-

pendicular directions. The mean number of gonocytes

counted per testis was 157. The percentage of testis occu-

pied by seminiferous tubules was determined by use of the

Jandel Image Analysis System. A defined total area at 66x

magnification was circumscribed by the light cursor. Then

each seminiferous tubule area within the total defined area

was determined and summed.

Degenerating cells were identified by pycnotic nuclei and

eosinophilic granulation of their cytoplasm. Multinucleated

gonocytes were identified by proximate nuclei surrounded

by a large cytoplasmic mass. Hemorrhage was identified by

an excessive amount of pooled red blood cells between

seminiferous tubules.

The seminiferous tubule volume, the total number of

Sertoli cells, and the number of gonocytes per testis were

estimated as follows. Following the custom of treating the

density of the testis to be sufficiently near to unity (1.04

gm/cm3, actually) such that testis weight (T�) can be iden-

tified with testis volume [26], the seminiferous tubule vol-

ume (Vt) is given by

= T�R (1)

where R is the relative tubule area, viz, the area of the testis

occupied by seminiferous tubules divided by the total cross-

sectional area of the testis section. Considering the tubule

to be a circular cylinder of radius r, and length I�, we have



TABLE 2. Effects of ultrasound exposure (12t parameter) on fetal weight, testis weight, seminiferous tubules, and cell populations on Day 18 of

gestation.

Live pup

weight (9)

1.36 ± 0.02#{176}

1.31 ± 0.02#{176}

1.29 ± 003.b

1.25 ±

1.16 ±

1.19 ± 0.06b�
1.04 ± 0�de

0.98 ± 0.04#{176}

Testis
weight 1mg)

1.15 ± 0.08#{176}

1.05 ±

0.93 ± 0.03�’

0.95 ± 0.04�’

0.90 ±

0.82 ±

0.75 ± 005d0

0.69 ± 0.03#{176}

l2t Nt

Control 56

Sham 206
100 61

200 75

750 65

1125 57

2250 42

3000 41
#{176}�Means (±SEM) having different superscripts within columns are different (p < 0.05).

“No significant difference between means (±SEM).

tNumber of fetuses for body and testis weights.

tNumber of testes for morphometry and cell counts.

Nt

10

18

12

12

12

12

12

6

Seminiferous

tubule

volume (mm3)

0.764 ± 0.02#{176}

0.814 ± 0.01#{176}

0.698 ± 0.03k
0.676 ± 003b

0.674 ± 003b

0.650 ± 0,02b

0.557 ± 0.03’

0.515 ± 003’

Seminiferous

tubule

length (mm)

311.8± 8.5#{176}

294.0 ± 10.7k

244.0 ± 24.1’
234.3 ± 16#{149}5cd

219.1 ± 16.5�#{176}

241.5 ± 7.4’

178.4 ± 14.1#{176}

184.1 ± 4,1de

Gonocytes

per testis
x10”#{176}

7.01 ± 0.50

7.82 ± 0.28

7.66 ± 0.53

6.80 ± 0.52
6.96 ± 0.54

7.43 ± 0.39

6.24 ± 0.48

6.53 ± 0.23

Sertoli

cells per

testis xlQ”

5.39 ± 0.07#{176}

5.76 ± 0�18.b

4.40 ± 0.22””'

4.75 ± 0.09”

4.26 ± 0.29”
4.19 ± 0.18”’

3.60 ± 0#{149}15d

3.32 ± 0�07d

FETAL TESTICULAR ULTRASOUND BIOEFFECTS 435

TABLE 1. Percentage of stillborn pups and fetal
resorptions per number of implantation Sites in sham

and ultrasound exposed litters In) killed on Day 18 of
gestation (cage controls = 0.9).

It n Day 9 Day 12 Day 15

0 12 1.0 4.8 2.7
200 8 2.2 7.0* 3.8

300 7 20.5#{176} 55.3#{176} 14.7#{176}
450 7 35.0#{176} 38.5#{176} 53.6#{176}

*Treatments are significantly different by analysis of

variance, p � 0.05.

The seminiferous tubule length is then divided by the

histosection thickness to obtain the number of unit sec-

tions.

The number of Sertoli cells per section was calculated

from the method of Abercrombie [271:

true cell count =

crude count X section thickness

section thickness + nuclear diameter

The probability that differences in the mean nuclear di-

ameters of either cell type for each of the three treatment

groups-the exposed, the sham, and the cage controls-

was not statistically significant (p < 0.01). The total number

of Sertoli cells or gonocytes per testis was obtained by mul-

tiplying the true cell count by the number of 6-p.m unit

sections.

Statistical analysis of group differences was by analysis

of variance using Statgraphics (Statistical Graphics Corp.,

Rockville, MD). The various treatments were compared by

use of multiple-range analysis of least squares differences,

which indicated that the effects analyzed varied significantly

with dosage at the 0.05 level.

RESULTS

Ultrasound exposures on Day 9, 12, or 15 of gestation

induced dose-dependent effects on general reproductive

outcome. There was a significant increase in the percentage

of stillborn pups and fetal resorptions in the exposed groups

compared with shams for most ultrasound doses (Is�A in

W/cm2 x exposure duration in seconds, t), which appears

directly related to the energy flux, It (see Table 1). The

pregnancy loss was primarily in the form of resorptions with

the exception of the 5-W/cm2 group wherein a large num-

ber of stillborn pups occurred.

Although a direct effect on births was evident, no effect

was found on total litter size (number of implantation sites),

male : female ratio, or number of pups with congenital ab-

normalities. All three treatment groups had less than 1%

incidence of congenital abnormalities.

Table 2 shows the basic effects of the ultrasound param-

eter 12t on the fetal testis weight. An inverse relationship is

seen between body weight, testicular weight, and the 12t

ultrasound dosage parameter; i.e., increasing ultrasound

dosage parameter caused a decrease in testis and body

weight. Also found to decrease with increasing 12t were

seminiferous tubule length, volume, and the total number

of Sertoli cells per testis.

The incidence of dividing gonocvtes also appears to cor-

relate with the energy flux, It. Figure 2 shows that the num-

ber of dividing gonocytes per tubule cross section in-

creased significantly at the highest dosage. The data from

all three gestational days were pooled by dosage for anal-

ysis, as no difference occurred among days of gestation. Sham

and cage control values were also pooled. However, total

number of gonocytes/testis showed no change across treat-

ments (Table 2). This lack of effect on total number was

apparently due to the increase in gonocyte division with

increased dosage (Fig. 3).

The gonocyte/Sertoli cell ratio showed a significant in-

crease with increasing 12t (Fig. 4a) and is described by the

linear regression model: gonocvte/Sertoli cell = 2.81 X

iO�5 (I2t) + 0.188. No differences were found among the

shams and the cage controls. This increase in cellular ratios

is due to an increase in the number of gonocytes per tu-

bule cross section (Fig. 4b, Fig. 5). No difference was found

in the number of Sertoli cells per tubular cross section.

The exposed testes also showed an increase in vascular
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FIG. 2. Number of mitotic gonocytes per round seminiferous tubule

cross section vs. the exposure parameter It at Day 18 of gestation.

changes in the form of hypervascularity and occurrence of

hemorrhages (Fig. 6), both parenchymatous and per rhexis.

These effects were seen in 7% of the cage controls, 13%

of the shams, and 21% of the exposed testes; however, no

dose dependence on either of the two parameters, It or 12t,

was observed.

DISCUSSION

Extrapolation of the results of this study to clinical ex-

posure of human fetuses requires particular attention to de-

tails, since several significant differences exist among the

experimental animals and clinical exposures. These include

the relationship of the sound-beam diameter to the body

and organ sizes; the differences of the pulsed ultrasound

12t

7 b.

6

5

4
0 1000 2000 3000 4000

FIG. 4. (a) The gonocyte/Sertoli cell ratio per round seminiferous tu-

bule cross section vs. the exposure parameter 12t at Day 18 of gestation.

(b) The total number of gonocyte nuclei per round seminiferous tubule cross

section vs the exposure parameter 12t.

field employed clinically and the continuous wave fields of

these experiments; the differences in the path length the

wave travels within the specimen; and the differences due

to changes in blood flow and body temperature associated

with the anesthesia administered to the experimental ani-

mals. However, it should also be noted that the acoustic

properties of mammalian tissues have been found to be

independent of species such that the physical mechanisms

of interaction between the sound waves and the tissues will

be the same for mouse and human.

This study has shown that in utero exposure of the mice

to ultrasound decreases fetal body weight and testis weight.

The animals were exposed to 1 MHz ultrasound at SPTA

intensities in the range of 0.5-10 W/cm2 for corresponding

durations in the range 400-30 sec. Testes from treated fe-

436 CARNES ET AL.

FIG. 3. Seminiferous tubule containing gonocytes in mitotic division
(M). Fetus was exposed on Day 12 and killed on Day 18 of gestation. x400.
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FIG. 6. Area of hemorrhage in a testis of fetus exposed on Day 12 of

gestation and killed on Day 18 of gestation. x290.

FIG. 5. (A) Round seminiferous tubule cross sections from the testis of a cage control killed on Day 18, showing gonocytes (G) and Sertoli cells (5).
x400. (B) Round seminiferous tubule cross sections from an exposed testis showing Sertoli cells (S) and an increased number of gonocytes (G) compared

to those of the cage control. x400.

tuses on Day 18 of gestation exhibited two subtle, yet po-

tentially deleterious, developmental effects: a reduction in

the Sertoli cell population and an apparent delay in the

cessation of gonocyte mitosis. As the observed effects de-

pend upon two different dose calculations, It and 12t, it is

postulated that two different physical mechanisms are re-

sponsible. Because treatment differences were not found

when exposures were made on different days of gestation

(Day 9, 12, or 15), it is possible that the testicular effects
were due to a general decrease in fetal growth.

The increase in stillborn pups and fetal resorptions was

correlated with the energy parameter It, which can be a

measure of temperature elevation. Thus it is suggested that

the mechanism for this effect is primarily heating resulting

from absorption of the sound energy in the tissues. Fetuses

exposed on Day 12 of gestation were more sensitive than

those exposed on Day 9 or 15.

The lack of statistically significant differences in occur-

rence of congenital abnormalities among the cage controls,

the shams, and the exposed specimens suggests that al-

though hyperthermia is known to have occurred [22], it was

apparently not of sufficient magnitude or duration, or did

not occur during the appropriate time of development to

induce the incidence of teratologies as reported previously

[28-301.
It has been well documented that mitotic division of the

gonocyte ceases during Day 16 post coitus (pc) in the mouse

and that no further replication takes place until meiosis

commences on Day 3 post partum (pp) [20,31, 32]. It is

interesting that the shams and cage controls also contained

some dividing gonocytes, an observation in contrast to re-

ports in the literature that gonocyte mitosis stops on Day

16 [20,32]. The data in Figure 2 clearly show that division

had not ceased in the exposed testes. The appearance of

the dividing nuclei (Fig. 3) indicates that mitotic rather than

meiotic division was taking place. This fact, coupled with

an increase in the number of gonocytes, suggests that the

effect of the exposure is to delay gonocyte development

such that the exposed testes on Day 18 pc have the ap-

pearance of Day 16 pc unexposed testes. The consequences

of this delay on the prepubertal and adult testis are not

clear at this time. As this cellular effect was observed to be

solely dependent on the exposure parameter It, it may be

a subtle effect that results from the heating of the fetus dur-

ing the exposure.

The seminiferous tubule of the testis is composed of two
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distinct cell types: germ cells and a unique somatic sup-

porting cell type, the Sertoli cell. The Sertoli cell has a

number of functions essential to normal germ cell produc-

tion and fertility. Sertoli cells produce several glycoproteins

essential to testicular development and function, such as

androgen-binding protein, transferrin, testibumen, inhibin,

plasminogen activator, and anti-Mullerian protein [33]. They

are also responsible for control of testicular size, form the

blood-testis barrier, and, most importantly, support and

nurture the developing germ cell [34]. This last function is

critical to fertility and daily sperm production as it has been

established that Sertoli cells control the number of germ

cells produced, and thus a reduction in Sertoli cell number

results in a concomitant reduction in the production of germ

cells [35]. Furthermore, the number of these cells is estab-

lished primarily during fetal development, since division

ceases in early postnatal life and Sertoli cells are nonpro-

liferating in the prepubertal and adult males of all species

[34].

The reduction in testicular size of the ultrasound-ex-

posed testes was primarily a result of reduced length of the

seminiferous tubules. The reduction in tubule length cor-

related with a decreased number of Sertoli cells per testis

(Table 2), and both were I2t dose-dependent. The lower-

intensity exposure conditions could possibly be reached in

clinical situations, particularly with therapeutic devices.

The exposed testes had a reduced Sertoli cell population

on Day 18 of gestation, ranging from 13% to 42% lower

than that of the shams. Whether this effect of ultrasound on

fetal testis would be translated into an equal reduction in

germ cell numbers in the adult testis remains to be deter-

mined. Because the reduction in testis weight was propor-

tional to a decrease in body weight, it is possible that ul-

trasound exposure causes a generalized decrease in growth

of the fetus, rather than having a direct effect on the testis.

O’Brien [36] previously showed an I2t dose-dependent fetal

weight loss following in utero ultrasound exposure on Day

8 of gestation, over a range of exposure conditions includ-

ing some similar to those used in this study. The fact that

no differences were found in treatment effects due to dif-

ferent days of exposure (Day 9, 12, or 15) also supports the

suggestion of a nonspecific effect on growth. However,

sometimes testis weight will remain low while body weight

recovers following in utero exposure to a toxicant [37]. Germ

cells migrate from the gut wall to the gonadal ridge from

Day � to Day 12 of gestation in the mouse [38). Sertoli cells

are established in the testis between Days 12 and 13, from

a population of cells in the glomerulus of the mesonephric

tubules [39]. Thus, although an exposure on Day 9 or 12

would not have a direct effect on Sertoli and germ cells

within the testis, it could affect the precursor cells located

outside the germinal ridge.

The alteration in the gonocyte/Sertoli cell ratio resulted

from an increased number of gonocytes per tubule cross

section in the experimental animals, while the number of

Sertoli cells per tubule cross section remained nearly the

same for all treatment groups. Similar results have been

produced after in utero exposure to ethinyl estradiol, a

common synthetic estrogen that is a component of oral

contraceptives [12, 13]. In that case, the change in ratio was

due to a decrease in Sertoli cells as well as an increase in

gonocytes. The change in ratio of these cell types as shown

in our study would most likely result in subsequent de-

generation of germ cells, since each Sertoli cell supports a

finite number of germ cells [40,41) and since the Sertoli

cells do not divide in the adult testis [42, 43]. Consequently,

the Sertoli cells would not be able to compensate for this

increase in number of germ cells. That this effect is linearly

related to the 12t parameter suggests a mechanism of action

other than heat, possibly hysteresis [44].

The potential long-term consequence of the testicular ef-

fects seen in this study (e.g., altered gonocyte/Sertoli cell

ratio, increase in the number of gonocytes per tubular cross

section, and continuation of gonocyte division) is a de-

crease in adult daily sperm production, due to the reduced

numbers of Sertoli cells to support germ cell development.

In the rat, mitosis of Sertoli cells peaks before birth on Day

20 of gestation and ceases on Day 21 postbirth. Thus, the

proliferation of Sertoli cells occurs before germ cell dif-

ferentiation. Because this somatic cell population is estab-

lished early in testicular development and each Sertoli cell

supports a finite number of germ cells [40,41), the final

size of the testis and daily sperm production are limited by

these fetal and perinatal events [45,46]. Orth et al. [35]

showed experimentally that a 50% reduction in Sertoli cells

per testis in the newborn rat produced a 54% decrease in

the spermatid population in the adult testis. Thus, the im-

portance of establishing a proper number of Sertoli cells

in the developing testis cannot be overstated.

Except for the incidence of stillbirths and resorptions,

no correlation with day of gestation was observed, and it

must be assumed, in the absence of further details, that these

effects could be caused at any time during development.

This is of particular concern as ultrasonic imaging of the

fetus is performed at increasingly earlier gestational ages

[3). Although the 12t doses used in these experiments could

be reached using some current clinical devices (Doppler

and therapeutic), whether these effects occur after more

clinically relevant exposure conditions such as higher fre-

quencies, focused ultrasound fields, or pulsed regimes, has

yet to be investigated before risk can be determined for

the exposed human fetus.
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