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SUMMAHY 

The possihlc ctiologics or sexual maturation have hcell systematically analyzed in the malt rut. The 
changing patterns of LH and FSH in blood during maturation appear to be cxplaincd by changing 
Cccdhack sensitivity to gonadal steroids and changing rcsponsc or the pituitary to gonadotropin rclcasing 
hormone. The changing rcsponscs to GnRH arc in turn cxplaincd by testosterone modulation at a 
pituitary Icvcl. LH is high in the IO-day-old animal, falls at 20 days. and then steadily incrcascs 
during n~~t~~r~~ti~~~i. FSH, in contrast. is high at IO and 20 days and l&lls progrcssivcly as rn~~tur~Itioii 
proceeds. 

Tcsticulnr scnsilivity or rcsponsc to LH progrcssivcly incrcascs during maturation and appears to 
hc ;I mqjor Il~ctor in increasing tcstostcronc conccntratiolls. Five days following hypophyscctomy. the 
immnturc malt rut shows little or no tcstostcronc sccrction in rcsponsc to large doses or LH. Rcspon- 
sivcncss may hc rcstorcd hy prctrcatmcnt with FSH. The magnitude or the rcsponsc appears to hc 
rckttcd to the duration ol’ exposure to. ;W well as the dose of. FSH. FSH appears to induce rcsponsivc- 
ncss to LH. 

The mechanism ol’ this induction is uncertain. LH rcccptor poptil~ltions do not appear to chongt: 
during FSH cxposurc. 

Thus :I m:i,jor litctor in ~xual maturation in the malt rat appears to be changing sensitivity ol’ 
the testis to LH stimulation of tcstostcronc sccrction. 

Until about ten ycnrs zig0 it was bclicved by most 

physicians that sexual ~itllr~~t~oli in children was 

caused by a “turn-on”, or initiation oT. pituitary gona- 

dotropin sccrction, with resultant incrcasc in gonadal 

steroid sccrction. In 1064 66. WC dcvclopcd radioim- 

munonssays for LH and opplicd thcsc more sensitive 

goii~~dotropii~ assays to dctcction in prepllbcrt~il sub- 

jcets; it became clair that this hormone was dctect- 

able in blood of ail children prior to the age of 

puhcrty, and that the current hypothesis was incorrect 

(Odell c/ trl., 1966, l967)[1, 21. Howcvcr, indirect 

duta, from stud& in parahioscd .sr.~u//y irnri?urrlrc, 

r.o&rr~s had previously suggcstcd that the pituitary- 

gonadnl axis was active prior to puberty. As curly 

as 1929 (Kalias)[3] it was shown that if two sexually 

immature fcmalcs wcrc .joincd in parabiosis, and one 

castrated, the other underwent precocious puberty. 

Furthcrmorc, in 1951, Byrncs and Mcycr[4] demon- 

strated (also using parnbiotic scxuully immature 

fcmalc rats) that cxtremoly small doses of estrogenic 

steroids could uct in feedback suppression of gonado- 

tropins without stimulating SC,: accessories as judged 

by utcrinc weight. Johnson ( l9h6)[5] pnrabioscd im- 

mature hypophyscctomizod to immature intact rats, 

and dcmonstrotcd the ctrccts of gonadotropins in the 

liypophy~ctomi~~d partner. Thcsc studies indicated 

that the noncastratr: immature female animal sccrctcd 

gonadotropins, and that a dynamic-hypothalamic- 

pituitary-gonadal axis existed prior to puberty. To 

our knowlcdgc, sucl~ parabiotic studies wcrc not done 

in male animals. Rnmircz and McCann (l965)[6] 

dctcrmincd the dose of testostcronc required to sup- 

press LH in castrate imm~turc male rats compared 

to castrate mature rats. They found a dose three to 

four times greater was rcquircd after sexual matu- 

ration rather than prior to maturation. Ultimately, 

these and other such studies led to an alternative 

hypothesis contending that sexual maturation caused 

by a progressive decrease in feedback sensitivity of 

the hypoth~l~~mic-pitui~Iry unit to the inhibitory 

cffccts of circulating gonadal steroids; this in turn 

rcsultod in incrcascd LH and/or FSH secretion and 

incrcascd gonadal steroid secretion. This is the most 

commonly held hypothesis today. However, even this 

hypothesis, we helicve, is too simple. Pub&y appears 

to be caused by a series of related events, the final 

summation of which is increased gonadal (and 

adrenal) steroid secretion. 

The thcorctical possible causes of sexual matu- 

ration cun be easily understood by reference to Fig. 

I. Changes in the hormonal sets or control systems 

involving each beet of the liypoti~~l~imi~-pitLlitury- 

gonadal unit could theoretically be a cause of sexual 

maturation; thcsc are listed in Table I. It is to be 

noted that Ihctors, I to III, would result in increasing 

LH and/or FSH concentrations during sexual matu- 

ration. Such increases, while of relatively small magni- 

tudc. arc observed in children. Howcvcr, their pres- 

cnce in animal models is not so clear-cut. Figure 2a.h 

depicts LH and FSH concentmtions in female and 

malt rats. between IO days of age and sexual matur- 

ity. Note that in the female. sexual maturation is asso- 

ciated with jirlliuq FSH concentrations, and LH con- 

ccntrations, which initially f&l and then remain fairly 
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HYPOTHALAMUS 

Fig. 1. Schematogram of the central nervous system: 
pituitary-testicular axis. Analysis of this figure reveals the 
possible course of sexual maturation which are listed in 

Table I. 

steady between 20 and 37 days of age, Swerdloff et 
al., 1972[7], and Ode11 and Swerdloff, 1972[8]. In the 

male, LH falls between 10 and 20 days of age, then 
rises slowly as further maturation proceeds, Swerdloff 
et al., 1971[9], and Ode11 and Swerdloff, 1972[8]. 
These observations shed doubt on the hypothesis that 
decreasing feedback sensitivity of the hypothalamic- 
pituitary unit to gonadal steroids is the sole cause 

of sexual maturation in the rat. In other studies, we 
showed (Ode11 et al., 1970)[10] that LH does not in- 
crease in cattle between 15 days of age and sexual 
maturity (which occurs about 12 months of age). Ad- 
ditional studies in our laboratory have been designed 
to systematically examine each of the possible causes 
of sexual maturation listed in Table 1, using the im- 
mature and maturing rat as a model for study. In 

Table 1. Possible etiologies of sexual maturation 

I. Extrahypothalamic-central nervous system areas: 
Increasing extrahypothalamic-central nervous sys- 
tem stimulation of hypothalamic centers governing 
LH and/or FSH secretion. 
Decreasing extrahypothalamic-central nervous sys- 

this presentation, we wish to emphasize the role of 
gonadal sensitivity to gonadotropins, and therefore 
shall only summarize the results of some of our 
studies of other facets of the system described in 
Fig. 1 

1. Detailed studies (Swerdloff et al., in preparation) 

of feedback sensitivity to testosterone propionate in 

male rats castrated the day of initiation of treatment 
at ages of 10 days, 21 days (iinmature) and 75 days 
(mature), revealed a difference in feedback sensitivity. 
The dose of testosterone required to suppress LH to 

approximately 50% of control (castrate) con- 
centrations was 1.0 pg at 20 days, 5 pg at 10 days 
and 2Opg at 75 days. For FSH, the dose was 9.Opg 

at 10 days, and 2O/*g at both 20 days and 75 days. 
These 20 day old males are sexually immature and 

roughly equivalent to the animals used in the para- 
biotic studies previously reviewed. Since laboratory 
experimental rats mature earlier now than they did 
in the 1930’s and 40’s, exact equivalence in age is 
uncertain. These studies confirm those of Ramirez 
and McCann[4] and add further details. 
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Fig. 2a. LH and FSH concentrations in blood during sex- 
ual maturation in the male rat. Reproduced from Ode11 

and Swerdloff, 1972[8]. 
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II. Hypothalamic areas: 

A. Increasing hypothalamic stimulation of LH and/or 
FSH secretion (“maturation process”). 

B. Decreasing feedback sensitivity to gonadal steroid 
feedback suppressive effects. 

III. Pituitary: 
A. Increasing LH and/or FSH secretion to constant 

LRH stimulation. 
IV. Gonads: 

A. Increasing response to LH and/or FSH stimu- 
lation. 

V. Sex accessory organs: 
A. Increasing sensitivity to gonadal steroid stimu- 

lation. 

From Ode11 and Swerdloff, 1974[8]. 
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Fig. 2b. LH and FSH concentrations in blood during sex- 
ua! maturation in the female rat. Reproduced from Ode11 

and Swerdloff, 1972[8]. 
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Fig. 3. Response of 21 day old h~phy~ctom~ed imma- 
ture male rat to LH when treatment is initiated within 
24h of hypophysectomy. LH was administered for five 
days. Reproduced from Ode11 et al., 1973 (with 

permission) [12]. 

2. Studies of sensitivity to gonadotropin releasing 
hormone (GnRH) Swerdloff et al., 1972[11] adminis- 
tered to intact male rats in doses of 3 and 30& 
100 gm BW revealed that there is no difference in 
sensitivity for LH release at IO, 21 and 60 days of 
age. In contrast, GnRH effects on FSH were affected 
by age. The 60 day old animal had no signifi~nt 
(< 10%) rise in FSH, while the 10 and 21 day old 
animal showed a very significant rise (-300%) in 

FSH. Recall that concentrations in blood FSH are 
higher in the immature rat than in the adult. 

3. Patterns of change in LH and FSH in blood, 
during maturation, particularly in females, do not 
offer strong support to the hypothesis that the de- 
crease in feedback sensitivity to gonadal steroids is 
essential for maturation of the rat. 

4. Assessment of sex accessory response to 
estrogens in females and androgens in males failed 
to reveal any difference between the immature and 
mature rat [8]. 

If gonadotropin concentrations do not progres- 
sively increase with sexual maturation, then to explain 
maturation, gonadal sensitivity to gonadotropins 
must change. We have systematically evaluated that 
possibility [7,8, 121. 

Figure 3 depicts the prostate weight response of 
the acutely hypophysectomized (1 day) immature 21 
day old male rat to purified LH. A significant increase 
in prostate weight was observed at doses as low as 
6c18/1OOg BWjday. In contrast, Fig. 4, shows that 
five days after hypophysectomy, the same 21 day old 
male fails to sign~cantly increase prostate weight to 
much greater doses of LH; doses up to 400 pg,/lOO g 
BW/day failed to produce a detectable response. In 
contrast, in the sexually mature male rat, five days 
after hypophysectomy, doses as low as 08 g/day in- 
creased prostate weight. Furthermore, in contrast to 
the ineffectiveness qf LH in the immature male after 
hypophysectomy, FSH is active. Figure 5 shows the 

* The 25day group received 20 days’ pretreatment with 
FSH followed by five days of FSH and LH. The 30&y 
group received 25 days’ pretreatment with FSH followed 
by five days’ treatment with FSH and LH. 

increment in testis weight produced by treatment of 
immature and mature rats five days after hypophysec- 
tomy with purified FSH. 

Since our studies showed that five days after hypo- 
phy~ctomy immature male rats lost their ability to 
respond to LH, but retained the ability to respohd 
to FSH, we asked whether FSH pretreatment might 
restore responsiveness to LH. Table 2 shows the data 
that demonstrate this is indeed the case. All groups 
of animals receiving LH received the same dose over 
the five day period prior to sacrifice. LH (NIH-LH- 
B7) had little or no effect on prostate weight, as 
shown earlier when given alone. FSH given alone 
(NIH-FSHS4) had a small effect on prostate weight 
when administered for 25 and 30 days time. Perhaps 
it could be restated that FSH appeared to prevent 
the slow atrophy that occurred in control groups over 
the 30 days period. If however a constant dose of 
LH was preceded by five days, 20 days or 25 days 
pretreatment with FSH*, a progressive increment in 
prostate weight occurred. This appeared to be related 
to the duration of a time-related pretreatment with 
FSH. We concluded that FSH induced responsiveness 
to LH in the maturing rat, and such induction is 
related to the duration of exposure to FSH as well 
as, in all probability, to the dose administer- 
ed [7,8, 121. 

To further assess the role of FSH in sensitivity to 
LH, we treated groups of immature 21 day old hypo- 
phy~ctom~ed male rats with FSH (80 pg/lOOg BW/ 
day of NIH-FSH-S4) beginning the day of hypophy- 
sectomy and then tested the response to a single injec- 
tion of LH (30 pg/lOO g BW given IP). Table 3 shows 
these results. In control studies, we determined that 
the maximal increment in serum testosterone 
occurred by one hour after LH was administered in- 
traperitoneally in both mature and immature animals. 
When animals receiving saline injections daily for five 
days after hypophysectomy were treated with a single 
dose of LH (on day five) serum testosterone doubled. 
FSH given alone daily beginning the day of hypophy- 
sectomy failed to increase serum testosterone by day 
five. However, when daily FSH was given followed 

DOSE NIH- LH-P, /q/DAY/ 100 g BW 

Fig. 4. Response of the immature male rat and mature 
male rat to LH administered daily for five days beginning 
five days after hypophysectomy. Immature animals were 
hypophysectomized at 21 days of age; mature animals at 
87 days of age. Reproduced from Swerdloff er al.. 1972; 

and Ode11 et at., 1973, Refs. 7 and 12, respectively. 
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Fig. 5. Response of the five day hypophyscctomizcd sex- 
ually immature and mature male rat to ovine follicle- 
stimulating hormone (NIH-FSHS4) administered over five 
days. The immature animal responded to doses as low as 
8 g. Becaux testicular atrophy has not been completed in 
this five day hypophysectomized animal model, ;I response 
to FSH of the sexually mature malt is dilrfctilt to demon- 
strate. Only at doses of 80g did testicular wt of the mature 
animal increase. Note that scale for testes WI of mature 
animals is IO times greater than the immature animal. 
Reproduced from SwerdlolT c’t trl.. 1972; and Odcll ct cd.. 

1973. Refs. 7 and 12, respectively. 

by the single injection of LH, serum testosterone in- 

creased by greater than 1000% [8. 121. 
Most recently, we have attempted to determine 

how FSH induces sensitivity to LH. As an initial pos- 

sibility, it appeared possible that new receptors for 
LH were appearing during sexual maturation under 

the influence of FSH. Accordingly, using the method 
of Leidenberger and Reichert[lYJ, we evaluated 

receptor population and aflinity in testicular homo- 
genates from immature control animals (21 day old), 
five days after hypophysectomy. and in similar ani- 

mals, receiving FSH lOO~g/lOOg BW/day for five 
days after hypophysectomy. Recall the former re- 

spond very minimally to LH as judged by increment 
in blood testosterone, while the latter have a brisk 
response. When homogenates were prepared on an 
equal testicular weight basis, LH receptor populations 
were identical in the two groups. However, FSH 
tr~~tn~~nt doubled t&es weight, therefore per testes. 

Table 2. Restoration of LH response in five day hypophy- 
sectomized immature male rat 

Duration FSH Treatment 
10 days 25 days 30 days 

Saline + LH l24+ 6 107+ 8 104+ 6 
FSH 128 f 7 128k 8 I31 + 9 
FSH + LH 135_f4 163i 2 2x7 $ 51 

* Per cent increase over saline treated controls. 
No treatment was given until five days after hypophyscc- 

tomy. Animals receiving FSH received 60pg/day of NIH- 
FSH-S4 for 10. 20 or 30 days. Animals receiving LH all 
received the same dose, 20pg/day NIH-LH-B7 for five 
days prior to sacrifice. 
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Fig. 6. Scatchard plot of receptor populations in immature 
control male rats five days after hypophysectomy and in 
similar animals receiving FSH XOpl: ~IH-FSH-S4 daily 
for five days after hypophyse~tomy. Testis weight was 
doubled (I59 + 7 to 305 + 1Omg) by this treatment. 

From Odell et u/., l973[ 121; Swerdloff ct ul. 197333. Reproduced from Ode11 c’t ul.. 1974a (in preparation). 

Table 3. Immature hypox rat Response to LH 

Trcatmcnt Serum T (pg/ml) 
- 

Saline - 5 days < I66 
FSH* - 5 days < 166 

Saline + LHt 310 + 43 
FSH + LH IX52 + 191 

* SO~~g/~y~lO~) gms BW (NIH-LH-S9). 
i Single 1.P. inje~lio1~ 30 ,ug/lMI g BW (NIH-FSH- 

517). 
From Odell and Swerdloff 1974[ 1471. 

LH receptors increased by this amount. However, this 

alone may not explain the enhanced LH response 
which increased over one thousand fold. FSH has a 
preferential action on testicular tubules. and LH 
receptors are not usually considered to be present in 

tubules. At present, our data do not distinguish 
whether there arc increased numbers of receptors on 

existing Leydig cells or formation of additional Ley- 
dig cells or developmel?t of new LH receptors in some 

other portion of the testis. Suffice it to say that 

expressed on a weight basis, LH receptor populations 
do not increase with FSH treatment. These data are 
summarized in Fig. 6 [ 141. 

II’ FSH induction of sensitivity is a major factor 
in sexual maturation, in the male rat and the duration 

of exposure is important, the sexually immature ani- 
mal should be less sensitive to LH than the mature 

animal. This is, of course, in opposition to time 
honored USC of sexually immature animals as bioassay 
subjects for gonadotropins. We made a direct test of 
sensitivity of the intact rat to LH during sexual matu- 

ration. Single injections of purified LH (N~H-LH-B7~ 
adjusted on a body weight basis, were administered 
intraperitoncally to intact male rats at IO, 21. 41 and 
62 days of age. Strum testosterone was measured I h 

later, the time of maximal response. Figure 7 and 

Table 4 depict the per cent change in serum testoster- 
one for two doses studies. Note that for both doses, 
the change in testosterone was progressively greater 
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Fig. 7. Per cent incrcasc in serum testosterone plotted 

against age of animals [or two doses or NIH-LH-B7. Note 

that for both doses a greater change in strum tcstostcronc 
occurred with increasing age in rcsponsc to a constant dose 

0r LH. 

with age between IO and 41 days. The changes at 

41 days and 62 days were indistinguishable [X, 151. 

We conclude from these studies that: (I) changing 

testicular response to LH is a major factor in sexual 

maturation in the male rat, (3) the response to LH 

is determined by time of exposure and possibly dose 

or FSH. 

These studies may bring to focus an explanation 

for the high FSH concentrations observed prior to 

maturation in rats. It appears possible that FSH is 

secreted in unrestrained fashion during the first I(&30 

days of life. inducing testicular sensitivity to LH. As 

sensitivity develops and gonadal feedback steroids arc 

secreted, FSH concentrations fall. The LH change 

shown in Fig. 2a.b do not appear to be explained 

by the same mechanism. but would be explained by 

decreasing feedback sensitivity. However, from a 

theoretical standpoint. if gonadal sensitivity to LH 

is a major factor, puberty could occur without any 

changes in blood LH. These considerations superim- 

posed upon our findings of changing sensitivity to 

GnRH are sullicient to explain maturation in the 

male rat. 

Table 4. Rcsponscs oC strum tcstostcrone to LH irljcction 21s it f’unction or age of male rats 

Dose Or 
NIH-LH-B7 

(,d I(K) 9) IO d;Iys old 

Serum tcstostcronc (pgjml i SEM) 

21 days old 41 days old 62 days old 

Control 

IO 

30 

1 
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