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Abstract

Pituitary cell function is impacted by metabolic states and therefore must 
receive signals that inform them about nutritional status or adiposity. A primary 
signal from adipocytes is leptin, which recent studies have shown regulates most 
pituitary cell types. Subsets of all pituitary cell types express leptin receptors and 
leptin has been shown to exert transcriptional control through classical JAK/STAT 
pathways. Recent studies show that leptin also signals through post-transcriptional 
pathways that involve the translational regulatory protein Musashi. Mechanistically, 
post-transcriptional control would permit rapid cellular regulation of critical 
pre-existing pituitary transcripts as energy states change. The chapter will review 
evidence for transcriptional and/or post-transcriptional regulation of leptin targets 
(including Gnrhr, activin, Fshb, Gh, Ghrhr, and Pou11f1) and the consequences of 
the loss of leptin signaling to gonadotrope and somatotrope functions.

Keywords: Leptin, somatotropes, gonadotropes, Musashi, post-transcriptional, 
Pou1f1, Ghrhr, Gnrhr, Fshb

1. Introduction

To perform their vital functions, anterior pituitary cells must respond appro-
priately to their unique hypothalamic releasing hormones, while also responding 
to extrinsic signals informing them of the body’s nutritional and metabolic state. 
Leptin is one of the most important of these extrinsic signals. However, recent 
studies show that leptin does more than simply signal levels of fat stores [1–11]. 
Leptin plays a trophic role that optimizes and maintains differentiation of at least 
two of these cell types, somatotropes and gonadotropes.

Anterior pituitary somatotropes produce growth hormone (GH) to support 
growth in muscles and bones before puberty and build muscle, bone, and reduce 
fat to optimize body composition in the adult [12, 13]. Gonadotropes produce 
the gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone 
(FSH), which differentially regulate gonadal functions, ovulation and reproductive 
cyclicity [14]. Both somatotrope and gonadotrope functions are impacted by the 
nutritional state and therefore it is not surprising that they exhibit a dependency 
on leptin. Early studies showed significant reductions in numbers of gonadotropes 
in leptin-deficient animals [6, 15–19]. Similarly, rodents that lack leptin or leptin 
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receptors (LEPR) had reduced numbers of somatotropes [20, 21]. Our studies on 
the distribution of pituitary LEPR showed expression in nearly all cells [1, 22].

A dependency on normal levels of serum leptin was seen in our studies of 24 h 
fasted rats, when we correlated the reduction in serum leptin with reduced numbers 
of immunolabeled somatotropes and gonadotropes, along with reduced receptivity 
for gonadotropin releasing hormone (GnRH) and growth hormone releasing hor-
mone (GHRH) [23]. As these findings pointed to potential trophic actions by leptin, 
we continued in vitro studies to determine if leptin would rescue either cell popula-
tion, restoring hormone stores lost during the acute fast. We cultured pituitary cells 
from fasted rats overnight and then incubated them with 10-100 pg./ml leptin for 
1 h. This brief treatment rapidly restored stores as detected by increases in numbers 
of immunolabeled somatotropes and gonadotropes [23], confirming direct effects 
of leptin on these cell populations.

These findings agree with recent in vivo studies of rodents by Luque et al. [24], 
which showed that both GH secretion and Ghrhr mRNA levels were restored by 
leptin in leptin-deficient ob/ob mice. Furthermore, studies of non-human primates 
by this same group confirmed both somatotropes and gonadotropes as leptin targets 
in primates [25, 26], reporting that leptin stimulated release of GH and follicle 
stimulating hormone (FSH) in vitro [25].

Leptin’s restorative or stimulatory effects directly on somatotropes and gonado-
tropes have since led to studies that explored the significance of this regulatory 
influence as well as basic mechanisms of action, including the identification of 
signaling pathways and transcription factors. This chapter will review the studies 
which have identified critical leptin target molecules that are vital to the differenti-
ated function of gonadotropes and somatotropes. We will also review signaling 
pathways used by leptin to stimulate production of these targets. Finally, we will 
show how leptin may contribute to plasticity of the pituitary by supporting multi-
hormonal cell populations.

2. Leptin regulation of reproduction

The overall importance of leptin to reproduction was established soon after 
its discovery [5]. Leptin alone will restore fertility in leptin-deficient animals and 
humans [4, 15, 16, 27–36]. There are distinct sex differences in serum leptin levels 
in the adult. After puberty, adult males have relatively low leptin levels, when 
compared with females [37–41]. This sex difference may reflect the differential 
regulation of leptin by gonadal steroids. Androgens inhibit leptin secretion to 
prevent leptin inhibition of testicular function (reviewed in [5]). In females by 
contrast, estrogens stimulate leptin secretion. The rise in estrogen early in the cycle 
may contribute to the 2-3-fold increase in leptin levels known as the midcycle leptin 
surge [37, 39].

With respect to gonadotrope function, studies have also reported a synchrony 
between nocturnal leptin and LH pulses in normal cycling women [36, 37]. Indeed, 
a comprehensive study of 259 cycling women reported that the highest levels of 
leptin were correlated with the timing of the LH surge [37]. In contrast, anovula-
tory cycles were associated with overall low leptin levels.

3. Leptin regulation of gonadotropes

Shortly after leptin was discovered, pioneering studies by Yu et al. [10] dem-
onstrated that leptin stimulated LH and FSH release, in vitro, from hemi-anterior 
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pituitaries. They reported a dose dependent increase in LH after 3 h in 10−11-10−9 M 
leptin. Higher concentrations, however, were not stimulatory suggesting the 
development of leptin resistance. It is interesting to note that the relatively nar-
row concentration range that stimulates gonadotropin release matches that of the 
normal cyclic rise in leptin [36, 39]. Yu et al. reported that leptin alone stimulated 
LH release, in vitro and it did not add to the stimulatory effect of GnRH [11]. Their 
studies also identified nitric oxide as a signaling pathway for leptin regulation of 
gonadotropes. They showed that a competitive inhibitor of nitric oxide synthase 
(NOS), N6-monomethyl-L-arginine (NMMA), inhibited the leptin stimulation of 
LH release in vitro [11] suggesting that leptin may use the NOS pathway to stimulate 
gonadotropes directly.

Our studies on the importance of leptin to gonadotropes began with the detec-
tion of leptin receptors (LEPR) in dispersed pituitary cells from male and cycling 
female rats and mice [1]. The expression of LEPR varied with the stage of the cycle 
and was seen in 40-50% of anterior pituitary cells from males and females in metes-
trus or diestrus. LEPR expression increased to 60-80% of AP cells in proestrous and 
estrous females, which coincided with the midcycle rise in serum leptin [1].

To determine if the increase reflected changes in gonadotrope receptivity, dual 
labeling was performed for LEPR and gonadotropins. The results showed that 90% 
of gonadotropes identified by the stores of luteinizing hormone (LH) or follicle 
stimulating hormone (FSH) expressed LEPR in males and throughout all stages of the 
cycle in females [1]. Some of the increase in LEPR in proestrous females was due to an 
increase in cells expressing LH and LEPR, which occurs just before the LH surge.

The findings showing an overall increase in LEPR early in the estrous cycle 
stimulated studies to determine potential regulators for this expression. We treated 
one day cultures of anterior pituitary cells from diestrous female mice with estradiol 
overnight and then treated a subset of these cultures with 10 or 100 pg./ml neuro-
peptide Y (NPY) for 3 h. Figure 1 shows that estradiol or NPY alone (100 pg./ml) 
stimulated a significant 2--fold increase in LEPR-bearing cells and that the effects 
of the two were not additive. In contrast, NPY did not stimulate LEPR expression 
in anterior pituitary cells from male mice (data not shown). Collectively, these 
data support the hypothesis that rising estradiol early in the cycle may stimulate an 
increase in pituitary receptivity to leptin which may serve as a gateway for leptin’s 
permissive actions [7].

Figure 1. 
Estradiol and NPY stimulate LEPR expression in 1-day cultures of anterior pituitary cells. * = significantly 
higher values than all other values; ANOVA + Bonferroni’s post hoc test. Note: These are original data, not 
published elsewhere.
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Having established the presence of the receptor population in gonadotropes, 
we determined if leptin acted on gonadotropes through the Janus Kinase-Signal 
Transducer and Activator of Transcription (JAK–STAT) pathway. Following leptin 
stimulation for 10-60 min in vitro, pituitary cells from diestrous females were dual 
immunolabeled for phosphorylated STAT3 and LH or FSH [1]. In 30-60 min, leptin 
stimulation increased the overall percentage of LH or FSH-bearing gonadotropes 
and the percentages of gonadotropes bearing pSTAT3 [1]. Thus, leptin acts through 
both NOS [11] and the JAK–STAT [1] pathways to increase LH or FSH stores in 
gonadotropes.

4. The importance of leptin to gonadotrope function

The next series of studies investigated leptin’s importance to gonadotrope func-
tion by selectively ablating LEPR in gonadotropes with Cre-LoxP technology. This 
work fills a critical knowledge gap, because, as summarized in our recent review 
[5], much of the research surrounding leptin’s role in reproduction has been focused 
in the hypothalamus. There was a growing body of evidence showing that leptin’s 
regulatory actions were mediated through its stimulation of Kisspeptin neuronal 
pathways that regulate GnRH neurons (reviewed in [5]).

Our first set of studies used Cre-recombinase driven by the rLhb promoter 
to delete either the JAK binding site (floxed LEPR exon 17) [1] or the signaling 
peptide of the LEPR (floxed LEPR exon 1). Deletion of LEPR exon 17 resulted in 
a non-signaling receptor. Deletion of exon 1 resulted in ablation of all isoforms 
of LEPR. because the deletion removed the signal peptide thereby preventing the 
protein from entering the rough endoplasmic reticulum. Ongoing studies are using 
Cre-recombinase driven by the Gnrhr promoter to delete LEPR exon 1.

The first question to be addressed related to the impact of loss of LEPR in 
gonadotropes on pubertal development, growth, and fertility of the mice [1]. When 
LEPR exon 17 was deleted in gonadotropes with the Cre-Lhb driver, mice showed 
no evidence of delayed puberty or growth. Mutant males showed no evidence of 
impaired fertility. However, mutant females exhibited a 36% increase in time to first 
pregnancy and the litters contained significantly fewer pups. Pup survival was 98% 
from either parent and there was no evidence of growth defects in weanlings from 
mutant females. Therefore, mutant females appeared to lactate normally.

We analyzed hormone levels in mice lacking LEPR exon 17 and reported that 
loss of LEPR resulted in several deficits [1]. In mutant diestrous females, serum 
levels of LH, FSH, and GH were reduced. In contrast, mutant males showed reduc-
tions in GH, prolactin (Prl), and thyroid stimulating hormone (TSH), but no reduc-
tions in gonadotropins. The loss of LEPR resulted in reduced Fshb mRNA levels in 
both males and females but no reductions in Lhb, Cga (in females) or Gnrhr mRNA 
levels. In addition, there was a reduction in inhibin/activin beta subunit mRNA 
(Actßa and Actßb) in females. The most striking reduction, however, was in GnRHR 
proteins, as detected by immunolabeling or binding to a biotinylated analog of 
GnRH [1]. The reduced binding was most severe in diestrous females, a stage where 
GnRHR expression is normally at the highest levels.

However, during this phase of the study, we detected Cre-recombinase in the 
testes and therefore continued these studies focusing only on mutant females [7] 
bearing Cre-Lhb and floxed LEPR exon 1. The deletion of this exon was impactful 
because it results in loss of all isoforms of the receptor. Tests of fertility showed 
normal litter numbers from three breeding cages of F2 generation heterozygous 
females (bearing only one deleted allele of LEPR exon 1). However, the study 
showed severe subfertility/infertility in F3 generation mutant homozygous and 
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heterozygous females [7]. Out of the five F3 generation homozygous females, only 
two were fertile, producing litters more slowly than control females (one every 
30-45 days). One of the litters did not survive. In addition, three F3 homozygous 
females and two F3 heterozygous females were completely infertile in breeding tests 
that lasted from 65 to 281 days with a fertile male [7].

We were able to study cyclicity in the progeny from the two F3 fertile females. 
These mutant F4 female progeny cycled irregularly. Two of them remained in dies-
trus and the remaining females spent more time in diestrus than normal females. 
Collectively, these breeding studies showed that ablation of all isoforms of LEPR 
in gonadotropes had a profound impact on a subset of females; less than half could 
cycle and were fertile [7]. This highlighted the importance of leptin to gonadotrope 
functions. However, because of the infertility issues in the line expressing Cre-LH 
X LEPR exon 1, our ongoing studies have now switched to mice bearing Cre-
recombinase driven by the Gnrhr promoter. Whereas the mutant females in this line 
are still subfertile, they produce sufficient progeny for our ongoing and continuing 
studies of this line.

5. Leptin regulates target genes through different pathways

After we characterized the deletion mutants lacking LEPR in gonadotropes, we 
hypothesized that rising leptin early in the cycle may have a permissive effect on the 
rise in pituitary GnRHR levels [7], which could serve as a gateway that permitted 
full receptivity to GnRH and facilitates the LH surge. We treated pituitary cells from 
normal diestrous female mice with 10 nM leptin and showed a significant increase 
in GnRHR proteins [7]. We also detected leptin-stimulated increases in pituitary 
activin (but not inhibin) mRNA (Actßa and Actßb) in the same sets of experiments. 
However, leptin did not stimulate increases in Gnrhr mRNA levels [7], which 
correlated well with the lack of change in mRNA levels evident in the LEPR-null 
gonadotropes. Thus, we identified three targets of leptin in our animal model, and 
proposed that leptin may activate these by different pathways.

5.1 Transcriptional regulation of FSH and activin by leptin

We have demonstrated that expression of Fshb and activin transcripts are 
dependent on a normal leptin signal [1, 7]. Other workers have shown that activin 
and FSH may be dependent on the timing of this leptin signal during postnatal 
development, which is characterized by a rapid rise in serum leptin. Wen et al. 
[42] studied the link between the postnatal rise in leptin and FSH and reported 
that full co-expression of GnRHR and FSH is seen by postnatal day 7, which 
coincides with the peak leptin surge. A parallel rise in Fshb and Actβa and Actβb 
mRNA levels during the postnatal leptin rise has also been reported [43–46]. 
Researchers investigating the impact of altering the neonatal leptin surge on 
the reproductive system reported that blockade or alteration of the leptin surge 
decreased testicular or ovarian growth, delayed puberty, and reduced FSH in rat 
pups [47]. In addition, females showed reduced numbers of ovarian primordial 
follicles [48].

Another link between leptin and FSH was reported by studies that restored 
LEPR in gonadotropes from mice that were genetically engineered to be globally 
deficient in LEPR [49]. As expected, fertility was not restored, because the mice 
were morbidly obese, and kisspeptin and GnRH neuronal function was still defi-
cient. However, they did report elevated FSH levels in these mice. It was not deter-
mined whether restoration of the leptin signal influenced GnRHR expression.
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The reduced Fshb mRNA detected in our gonadotrope LEPR-null mutants corre-
lates well with the reduced activin (Actßa and Actßb) mRNA [1], which is a critical 
regulator of Fshb transcription [50, 51]. Our studies show that leptin stimulates 
activin mRNA [7], which could thus serve as a pathway for FSH stimulation. Leptin 
regulation of FSH also agrees with studies of rats [10, 11] and non-human primates 
[25] in which leptin directly stimulated FSH secretion, in vitro. Collectively, these 
findings suggest that leptin may be an important transcriptional regulator of FSH 
production both postnatally and early in the cycle, either directly or indirectly. 
Additional studies are needed to determine if this pathway is mediated through 
JAK–STAT activation or NOS [10, 11].

Figure 2 illustrates how the ovary and adipocytes may partner in the remodel-
ing of gonadotropes to support the development of the follicles with key cellular 
regulatory pathways and outputs indicated. This cartoon focuses mainly on leptin, 
FSH and estrogen. We propose that normal levels of leptin permit a rise in FSH 
early in the cycle regulating FSH directly or through activin. This could be an 
important checkpoint if leptin levels drop due to fasting, for example [23] as this 
may signal poor nutrition and reduce FSH production. The cartoon then shows that 
FSH stimulates ovarian follicles to produce and secrete estrogen, which stimulates a 
rise in serum leptin. The growth in ovarian follicles and subsequent rise in estrogen 
also has positive feedback actions on GnRH neurons (shown in ref. [5]) and the 
gonadotropes. Estrogen may also stimulate a rise in pituitary LEPR (Figure 1), 
which renders the gonadotropes more responsive to leptin.

Not shown in this cartoon is GnRH, which is secreted in response to estradiol 
positive feedback to stimulate gonadotrope production of gonadotropins and GnRHR 
(pathway shown in ref. [5]). GnRH and estradiol both stimulate Gnrhr mRNA during 
this time (reviewed in [9]). Leptin’s role is to de-repress Musashi’s actions on Gnrhr 

Figure 2. 
Gonadotropes are remodeled early in the cycle by estrogens, GnRH, and leptin to support the ovary. We 
postulate that normal levels of leptin permit FSH release directly or through activin. FSH stimulates the 
growing population of follicles, which produce more estrogen. This rise in estrogen may stimulate leptin release 
from adipocytes and the expression of LEPR in gonadotropes. Estrogen also exerts positive feedback on the 
neuronal circuit that regulates GnRH, which produce more rapid GnRH pulses, which also stimulate Gnrhr 
mRNA. As Gnrhr mRNA rises, leptin works post-transcriptionally to permit translation of GnRHR proteins 
by de-repressing the actions of the translational regulator Musashi (MSI). Leptin also causes a reduction in 
expression of MSI. This is an original figure drawn by the corresponding author and not published elsewhere.
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mRNA and permit translation. Leptin also reduces Musashi expression [7, 8]. Thus, 
our studies show that, whereas leptin does not regulate Gnrhr mRNA directly, it 
works in partnership with estradiol and GnRH to permit its translation by regulat-
ing MSI. This is another checkpoint in reproductive cycles [7, 9]. Reduced leptin, 
due to fasting for example, may signal poor nutrition and thus reduce translation of 
GnRHR [7–9] and GnRH binding sites [23]. Ultimately, leptin reduction of ablation 
slows or prevents reproduction. Our animal models lacking LEPR in gonadotropes 
support this hypothesis [1, 5, 7].

5.2 Post-transcriptional regulation of GnRHR by leptin

Figure 2 also shows the pathway that regulates the third target for leptin, 
GnRHR. This receptor appears to be regulated post-transcriptionally by leptin, 
because Gnrhr mRNA is unchanged when diestrous female or male gonadotrope 
LEPR-null mutants were compared with control males or diestrous females. 
Additionally, stimulation of control diestrous female pituitary cultures by leptin 
increases GnRHR, but not Gnrhr mRNA levels [7, 8]. We investigated post-
transcriptional mediators of leptin action and determined that a putative miRNA 
repressor of Gnrhr mRNA translation, miR-581/669d, was increased in LEPR-null 
gonadotropes [7]. The most promising regulation, however, came from the trans-
lational regulatory protein, Musashi (MSI), as we identified 3 consensus binding 
elements for Musashi (MBEs) in the 3’ UTR of murine Gnrhr mRNA [8]. The 
evolutionarily conserved Musashi family of sequence-specific RNA binding pro-
teins (Musashi1 and Musashi2) have long been known to be expressed in stem and 
progenitor cell populations, where they act to oppose differentiation and promote 
stem cell self-renewal [52]. Although originally identified as a repressor of target 
mRNA translation, Musashi was subsequently shown capable of directing transla-
tional activation of target mRNAs in a context-dependent manner [53].

Our studies of leptin stimulation of GnRHR proteins showed a dose response 
relationship between leptin and expression of GnRHR (detected by enzyme assays) 
or Biotinylated GnRH binding to living pituitary cells (detected cytochemically) 
[8] After we confirmed that leptin stimulated GnRHR proteins, but not mRNA, 
we determined by electrophoretic mobility shift assays that Musashi1 interacted 
directly with the Gnrhr 3’ UTR [8] . This pituitary association was confirmed by 
immunoprecipitation with anti-Musashi antibody and the detection of an enrich-
ment of the endogenous Gnrhr mRNA (17-fold over control immunoprecipitates). 
Moreover, the use of luciferase mRNA reporter assays showed that Musashi1 
repressed translation of the Gnrhr 3’ UTR. Tests of leptin actions on Musashi 
showed that leptin stimulation caused a reduction in Musashi protein levels in 
gonadotropes, suggesting that leptin may inhibit Musashi expression [8].

To summarize, our studies of leptin actions on gonadotropes have shown severe 
functional deficiencies in gonadotropes lacking exon 1 of LEPR. The total absence of 
the LEPR caused infertility in a subset of females [7]. Collectively, studies of these 
animal models point to key gene products that are affected by loss of leptin signals. 
Leptin may be important in the transcription of Fshb mRNA either directly and/or 
through the transcription of activin. In addition, leptin’s actions may serve to regulate 
the translation of GnRHR protein [7–9]. Our studies suggest that leptin opposes 
Musashi-dependent repression of target mRNAs and/or reduces expression of Musashi 
directly in gonadotropes, leading to enhanced translation of the Gnrhr mRNA. This 
may provide a pathway which permits full expression of GnRHR early in the cycle to 
reach peak levels in diestrus and proestrus. Estradiol may also stimulate the expression 
of LEPR, which peaks on proestrus (Figure 1). Rising leptin may then partner with 
estradiol to promote the production of GnRHR (Figure 2). We hypothesize that leptin’s 
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permissive actions on GnRHR may be to de-repress actions of the translational regula-
tory protein Musashi and promote full receptivity of the gonadotrope to GnRH [7–9].

6.  Impact of ablation of LEPR in gonadotropes on other pituitary cell 
types

The loss of leptin receptors in gonadotropes also had a broader impact on pitu-
itary function. We reported a profound reduction in serum GH, in both mutant 
males and females (Figure 3) [1]. This reduction would expect to result in growth 
hormone deficiency, which, in our other models has resulted in significant changes 
in body weight (adult-onset obesity) [22]. However, when mice were weighed 
regularly for nearly a year, these deletion mutant animals grew normally and 
did not gain more weight than normal mice during their first year of life [1]. In 
addition, male mutants show reduced levels of serum TSH and prolactin [1]. There 
were also sex-specific differences in mRNA levels. As stated earlier, in deletion 
mutant females, Fshb and activin were reduced. In contrast, male deletion mutants 
showed reduced mRNA levels of Fshb, Cga, Gh, and Ghrhr. This phenotype may 
be the result of deficits in the production of paracrine factors from gonadotropes, 
which are needed to regulate the function of these cell types. Alternatively, we 
hypothesized that this phenotype may simply result from of the loss of multihor-
monal function in subsets of gonadotropes themselves. Evidence for the presence 
of multihormonal gonadotropes is reviewed in the next few paragraphs.

The presence of multihormonal gonadotropes in the rodent pituitary cell popula-
tion is not unexpected since our group previously reported cells that stored gonadotro-
pins and either ACTH [54–56] or GH [57, 58]. Early studies of gonadotropes purified 
by centrifugal elutriation reported a fraction that contained 91-93% immunolabeled 
LH-FSH cells (a 9-fold enrichment). This group of cells were enriched based on their 
response to GnRH. The stimulated secretion caused them to enlarge. Which allowed 
them to be separated and enriched in a fraction containing larger cells. The fraction 
also contained gonadotropes that immunolabeled for other hormones. In the female 
gonadotrope fraction, we detected: 29.2% GH cells, 4% prolactin cells, 6.8% adreno-
corticotropin (ACTH) cells, and 2.8% thyroid stimulating hormone cells (TSH [59]).

More recently we bred a Cre-reporter gene into our Cre-LH line to purify 
gonadotropes by fluorescence activated cell sorting mice [60]. Floxed tdTomato 
(red fluorescence) was expressed in all pituitary cells. However, in cells bearing 
Cre-recombinase (Cre-Lhb), the tdTomato was ablated promoting the expression of 

Figure 3. 
Mutants lacking Lepr exon 17 in gonadotropes show significantly reduced levels of serum GH. This colored 
figure has not been published elsewhere. However, the data were published as separate figures (separating sexes) 
in ref. [1] in a completely different, black and white graph.
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eGFP (green fluorescence). Thus, all non-gonadotropes (not producing Cre-Lhb) 
fluoresced red and all gonadotropes bearing LH expressed the green eGFP fluores-
cence. The red and green fractions were then separated by Fluorescence Activated 
Cell Sorting (FACS). The FACS and assay methods are identical to those used for 
the Cre-GH line, as described by Odle et al. [60].

Figure 4 shows the FACS separation profiles for non-fluorescent pituitary 
cells (Figure 4A); fluorescent Cre-negative populations bearing only tdTo-
mato (Figure 4B) and Cre-positive populations, which contain the eGFP cells 
(Figure 4C). Assays for content of gonadotropins and GnRH receptors show 
that over 95% of the total content is in the eGFP fraction (Figure 4D–F). Over 
90% of eGFP cells were immunolabeled for LH (Figure 4G). However, multi-
hormonal expression is evident as shown in Figure 4H–K. The eGFP fraction 
contains 30% of the GH and TSH content and 10% of the ACTH and prolactin 
content. In contrast, the non-gonadotrope, tdTomato fraction (red bars) con-
tain over 70% of the content of GH and TSH and 90% of the content of ACTH 
and prolactin.

When mRNA levels were assayed by qPCR, similar results were seen.  
Figure 5A shows the 72-88% enrichment in gonadotropin and Gnrhr mRNAs in the 

Figure 4. 
FACS experiment comparing non-fluorescent cells (4A) with those bearing tdTomato-eGFP, but no Cre-
recombinase (4B) and those bearing Cre-recombinase, which ablates the tdTomato, allowing expression of 
eGFP (4C). Only the profile in 4C shows the presence of eGFP cells. (D–F) show that >90% of LH, FSH, and 
GnRHR is assayed in the eGFP fraction and barely detectable in the tdTomato fraction. Immunolabeling in  
(G) shows that >90% of the eGFP cells are labeled for LH (cyan shows blue label over eGFP green). (H–K) 
detect 70-90% of other pituitary hormones in the tdTomato fraction, but 10-30% of these hormones are found in 
the pure gonadotrope fraction. These data have never been published elsewhere and are original to this chapter.
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eGFP fractions, with little evidence for expression in the tdTomato fraction.  
Figure 5B shows that 10-20% of the levels of Gh, Tsh, and Pomc mRNA were also 
found in the gonadotrope fraction with the remaining tdTomato fraction containing 
the bulk of these RNAs (80%). It is also interesting to note that Pou1f1 (also known 
as Pit1) mRNA, a transcription factor important in the production of Gh, Tshb and 
Prl is also found in the eGFP-gonadotrope fraction at about the same levels as that 
of Gh and Tshb. This expression would be important as Pou1f1 would be available to 
support the transcription of Gh, Tsh, and Prl.

FACS fractions from male mice from this line were also analyzed for mRNA content 
and similar enrichment of gonadotropins and Gnrhr mRNA levels was evident as well 
as similar levels of Gh, Prl and Tshb mRNAs in the eGFP-gonadotrope fractions (data 
not shown). Also, it is interesting to compare the expression profile of these purified 
gonadotrope fractions with that of the purified fractions produced in mice bearing 
Cre-GH. As previously reported, the Cre-GH/eGFP fraction contains most of the GH 
but very little LH, FSH or ACTH (see Figure 5 in [60]). The pure somatotropes contain 
significant amounts of Pou1f1, prolactin and TSH proteins and mRNA. Thus, somato-
tropes also include a multihormonal subset, but the expression profile is different.

More recently, multihormonal pituitary cell populations have been detected by 
single cell RNA-sequencing, especially in the study by Ho et al. [61], which inves-
tigated changes in multihormonal cell transcriptome patterns in mice subjected to 
different physiological stresses. As we have outlined in a recent review [62], these 
pools of multihormonal cells may serve to support pituitary plasticity and add to 
the functions of pituitary populations as physiological needs arise. We hypothesize 
that these cells may include progenitor cells. Our data showing that gonadotrope 
LEPR-null mice have deficiencies in other hormones suggest that leptin may regu-
late multihormonal expression from this group of cells. The fact that secretion of a 
particular hormone is reduced in animals with LEPR-null gonadotropes highlights 
the importance of leptin to multihormonal function and suggests a role for leptin in 
the regulation of pituitary plasticity.

7. Leptin regulation of somatotropes

Somatotropes are vital metabolic sensors because they directly regulate stores 
of fat as they build muscle, bone, and regulate optimal body composition [63]. 

Figure 5. 
(A) qPCR assays show enrichment in Lhb, Fshb, and Gnrhr mRNA in eGFP fraction. These data have not 
been published elsewhere and are original. (B) Shows enrichment of Gh, Prl, and Pit1 mRNA levels in 
tdTomato fractions, but expression of about 20% of the total in the gonadotrope fraction. (C) Shows Tshb and 
Pomc mRNA levels and about 20% are in the gonadotrope fraction and 80% in the tdTomato fraction. These 
data have not been published elsewhere and are original to this chapter.
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Most somatotropes bear leptin receptors [64, 65] and leptin deficiency results in 
reduced somatotrope functions [4, 20, 66–68]. As stated in the introduction, leptin 
treatment of leptin deficient ob/ob mice restores pituitary GH secretion and Ghrhr 
mRNA levels, but not hypothalamic production or secretion of GHRH [24].

Our studies of leptin’s regulation of somatotropes began with the ablation of LEPR 
exon 17 or exon 1 with Cre-recombinase driven by the rat GH promoter [22, 69]. Both 
models showed GH deficiency, adult-onset obesity and metabolic dysfunction. At the 
level of the pituitary, this deficiency was seen as a reduction in GH and GHRHR.

We also reported sex-specific deficiencies during postnatal development with 
the discovery that leptin may target two transcription factors important in the 
production of GH, GHRHR, PRL, and TSH. These included Prophet of Pit1 (Prop1) 
and Pou1f1 [70]. Ablation of LEPR exon 1 in somatotropes reduced Pou1f1 in 
neonatal females along with serum prolactin. GH stores detected by immunolabel-
ing were also reduced in both neonatal males and females. Interestingly, the lack of 
LEPR promoted an increase in Prop1 in neonatal males.

The studies of the impact of loss of LEPR were continued on FACS purified 
somatotropes [60]. Purified somatotropes showed reductions in GH, as expected, 
however they also contained a subset of multihormonal cells storing TSH and/
or prolactin. In somatotrope LEPR-null females, TSH and prolactin stores were 
reduced in the pure somatotrope fraction [60]. Taken together, our analysis of 
somatotropes that lack LEPR shows that this multihormonal subset is significantly 
reduced, suggesting once more that leptin may play a role in maintaining multihor-
monal expression and promoting pituitary cell plasticity. Finally, these studies also 
demonstrated that Pou1f1 was reduced in pure somatotropes, which may explain 
the reduction in any or all hormones dependent on this transcription factor (GH, 
GHRHR, TSH and prolactin) [60].

We continued the investigation of leptin signaling pathways in somatotropes 
and reported that they included both transcriptional and posttranscriptional 
regulators [3]. Our tests of pathway inhibitors showed that full GH expression may 
be maintained by leptin through the JAK/STAT3 pathway but not nitric oxide. This 
contrasts with leptin pathways that regulate gonadotropins, which include NOS. 
Leptin regulation is likely to be transcriptional as loss of LEPR in somatotropes 
reduced Gh and Ghrhr mRNA and proteins [3]. In addition, leptin regulation of 
the Pou1f1 transcription factor may also serve as a pathway for the transcriptional 
regulation of Gh and Ghrhr [2, 3, 60].

However, regulation of POU1F1 by leptin appears to be via post-transcriptional 
mechanisms as loss of LEPR in somatotropes causes reduction in mRNA levels of 
the Pou1f1 protein, but not the Pou1f1 mRNA [2, 60]. Conversely, leptin stimulation 
results in increased expression of Pou1f1 proteins, but not mRNA [60].

An in silico analysis detected eight Musashi binding elements in the 3’UTR of the 
Pou1f1 mRNA and tests of Musashi binding showed direct interaction of Musashi 
with this region and repression of translation, which was reversed by leptin [2]. 
Furthermore, Musashi immunoprecipitation of whole pituitary extract showed 
co-association of Musashi and the endogenous Pou1f1 mRNA. Our analyses of 
transcripts by scRNA-sequencing studies of normal pituitary cells showed that Msi1 
mRNA was expressed in somatotropes. This was confirmed in pure somatotrope 
populations [2].

8. Leptin regulation of pituitary musashi

Our studies of animal models in which LEPR was ablated in gonadotropes or 
somatotropes opened the door to the discovery that leptin may regulate some of its 
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target gene products by post-transcriptional pathways. The post-transcriptional 
targets included Gnrhr mRNA in gonadotropes [1, 7, 8] and the mRNA encoding the 
POU1F1 transcription factor in somatotropes [2, 60, 70].

The concept that Musashi would be involved in the translational regulation of 
either Gnrhr or Pou1f1 mRNA was novel, as both transcripts are important in the 
function and differentiation of somatotropes and gonadotropes. The expression and 
involvement of Musashi in differentiated hormone-producing cell lineages was sur-
prising as Musahsi is typically implicated in stem and progenitor cell self-renewal. 
Nonetheless, while Msi1 and Msi2 are expressed in pituitary stem cells as expected, 
our scRNA sequencing clearly demonstrated that Msi1 and Msi2 mRNAs were also 
expressed in all hormone-producing cell lineages of the anterior pituitary [2].

Since our findings indicated that Musashi was involved in the repression of 
translation of Gnrhr or Pou1f1 mRNAs, we hypothesized that normal signals from 
leptin were needed to reverse this repression [2, 7]. This was based on the fact that 
the loss of leptin signals resulted in a reduction in the proteins (but not the mRNA). 
We were able to demonstrate a role for leptin in regulating the actions of Musashi 
s in reporter assays, where leptin mediated the reversal of Musashi-dependent 
repression [2].

Our studies also showed that leptin may directly reduce expression of Musashi in 
its target cells. In pituitaries from proestrous female mice lacking LEPR in gonado-
tropes, Msi mRNA expression is higher. Furthermore, leptin treatment of normal 
pituitaries from proestrous females resulted in reduced levels of Msi1 mRNA [8]. 
More specifically, leptin treatment of normal pituitaries reduced Musashi1 immu-
nolabeling in gonadotropes, identified by their expression of binding to biotinyl-
ated GnRH [8].

Similarly, Musashi1 protein and Msi1 mRNA levels were increased in pure 
somatotropes lacking LEPR [2]. Furthermore, leptin treatment of pure somato-
tropes significantly reduced their expression of Musashi1 proteins. Collectively 
these findings point to a post-transcriptional pathway for leptin, which would 
reverse repression of translation of key target molecules in somatotropes or gonado-
tropes by regulating the function and expression of the Musashi family of transla-
tional regulatory proteins.

Our in silico analyses have identified other potential Musashi targets in the ante-
rior pituitary, which may be regulated by leptin as well. Notably, there are MBEs 
in the Fshb, Tshb, Prl and Pomc mRNAs. However, no MBEs are found in Lhb, Gh, 
or Ghrhr mRNAs. It is interesting to speculate that this differential targeting may 
reflect specific roles for Musashi in regulating differentiated pituitary cells. Musashi 
could act in multihormonal cells by repressing translation of one set of hormones 
but not another. Furthermore, our studies of leptin regulation of Musashi, GnRHR, 
and Pou1f1 protein levels suggest that leptin may use this Musashi pathway to 
promote selective differentiation of a given cell type depending on the body’s needs.

9. Conclusions

Pituitary gonadotropes and somatotropes were initially shown to be most 
vulnerable to the global loss in leptin signals as demonstrated by their reduction in 
numbers in the population, even following acute fasting. As little as 10-100 pg./ml 
leptin directly restored hormone levels in these populations, so they could once more 
be detected by immunolabeling. We now have much more information about the 
impact of loss of leptin signaling to model animals including infertility when they 
carried LEPR-null gonadotropes and adult-onset obesity and GH deficiency when 
they carried LEPR-null somatotropes. We have identified specific leptin targets 
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in each of these cell types and determined that leptin regulation may involve both 
transcriptional and post-transcriptional pathways. The target molecules are vital to 
the differentiated function of these cells, which highlights a role for leptin in main-
taining their differentiated state. Regarding post-transcriptional pathways, we have 
shown that leptin also regulates expression of the translational regulatory protein, 
Musashi. Our studies have led to the discovery of novel roles for Musashi, implicat-
ing this regulator in the repression of targets in specific pituitary cell types. This 
broadens the scope of Musashi’s regulatory role beyond that of regulation of stem 
cells. Finally, our studies of purified somatotropes and gonadotropes have confirmed 
the presence of multihormonal expression in a subpopulation of cells and have led 
to the discovery that leptin signaling is needed to maintain this subset. The presence 
of these multihormonal pituitary cells is also evident in single cell RNA-sequencing 
studies. Future studies are needed that focus on the role leptin plays in maintaining 
this cell population, which supports pituitary plasticity. Future investigation will 
elucidate the role Musashi may play in the selective regulation of specific hormones 
or their transcription factors.
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