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1  | INTRODUC TION

A role for the central nervous system in the control of reproduc-
tion was initially provided over 80 years ago, by Francis Marshall and 
Ernest Verney,1 and Geoffrey Harris,2 who published work in rabbits 
that demonstrated ovulation could be induced by stimulation of the 
brain. Earlier work had demonstrated a role for the pituitary gland in 
gonadal growth and estrous cyclicity through ablation and replace-
ment studies.3- 5 The work of Marshall, Verney and Harris opened an 
additional area for investigation, beyond the pituitary, for the control 
of reproduction. Specifically, the central nervous system appeared 
to have a critical role.

Not long before the work of Marshall, Verney and Harris, Gregor 
Popa and Una Fielding had identified the hypothalamic– hypophyseal 
portal vascular system, which connects the median eminence of 
the hypothalamus to the anterior portion of the pituitary gland.6 
Although the direction of blood flow through this capillary system 
was initially debated, with Popa and Fielding proposing that blood 
flowed from the pituitary towards the brain, George Wislocki and 
Lester King soon convincingly established that the direction of flow 

was from the brain towards the pituitary.7 These hypothalamic– 
hypophyseal or pituitary portal capillaries, as they will be referred 
to from this point, provided a vascular route of communication be-
tween the hypothalamus and the anterior pituitary gland that could 
help explain the accumulating findings of a central regulation of pi-
tuitary function.

Harris was a leading advocate of the neuroendocrine hypothe-
sis for the control of anterior pituitary and reproductive function, 
concluding in a review8 that “it seems possible that nervous stim-
uli might cause the liberation of some substance into the capil-
lary sinusoids of the median eminence, this substance then being 
transported via the hypophysial portal vessels to excite or inhibit 
the pars distalis”. The idea that the central nervous system would 
control something as lowly as hormone release was not popular 
among some of the leading neurobiologists of the day,9,10 despite 
being supported by some key observations. For example, Otto 
Loewi's classic studies in frog hearts provided strong evidence for 
“humoral” transmission in the peripheral nervous system. Although 
it was known that vagal stimulation could slow heart rate in an ex 
vivo heart preparation, Loewi showed that the fluid that had bathed 
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Abstract
Much about the neuroendocrine control of reproduction is inferred from changes in 
the episodic release of luteinizing hormone (LH), as measured in samples of periph-
eral blood. This, however, assumes that LH precisely mirrors gonadotropin- releasing 
hormone (GnRH) release from the hypothalamus. Because GnRH is not measurable in 
peripheral blood, characterization of the relationship between these two hormones 
required the simultaneous measurement of GnRH and LH in pituitary portal and pe-
ripheral blood, respectively. Here, we review the history of why and how portal blood 
collection was developed, the aspects of the true output of the central component 
of the hypothalamic– pituitary– gonadal axis that this methodology helped clarify, and 
conditions under which the pituitary fails to serve as an adequate bioassay for the 
release pattern of GnRH.
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such a preparation could slow the rate of a similarly- prepared heart 
in the absence of vagal stimulation.11 This observation suggested 
a humoral mediator, which Loewi termed “Vagusstoff”. Vagusstoff 
had activity similar to that of acetylcholine, which Henry Dale, 
Loewi's co- recipient of the 1936 Nobel Prize in Physiology and 
Medicine, later demonstrated was made by the body.12 Despite 
such evidence, some, led primarily by the future Nobel laureate 
(1963) John Eccles, remained convinced that neural transmission, 
particularly within the central nervous system, was too fast to be 
chemical and thus must be electrical. It was Eccles own work in the 
middle of the last century that provided the definitive evidence that 
electrical signals on their own could not reproduce the changes 
in membrane polarization observed when intracellular recording 
methods became available.13,14 Although the neural factors postu-
lated by Harris were disputed by some, others joined a relentless 
quest to identify them. This quest was advanced by Andrew Schally 
and Roger Guillemin, who sequenced several secreted neural fac-
tors, including gonadotropin- releasing hormone (GnRH),15,16 and in 
so doing promoted them from factors to hormones. Identification 
of these factors accelerated ongoing efforts to find evidence for 
these substances in pituitary portal blood.

2  | E ARLIEST ME A SUREMENTS OF 
PORTAL BLOOD

The first assessments of the functional contents of portal blood 
were made by collecting effluent from the severed pituitary stalk, 
typically of rats. Initial work investigated non- reproductive func-
tions,17 but, in 1967, the efficacy of pituitary stalk blood vs. periph-
eral blood obtained from the same rat was tested in the ovarian 
ascorbic acid depletion assay, an early bioassay for luteinizing hor-
mone (LH).18 Stalk blood was more effective than peripheral blood 
in depleting ascorbic acid; this suggested that the releasing fac-
tor contained in stalk blood produced an increase in bioactive LH 
to a level greater than that in the peripheral blood from the same 
donor.19 Importantly, the possibility that this activity was attribut-
able to contamination of the stalk blood with pituitary hormones 
from the surgical field, specifically LH itself, was mitigated because 
a similar result was obtained on samples from hypophysectomized 
rats. Subsequent work confirmed these results using the alterna-
tive LH bioassay of ovulation induction in rabbits.20 GnRH, as meas-
ured by radioimmunoassay, was next shown to be elevated in portal 
blood at the typical time of the proestrous LH surge in rats,21 and in 
rabbits during the cupric acid- induced LH surge.22 In addition, stud-
ies using sequential samples of stalk blood from rhesus monkeys 
demonstrated that GnRH concentrations fluctuated in portal blood 
and that the fluctuations were more prominent in ovariectomized 
monkeys, suggesting the hypothalamus could drive pulsatile pitui-
tary LH release.23

These studies were without doubt innovative and provided im-
portant proof of principle that GnRH- like activity was detectable 
in stalk blood but rarely in peripheral samples. They argued for a 

central source of GnRH but were hampered by three primary cave-
ats. First, the surgical approaches (transsphenoidal or transorbital) 
necessitated that sample collection be carried out under anesthesia, 
a substantial drawback for the investigation of central neural func-
tion. Second, severing the stalk compromised the ability to measure, 
simultaneously, the postulated releasing hormone, GnRH and the 
pituitary tropic hormone, LH. Third, the sampling window was typ-
ically brief (under 2 h), as a result of the sample collection protocol 
and small body size of the species used, precluding investigation of 
the patterned release that is the hallmark of this system.24

The latter two caveats were overcome in a study conducted in 
sheep, soon to be the dominant species for this research, by Alain 
Caraty of the Institut National de la Recherche Agronimique, Station 
de Physiologie de la Reproduction in Nouzilly, France. Caraty's ap-
proach used X- ray- identified landmarks to guide the surgical im-
plantation of a tube containing concentric cannulae between the 
hemispheres of the brain, so that the tip of the cannula was near 
the anterior face of the pituitary. When the animals were still under 
anesthesia, a stylet was used to lesion the portal vessels and a solu-
tion containing heparin (an anticoagulant) and bacitracin (a protease 
inhibitor) was perfused through the outer cannula and collected via 
the inner cannula using a peristaltic pump. Using this method, Caraty 
was able to demonstrate a distinctly pulsatile pattern of GnRH se-
cretion, but the coincidence with LH pulses was not as evident, per-
haps attributable to the approach or anesthesia.25

3  | A SERIES OF FATEFUL MEETINGS AND 
INTERNATIONAL COLL ABOR ATIONS: A S 
TOLD BY FRED K ARSCH TO SUE MOENTER 
IN THE L ATE 1980S

The next major step forward with regard to the measurement of 
GnRH in pituitary portal blood was triggered in February 1980, in 
Leura, Australia, at a satellite symposium associated with the Sixth 
International Congress of Endocrinology. The topic of the sympo-
sium was Reproductive Endocrinology of Domestic Ruminants, and it 
brought together what would be two of three key players in por-
tal blood collection: Iain Clarke, then at Prince Henry's Hospital 
in Melbourne, Australia, and Fred Karsch, from the University of 
Michigan. Discussion among the meeting participants, either after 
one of the talks or later in the pub, turned to the relationship be-
tween hypothalamic releasing hormones and their anterior pituitary 
counterparts. Fred Karsch recalled Iain Clarke stating that what was 
necessary was simultaneous collection of samples of pituitary por-
tal and peripheral blood from conscious normally- behaving animals. 
Although eminently logical, this was apparently met with skepticism 
by the conference participants regarding its practicality.

Undeterred, and perhaps even inspired, Clarke returned to 
Melbourne and looked up neurosurgeons in the phone book, search-
ing for someone who could help develop such an approach. James 
Cummins proved a willing partner. In 1982, their pioneering work 
led the first publication to measure simultaneously GnRH in the 
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pituitary portal and LH in the peripheral blood of conscious sheep.26 
They pioneered a surgical transsphenoidal approach to access the 
pituitary, creating an artificial sinus in the bone in front of the pi-
tuitary and implanting two needles near the frontal face of the pi-
tuitary, securing these to the nasal bones with dental acrylic. Two 
days after surgery, the conscious sheep were heparinized and a sty-
let placed through the upper needle was used to cut some, but im-
portantly not all, of the pituitary portal capillaries running down the 
anterior face of the pituitary gland. Blood that pooled in the artificial 
sinus was collected via the lower needle using a vacuum pump, with 
the upper needle serving as an air vent. At the same time, jugular 
blood was collected via an indwelling cannula. Their data revealed 
that, in ovariectomized ewes, each LH pulse in the peripheral blood 
had a corresponding GnRH pulse measured in pituitary portal blood, 
providing solid confirmation for neuroendocrine control. Their study 
also raised questions, however, because not every increase in GnRH 
in portal blood had a corresponding LH pulse, leading to postulates 
about the role of silent GnRH pulses in pituitary function. Cummings 
and Clarke themselves recognized some caveats of this method, spe-
cifically the potential contamination of portal blood samples with 
cerebrospinal fluid, as detected by the reduction in hematocrit of 
portal compared to peripheral blood samples. Furthermore, the 
short recovery time post- surgery and open artificial sinus made it 
possible that peripheral blood from the surgical field might also ac-
cumulate in the collection sinus in the heparinized sheep, thus dilut-
ing portal samples and precluding accurate measurement of GnRH.

In 1984, Fred Karsch took a sabbatical in Iain Clarke's laboratory 
during which he learned the surgical approach for collecting pituitary 
portal blood developed by Clarke and Cummins at the same time 
as performing collaborative studies on steroid regulation of GnRH 
and LH release.27 Following this, the Karsch family traveled back to 
the USA, via Europe, visiting Alain Caraty's group in Nouzilly in April 
1985. This was the first time that Fred Karsch met Alain Caraty, who 
was also working on a portal blood collection method. Fred shared 
pointers that he had learned during his sabbatical with Iain Clarke. 
In September 1987, Karsch returned to Nouzilly for the Colloquium 
on Neuroendocrine Mechanisms and Light Control of Reproduction 
in Domestic Mammals, and was brought up to date on how Caraty, 
with his surgical collaborator Alain Locatelli, had altered the portal 
blood sampling method.

The Caraty and Locatelli approach included several modifica-
tions, which would increase the rigor and reproducibility of the mea-
surements (Figure 1). First, the surgical field was smaller, resulting in 
less disruption of tissue en route to the pituitary, although this was 
still considerable in the nasal turbinate region. Second, rather than 
creating an artificial sinus for blood collection that was contiguous 
with the surgical field, this approach used a device with a collection 
reservoir that effectively isolated portal blood from other fluids. 
This device, the ‘gadget’ as it was called in Nouzilly, or ‘gizmo’ as it 
became called in the USA, was constructed as follows. Two blunt 
three- inch needles (one 12 gauge and one 14 gauge) were bonded 
together with dental acrylic. Then, a small sleeve made from a 1.5- 
mL microcentrifuge tube was secured over the blunt ends of the 

needles, forming a plastic cup at the end of the device that served 
as a small collection reservoir. To place the gadget, a triangle of the 
frontal and nasal bone between and below the supraorbital foramen 
was excised, then sections of the nasal turbinates were removed, 
and a tunnel was drilled through the cribriform plate of the ethmoid 
bone, ventrocaudally under the olfactory bulbs and optic chiasm. 
Upon reaching the face of the sphenoid bone, a hole was carefully 
created in front of the pituitary, and the dura covering the pituitary 
cut away. The gadget was placed in the tunnel so that the plastic 
cup rested on the bone in front of the pituitary, over the hole. A 
third modification that increased the consistency of the measure-
ments was to fill the entire surgical field with dental acrylic, rather 
than just securing the collection needles to the nasal bones. This, in 
combination with the plastic cup, reduced the possibility of contam-
ination of pituitary portal blood samples with peripheral blood from 
the surgical site. The cup also essentially precluded entry of cere-
brospinal fluid into the collection area, as confirmed by the similar 
hematocrits of pituitary portal and peripheral blood throughout the 
sampling period. Fourth, filling the surgical field with dental acrylic 
also increased stability of the collection device, allowing for a lon-
ger post- surgery recovery period before heparinization and blood 
collection, typically 1– 2 weeks, increasing healing time and further 
reducing the likelihood of peripheral blood contamination of pitu-
itary portal blood samples. Similar to the original approach of Clarke 
and Cummings, sheep were heparinized on the day of collection, and 
a small portion of pituitary portal vessels were lesioned by a stylet 
placed through one of the needles. Blood was withdrawn using a 
peristaltic pump. Full details are provided in Caraty et al.28

The hormone data obtained with this method were remarkably 
clear. The first publication from the Caraty group was on the effects 
of the opiate receptor antagonist naloxone, which had been shown to 
increase LH release in rams.29 To test whether this was at the central 
and/or pituitary level, simultaneous samples of pituitary portal and 
jugular blood were made from four conscious short- term castrate 
rams.30 They found that, in short- term castrated rams before treat-
ment with naloxone, clear and completely coincident pulses of GnRH 
and LH were observed. A single injection of naloxone increased the 
amplitude of both GnRH and LH release, but coincident pulses were 
still observed. Multiple naloxone injections had a further effect to 
increase the frequency of pulsatile GnRH release. During this high 
frequency GnRH pulse barrage, a sustained elevation in LH was ob-
served but pulses became obscured. This was likely the result of a 
combination of biologic and technical factors. Biologically, readily 
releasable stores of LH may have been diminished leading to less dis-
tinct increases in LH in response to each GnRH pulse. Furthermore, 
the GnRH frequency was about one pulse per 20 min, perhaps pro-
viding inadequate time for LH levels in the peripheral circulation to 
decay by the required metrics for pulse detection. Technically, the 
frequency of LH sampling may not have been adequate to observe 
clear pulses at this higher frequency of GnRH input. Sampling the 
portal blood would also diminish the amount of GnRH available to 
bind to pituitary receptors. Of note in this regard, LH pulses were 
clearly visible during the control period, suggesting that it was the 
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increase in GnRH pulse frequency that primarily led to the elevated 
but not strictly pulsatile LH signal.

A similar phenomenon was observed in the next paper from 
the Caraty group, in which the effect of time after castration upon 
GnRH and LH was examined in male sheep.31 In gonad- intact rams 
and in wethers castrated 1– 15 days before sampling, clear and com-
pletely coincident pulses of GnRH and LH were observed. GnRH 
pulse interval was longer in intact rams than in these short- term 
castrate males. A further reduction in GnRH pulse interval was 
observed in long- term (1– 5 months) castrate males. In these ani-
mals, however, the clearly episodic high frequency of GnRH release 
was again not reflected in distinct LH pulses. Notably, this study 
included a period of jugular sampling before lesioning the pituitary 
portal vessels. From these samples, it could be seen that LH pulses 
were often unclear even before portal sampling began in the long- 
term castrate males, indicating that the loss of some portal blood to 
collection was not the cause of LH irregularity. In combination with 
the above study,30 these findings suggest the GnRH pulse genera-
tor can operate in a distinctly episodic manner at frequencies that 
are too high for pituitary output to clearly reflect when measured 
by LH release.

4  | GnRH RELE A SE DURING THE 
FEMALE REPRODUC TIVE CYCLE AND THE 
ESTR ADIOL-  INDUCED LH SURGE

One of the primary questions of the day was what happened to GnRH 
release at the time of the LH surge. There were two main schools of 
thought. One was based on data from Ernst Knobil's group indicating 
that monkeys with lesioned hypothalami exhibited menstrual cycle- 
like changes in gonadotropins and ovarian steroids, including LH 
surges, when GnRH was replaced at one pulse per hour.32 This sug-
gested that, although GnRH was required, the pattern did not need 
to change for a surge to occur. The other thought was that changes 
in GnRH would be needed to drive the LH surge. This stemmed from 
observations in sheep showing that a large increase in GnRH admin-
istration was required to induce an LH surge,33,34 and early reports 
of GnRH/GnRH- activity increasing in portal- only preparations dur-
ing LH surges in rats and rabbits.21,22

Prior studies in sheep had not provided a clear consistent answer 
to this question. The Clarke lab had published a study examining 
the natural estrous cycle, defining three patterns at the time of the 
LH surge in sheep: a large signal pulse of GnRH that occurred at the 

F I G U R E  1   Illustration of the surgical 
approach taken and the final position 
of the collection apparatus (“gadget” or 
“gizmo”) in a sheep's head to allow access 
to the hypothalamic– pituitary portal blood 
vessels for portal blood collection. GnRH, 
gonadotropin- releasing hormone
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onset of the LH surge, a persistent increase in GnRH and no change in 
GnRH.35 Both the Clarke and Caraty laboratories had examined the 
surge induced by injection of pharmacologic levels of estradiol ben-
zoate or estradiol, respectively, to ovariectomized ewes.36,37 Caraty 
observed an initial negative feedback response for both GnRH and 
LH release in response to steroid injection, followed by positive feed-
back induction of clear sustained surges of both GnRH and LH, with 
apparent loss of episodic release. Clarke saw no shift in GnRH pulse 
frequency during estrogen negative feedback compared to ovariec-
tomized controls but observed an increase in GnRH pulse frequency 
during positive feedback. These studies all suggested a change in 
GnRH might occur but lacked consensus of approach and results. Did 
the inconsistencies in the natural cycle study reflect true biologic 
variation or technical challenges? Was the consistency of the Caraty 
study attributable to the high dose and route of administration of 
estradiol? What did a lack of negative feedback imply in the Clarke 
study? How does prior removal of progesterone (more recently pres-
ent in the cycling sheep) alter the response to increased estradiol?

A series of studies were undertaken to address these questions. 
The first published used an established model of the follicular phase 
of the ewe.38 Sheep were ovariectomized and fitted with a portal 
blood collection gadget in the middle of the luteal phase; at this time, 
Silastic implants were placed that produced physiologic levels of pro-
gesterone and estradiol. Approximately 1 week later, at what would 
have been the time of luteolysis in ovary- intact ewes, the progester-
one implants were removed to simulate this process, and the sheep 
divided into two groups. In one, the luteal phase estradiol (E) implant 
was removed (no E). In the other, additional estradiol implants were 
inserted 16 h after progesterone removal, raising concentrations to 
those seen in the mid follicular phase (E rise); this treatment reliably 
induces a surge approximately 21– 24 hours after the E rise. This ar-
tificial follicular phase model helped time the portal sampling to co-
incide with the expected LH surge in the E rise group.39 In the no E 
group, GnRH and LH were strictly episodic with coincident pulses. By 
marked contrast, ewes in the E rise group had suppressed GnRH and 
LH levels at the start of sampling, although all of these ewes exhibited 
a robust GnRH surge. This surge began at the same time as the LH 
surge, but extended several hours longer than the LH surge, which 
was of normal duration. Repeating this model with the addition of an 
artificial luteal phase during the anestrous season produced similar 
results.40 These data clearly showed the consistency of effect of a 
physiologic level of estradiol, and also that the removal of progester-
one alone was insufficient to induce a surge mode of GnRH release.

To confirm that the findings of the artificial follicular phase model 
were representative of the natural cycle, a collaborative study was 
conducted between the laboratories of Karsch (Suffolk ewes) and 
Caraty (Ile de France ewes).41 In this study, ewes were again fitted 
with portal blood collection gadgets in the luteal phase. Some ewes 
were sampled later in that same luteal phase (days 9– 13 after ovu-
lation). Others were to be sampled during the subsequent follicular 
phase; these ewes received Silastic implants producing luteal phase 
levels of progesterone at the time of portal surgery. These implants 
transiently elevated progesterone levels until the end of the luteal 

phase, when progesterone falls with regression of the corpus luteum. 
The onset of the next natural follicular phase was timed by removal 
of the implants 2 days after luteolysis was anticipated. GnRH and 
LH were examined during the natural luteal phase (no progesterone 
implants) or timed natural follicular phase. During the luteal phase, 
GnRH and LH pulses were low frequency (1– 2 per 5 hours) and coin-
cident. The frequency of both GnRH and LH pulses increased in the 
early follicular phase to approximately one pulse per hour, and pulses 
remained clearly coincident. As the follicular phase progressed, the 
frequency of GnRH pulses increased further. As had been observed 
in the long- term castrate and naloxone- treated males, the LH pulse 
pattern deteriorated at these higher GnRH pulse frequencies, mak-
ing LH pulse detection difficult. Twelve ewes were sampled during 
the preovulatory LH surge. Eleven of these had a clear increase in 
GnRH during the LH surge. In the one ewe not exhibiting a GnRH 
surge, autopsy revealed that the stylet used to lesion the vessels 
would have impinged on the sphenoid bone rather than the portal 
vessels, an exception that proved the rule. In animals sampled past 
the time of the LH surge, the GnRH surge was again extended. This 
observation in the natural follicular phase was important because it 
demonstrated that the prolonged GnRH surge in the artificial fol-
licular phase model was not an artifact of continued exposure to 
high physiologic estradiol levels maintained by the implants (estra-
diol typically begins declining at the start of the LH surge). Together, 
these studies demonstrated that, at least in sheep, a GnRH surge 
is consistently produced at the time of both the preovulatory and 
estradiol- induced LH surges.

What is the pattern of GnRH release during the surge? The GnRH 
surges observed above appeared to be a continuous elevation, a 
striking contrast to the clearly episodic pattern of GnRH release 
that had been described at other times of the cycle in ovariecto-
mized and ovary- intact ewes26,34,36,38,40 and also in rams.42 To as-
sess the changes in the pattern of GnRH secreted during the surge, 
pituitary portal blood samples were collected form short- term ova-
riectomized ewes and ewes in the artificial follicular phase model 
described above with different sampling frequencies (30- s to 2- min 
intervals). The higher- frequency sample collection was important to 
exclude the possibility that the 10- min sampling interval used pre-
viously was not sufficiently frequent to detect distinct pulses, if the 
frequency of GnRH release was very high. GnRH pulses were easily 
detected at a sampling interval as short as 30 s in ovariectomized 
ewes; pulses were clear and abrupt increases that were sustained 
for several minutes before rapidly returning to the interpulse level, 
which was low to undetectable.43 However, even this high sample 
frequency failed to identify discrete pulses during the GnRH surge,44 
suggesting that the surge is a different mode of release.

5  | EFFEC TS OF ESTR ADIOL ON GnRH 
DYNAMIC S

The data up to this point indicated that, in female sheep under the 
influence of follicular phase concentrations of estradiol, the patterns 
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of GnRH release changes from being pulsatile (i.e., discrete pe-
riods of GnRH release) to a surge mode during which GnRH con-
centrations remain elevated for many hours. To investigate these 
estradiol- induced changes in GnRH secretion in more detail, a study 
was conducted using a modification of the artificial follicular phase 
model in which ewes received: no E (luteal phase E implant removed), 
basal E, and increasing E, in which additional estradiol implants were 
provided every 6– 7 hours to reach the levels in the E rise group.45 
In samples collected every 10 min, it could clearly be seen that es-
tradiol reduced GnRH pulse amplitude and increased GnRH pulse 
frequency in a dose- dependent manner across the ‘artificial follicular 
phase’ and prior to the GnRH surge. This is similar to that observed 
through the natural follicular phase when estradiol synthesis by the 
ovary was increasing.

Although the above study clarified changes in pulsatile GnRH 
release during negative feedback it did not address whether estra-
diol induced the LH surge through changes in pulsatile GnRH se-
cretion or a more profound change in which there is at least some 
component of continuous GnRH release, perhaps arising from a sep-
arate population of GnRH neurons. The question of whether differ-
ent populations of GnRH neurons produced the surge vs. pulsatile 
modes of release had been raised in classic knife- cut studies, largely 
conducted in rodents, which suggested that the preoptic neurons 
may be more important for the surge, whereas more caudal neurons 
in the medial basal hypothalamus were responsible for pulse gen-
eration.46- 48 This postulate was supported by work in sheep using 
cFos as a reporter of neural activity; exposure of ewes to novel rams 
is known to cause an abrupt increase LH pulse frequency and this 
treatment increased cFos in more caudal cells within the medial 
basal hypothalamus.49 During the preovulatory surge, however, it 
was primarily preoptic GnRH neurons that coexpressed cFos in rats, 
whereas GnRH neurons throughout the continuum expressed cFos 
in sheep.50- 52 More recent work has suggested this dichotomy may 
be attributable to different properties of and inputs to GnRH neu-
rons that depend upon the region (e.g., soma vs. terminals).53

To address this, the changing patterns of GnRH and LH release 
at the start of the estradiol- induced surge were characterized by 
means of 1-  and 10- min samples, respectively, over an 11- h period 
spanning the expected start of the surge and in shorter windows 
in ovary intact ewes in the natural follicular phase.54 The results 
demonstrated highly consistent, characteristic changes in GnRH se-
cretion across all of the ewes studied. Specifically, GnRH secretion 
was initially discretely pulsatile, but, as the surge approached, GnRH 
became detectable between pulses. This was followed by a period 
during which there was augmentation of both pulsatile and ‘baseline’ 
GnRH secretion, after which GnRH remained elevated and variable, 
but during which time discrete pulses of GnRH could not be identi-
fied. The findings therefore favored the actions of estradiol not only 
to result in quantitative changes in pulsatile GnRH release, but also 
to alter the mode of GnRH secretion.55 To determine that the GnRH 
released as a result of these changes in the pattern of GnRH secre-
tion is equally bioactive, despite termination of the LH surge many 
hours before the end of the GnRH surge, biological activity of the 

GnRH surge was investigated by timed blockade of GnRH receptors 
with the reversible GnRH antagonist Nal- Glu, analysis of GnRH im-
munoreactivity across the surge and an ovine pituitary bioassay.62 
The results of all the assays indicated that the GnRH observed in 
pituitary portal blood was equally bioactive across the surge, indi-
cating that the LH surge does not end because of a change in GnRH 
bioactivity.

The above studies clearly demonstrated that the GnRH surge de-
pends on estradiol, with a consistent latency of approximately 21 h 
from estradiol rise to surge onset in sheep. The actions of estradiol 
to trigger the GnRH and LH surge likely act via estrogen receptor 
alpha.56- 58 Because this receptor does not appear to be expressed in 
GnRH neurons, it suggests that estradiol- sensitive afferents are re-
quired to process the surge signal. The portal blood collection meth-
odology was used to investigate whether the entire latent period 
of estradiol exposure was required to generate a surge, or whether 
estradiol might trigger changes in steroid- receptive systems that 
are activated to drive the GnRH surge that become irreversible.59 
This study reported that the GnRH surge did not require estradiol 
to be elevated at the time of the surge for the expression of a GnRH 
surge of normal amplitude that extended beyond the LH surge, al-
though the duration of the GnRH surge was longer when the E rise 
was maintained. Furthermore, shortening of the estradiol signal sug-
gested that a duration of between 7 and 14 h of estradiol exposure, 
in advance of surge onset, was all that was necessary to induce a 
consistent GnRH/LH surge. Together, these findings are consistent 
with the existence of a critical period for estradiol- dependent activa-
tion of neural systems to drive the GnRH surge, and are in agreement 
with classic studies of barbiturate blockade of ovulation in rats,60,61 
as well as the persistence of alterations in GnRH neuron activity in 
mice induced by estradiol feedback after preparation of brain slices 
for recording these cells.62,63

6  | WHAT EL SE HA S PORTAL BLOOD 
SAMPLING TOLD US ABOUT THE GnRH 
NEUROSECRETORY SYSTEM?

Another central action of GnRH that has been postulated is whether 
it has effects upon its own release.64 The lack of effect of Nal- Glu 
on the GnRH surge above suggests that this is unlikely. Prior work 
had also shown no effect of either GnRH receptor agonists (0.5 mg 
d- Trp6- GnRH i.m.) or antagonist (5 mg Nal- Glu i.m.) upon release of 
the endogenous decapeptide in short- term castrate rams.65 A similar 
lack of an effect was observed in a study that combined i.c.v. can-
nulation and pituitary portal blood collection to ascertain whether 
infusion of GnRH into the lateral ventricle supported an ultrashort 
feedback loop role for GnRH released into the cerebrospinal fluid 
on GnRH secretion.66 By contrast, a study in female sheep found 
that lower doses of Nal- Glu (10 mg kg– 1 i.v.) increased GnRH pulse 
frequency in a subset of ovariectomized ewes.67 Interestingly, this 
effect was more consistent and pronounced in luteal phase ewes 
and ovariectomized ewes treated with estradiol and progesterone 
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to mimic the luteal phase. Together, these observations suggest that 
the steroid milieu and initial GnRH pulse frequency may both deter-
mine whether GnRH can affect its own release.

Sampling of pituitary portal blood has been used to answer other 
questions about the neuroendocrine systems. Progesterone blocks 
the LH surge in sheep by blocking the GnRH surge; these effects are 
mediated by the classical progesterone receptor.68,69 Masculinization 
of the sexually- indifferent fetal hypothalamus by testosterone abol-
ishes the GnRH surge, demonstrating that this treatment blocks the 
positive feedback effects of estradiol at the level of the hypothala-
mus.70 Changes in GnRH release also underlie seasonal changes in 
LH sensitivity to estradiol feedback between the breeding season 
and anestrus.71 Thyroidectomy blocks the seasonal decline in GnRH 
pulse frequency between the breeding and anestrous seasons.72 
Thyroidectomy increases thyrotropin- releasing hormone levels in 
portal blood but this hormone is not pulsatile.73 Opioid peptides alter 
the shape of GnRH pulses and GnRH release both in the presence 
and absence of estradiol, demonstrating that opioids have effects 
beyond mediating steroid feedback.74 The powerful GnRH secret-
agogue kisspeptin is identifiable in pituitary portal blood, but levels 
did not change during the LH surge, perhaps indicating that neuro-
modulatory rather than any neuroendocrine effects of kisspeptin 
are dominant at that time.75 In this regard, pulsatile administration of 
kisspeptin 10 generates GnRH and LH pulses, whereas a sustained 
kisspeptin 10 infusion leads to a sustained GnRH elevation in portal 
blood with no evidence of GnRH pulses.76 Finally, follicle- stimulating 
hormone was shown to have both an episodic and constitutive re-
lease when measured in portal blood.77 None of these observa-
tions would have been possible if only jugular blood was measured. 
Perhaps the area most investigated after changes in GnRH release 
with gonadal steroid feedback is the interactions of the stress and 
reproductive neuroendocrine axes; these studies are reviewed by 
McCosh et al. in this issue of the Journal of Neuroendocrinology.

7  | SUMMARY

The ability to sample, simultaneously, pituitary portal blood to meas-
ure releasing hormones and peripheral blood to monitor pituitary 
output has markedly increased our understanding of reproductive 
neuroendocrine function. Although LH pulses remain a good bioas-
say for GnRH in many conditions, the studies described above indi-
cate that, when GnRH release is high frequency, such as during the 
late follicular phase, or after long- term steroid removal or some drug 
treatments, the LH signal may become less clear. This can lead to the 
misinterpretation that these conditions are associated with reduced 
GnRH release, a possibility that can be convincingly dismissed by 
sampling portal blood. Portal sampling also revealed a markedly dif-
ferent duration of estradiol positive feedback effects upon GnRH 
release than at the pituitary and have opened further questions re-
garding the central action of GnRH.

Reproductive neuroendocrinology has continued to evolve since 
portal blood collection was state- of- the- art. Large animal models 

are not as readily available now, and the genetic tools available in 
rodents, particularly mice, have opened exciting new venues and 
methodologies to elucidate the central circuits controlling fertility. 
The data reviewed here make a good argument for measuring some 
aspect of central function, whether it be portal blood, neural activity 
or changes in intracellular calcium, to confirm whether changes in LH 
are paralleling central changes in reproductive neuroendocrine func-
tion. This is particularly true with modern neurobiologic tools that 
have the ability to push the GnRH system to the high functioning 
states when LH does not serve as a good readout of central activity. 
Even with sensitive assays for LH release in mice,78 it is worth bear-
ing in mind that LH can go down when GnRH activity is very high, a 
mismatch that can potentially lead to profoundly different interpre-
tations if only the peripheral system is assessed.
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