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Abstract

GH acts in numerous organs expressing the GH receptor (GHR), including the brain. However, the mechanisms behind the brain’'s permeability to
GH and how this hormone accesses different brain regions remain unclear. It is well-known that an acute GH administration induces
phosphorylation of the signal transducer and activator of transcription 5 (pSTAT5) in the mouse brain. Thus, the pattern of pSTAT5
immunoreactive cells was analyzed at different time points after IP or intracerebroventricular GH injections. After a systemic GH injection, the
first cells expressing pSTAT5 were those near circumventricular organs, such as arcuate nucleus neurons adjacent to the median eminence.
Both systemic and central GH injections induced a medial-to-lateral pattern of pSTATS immunoreactivity over time because GH-responsive
cells were initially observed in periventricular areas and were progressively detected in lateral brain structures. Very few choroid plexus cells
exhibited GH-induced pSTAT5. Additionally, Ghr mRNA was poorly expressed in the mouse choroid plexus. In contrast, some tanycytes lining
the floor of the third ventricle expressed Ghr mRNA and exhibited GH-induced pSTAT5. The transport of radiolabeled GH into the hypothalamus
did not differ between wild-type and dwarf Ghr knockout mice, indicating that GH transport into the mouse brain is GHR independent. Also,
single-photon emission computed tomography confirmed that radiolabeled GH rapidly reaches the ventral part of the tuberal hypothalamus. In
conclusion, our study provides novel and valuable information about the pattern and mechanisms behind GH transport into the mouse brain.
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extravasation. Thus, the molecule size permeability cutoff of the
ME is between 20 and 40 kDa (4). Cells near other CVOs, such

Hypothalamic neurons are responsible for secreting stimulatory
or inhibitory factors to control the synthesis and release of differ-

ent pituitary hormones (1, 2). These hypothalamic neurohor-
mones are secreted in the median eminence (ME), a
circumventricular organ (CVO) (3). From the ME vessels, hypo-
thalamic neurohormones reach endocrine cells of the anterior pi-
tuitary gland via the hypophyseal portal system (1, 2). On the
other hand, the fenestrated capillaries of the ME allow the diffu-
sion of circulating substances to nearby glial and neuronal pop-
ulations in the hypothalamus. Schaeffer et al (4) showed that
molecules with a molecular size of 20 kDa or less can freely ex-
travasate through fenestrated vessels of the ME, whereas mole-
cules with a molecular size of 40 kDa or more show no in vivo

as the organum vasculosum of the lamina terminalis (OVLT)
and the area postrema (AP), are also targeted by circulating hor-
mones without the typical limitations of the blood-brain barrier
(BBB).

The arcuate nucleus of the hypothalamus (ARH) is adjacent
to the ME, making ARH cells susceptible to variations of dif-
ferent circulating factors (4, 5). This is particularly important
for neurons that coexpress the agouti-related protein (AgRP)
and neuropeptide Y (NPY) because these cells are located in
the ventromedial ARHj; thus, they are the closest to the ME
(5). Previous studies confirmed that a subpopulation of
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ARHA8RPNPY peyrons is outside the BBB (5). This feature
makes ARHA#RNPY heyrons susceptible to circulating fac-
tors. For example, ARH*®""NPY" neyrons need only a
few days to be affected by a pro-inflammatory diet,
developing leptin resistance earlier than other neuronal popu-
lations (5). In accordance with these findings, the activity of
ARHA8RYNPY pheyirons is modulated by pro-inflammatory cy-
tokines, such as TNF-o and IL-1 (6).

The interaction between the ARH and ME makes ARH neu-
rons especially effective in detecting variations in circulating fac-
tors (eg, nutrients, hormones) to control aspects such as food
intake, body weight, energy metabolism, and glucose homeosta-
sis (7, 8). ARH neurons express receptors for numerous hor-
mones that control energy homeostasis, including leptin,
ghrelin, cholecystokinin, glucagon-like peptide-1, and insulin
(7, 8), all of which can readily reach ARH neurons after crossing
the fenestrated capillaries of the ME (4). However, evidence
suggests that protein transport is necessary to facilitate the nor-
mal diffusion of several peptide hormones to the hypothalamus.
This transport can be mediated by hormone receptors expressed
by brain vascular endothelial cells or tanycytes (9-12).
Tanycytes are a hypothalamic ependymoglial cell type located
on the ventral part of the third ventricle forming a blood-
cerebrospinal fluid (CSF) barrier (13) that controls the transport
of molecules between the blood and the hypothalamus or CSF
(12). Thus, receptors can bind their specific ligands on one
side of these cells and transport them to the other cell side.

In recent years, the role of hormone receptors in tanycytes in
mediating the transport of different peptide hormones to the
hypothalamus and CSF has been demonstrated. Thus, the
availability of leptin (14, 15), insulin (16), and glucagon-like
peptide-1 agonists (17) to the hypothalamus relies on tany-
cytes that express their cognate receptors. However, ghrelin
access to the brain partially depends on a mechanism via chor-
oid plexus cells, another cell type involved in the blood-CSF
barrier (18). This transport is partially ghrelin receptor-
dependent and can also occur in the absence of ghrelin recep-
tor (19, 20). The pituitary hormone prolactin also accesses the
brain via a mechanism independent of the prolactin receptor
(PrIR) (21). Thus, several mechanisms are involved in trans-
porting different protein hormones into the brain.

GH is a 191-amino acid, single-chain polypeptide
(20-23 kDa, depending on the variant) secreted by somato-
tropic cells of the anterior pituitary gland. Although the
most well-known effects of GH involve the activation of the
GH receptor (GHR) in tissues such as the liver, adipose tissue,
muscle, and pancreas (22), numerous brain areas express
GHR. Thus, GH presumably diffuses into the brain and binds
to its receptors in these areas (23). Accordingly, systemic GH
injection induces the activation of GHR signaling pathways in
the brain (24-26), particularly tyrosine phosphorylation of the
signal transducer and activator of transcription 5 (pSTATS),
which is then translocated to the nucleus and acts as a critical
transcription factor. Among all neural populations responsive
to GH (27), ARH*$R"NPY neyrons are particularly relevant
because Ghr mRNA expression is highly enriched in these cells
(28). Histological studies found that 95% of ARHASRPNPY ey,
rons express Ghr mRNA (29, 30) or exhibit pSTATS after an IP
GH injection (31). GHR ablation in ARH8®"NPY peyrons af-
fects food intake (32), energy expenditure (31), thermogenesis
(33), and developmental aspects of these cells (34).

Some evidence indicates that GH enters the mouse brain
without a saturable transport system, suggesting simple
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diffusion (35). Another study showed that GH crosses the
BBB and accumulates in different brain areas of chicken em-
bryos (36). Although the brain, particularly the hypothal-
amus, contains numerous GH-responsive neuronal
populations (24, 26), it is currently unknown how GH enters
the central nervous system and diffuses through the brain’s
parenchyma. Thus, the objective of the present study is to in-
vestigate the transport of GH into the mouse brain using histo-
logical and pharmacological approaches. Dwarf Gbhr
knockout (Ghr~) mice were used to examine whether
GHR is necessary for GH transport into the brain.

Materials and Methods

Animals

The current study used male and female C57BL/6] wild-type
(WT) and Ghr~"~ mice. These animals were maintained in
standard light conditions (12-hour light/dark cycle) and re-
ceived filtered water and regular rodent chow ad libitum.
The experiments were approved by the Ethics Committee on
the Use of Animals of the Institute of Biomedical Sciences at
the University of Sdo Paulo and the Multidisciplinary
Institute of Cell Biology (IMBICE).

Evaluation of GH- or Prolactin-responsive Neurons

To visualize GH-responsive cells in the mouse brain, ad
libitum-fed adult mice received an IP injection of GH extracted
from porcine pituitary (pGH; 20 pg/g body weight; National
Hormone and Peptide Program, Torrance, CA) and were perfused
at different time points (5, 10, 20, 30, 45, 60, and 90 minutes after
injection). A similar approach was used to visualize human GH
(hGH) or prolactin-responsive cells, except that recombinant
hGH (20 pg/g body weight; Dong-A Pharmaceutical Co.,
Dalsung-Kun, Republic of Korea) or ovine prolactin (5 pg/g
body weight; National Hormone and Peptide Program) was in-
jected in mice that were perfused after 90 minutes. Another group
of mice was cannulated in the lateral ventricle (P1Technologies,
Roanoke, VA). After approximately 3 days of recovery, the ani-
mals received an intracerebroventricular (ICV) infusion of 2 pL
of saline or pGH (3.33 pg/uL) and were perfused after different
time points (5, 10, and 30 minutes after ICV injection). Mice
were anesthetized with isoflurane and perfused with saline, fol-
lowed by a 10% buffered formalin solution. Brains were collected
and postfixed in the same fixative for approximately 1 hour and
cryoprotected overnight at 4 °Cin 0.1 M PBS containing 20% su-
crose. Brains were cut into 30-pm-thick sections using a freezing
microtome.

Immunofluorescence Reactions

Brain slices were rinsed in 0.02 M potassium PBS, pH 7.4
(KPBS), followed by pretreatment in a water solution contain-
ing 1% hydrogen peroxide and 1% sodium hydroxide for
20 minutes. Then, sections were rinsed in KPBS, incubated
in 0.3% glycine and 0.03% lauryl sulfate for 10 minutes
each, and blocked in 3% normal goat serum for 1 hour, fol-
lowed by incubation in a rabbit anti-pSTATS™¥"** antibody
(1:1000; Cat# 9351; RRID: AB_2315225; Cell Signaling
Technology, Danvers, MA, USA) for 2 days. In double im-
munofluorescence reactions, brain series were also incubated
in a mouse anti-vimentin antibody (1:200; Cat# sc-373717,;
RRID: AB_10917747; Santa Cruz Biotechnology, Inc.).
Subsequently, sections were rinsed in KPBS and incubated
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for 90 minutes in Alexa Fluor-conjugated secondary anti-
bodies (1:500, RRID: AB_2576217 and AB_2340846;
Jackson ImmunoResearch, West Grove, PA). Sections were
mounted onto gelatin-coated slides and covered with
Fluoromount G mounting medium (Electron Microscopic
Sciences, Hatfield, PA). Photomicrographs were acquired
with a Zeiss Axiocam 512 color camera adapted to a Zeiss
Axioimager A1 microscope (Zeiss, Munich, Germany).

Immunoperoxidase Reaction

Immunoperoxidase staining against pSTATS was carried out
as described for the immunofluorescence reactions, except
that brain sections were incubated for 1 hour in a biotin-
conjugated donkey anti-rabbit secondary antibody (1:1000,
RRID: AB_2315225; Jackson ImmunoResearch), followed
by a 1-hour incubation in an avidin-biotin complex (1:500,
Vector Laboratories, Burlingame, CA). After thorough rinsing
in KPBS, the peroxidase reaction was performed using 0.05%
3,3’-diaminobenzidine and 0.03% hydrogen peroxide.
Finally, sections were rinsed in KPBS, mounted on gelatin-
coated slides, dehydrated through ascending ethanol concen-
trations, transferred into xylene, and covered with DPX
mounting medium (Sigma, St. Louis, MO).

In Situ Hybridization

Free-floating brain sections of hGH-injected mice (90 minutes
after an IP injection; 20 pg/g body weight) were subjected to in
situ hybridization using Ghr**S- and Prlr**S-labeled ribop-
robes. The detailed protocol and the sequence recognized by
the radiolabeled probes are described in our previous publica-
tion (24). Subsequently, immunoperoxidase reaction was used
in these tissues to label pSTATS immunoreactive cells.

Analysis of the Ghrand Prlr mRNA In Situ
Hybridization Histochemistry Datasets

From the Allen Institute Collection

The distribution of neurons expressing Ghr and Prlr mRNA was
assessed by the analysis of the coronal in situ hybridization histo-
chemistry datasets available at http:/mouse.brain-map.org/exper
iment/show/14376 and http:/mouse.brain-map.org/experiment/
show/18879, respectively, from the Allen Institute collection
(37). Images correspond to 25-pm sagittal brain sections that
were 100 pm apart.

Analysis of Ghrand Prir Expression Using Single
Cell Transcriptomic Datasets

The expression of Ghr in different hypothalamic cell types was
assessed using a publicly available combined whole hypothal-
amus scRNA-sequencing dataset (38), which compiles 18 previ-
ously published datasets. We identified all cells positive for the
Ghr and Prir genes, defined as those having 1 or more counts
for each corresponding gene in the raw counts matrix, and using
the accompanying metadata, we analyzed the frequency of Ghr-
and Prlr-expressing cells within the clusters assigned to tany-
cytes and endothelial cells. Processing of the database was per-
formed in R 4.3.2/Rstudio 421. Original data can be accessed
at https:/doi.org/10.17863/CAM.87955.

Hormone Assessment

To determine the impact of a systemic pGH injection on blood
GH levels in a dose sufficient to induce robust

phosphorylation of STATS in the mouse brain (24), blood
samples of C57BL/6] mice were collected at baseline and 5,
10, 15, 20, 30, 45, 60, 90, and 120 minutes after an IP pGH
injection either at a dose of 5 or 20 pg/g of body weight.
The control group received a saline injection. To collect
CSF, anesthetized WT mice were placed in a stereotaxic frame
with their head forming a 135-degree angle with respect to the
body and IP injected with saline alone or containing ghrelin
(0.2 pg/g of body weight) or pGH (5 or 20 pg/g of body
weight). The results of both pGH doses were combined. At
20 minutes after treatment, ~10 uL of CSF was collected
from the cisterna magna, as described in detail elsewhere
(18). CSF samples were immediately frozen on dry ice and lat-
er stored at —80 C. Then, anesthetized mice were decapitated,
and blood samples were collected in tubes pretreated with
EDTA (1 mg/mL final). Blood samples were centrifuged, and
plasma was incubated at 37 °C for 30 minutes and then kept
at4 °Cfor 1 hour. Finally, serum was separated by centrifuga-
tion at 5000 rpm for 5 minutes at 4 °C and stored at —80 °C
until processing. GH concentrations were assessed using an
in-house enzyme-linked immunosorbent assay (32, 39-42).
Our previous experiments showed that the lower limit of de-
tection and the intra-assay and interassay coefficients of vari-
ation were 0.04 ng/mL, 2.6%, and 9.7 %, respectively.

Transport of Radiolabeled GH to the Hypothalamus

Ghr™~ and control WT mice were used in this experiment.
pGH (5 pg) was radioactively labeled with 3.7 MBq of '3'I
by the chloramine T method and used immediately after prep-
aration. Stability and radiochemical purity were evaluated as
previously described (43, 44). Briefly, we obtained high radio-
chemical purity with a radiolabeling yield greater than 95%.
Furthermore, the radiolabeling, diluted in fetal bovine serum,
remained stable for at least 13 hours. To determine whether
radioactively iodinated pGH ("*'I-pGH) can permeate the
hypothalamus without a functional Ghr gene, an IP injection
of 0.1 mL saline solution containing 10° cpm of '*'I-pGH was
administered to Ghr~'~ mice. At time points ranging from 2 to
25 minutes after injection, mice were euthanized, blood was
collected via the aorta, the brain removed, and the hypothal-
amus separated. Two animals were used for each time point.
WT animals received twice the injected dose as a control be-
cause they were twice the average size and weight of Ghr™/~
mice. Hypothalamic tissue was weighed, and radiation levels
were counted in the hypothalamus and 75 pL of blood using
a Gamma counter (PerkinElmer 2470 Wizard Automatic
Gamma Counter; PerkinElmer Life and Analytical Sciences,
Waltham, MA). The percentage of injected dose per gram of
tissue was calculated based on the injected activity and the ac-
tivity detected in the tissue. The tissue/blood ratio was given
by dividing tissue activity by blood activity.

Single-photon Emission Computed Tomography

This study used recombinant mouse GH (mGH) synthesized
at the Biotechnology Center of the IPEN-CNEN/SP. An IP in-
jection of saline containing '**I-mGH with an activity of
37 MBq was injected in male WT mice. Mice were euthanized
by decapitation using a guillotine at 2 and 10 minutes after the
injection. Their heads were placed in the scanning chamber,
and images were obtained for 1 hour. The location of the hor-
mone in the anatomical regions of the brain was assessed using
single-photon emission computed tomography (SPECT-CT),
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analyzed on microPET Albira (Bruker Biospin Corporation,
Woodbridge, CT, USA) with the following protocols: 3D
FOV80 PH 30 seg/prog for SPECT and Good 35 Kev
400 pA for CT. The images were processed using PMOD soft-
ware (PMOD Technologies, Zurick, Switzerland) in partner-
ship with the IPEN Radiopharmacy Center.

Statistical Analysis

Statistical analyses were performed using the Prism software
(GraphPad, San Diego, CA). Two-way repeated measures
ANOVA, 1-way ANOVA, and regular linear regression
were used according to each experiment. The statistical tests
used are described in the figure legends. All results are ex-
pressed as mean + standard error of the mean.

Results

Systemically Injected GH Rapidly Induces pSTAT5
in ARH Neurons Near the ME

We initially determined the effects of supraphysiological GH
injections on blood GH levels. Both 5 and 20 pg/g body
weight doses induced robust increases in blood GH levels
compared to saline-injected mice (Fig. 1A). The 20 pg/g
body weight dose caused higher blood GH levels than the
5 pg/g body weight dose. Blood GH levels remained high
throughout the 120-minute analysis period (Fig. 1A). Of
note, the increase in blood GH levels was already detected
5 minutes after injection (Fig. 1A). Thus, the dose of GH
used in the current study causes rapid and sustained elevations
in blood GH levels of mice.

We decided to use the 20 pg/g body weight dose in the fol-
lowing experiments, similar to that used in our previous
studies to detect GH-responsive cells via STATS phosphor-
ylation (24, 31, 41, 45). In the next experiment, the pattern
of pSTATS immunoreactive cells was analyzed over time in
the brains of mice that received an IP pGH injection. Very
few pSTATS immunoreactive cells were detected in the
brain 5 minutes after an IP injection of pGH (Figs. 1B-1G
and 2A-2C), in accordance with the pattern observed in
saline-injected mice (24, 26). The exception was a weak
but evident pSTATS staining observed in the ARH of mice
perfused 5 minutes after pGH injection (Figs. 1B and 3A).
The pSTATS staining was limited to the ventromedial part
of the ARH (Fig. 3A). Furthermore, pSTATS immunoreac-
tivity was not restricted to the cell nucleus, as usual, but ap-
pears to be a cytoplasmic staining (Fig. 3A). Cytoplasmic
staining indicates that STATS was recently phosphorylated
and has not yet been translocated to the nucleus. Thus,
ARH neurons near the ME are the first to detect a systemic
GH injection.

GH-induced pSTATS5 in the Hypothalamic
Parenchyma Showed a Medial-to-lateral Pattern
Over Time

Brain pSTATS immunoreactivity in response to a systemic
pGH injection was analyzed over time (Fig. 1B-1G).
GH-induced pSTATS immunoreactive cells were detected in
the periventricular nucleus (PV; Figs. 2D and 4A), and the en-
tire extension of the ARH (Figs. 2E and 3B) of mice perfused
10 minutes after pGH injection. After 20 minutes postinjec-
tion, pGH-induced pSTATS immunoreactive cells were de-
tected in the paraventricular nucleus of the hypothalamus
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(PVH; Figs. 2G and 4B), in neurons of the ventromedial nu-
cleus of the hypothalamus (VMH) that are closest to the
ARH (Figs. 2H and 3C) and in the most medial portion of
the dorsomedial nucleus of the hypothalamus (DMH;
Fig. 21). Noteworthy, although the pSTATS immunoreactivity
in most medial PVH cells is nuclear, a weak and cytoplasmatic
pSTATS staining was observed in the lateral PVH cells in mice
perfused after 20 minutes of IP pGH injection (Fig. 4B). This
difference suggests that STATS phosphorylation is at different
time stages throughout PVH neurons. Thirty minutes after
pGH injection, pSTATS immunoreactivity was observed in
the entire PVH (Figs. 2] and 4C) and ARH (Figs. 2K and
3D) and approximately half of the VMH (portion close to
the ARH; Figs. 2K and 3D) and DMH (portion close to the
third ventricle; Fig. 2L). Notably, some brain areas near the
lateral or fourth ventricles, such as the bed nucleus of the stria
terminalis, anterior paraventricular nucleus of the thalamus,
posterior hypothalamic area, and periaqueductal gray and
Locus Coeruleus, express the Ghr mRNA and exhibit
GH-induced pSTATS (24, 39, 46, 47). However, these nuclei
showed small numbers of GH-induced pSTATS positive cells
in shorter periods between the IP GH injection and perfusion
(5-30-minute time window). GH-induced pSTATS immunor-
eactivity was observed in all brain nuclei 45 minutes postinjec-
tion when it affected not only the previously listed brain areas
but also the entire hypothalamus (Figs. 2M-20 and 4D),
amygdala, hippocampus, and brainstem (data not shown).
Thus, brain areas near the lateral or fourth ventricles require
significantly more time to express GH-induced pSTATS after
an IP injection compared to nuclei located near the third ven-
tricle. Minor differences in pGH-induced pSTATS staining
were observed when comparing animals perfused after 435,
60, and 90 minutes postinjection (data not shown). These
findings indicate that blood-derived GH acts differentially
on the mouse brain, exhibiting a very specific and dynamic
pattern.

To investigate if systemically injected pGH reaches the CSF,
we analyzed GH concentration in the CSF collected from the
cisterna magna 20 minutes after a systemic injection of ghre-
lin, pGH, or vehicle. We confirmed that both ghrelin (8.77
+ 3.31 ng/mL) and pGH injections (16.14 + 5.19 ng/mL) in-
creased serum GH levels compared to vehicle-injected mice
(2.46 = 1.51 ng/mL). However, CSF GH concentrations
were below the detection limit in all experimental groups.
Thus, increments in plasma GH concentration, induced by ei-
ther exogenous administration of GH or the release of en-
dogenous GH, do not acutely affect GH levels in the mouse
CSF, at least after 20 minutes.

GH Can Rapidly Induce pSTAT5 in Cells Near Other
CVOs

The action of blood-derived GH from other CVOs was ana-
lyzed. A weak and cytoplasmatic pSTATS staining was ob-
served near the OVLT of mice 5 minutes after IP pGH
injection (Fig. SA). Conversely, no pSTATS immunoreactivity
was observed in the AP and nucleus tractus solitarii (NTS) at
this time (Fig. 5B). At 10 minutes after pGH injection, numer-
ous pSTATS immunoreactive cells were detected near the
OVLT (Fig. 5C). In addition, pSTATS immunoreactive cells
were detected in the AP and part of the NTS adjacent to the
AP (Fig. 5D). At 20 minutes postinjection, pGH-induced
pSTATS immunoreactive cells were broadly distributed in
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Figure 1. Blood GH levels and number of pSTAT5-positive cells in the brain of C57BL/6J mice after IP injections of saline or pGH. (A) Blood GH levels in
male C57BL/6J mice after an IP injection of saline or pGH (n = 4/group). (B-G) Quantification of pSTAT5-positive cells in different brain nuclei and time
points of male (blue symbol) and female (pink symbol) C57BL/6J mice after IP injections of sal. (saline) or pGH (n = 2-3/group). The time on the X-axis
refers to the minutes spent after the pGH injection until perfusion. * P< .05 vs saline. Repeated measures 2-way ANOVA (A) or 1-way ANOVA (B-G).

areas neighboring the OVLT (Fig. 5E) and NTS (Fig. SF).
Thirty minutes after IP pGH injection, pSTATS immunoreac-
tive cells could be found relatively far from the OVLT
(Fig. 5G). Furthermore, neurons of the dorsal motor nucleus
of the vagus nerve exhibited pSTATS immunoreactivity
30 minutes after IP pGH injection (Fig. SH), in accordance
with previous studies showing that the dorsal motor nucleus
of the vagus nerve presents cholinergic GH-responsive neu-
rons (26, 48). Thus, GH can rapidly induce pSTATS in cells
near the OVLT and AP, although requiring a slightly longer
time than observed in the ME.

Centrally Injected GH Induces a Medial-to-lateral
Pattern of pSTAT5 Over Time

The following experiment evaluated the GH action pattern
in the brain after an ICV injection (Fig. 6). Saline-injected
mice exhibit only small numbers of pSTATS immunoreac-
tive cells in the PV and ARH (Fig. 6A-6C), as previously
described (26). The number of pSTATS5-immunoreactive
cells in the PV and PVH increased 5 minutes after ICV
pGH injection (Fig. 6D). The ARH exhibited a weak and
cytoplasmic pSTATS staining 5 minutes after ICV pGH in-
jection, which indicates early GH-induced GHR signaling
(Fig. 6E and 6F). A robust increase in pSTATS

immunoreactive cells was observed 10 minutes after ICV
pGH injection in areas close to the third ventricle, includ-
ing the PV, PVH (Fig. 6G), ARH (Fig. 6H), dorsomedial
part of the VMH (Fig. 6H), and medial DMH (Fig. 6H).
In contrast to systemically injected mice, an ICV pGH in-
jection induced pSTATS in all brain nuclei known to ex-
press GHR that are near the brain ventricles, including
the bed nucleus of the stria terminalis (Fig. 6]), medial
and lateral septum (Fig. 6]J), anterior paraventricular
nucleus of the thalamus (Fig. 6K), and posterior hypothal-
amic area (Fig. 6L). Total responsiveness to an ICV pGH
injection was observed after 30 minutes, where even more
lateral areas showed GH-induced pSTATS immunoreactiv-
ity (Fig. 6]J-6L). Thus, these findings provide evidence that
centrally injected GH initially acts on brain areas near all
ventricles, with a medial to lateral pattern, and then acts
in more distant brain areas.

Ghr mRNA is Poorly Expressed in the Mouse
Choroid Plexus

In the next series of experiments, we investigated whether the
choroid plexus, an essential part of the blood-CSF barrier
(49), is directly responsive to pGH. In contrast with the marked
number of pGH-responsive cells in the hypothalamus, an acute
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Figure 2. Immunoreactivity to pSTAT5 in the hypothalamus at different time points after an IP injection of pGH. (A-O) Fluorescence photomicrographs
showing pSTAT5 immunoreactive cells in the hypothalamus of C57BL/6J mice that received an IP injection of pGH (20 pg/g body weight) and were
perfused after 5 (A-C), 10 (D-F), 20 (G-l), 30 (J-L), and 45 minutes (M-O) postinjection (n = 2/group).

Abbreviations: 3V; third ventricle; ARH, arcuate nucleus of the hypothalamus; DMH, dorsomedial nucleus of the hypothalamus; fx, fornix; LHA, lateral
hypothalamic area; PV, periventricular nucleus; PVH, paraventricular nucleus of the hypothalamus; VMH, ventromedial nucleus of the hypothalamus.

Scale bar =200 pm.

IP pGH injection induced only a few pSTATS5-immunoreactive
cells in the choroid plexus, regardless of the time between injec-
tion and perfusion (Fig. 7A). Similar findings were observed
after an ICV pGH injection (Fig. 7B). The weak pGH-induced
pSTATS seems to be against previous studies showing that the
choroid plexus is a strong binding site to hGH (23, 50).
However, hGH, unlike mGH or pGH, activates not only

GHR but also PrIR (51), which is expressed at much higher lev-
els than GHR in the mouse choroid plexus (Fig. 7C and 7D). To
clarify the apparent discrepancy between our observations using
pGH and previous reports using hGH, we performed a simul-
taneous analysis of hGH-induced pSTATS (brown staining)
and Ghr or Prlr mRNA (black silver grains; Fig. 7E and 7F).
In contrast to the results observed after an IP injection of
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Figure 3. Immunoreactivity to pSTAT5 in the arcuate nucleus of the hypothalamus at different time points after an IP injection of pGH. (A-D)
Fluorescence photomicrographs showing pSTATS immunoreactive cells in the arcuate nucleus of the hypothalamus (ARH) of C57BL/6J mice that
received an IP injection of pGH (20 pg/g body weight) and were perfused after 5 (A), 10 (B), 20 (C), and 30 minutes (D) postinjection (n = 2/group). The
arrowheads indicate the appearance of the first GH-responsive cells in the ventromedial nucleus of the hypothalamus (VMH). Note that these cells are
close to the ARH, suggesting that pGH diffused from the ARH to the VMH.

Abbreviation: 3V; third ventricle. Scale bar =100 pm.
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Figure 4. Immunoreactivity to pSTAT5 in the paraventricular nucleus of the hypothalamus at different time points after an IP injection of pGH. (A-D)
Fluorescence photomicrographs showing pSTATS immunoreactive cells in the paraventricular nucleus of the hypothalamus (PVH) of C57BL/6J mice
that received an IP injection of pGH (20 ug/g body weight) and were perfused after 10 (A), 20 (B), 30 (C), and 45 minutes (D) postinjection (n = 2/group).
The arrowheads indicate a weak and cytoplasmatic pSTATS5 staining in cells of the lateral PVH. This staining differs from the robust and nuclear pattern
typically observed in GH-responsive cells (see this typical pattern in the cells of the periventricular nucleus [PV]).

Abbreviation: 3V; third ventricle. Scale bar =100 um.

pGH, hGH induced pSTATS in many choroid plexus cells an IP injection of prolactin induced a robust pSTATS staining
(Fig. 7E and 7F). Furthermore, although Ghr mRNA was weak- in the mouse choroid plexus (Fig. 7G). Thus, these findings indi-
ly labeled in the choroid plexus (Fig. 7E), a robust Prlr mRNA  cate that Ghr mRNA is poorly expressed in the mouse choroid
expression was detected (Fig. 7F). Finally, we confirmed that plexus.
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Figure 5. GH can rapidly diffuse through other circumventricular organs besides the median eminence. (A-H) Fluorescence photomicrographs showing
pSTATS immunoreactive cells near the organum vasculosum of the lamina terminalis (OVLT) and in the caudal solitary complex (near the area postrema
[AP]) of C57BL/6J mice that received an IP injection of pGH (20 pg/g body weight) and were perfused after 5 (A-B), 10 (C-D), 20 (E-F), and 30 minutes

(G-H) postinjection (n = 2/group).

Abbreviations: cc, central canal; DMX, dorsal motor nucleus of the vagus nerve; NTS, nucleus tractus solitarii. Scale bar =100 ym.

GH Transport Into the Mouse Brain
is GHR-independent and Preferentially Occurs
in the Hypothalamus

Next, we determined the kinetics of brain accessibility of GH
by analyzing blood and brain radioactivity in mice systemical-
ly injected with "*'I-pGH. The transport of "*'I-pGH into the
hypothalamus was compared between WT and Ghr~'~ mice
(Fig. 8). The slope in the WT mice was significantly different
from zero (F1,6=13.37, P=.0106), whereas a tendency
was observed in Ghr™~ mice (Fi1,6)=35.113, P=.0644;
Fig. 8). However, no difference in the slope was observed be-
tween the groups (P =.7345). Thus, GH is transported into

the mouse brain, and its transport is independent of functional
GHR.

We used SPECT-CT to gain neuroanatomical insights into
brain areas reached by the systemically injected radioactive
GH. We confirmed that 2 minutes after an IP injection,
1231.mGH was predominantly detected in the ventral surface
of the tuberal hypothalamus, where the ARH and ME are lo-
cated (Fig. 9). The detection intensity increased 10 minutes
after the '*’I-mGH injection. Still, the most significant activity
remained concentrated in the ventral surface of the hypothal-
amus (Fig. 9), which agrees with the temporal evolution of
pGH-induced pSTATS labeling (Fig. 2).
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Figure 6. GH diffuses from the cerebrospinal fluid to the brain parenchyma. (A-O) Fluorescence photomicrographs showing pSTAT5 immunoreactive
cells in the hypothalamus and amygdala of C57BL/6J mice that received an ICV injection of saline (2 uL; A-C) or pGH (6.66 pgin 2 uL) and were perfused

after 5 (D-F), 10 (G-L), and 30 minutes (M-O) postinjection (n = 2-4/group).

Abbreviations: 3V; third ventricle; ARH, arcuate nucleus of the hypothalamus; BNST, bed nucleus of the stria terminalis; CEA, central nucleus of the
amygdala; DMH, dorsomedial nucleus of the hypothalamus; fx, fornix; LHA, lateral hypothalamic area; LS, lateral septum; LV, lateral ventricle; MS,
medial septum; opt, optic tract; PH, posterior hypothalamic area; PV, periventricular nucleus; PVH, paraventricular nucleus of the hypothalamus; PVTa,
anterior paraventricular nucleus of the thalamus; VMH, ventromedial nucleus of the hypothalamus; VMHdm, dorsomedial part of the VMH; VMHVI,

ventrolateral part of the VMH. Scale bars =200 um.

GH Can Target a Subset of Hypothalamic Tanycytes

Overall, circulating GH seems to differentially target brain
areas near the CVOs. Because tanycytes are a characteristic
feature of all CVOs regulating the exchange between the
blood and the brain (52), we tested the hypothesis that tany-
cytes could enhance GH’s action. Here, we focused on the
hypothalamic tanycytes, one of the most well-characterized

types of ependymal cells (3). The analysis of the transcriptome
data produced by Steuernagel et al (38) revealed that 676
hypothalamic tanycytes (6.9% of all hypothalamic tanycytes)
contained at least 1 count for Ghr mRNA (Fig. 10A).
Interestingly, at least 1 count for Ghr mRNA was also
detected in 1006 brain endothelial cells (9.8% of total
brain endothelial cells; Fig. 10A). Conversely, only 168
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Figure 7. Ghr mRNA is poorly expressed in the mouse choroid plexus. (A) Choroid plexus exhibits very few pSTAT5 immunoreactive cells after an IP
pGH injection. (B) Choroid plexus exhibits very few pSTAT5 immunoreactive cells after an ICV pGH injection. (C, D) In situ hybridization
photomicrographs from the Allen Brain Atlas show poor GhrmRNA expression in the mouse choroid plexus (C), whereas PrirmRNA is highly expressed
(D). (E) Co-localization between hGH-induced pSTAT5 (brown staining) and Ghr mRNA (black silver grains) in the mouse plexus choroid. (F)
Colocalization between hGH-induced pSTATS (brown staining) and Prir mRNA (black silver grains) in the mouse plexus choroid. (G) An IP prolactin

injection induces a robust pSTAT5 expression in the mouse choroid plexus.

Abbreviation: CP, choroid plexus. Scale bars =100 pm.

hypothalamic tanycytes and 175 brain endothelial cells con-
tained at least 1 count for Prlr mRNA, representing ~1.7%
of each cell type (data not shown). Hypothalamic tanycytes
are diverse and located at the level of the ME (B tanycytes),

ARH (02 tanycytes), and, more dorsally, at the VMH/DMH
level (a1 tanycytes; Fig. 10B). The differential analysis of the
previously referenced scRNA-seq dataset of the hypothalamic
cells indicates that 417 and 259 B and a tanycytes contain at
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Figure 8. GH transport into the mouse brain is independent of
functional GHR. Comparison between the transport of ''l-pGH into
the hypothalamus of wild-type (WT) and dwarf Ghr knockout (Ghr™")
mice. The slopes were calculated and compared by simple linear
regression.
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Figure 9. Diffusion of radiolabeled GH into the mouse brain using
single-photon emission computed tomography (SPECT-CT). The
images were obtained in mice that were euthanized 2 and 10 minutes
after a systemic '23l-mGH injection. The images show coronal, sagittal,
and superior views of the brain. The arrows indicate the hypothalamus.

least 1 count for Ghr mRNA, representing 9.4% and 4.9% of
each tanycyte cell type, respectively. To further assess the pre-
cise tanycyte subtypes responsive to GH, we assessed
pGH-induced pSTATS using vimentin as a well-established
marker of tanycytes (3). Numerous pGH-induced
pSTATS5-positive cells lining the third ventricle floor at the
ME level were observed, including tanycytes (Fig. 10C and
10D). Furthermore, an intense pGH-induced pSTATS stain-
ing was observed in the external layer of the ME, near
vimentin-positive fibers, resembling numerous neuroendo-
crine terminals (insight 1 of Fig. 10D). pGH-induced
pSTATS was virtually absent in vimentin-positive cells at
the ARH and VMH/DMH levels, respectively (Fig. 10E and
10F). In contrast to pGH, prolactin produced only a moderate
number of pSTATS-positive cells on the third ventricle floor
(Fig. 10G). In addition, we performed in situ hybridization
against Ghr mRNA in hGH-injected mice. We detected Ghr
mRNA-positive cells lining the third ventricle’s floor coex-
pressing GH-induced pSTATS staining (Fig. 10H). In con-
trast, Prlr mRNA is poorly expressed in cells lining the floor

1"

of the third ventricle (Fig. 10I). Thus, these results suggest
that GH can directly target B tanycytes.

Discussion

Because of its molecular size (~22 kDa), circulating GH is not
expected to pass through the tight junctions of vascular endo-
thelial cells of the BBB. Previous studies have consistently
shown that systemic GH treatment results in rapid and potent
activation of GHR-expressing cells located in a variety of
brain areas (24, 26, 31, 39,45, 48). However, the mechanisms
by which GH reaches its brain targets have remained uncer-
tain. Here, we used a variety of experimental strategies to
comprehensively demonstrate that plasma GH displays a par-
ticular pattern of action in the mouse brain, involving brain
areas located near the CVOs and some hypothalamic nuclei
close to the third ventricle. Additionally, we showed that
GH can access the mouse brain in a GHR-independent man-
ner and can directly target hypothalamic tanycytes.

In the current study, we provided evidence that the first brain
cells to detect circulating GH were those very close to CVOs. A
few minutes after IP GH injection, pSTATS was detected in cells
close to the ME (ventromedial ARH neurons) and OVLT. The
permeability of GH is in accordance with the characteristics of
fenestrated vessels of the ME that allow the extravasation of
molecules with approximately 20 kDa (4). Compared to other
brain nuclei, the rapid response of ARH neurons to systemically
injected hormones was previously demonstrated using leptin
(53). Faouzi et al elegantly showed that a subpopulation of
ARH neurons has direct access to the systemic circulation; these
cells present leptin-induced pSTAT?3 earlier than any other neur-
onal population (53). In addition, ARH neurons require a low-
dose systemic injection of leptin to exhibit pSTAT3 (53). These
differences only occur after systemic leptin injection, whereas
ICV leptin administration produces similar responses in ARH
and non-ARH neurons (53). Therefore, the fenestrated capillaries
of CVOs, particularly the ME, are a relatively fast gateway for dif-
ferent hormones in the central nervous system.

Periventricular areas of the hypothalamus exhibited
GH-induced pSTATS in the second place. After that (approxi-
mately 20-30 minutes after an IP injection or 5 to 10 minutes
after an ICV injection), a progressive increase in GH-induced
pSTATS cells was observed in lateral nuclei, which may suggest
that GH diffuses through the hypothalamus parenchyma from
medial to lateral. Noble et al (54) showed that one-third of
melanin-concentrating hormone-producing neurons project to
the cerebral ventricles and melanin-concentrating hormone reg-
ulates feeding behavior via CSF volume transmission. However,
the possibility of GH diffusion in the brain parenchyma is chal-
lenged by the minimal penetrance of different fluorescent tracers
in the brain parenchyma after an ICV infusion, which is limited
to the periventricular area (55). For instance, fluorescent-labeled
ghrelin (3.3 kDa) presents a minimal diffusion in the hypo-
thalamus parenchyma, whose penetrance was approximately
130 pm from the third ventricle (56). However, using pSTATS
as a marker of GH-responsive cells, the GH penetrance seems
much higher. It is important to stress that we used a pharma-
cological dose of GH to induce pSTATS. This dose main-
tained circulating GH levels high for more than 2 hours.
Thus, the high dose used in the current study may have facili-
tated GH diffusion via nonphysiological mechanisms.
However, similar to GH, systemic or central injections of oth-
er hormones that recruit STAT signaling pathways, such as
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Figure 10. Tanycytes on the third ventricle floor are responsive to GH. (A) Uniform manifold approximation and projection (UMAP) plot showing the
expression of Ghr mRNA in different mouse hypothalamic cell types. The location of major cell types is indicated with enclosing lines and labeled
accordingly. For tanycytes and endothelial cells, the entire distribution of expression values is presented as a descending order stripe plot, along with
the percentage of Ghrpositive cells as well as their absolute number for each population. Color corresponds to log-normalized expression values. (B)
Representative Nissl's photomicrograph shows the different tanycyte cell populations analyzed. (C, D) Colocalization between pGH-induced pSTATH
(green staining) and vimentin (magenta) in the cells layer on the third ventricle floor. Insights represent higher magnifications of the selected images.
The arrowheads show double-labeled cells. (E, F) Colocalization between pGH-induced pSTAT5 (green staining) and vimentin (magenta) in different
parts of the tuberal hypothalamus. (G) Prolactin-induced pSTAT5 on the third ventricle floor. Arrowheads indicate examples of prolactin-responsive
cells. (H) Colocalization between hGH-induced pSTATS (brown staining) and Ghr mRNA (black silver grains) on the third ventricle floor/median
eminence. The arrow indicates a strong Ghr mRNA expression. (I) Colocalization between hGH-induced pSTATS (brown staining) and PrirmRNA (black
silver grains) on the third ventricle floor/median eminence.

Abbreviations: 3V, third ventricle; ARH, arcuate nucleus; DMH, dorsomedial nucleus; ME, median eminence; VMH, ventromedial nucleus. Scale bars.

D =50 pum; E=100 pm.

leptin or prolactin, are also able to reach cells far from the ven-
tricles (eg, in the lateral hypothalamic area or amygdala) in a
similar timeframe to GH (7, 24, 57-59). Whether these

hormones reach those cells by volume transmission or other
transport mechanisms is unknown. It is important to stress
that we evaluated GH responsiveness only in basal
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physiological conditions. GH secretion increases after differ-
ent metabolic challenges, such as chronic food restriction,
hypoglycemia, prolonged exercise, and pregnancy (60).
Notably, the reduction of blood glucose levels during fasting
induces alterations in the structural organization of the blood-
hypothalamus barrier (61). Thus, future studies should ex-
plore whether metabolic challenges affect hypothalamic per-
meability to GH.

Several studies demonstrated an intense autoradiographic
reaction in the choroid plexus induced by administration of
radiolabeled hGH (23, 50, 62). The presence of GHR in the
choroid plexus was suggested as a putative mechanism of
transport of GH into the brain (50). Unlike mGH, pGH, or
bovine GH, hGH is a lactogenic hormone that can bind
both GHR and PrIR (51). In the current study, we observed
a limited capacity of pGH in inducing pSTATS in choroid
plexus cells. In addition, Ghr mRNA is poorly expressed in
the mouse choroid plexus. In contrast, prolactin-induced
pSTATS and Prlr mRNA are highly enriched in the mouse
choroid plexus. Therefore, our findings suggest that the high
binding capacity of radiolabeled hGH to the choroid plexus
is explained by the hGH/PrIR interaction and not via GHR.
However, Zhai et al (63). observed a high binding capacity
of radiolabeled rat GH to the rat choroid plexus. It is currently
unknown whether species differences exist in the expression
of GHR between the choroid plexus of rats and mice.
However, in accordance with our findings, administration of
bovine GH does not compete with hGH to bind the choroid
plexus but decreases the capacity of hGH to bind the hypo-
thalamus (23, 62), suggesting that GHR is expressed in the
hypothalamus and not in the choroid plexus. Our findings in-
dicate that if the choroid plexus contributes to the GH trans-
port into the brain, this participation seems mostly GHR
independent.

Tanycytes represent another important cell population that
forms the blood/CSF barrier (3, 13). Tanycytes in the ME have
been recently investigated because of their role as a barrier to
avoid the free diffusion of substances that pass through the fe-
nestrated vessels to the CSF and hypothalamus (3, 13). Several
studies demonstrated that B tanycytes are in direct contact
with the vascular wall containing the fenestrated capillaries,
so they can use hormone receptors to mediate the transport
of proteins with a molecular weight similar to GH into the
brain (14-17). Using transcriptome data available (38), we
found that a subgroup of tanycytes, especially the B subtype,
contained at least 1 count for Ghr mRNA, an observation fur-
ther confirmed by in situ hybridization. It is worth noting that
the fraction of tanycytes expressing Ghr mRNA may be
underestimated in the transcriptomic analysis because of its
low expression level, making it more susceptible to the so-
called “drop-out” events, in which a gene is detected in
some cells but not in others (64). Subsequently, we observed
pGH-induced pSTATS mainly in B tanycytes. Notably, a
high responsiveness to GH was observed in the third ventricle
floor at the ME level. However, no further colocalization with
vimentin was found at this level, probably because the soma of
these B tanycytes is poorly labeled. Thus, additional colocali-
zation studies are necessary to confirm whether these
GH-responsive cells are mostly tanycytes. Interestingly, nu-
merous pGH-induced pSTATS cells were also observed in
the external layer of the ME. However, in this case, the stain-
ing appears to be neuroendocrine terminals, not cell nuclei, as
observed in other areas. The external layer of the ME contains

13

the nerve fibers of hypophysiotropic neurons that contact the fe-
nestrated vessels to regulate the secretion of anterior pituitary
hormones (65). Therefore, these numerous nerve terminals
immunoreactive to pSTATS likely represent hypothalamic
neuroendocrine neurons that produce dopamine, somatostatin,
GH-releasing hormone, thyrotropin-releasing hormone, or
corticotropin-releasing hormone and are responsive to GH, as
previously shown (39, 40, 45, 66). It is tempting to hypothesize
that GHR signaling may regulate these neuroendocrine termi-
nals at the ME level. This possibility may represent a negative
feedback mechanism using the fenestrated capillaries of the
ME to control the somatotropic and other endocrine axes with-
out GH having to cross the BBB or blood/CSF barrier. Further
studies are necessary to investigate this possibility.

To investigate whether GH is transported in a blood-to-CSF
direction, we assessed GH levels in the CSF from the cisterna
magna of mice that were systemically treated with either GH
or ghrelin, which induces the secretion of endogenous GH
(1,2, 32). The CSF in the cisterna magna serves as an indicator
of the overall transport of molecules into the CSF because it
receives fluid that has circulated throughout the entire ven-
tricular system (67). Notably, we could not detect GH in the
CSF of mice with robust elevations of GH concentrations in
plasma. It is important to stress that CSF was collected 20 mi-
nutes after GH or ghrelin injections. So, it is unclear whether
additional time is necessary to increase GH levels in the CSF.
Nonetheless, this observation, together with the finding that
cells of the choroid plexus lack Ghr expression or
GH-induced pSTATS, suggests that the choroid plexus is
not the main player transporting GH into the brain.
Conversely, the discovery that some  tanycytes express Ghr
and respond to GH, coupled with the striking
medial-to-lateral pattern of pSTATS induction in response
to systemically injected GH, suggests that plasma GH may
predominantly access the third ventricle and, consequently,
the periventricular hypothalamic nuclei. The preferential ac-
cess of systemic GH into the third ventricle, rather than other
ventricles, is underscored by the observation that centrally ad-
ministered GH induces pSTATS increments in brain areas ex-
pressing GHR but located near other brain ventricles, in
contrast to systemic GH treatment.

Radiolabeled hormones have been extensively used to investi-
gate the transport of hormones into the brain. Here, we com-
pared the transport of radiolabeled GH into the hypothalamus
between WT and Ghr~'~ mice using a similar approach used
to study prolactin transport into the mouse brain (21).
Notably, a similar increase of radiolabeled GH was observed
in the mouse hypothalamus over time comparing WT and
Ghr™~ mice. Thus, this finding indicates that the rapid transport
of GH into the mouse brain is GHR independent. This result is
not surprising because, using other examples in the literature,
Prlr knockout mice also show normal prolactin transport into
the mouse brain (21). Of note, prolactin and GH, as well as their
receptors, are homologous proteins and are thought to have aris-
en from common ancestral genes (68, 69). However, the striking
difference in body weight and size between WT and Ghr~~ mice
represents a confounding factor in this experiment. Although
this difference was corrected by injecting different doses of radio-
labeled GH for each group, it is unclear whether this approach
affected our findings. Here, we also used SPECT-CT to gain
neuroanatomical insights into the brain areas accessible to plas-
ma GH. We found that radiolabeled mGH is detected just a few
minutes after injection and mainly in the ventral surface of the
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hypothalamus, where the ME and ARH are located. Despite our
SPECT-CT study lacks the resolution to provide a detailed ana-
lysis of the distribution of radiolabeled GH, it confirmed that
plasma GH has a preferential accessibility to the hypothalamic
regions, as suggested by other studies reported here.

Important limitations and new questions raised by our
study should be mentioned. Our observations indicate that
the Ghr gene is not required to mediate the transport of GH
into the brain. So, why do subgroups of tanycytes and brain
endothelial cells express GHR? Second, the detection of GH
action in the brain was only based on the ability of GHR to
tyrosine phosphorylate STATS proteins. However, GHR
can recruit different intracellular signaling pathways (22).
Consequently, it is possible that a specific group of cells
does not respond to GH by inducing pSTATS, but rather alter-
native signaling pathways (70, 71). An example is leptin, in
which the hippocampus expresses the leptin receptor.
However, virtually no leptin-induced pSTATS3 is usually ob-
served in this region (70, 71). Thus, the identification of add-
itional markers of GH-responsive cells is desired. Finally,
more than one mechanism may mediate the transport of GH
into the brain but require different times. In this sense, brain
endothelial cells, essential components of the BBB, express
Ghr mRNA and may participate in the transport of GH into
the brain, especially in areas that are distantly located from
the CVOs or brain ventricles. However, this transport is likely
slower than the other systems, potentially accounting for dif-
ferences in time for GH to induce pSTATS between medial
and lateral brain structures. Despite the lack of conclusive an-
swers to these questions, the present study provides novel and
valuable information about the pattern and mechanisms be-
hind GH transport into the mouse brain.
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