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Hippocampal growth hormone modulates relational
memory and the dendritic spine density in CA1
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Growth hormone (GH) deficiency is associated with cognitive decline which occur both in normal aging and in endocrine

disorders. Several brain areas express receptors for GH although their functional role is unclear. To determine how GH

affects the capacity for learning and memory by specific actions in one of the key areas, the hippocampus, we injected re-

combinant adeno-associated viruses (rAAVs) in male rats to express green fluorescent protein (GFP) combined with either

GH, antagonizing GH (aGH), or no hormone, in the dorsal CA1. We found that aGH disrupted memory in the Morris water

maze task, and that aGH treated animals needed more training to relearn a novel goal location. In a one-trial spontaneous

location recognition test, the GH treated rats had better memory performance for object locations than the two other

groups. Histological examinations revealed that GH increased the dendritic spine density on apical dendrites of CA1,

while aGH reduced the spine density. GH increased the relative amount of immature spines, while aGH decreased the

same amount. Our results imply that GH is a neuromodulator with strong influence over hippocampal plasticity and rela-

tional memory by mechanisms involving modulation of dendritic spines. The findings are significant to the increasing aging

population and GH deficiency patients.

[Supplemental material is available for this article.]

The hippocampal network is essential for the acquisition and orga-
nization of relational memory (Eichenbaum 2017). The dense
N-methyl-D-aspartate (NMDA) receptor distribution on hippocam-
pal synapses allows their strengths to be quickly altered, making
the network ideal for memory formation (Moser et al. 1994;
Shimizu et al. 2000; Brun et al. 2001; Nakazawa et al. 2004).
Numerous neuromodulators influence the plasticity of the hippo-
campus andmodify the neural circuits (Cobb and Lawrence 2010).
While research on synaptic plasticity has focused on commonneu-
romodualtors like acetylcholine, noradrenaline, serotonin, and
dopamine (Palacios-Filardo and Mellor 2018), the potential influ-
ence of growth hormone (GH) is less explored.

Growth hormone is commonly known as a peptide hormone
secreted by the pituitary into the bloodstream to regulate somatic
growth, but can also function as a neuromodulator in the central
nervous system (Nyberg 2000; Åberg et al. 2006). Receptors for
GH are robustly expressed throughout the central nervous system,
including the hippocampus (Burton et al. 1992; Lobie et al. 1993,
2000; Nyberg 2000). Although systemic GH can cross the blood–
brain barrier and enter the brain (Pan et al. 2005), GH is also pro-
duced locally in the hippocampus (Donahue et al. 2006), suggest-
ing a self-regulating function. One of the first indications of an
autonomous GH regulation in the hippocampus came from obser-
vations with the GH-deficient Ames dwarf mice. With impaired
GH secretion from the anterior pituitary, the Ames dwarf mice re-
tain compensatory higher levels of GH levels in the hippocampus,
making their memory significantly improved (Sun et al. 2005).
Furthermore, there is evidence that GH can affect memory systems

through hippocampal NMDA and α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA) receptor signaling (Le Greves
et al. 2002; Ramis et al. 2013; Studzinski et al. 2015). These recep-
tors are key components of long-term potentiation (LTP), which in
turn can influence dendritic spine density (Matsuzaki 2007).
However, the evidence that directly relates the behavioral outcome
of GH to the possible underlying morphological changes is still
missing.

Although several reports argue for a role of GH in learning
and memory (Nyberg and Hallberg 2013; Ashpole et al. 2015),
few have tried to decipher the involved neurobiological mecha-
nisms. There are studies showing cognitive improvements after
GH therapy in patients diagnosed with GH deficiency (Deijen
et al. 1998; Sathiavageeswaran et al. 2007; Nieves-Martinez et al.
2010). In animals, systemic administration of GH or the GH secre-
tagogue ghrelin improves spatial memory (Schneider-Rivas et al.
1995; Diano et al. 2006;Grönbladh et al. 2013), while spontaneous
dwarf rats with a deficient version of the GH-gene show impaired
memory performance in the Morris water maze task (Li et al.
2011). Conflicting reports describe improved spatial memory after
GH receptor knockout (Basu et al. 2017) and ghrelin receptor
knockout (Albarran-Zeckler et al. 2012), as well as impaired mem-
ory after systemic ghrelin administration (Zhao et al. 2014). An ex-
planation for these various results after GHmanipulation could be
that systemic GH has diverse effects in different kinds of tissues
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(Sun and Bartke 2014). Many reports make claims about cognitive
effects based on systemic GH manipulations, but the observed
behavior could result from peripheral stimulation, including alter-
ations in muscle strength, locomotor activity or other abilities.
Consequently, to reveal the function of GH specifically in the hip-
pocampus, we performed targetedmanipulations of GH in the cor-
nu ammonis (CA)1 in vivo to see if this was enough to produce
both behavioral and morphological changes.

Results

To investigate the role of GH as a neuromodulator in learning
and memory, we injected recombinant adeno-associated viruses
(rAAVs) in the dorsal hippocampus to express GH, antagonizing
GH (aGH) or green fluorescent protein (GFP) only (control). The
antagonizing GH was a muted GH with the exchange of a single
amino acid in the GH-gene (Chen et al. 1990, 1991). All the
rAAVs contained sequences for GFP for visual verification of the
transfections. The viral constructions were similar for the GH
modulated groups, AAV-CMV-GH-IRES-GFP or AAV-CMV-aGH-
IRES-GFP, respectively. The control groups were either unoperated
or transfected with rAAV expressing GFP only (AAV-CMV-IRES-
GFP). The animals that received virus were allowed 3 wk of viral
incubation time before the memory performance was tested in
hippocampal-dependent memory tasks (Fig. 1A).

Injections sites and transfected neurons in the dorsal

hippocampus
Injections were made bilaterally at four antero-posterior sites with
different proximal-distal coordinates, to cover large parts of the
dorsal hippocampal CA1 (Fig. 1B). The viral load was calibrated
to avoid excitotoxic lesions and epilepsy, which occurred in pilot
experiments in some animals receiving substantially higher viral
loads, in particular with theGHvirus. In the presented data, we ob-
served no convulsive seizures and found no signs of lesions in
Nissl stained brain sections other than the expected minor me-
chanic lesions from the surgery in all groups. All animals had

successful viral transfection in the hippocampus verified by
the presence of GFP expression (Fig. 1C; n=8 for GH, n=8 for
aGH, n=13 for control), although the amount of GFP expression
varied. Transfected neurons with GFP expression were mainly ob-
served in CA1 pyramidal neurons, but also some CA3 pyramidal
neurons and dentate gyrus (DG) granule cells were transfected.
In addition, GFP was also seen in some nonpyramidal cells, espe-
cially in stratum radiatum in close proximity to injections in
CA1 (Supplemental Fig. 1).

Growth hormone increases activation of p-Stat5
The GH peptide has properties to bind and activate the GH recep-
tor in the hippocampus (Burton et al. 1992). The function of the
GH receptor can be modulated by changing the availability and
structure of the GH ligand (Birzniece et al. 2009), which is reflected
by the receptor activation. By calculating the amount of phosphor-
ylated Signal transducer and activator of transcription 5 (p-Stat5),
changes in GH-induced receptor activation are observable (Furigo
et al. 2017). To validate that our viral treatments affected GH re-
ceptor activation, we used immunohistochemistry for p-Stat5
combined with 4′,6-Diamidino-2-Phenylindol (DAPI) as a nuclear
staining (Fig. 2A–F). This allowed comparison of the amount of
p-Stat5 cells in the injection area of the hippocampus. Viral treat-
ment significantly elevated the amount of p-Stat5 staining in the
GH group (Fig. 2B,E, one-way ANOVA F(2,36) = 6.34, P=0.004, post-
hoc Bonferroni t-test t(36) = 2.59, P= 0.013). However, the amount
of p-Stat5 positive cells in the aGH group was not significantly
lower than in controls (t(36) = 0.70, P= 0.48). Increasing the viral
load fivefold in pilot experiments similarly failed to suppress
p-Stat5 counts significantly below control animals, suggesting a
floor effect (Supplemental Fig. 3).

Growth hormone increases dendritic spine density in CA1

stratum radiatum
As systemic ghrelin administration has been shown to increase the
spine density in the hippocampus (Diano et al. 2006), and GH

A

C

B

Figure 1. Experimental time line and illustration of viral transfection. (A) Rats received recombinant adeno-associated virus (rAVV) injections with either
growth hormone (GH), antagonizing GH (aGH), or green fluorescent protein (GFP) only (control). After three weeks of virus incubation, behavioral assess-
ments began. (B) Injection sites in dorsal hippocampus are shown by GFP labeling in a representative animal (GH) in coronal sections of the right hemi-
sphere at different anteroposterior levels. Scale bar 200 µm. (C) Representative distribution of GFP labeled cells in the hippocampus of a GH, aGH, and
control animal. The GFP labeling showed transfected cells in CA1, but also some in CA3 and DG. Left panel in C is a close-up from the most posterior
section in B (orange frame). Scale bar 50 µm.
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application on CA1 hippocampal slices increases excitatory synap-
tic transmission (Molina et al. 2012), we wanted to see if the local
GH manipulation in our rats affected the spine density. Spines on

apical dendrites from pyramidal cells in
CA1 were visualized by the GFP expres-
sion (Fig. 3A,B), and only spines on apical
dendrites in the stratum radiatum were
included in our analysis (n=22 putative
pyramidal cells in four aGH treated
animals, n=8 in three control animals,
and n=15 in three GH treated animals).
Average spine density was calculated
for each putative neuron before a
Jonckheere–Terpstra test for ordered alter-
natives showed significant groups differ-
ences in the expected order (Fig. 3C),
with the lowest spine density (0.85±
0.04 spines/µm) in the aGH group, 1.00
±0.04 spines/µm in controls and highest
spine density (1.26±0.07 spines/µm) in
the GH group (TJT = 530, P<0.001). The
same group order was also significant
when we did the statistical analysis at an-
imal level (aGH0.89±0.06, control 1.09±
0.04, and GH 1.29±0.10; TJT = 32, P<
0.005). Pairwise group comparisons at
neuron level revealed that the GH treat-
ment increased spine density compared
to the control (Mann–Whitney U-test, Z
=2.58, P<0.05) and that aGH lowered
the spine density compared to the control
(Z=1.92, P<0.05).

Spine shapes varies over a conti-
nuumofmorphologies, and canbe catego-
rized as filopodia, immature or mature
spines. IfGHhasafunction inmaintaining
learning capacity, it could specifically in-
crease filopodia or immature spines which
are associated with plasticity and learning
capacity (Berry and Nedivi 2017; Ozcan
2017). We therefore categorized the
counted spinesblindly intofilopodia-like,
immature or mature and analyzed them
at a neuron level (n=15 GH, n= 22 aGH,
n=8 control). We found that the percent-
age of immature spines was increased
in the GH group as compared to controls
(Fig. 3D, one-way ANOVA F(2,42) = 23.7, P
<0.001, post-hoc contrast t(42) = 6.36, P=
0.036), and decreased in the aGH group
(t(42) = 11.4, P<0.001). An opposite effect
was observed for mature spines, GH treat-
ment decreased the relative amount of
mature spines (one-way ANOVA F(2,42) =
21.3, P<0.001, t(42) = 11.84), P=0.003),
while aGH treatment increased the rela-
tive amount of mature spines (t(42) = 8.12,
P=0.019) as compared to controls. The
relative amount of filopodia-like spines
was similar in all three groups (one-way
ANOVA F(2,42) = 0.79, P=0.46).

Hippocampal growth hormone

receptor antagonism disrupts

memory
To determine if hippocampal GH modulation affects hippocam-
pal-dependent long-term memory processes, we trained the rats
in the water maze over five subsequent days. The rats learned to
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Figure 2. Growth hormone (GH) receptor activation quantified by p-Stat5 in the hippocampus. (A)
Examples of p-Stat5 signal (red), green fluorescent protein (GFP; green), DAPI (blue), and merged in
a control animal. Scale bar 20 µm. (B) Representative sections from a GH treated animal (close-up
from illustration in F, yellow frame), aGH treated animal, and control animal, with p-Stat5, GFP, and
DAPI. Scale bar 50 µm. (C) Illustration of a p-Stat5 positive DAPI cell, close-up from the merged illustra-
tion in A (purple frame). Scale bar 20 µm. (D) Illustration of two p-Stat5 positive, GFP positive DAPI cells
(merged green and red becomes yellow), close-up from the example control animal in B (orange frame).
Scale bar 20 µm. (E) The amount of p-Stat5 in the GH, aGH, and control group: GH significantly in-
creased the number of p-Stat5 positive DAPI cells (ANOVA F(2,36) = 6.33, P=0.004, t-test P=0.013),
but p-Stat5 in the aGH group was not significantly lower than in controls. (F ) Cross section overview
of hippocampus from the GH treated animal in B, showing p-Stat5, GFP, and DAPI. GFP labeling is
seen most dense in injection area CA1. Scale bar 200 µm.
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find a submerged platform 1 cm under opaque water using distal
landmarks in the room. The first trial of each day started as a probe
trial with the platform inaccessible for 60 sec to reveal a potential
search bias. To reduce the number of animals needed in the exper-
iments, our control group included data from seven animals from
pilot experiments that used the same GFP-expressing AAV virus in
fivefold higher dose than used for all other animals. The high titer
control group (n =7) did not differ from thenormal titer control an-
imals (n=6) on any of thewatermaze probe tests (two-wayANOVA
showed no Group×Zone interaction on day 6, 12, 13, or 14, P val-
ue range 0.20–0.87).

We found successful learning curves for all the three groups
during the 5 d of training (Fig. 4A, repeated measures ANOVA
F(4,104) = 40.97, P<0.001), but no group difference (ANOVA Day×
Group interaction F(8,104) = 1.76, P=0.09). As even hippocampus
lesioned rats can learn this task after repeated training, we also
looked for early effects of the treatment. A subanalysis of the first
day of water maze training showed that the slightly shorter escape
latencies of the GH group were not significantly different from the
other groups (Fig. 4A, one-way ANOVA of Day 1 Latencies F(2,26) =
1.42, P=0.26). After the 5 d of training, memory for the target plat-
form location was tested on a probe test with the platform unavail-
able. There was a significant Zone×Group interaction (Fig. 4B;
two-way ANOVA (F(6,78) = 3.59, P=0.003). One-way ANOVA of
time in the platform zone showed a significant group difference
(F(2,26) = 4.61, P< 0.019). Subsequent orthogonal comparisons
showed that GH and control groups performed at the same level
(t(26) = 0.34, n.s.), and that the aGH group spent less time in the

platform zone compared to the other two groups (t(26) = 2.95, P=
0.004). Examples of typical swim paths are shown in Figure 4C.

To reveal a possible benefit of GH treatment, we hypothesized
that changing the goal location for these rats, which already knew
the procedural parts of the task, could uncover group differences in
flexible relational learning. After a 6-d break, we changed the plat-
form location to the opposite quadrant in the water maze and
trained the same animals for two more days, 4 × 4 trials (Fig. 4D).
At the start of reversal training, all groups had a similar bias toward
the old platform location, (Fig. 4E, ANOVA Group×Zone interac-
tion F(6,78) = 0.48, n.s.). However, after 1 d of reversal training
only the control rats and the GH treated rats spent more time
in the platform zone than the aGH rats on the 60 sec probe
test (Fig. 4F, two-way ANOVA Zone×Group interaction F(6,78) =
2.54, P<0.05; one-way ANOVA of time in target zone F(2,26) =
3.64, P<0.05, subsequent orthogonal comparisons showed no dif-
ferencebetweenGHandcontrol (t(26) = 0.5),n.s.), but aGHsearched
significantly less in the new platform zone than the other two
groups (t(26) = 2.69, P< 0.01). Interestingly, the aGH rats tended to
search for the old platform location on the first test (day 13; note
the color plot in Fig. 4F), although aDay×Group interaction on es-
cape latencieswasnotobserved (Fig. 4D, repeatedmeasuresANOVA
F(2,25) = 1.30, n.s.). After the second day of reversal training, on the
final probe test on day 14, all the groups showed that they had
learned the task (Fig. 4G, significant effect of Zone F(3,75) = 22.98,
P< 0.001, but no Zone×Group interaction, F(3,75) = 1.25, P>0.25).
Interestingly, the GH group now tended to dwell at both the new
and the old platform locations (color plot in Fig. 4G). This behavior

A B

C D

Figure 3. Growth hormone (GH) increases the density of dendritic spines in CA1, while antagonizing GH (aGH) reduced the spine density. (A) Example
of green fluorescent protein (GFP) labeled pyramidal cell in CA1. Spines 100–200 µm from the soma (region of interest [ROI]; orange frame) on apical
dendrites were used in the analysis when the entire neuron was traceable. Scale bar 20 µm. (B) Representable segments of dendrites with spines in the
GH, aGH, and control group, respectively. Scale bar 1 µm. (C) Average spine density for individual spine segments (each dot) was highest in GH
treated animals, while aGH had lower spine density than the other group (n=15 in three GH treated animals, n=22 spine counted regions in four
aGH animals, and n=8 in three control animals; Jonckheere–Terpstra test, JT = 32, P=0.003). (D) The distribution of spine morphologies (filipodia, imma-
ture or mature) shown in percentages. GH animals had more immature spines than controls (one-way ANOVA F(2,42) = 23.7, P<0.001, t-test, P=0.036)
while aGH had less immature spines than controls (t-test, P<0.001). On the other hand, aGH increased the percentage of mature spines (one-way
ANOVA F(2,42) = 23.7, P<0.001, t-test, P=0.019) while mature spines were decreased after GH treatment (t-test, P=0.003).
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couldexpress thatGHtreated rats are fast switchers of strategywhen
the platform position is made unavailable.

The GH transfections did not seem to cause any unspecific
somatic or locomotor effects, unlike systemic GH administration
(Sun and Bartke 2014). In particular, we observed no differences
in weight gain (ANOVA F(2,34) = 0.67, n.s.), swimming speed
(ANOVA F(5,120) = 1.07, n.s.), or path length (ANOVA F(5,120) =
0.43, n.s.; Supplemental Fig. 2). To verify that our results in thewa-
ter mazewere due to spatial memory deficits, and notmotor or bal-
ance impairments interfering with the rats’ ability to climb onto
the platform, all the animals completed a balance beam test with
no observed impairments (none fell off in either group during
the 60 sec test).

Growth hormone enhances spontaneous location

recognition
If GH is beneficial to hippocampal function, multiple-trial water
maze learning may be too complex to reveal the effects, as proce-
dural and relational learning happens in parallel. We therefore ex-

posed the rats to several versions of amemory task that only require
a single learning trial, the spontaneous location recognition (SLR)
task. In the simplest version we made of this task (Fig. 5A), the
animals were first presentedwith two identical objects in two pseu-
dorandomized corners of a familiar box. After a 3 h delay, two
identical copies were accessible, one in the old corner (familiar lo-
cation), whereas the other was placed in a new corner (novel loca-
tion). Rats naturally tend to explore the displaced object more. In
the test phase, all the groups of animals spentmore time exploring
the novel object location (Fig. 5B upper panel; 29.4 ±2.5 sec, 32.0 ±
4.5 sec, and 32.9 ±3.6 sec in the GH, aGH, and control group),
compared to the familiar location (20.4 ±1.8 sec, 18.7 ±3.9 sec,
and 22.4± 1.5 sec, respectively; paired t-tests, t(7) = 3.78; t(7) =
3.41; t(11) = 2.50; P<0.05 for all). To ensure no bias in our data,
all four corners of the arena were used in a pseudorandomized or-
der (Fig. 6A–C). Object explorationwas independent of the corners
used during the sample phase, indicating no bias to a certain corner
in the box (Fig. 6C; one-way ANOVA of object exploration in all
four corners on the first sample trial, before 3 h delay F(3,54) =
0.64 n.s.). Neither did we see a bias toward corner on the second

A B C

D E F G

Figure 4. Antagonizing growth hormone (aGH) in the dorsal hippocampus impairs memory in the water maze. (A) Latencies on initial training on day 1–
5 to the target zone southwest (SW). n=8 GH, n=8 aGH, n=13 controls. (B) Search patterns during the 60 sec probe trial on day 6: The histogram of time
spent in four 50 cm diameter zones shows that the aGH treated animals spent less time in the platform zone than the GH treated and control animals
(post-hoc orthogonal comparisons of aGH versus the two other groups, t(26) = 2.95, P<0.004). The upper right figure illustrates the zones; the target
zone SW (yellow dotted circle), southeast (SE), northeast (NE), and northwest (NW). The occupancy maps below illustrate the average search pattern
for each group. Red in the occupancy maps indicates the most time spent in that location, while dark blue indicates the least time spent in that part of
the water maze. (C ) Representative individual swim paths on probe test day 6 for the GH, aGH, and control group, respectively. (D) Latencies during re-
versal training, same animals as in A. (E) Search pattern for probe trial on day 12, at initiation of reversal training. All groups remembered the platform
location SW equally (two-way ANOVA effect of Zone ×Group F(6,78) = 0.48, P=0.82). Occupancy maps below illustrate that all groups spent the most
time in the SW zone. (F) Probe trial on day 13, the GH and control animals spent more time near the new NE goal location than aGH (post-hoc orthogonal
comparisons of aGH vs the two other groups t(26) = 2.69, P=0.006). The aGH group tended to search for the old platform location. The upper right figure
illustrates the platform zones with the new target zone NE (yellow dotted circle). Occupancy maps below illustrates that GH and control animals spent the
most time in NE zone, while aGH animals spent the most time in the SW zone. (G) After 2 d of training, on day 14, all groups searched for the novel plat-
form location (two-way ANOVA F(3,75) = 22.98; P<0.001, but no Zone×Group interaction P>0.25). Occupancy maps below illustrate that all the groups
spent the most time in the NE zone, although the GH animals also spent time searching for the old goal location (SW).
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sample trial, with the 24 h delay (ANOVA F(3,54) = 1.18, n.s.). Also,
to rule out bias in the exploration data, we compared the explora-
tion of the object location that would later remain in constant po-
sition, compared with the object location that would later be
displaced. During the sample phase, there was no difference be-
tween these object locations (Fig. 6D–F; two-way ANOVAs n.s.).

For comparison between groups, we expressed the preference
for novel/familiar location as a discrimination ratio from −1 to 1
(see Materials and Methods), which showed no effect of group in
this easiest version of the SLR task (Fig. 5B lower panel; one-way
ANOVA F(2,25) = 1.16, n.s.). The discrimination ratio was also used
to check that unoperated controls (n=6) and AAV controls (n=7)
did not differ on any of the SLR tasks (t-tests, all P values >0.5) be-
fore the control groups were merged for all further statistics.

Next, we increased task difficulty by extending the delay be-
tween sample and test to 24 h. In the test phase, only the GH treat-
ed animals preferred to explore the object placed in the novel
location (Fig. 5C upper panel; 25.9 ±3.1 sec with novel, 18.7 ±3.6
sec with familiar location; (t(7) = 2.56, P< 0.05). The aGH and con-
trol groups spent equal amounts of time exploring the objects in
both the novel and familiar locations (aGH: t(7) = 1.23, n.s., control
t(12) = 0.01, n.s.). One-way ANOVA of the discrimination ratio (Fig.
5C lower panel; F(2,26) = 3.36, P=0.05) revealed a significant effect
of group (discrimination ratio = 0.19 for GH, 0.06 for aGH, and
−0.03 for control). Subsequent orthogonal comparisons showed
that the aGH and control group did not differ (t(26) = 0.12, n.s.),
while the GH group performed above the other two groups (t(26)
= 2.59, P<0.05).

In the last version of the SLR task, task difficulty was further
increased by letting the rats explore three identical object in a cir-
cular familiar environment (Fig. 5D). In the test phase, two of the
locationsweremerged to one novel location, so that only two iden-
tical copies of the objects were used. One object location remained
constant (familiar location). As before, all the groups explored the
objects equally in the sample phase (Fig. 6G–I, two-wayANOVAsn.
s.). After a 3-h delay, only the GH rats tended to explore the novel
object location more than the familiar location, but the effect was
not statistically significant (Fig. 5E upper panel, one-tailed paired
t-tests, GH t(7) = 1.27, P=0.12; aGH t(7) = 0.30, P=0.38; controls
t(12) = 0.04, P=0.48). The discrimination ratio was not different be-
tween the groups (Fig. 5E lower panel, one-way ANOVA F(2,26) =
0.70, n.s.). Last, we used a task setup with 24 h delay and a smaller
distance between locations B and C (that would be merged). The
GH group again showed a tendency to explore the novel object lo-
cation more than the familiar object location, although the result
did not reach statistical significance (Fig. 5F upper panel, one-tailed
paired t-tests, GH group t(7) = 1.69, P=0.07; aGH t(7) = 0.20, P=0.42;
controls t(5) = 0.16, P=0.44). The discrimination ratio was not dif-
ferent between groups (Fig. 5F lower panel, one-way ANOVA
F(2,19) = 0.43, n.s.).

Discussion

We have shown that relational memory is influenced by local lev-
els of GH in the dorsal hippocampus. Antagonizing the GH

A
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Figure 5. Growth hormone (GH) increases the preference for novel locations. (A–C) Easy version of the spontaneous location recognition (SLR) task using
a square box with objects placed in the corners. New objects and pseudorandomized corners were used for each trial. (B) (Upper panel) After a 3-h delay, all
groups spent significantly more time with the displaced object compared to the object in the familiar location (upper panel, paired t-tests, P<0.05). (Lower
panel) Comparison of discrimination ratio revealed no group differences (ANOVA F(2,25) = 1.16, n.s., n=8 GH, n =8 antagonizing GH (aGH), n=13 con-
trols). (C ) (Upper panel) Using a 24-h delay, only the GH treated animals explored the novel location significantly more than the familiar location (t(7) =
2.56, P<0.05.). (Lower panel) The GH rats also had a significantly higher discrimination ratio than the other two groups (ANOVA F(2,26) = 3.36, P=
0.05, post-hoc contrasts t(26) = 2.59, P=0.016, as compared to controls and animals treated with aGH. (D–F) Second variation of the SLR task, using a
circular arena with three objects in the sample phase. After the delay, the location of two objects were merged into one novel location. (E,F ) (Upper
panels) Only the GH group tended to explore the novel object location more, but not significantly (3 h delay condition: paired t-test, t(7) = 0.12, 24 h
delay condition: t-test t(7) = 0.07). (Lower panels) ANOVA of the discrimination ratio showed no significant group differences (P>0.5).

Hippocampal growth hormone, memory and spines

www.learnmem.org 38 Learning & Memory



receptor resulted in poorer memory performance in the water
maze, a lower density of CA1 dendritic spines, and a lower percent-
age of immature spines. On the other hand, elevation of hippo-
campal GH levels was associated with higher density of dendritic
spines, more immature spines, and enhanced memory in a single-
trial SLR task under one of the test conditions. Our results suggest
thatGH is a neuromodulator that enhances learning capacity by af-
fecting the dendritic spines (von Bohlen Und Halbach 2009).
Several studies have reported cognitive impairments in cases of sys-

temic GH deficiency, and cognitive improvement after systemic
GH replacement (Åberg 2010; Nyberg and Hallberg 2013;
Ashpole et al. 2015). Our study provides important evidence for
a common underlying assumption in these studies; namely that
the effect on cognition, and in particular on memory, is mediated
by the hippocampus. Extra-hippocampalmechanisms exist, for ex-
ample in the amygdala (Meyer et al. 2014) and the prefrontal cor-
tex (Enhamre et al. 2012), and the relative importance of GH in
each brain region is still elusive.

A B C

D E F

G H I

Figure 6. Exploration times with objects during the sample phase in the spontaneous recognition of location (SLR) tasks show no differences between
the groups. (A) Randomized design for the SLR task with square box: During the sample phase (panel above), objects were placed in corners A and B or C
and D. During later testing, one object was displaced as indicated by orange arrows (panel below). (B) Example frame from video camera when a rat ex-
plored an object in corner D during the sample phase. (C ) Object exploration time for each corner during the sample phase showed no bias for corner. (D)
Example of sample phase for the square arena. One object location (light blue) is to remain constant, and one object location (dark blue) is to be displaced
upon later testing. The objects were identical. (E,F) Object exploration times for the object locations to remain in constant position (familiar) versus the
object locations to be displaced, during the first 3 min of the sample phase. Two-way ANOVAs showed no effect of object location F(1,26) = 0.04, n.s.
and no Group× Location interaction F(2,26) = 0.68, n.s.), before the 3 h delay (E) or before the 24 h delay (F; two-way ANOVAs effect of object location
F(1,26) = 0.06, n.s. and Group× Location interaction F(2,26) = 1.84, n.s.). (G) Sample phase for the circular arena. One object location is to remain constant
(A, light blue), while the two other object locations (B, dark blue and C, blue) are to be displaced upon later testing. All the objects were identical. (H,I)
Object exploring times for the three objects A, B, and C during the three first minutes of the sample phase in the circular arena. Two-way ANOVAs showed
no effect of object location F(2,52) = 0.60, n.s. and no Group× Location interaction F(4,52) = 0.32, n.s.), before the 3 h delay (H) or before the 24 h delay (I;
two-way ANOVAs effect of object location F(2,38) = 0.57, n.s. and Group× Location interaction F(4,38) = 1.05, n.s.).
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Effects of the viral treatments
To verify the efficacy of the treatments used in this study, we
analyzed the downstream phosphorylation of Stat5 (Fig. 2), which
is a commonmethod formeasuringGH receptor activation (Furigo
et al. 2017). Themethod successfully showed the expected increase
in receptor activation in the GH group. However, the aGH group
only showed a trend toward lower p-Stat5 count, not statistically
significant from control rats. The measured outcome in spine den-
sity and behavior nevertheless indicated that the virus worked as
intended, and we have considered several possible explanations
for the lack of statistically significant change in p-Stat5 count.
First, a floor effect is likely. It is well known that p-Stat5 as indicator
of GH receptor activation is hard to observe without a significant
GH injection/stimulation immediately before sacrifice and stain-
ing. A chronic blockade of GH receptors by the mutated GHwould
therefore not necessarily lower the overall receptor activation in
the hippocampus, but rather prevent proper activation of the re-
ceptor during critical periods of learning. This is also consistent
with results from pilot experiments in our laboratory using a five-
fold higher virus dose (Supplemental Fig. 3). Second, the several
weeks of overexpression of GH and aGH could have initiated
downstream compensatory mechanisms or caused other parts of
the network to change. Although we believe that the transfected
cells in the injected area CA1 were principally responsible for the
changes observed in this study, we know that AAV transfections
easily spread to the DG. We therefore cannot claim that our effect
was restricted to the CA1 only, as we also report GFP labeled neu-
rons in CA3 and DG. In addition, GH is found to have both auto-
crine and paracrine effects (Gisabella et al. 2016), which means
that GH could influence neighboring cells or other parts of the hip-
pocampus as well as the transfected cells. Other genetic tools may
allow experiments that decipher the relative contribution of GH in
each hippocampal subarea. The fact that we still see behavioral and
morphological effects after several weeks of chronic GHmanipula-
tion in only a part of the dorsal hippocampus suggests that the role
of GH is important and could even be underestimated by the pre-
sented results. A larger transfection was avoided because of the risk
of epilepsy and excitotoxic cell damage.

What are the mechanisms involved in hippocampal

GH modulation?
To our knowledge, our report is the first to show that a direct GH
manipulation in the hippocampus correlates with both behavioral
and morphological changes. We found that GH enhances spine
density while aGH reduces the spine density, but also report that
aGH reduces the amount immature spines, important for learning
and synaptic plasticity (Berry andNedivi 2017).On the other hand,
the GH rats had a lower percentage of mature spines and more
immature spines, which indicate that the network plasticity is
high. Spine formation is a morphological substrate for LTP, which
is suggested to be the cellular mechanism behind learning and
memory (Matsuzaki 2007). Previous studies have described the ef-
fects on spine density after the systemic elevation of ghrelin (Diano
et al. 2006) and IGF2 in APP mice (Pascual-Lucas et al. 2014).

We cannot conclude that spine density is the only mecha-
nism involved to alter learning and memory when GH levels are
manipulated. For example, there is evidence implying the N-
methyl-D-aspartate (NMDA) receptor, crucial for both water maze
and object recognition tasks (Nakazawa et al. 2004; Warburton
et al. 2013). Electrophysiological studies in vitro show that GH
directly modulates glutamatergic synaptic transmission in the
CA1 subfield of the hippocampus. Acute GH application in CA1
brain slices enhances both isolatedNMDAandAMPA receptorfield
excitatory postsynaptic potentials (fEPSPs) in young and old rats
(Mahmoud and Grover 2006; Molina et al. 2012, 2013). GH affects

synaptic transmission in the absence of presynaptic changes, indi-
cating postsynaptic changes responsible for the detected fEPSPs
(Molina et al. 2012). Exogenous GH increases the expression of
NMDA receptor subunit NR2B in young adult rats, thus changing
the NR2A/NR2B ratio (Le Greves et al. 2002). Changing the ratio of
these subunits alters the Ca2+ regulation, which can enhance LTP
and synaptic plasticity (Nyberg and Hallberg 2013). Future studies
should focus on the longitudinal dynamics of the GH-dependent
changes, as in vivo imaging of spine dynamics indicate that in-
creases in spine density are followed by a phase of elimination
(Xu et al. 2009).

The relative contribution of the other components in the
GH-axis, like ghrelin and/or the insulin-like growth factor (IGF)1
and 2, is also not well understood. IGF1 enhances adult neurogen-
esis by increasing the number of progenitor cells in the subgranular
layer of DG (Åberg 2010), while IGF2 administration in the hippo-
campus improves memory consolidation (Chen et al. 2011), and
reverses synaptic deficits in mice modeling Alzheimer’s disease.
Local IGF2 in the hippocampus has also been shown to promote
spine formation (Pascual-Lucas et al. 2014). On the other hand,
GH may improve hippocampal memory independently on IGF1
and IGF2, as patch-clamp studies indicate that GHdirectly enhanc-
es neural plasticity by increasing excitatory transmission in CA1
(Molina et al. 2012). To fully understand the impact GH in the hip-
pocampus, further experiments are required to investigate effects
of GH in the entire hippocampus, as well as the importance of
the downstream processes.

Does growth hormone therapy require a deficiency to

work?
The GH group performed better than controls only in one task set-
ting, the 24 h delay square box SLR task. To enhance the perfor-
mance above that of healthy control animals, some kind of
residual potential in the organism may be necessary. This could
happen in laboratory animals living under unstimulating or stress-
ful conditions. However, as our rats were housed in an enriched en-
vironment and handled extensively before training, the residual
potential for increasing thememory capacity by GH could bemin-
imal. This may explain why the impact of GH in our study was not
larger. This interpretation is in line with papers describing the
rescue effects after GH treatment under conditions of distress or
disease. For example, systemic GH treatment has been shown to re-
store normal cognitive function after sleep deprivation (Kim et al.
2010). Recombinant human GH in hypophysectomized male
Sprague Dawley rats is reported to improve spatial memory of the
hormone-ablated rats (Le Greves et al. 2006), which in a similar
study was dose-dependent (Kwak et al. 2009). Rescue of the hippo-
campal GH levels is probably a key mechanism in these studies, as
GH gene therapy in the hippocampus, an approach similar to ours,
was shown to restore hippocampal memory function to normal
levels after stress (Vander Weele et al. 2013). In humans, GH treat-
ments in children with GH deficiency, or in older adults, have re-
sulted in some cognitive improvement (Maruff and Falleti 2005;
Baker et al. 2012). Another possible explanationwhy theGH group
did not perform above controls in thewatermaze, is that the inten-
sive training makes the task more sensitive to memory persistence
than to memory acquisition.

Clinical significance of growth hormone in the aging brain
For memory to serve as a useful guide in decision-making, we need
a combination of memory that maintains stable information (per-
sistence) combined with the ability to forget and replace informa-
tion (transience) (Richards and Frankland 2017). This perspective
is useful when interpreting our data, rather than a classical
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acquisition–retrieval perspective, and relates the data to everyday
life. The aGH group showed a deficit in memory persistence on
day 6, although at later testing they performed at the same level
as controls. Perhaps their deficit wasmainly inmemory transience,
the flexibility that allows rapid adaptation to new information, as
they needed longer to relearn a novel goal location. This view fits
with the notion that the GH group tended to search for both
goal locations on the very last water maze probe trial, and also
showed the greatest ability in the SLR tasks. The SLR tasks were per-
formed with novel objects in the same room on subsequent days,
challenging their pattern separation abilities as well as memory
transience.

It is tempting to speculate that GH deficiency in the aging
brain could be associated with a lower capacity for memory tran-
sience and a resistance to remodulate already acquired memories.
Cementing behavior in adulthood could in general be an advanta-
geous mechanism, preventing the common successful behavior to
be overwritten by insignificant experience. Beneficial cognitive ef-
fects of GH treatment have been documented for aged animals and
humans in several studies (Bartke 2008; Baker et al. 2012; Sonntag
et al. 2012). GH is considered to be a replacement therapy, as adult
GH levels drop dramatically in aging along with GH binding sites
(Lai et al. 1993; Lobie et al. 1993), and GH is barely detectable after
age 60 in some humans (Toogood and Shalet 1998). As systemic
treatments may have severe side effects, especially in oncogenesis,
a targeted approach to restore GH levels in the brain should be re-
searched. Understanding the impact of GH in memory and learn-
ing may not only benefit GH deficient patients, but also all
individuals that experience cognitive decline during normal aging.

Materials and Methods

Animals
In total, 44 adult male Long-Evans rats (Charles River, Italy) were
used in this study, of which 37 animals were subjected to surgery
(300–430 g at the time of surgery) and seven were left unoperated.
For the animals receiving surgeries, 27 animals were used for
behavioral assessment, while 10 rats were used for spine density
analysis only. All the rats were housed in pairs in a controlled en-
riched environment, with constant humidity (55±5%), tempera-
ture (21±1°C), and a 12-h light cycle (lights on at 7 p.m.). Food
andwater were available ad libitum. All experimental protocols fol-
lowed the European Community Council Directive 2010/63, the
Norwegian Experiments on Animals Act, and were approved by
the Norwegian Animal Research Authority before initiation.
Surgeries and the following behavioral assessments were done in
batches of five to seven animals, each containing representatives
for all three groups (GH, aGH, and control).

Viral vectors
Three recombinant adeno-associated viruses (rAAVs) 1/2 chimeric
pseudotypes were used to either overexpress GH and GFP, mutated
antagonizing (mutated) GH (aGH) andGFP, or GFP only (generous
gift from Ki Ann Goosens, MIT). The construction of the viral
vectors is described in more detail in Meyer et al. (2014), while a
summary is presented here: Three cassettes were synthesized
(Epoch Life Science), including one cassette containing the coding
region of the rat GH gene (GeneBank Accession number
U62779.1). Another cassette contained the rat GH gene with a sin-
gle amino acid substitution at position 120 (rGH-G120R) to pro-
duce mutant GH protein with antagonist activity on the GH
receptor. Both the cassettes contained internal ribosome entry
site (IRES) and GFP. The third cassette only contained IRES and
GFP. The cassettes were flanked by EcoRI and BGIII, and subcloned
into pFB-AAV-CMV-SC40pa (V032) AAV gateway plasmid from
Virotek (Hayward, CA), with AAV1/2 chimeric pseudotyping,
yielding the three contstructs: pAAV-CMV-GH-IRES-GFP,
pAAV-CMV-aGH-IRES-GFP, and pAAV-CMV-IRES-GFP. The puri-

fied viruses were suspended in PBS, making the titers 2.46×1012

vg/mL for the control and GH AAV, and 2.42×1012 vg/mL for
the aGH AAV.

Stereotaxic surgeries
All the surgeries were conducted under analgesia and deep isoflur-
ane gas anesthesia. The animals (n= 37) were weighed and fully
anesthetized in an induction chamber, before being placed on a
heating plate (Agnthos; 37°C) on a stereotaxic frame (David Kopf
Instruments). Buprenorphine (0.05 mg/kg) and Meloxicam
(2mg/kg)were given subcutaneously as analgesics, both before sur-
gery and postsurgery. Simplex eye ointment was applied on the
eyes to prevent dehydration. Nontraumatic ear bars positioned at
the bones in the ear cavity were used to fixate the head. During sur-
gery, the isoflurane concentrationwas adjusted according to reflex-
es, respiration rate, and oxygen saturation (Kent Scientific). Before
incision, the skin was disinfected with 70% ethanol. The skin was
cut open and holes were drilled at the appropriate locations on
each hemisphere. Rats were randomly assigned to receive either
pAAV-CMV-GH-IRES-GFP, pAAV-CMV-aGH-IRES-GFP, or pAAV-
CMV-IRES-GFP. The viruses were injected with a sterile 2 µL
Hamilton Syringe (Hamilton Company) using a pressure pump
(KD Scientific). The rats received four injections of 0.4 µL virus sol-
ution (0.2 µL/min) in each hemisphere in the dorsal hippocampal
area CA1 according to the injection coordinates calculated antero-
posteriorly (AP), mediolaterally (ML) from bregma, and dorsoven-
trally (DV) from dura: AP −3.0 mm, ML±1.2 mm, DV 2.3 mm; AP
−3.5 mm, ML±2.2 mm, DV 2.2 mm; AP −4.0 mm, ML±2.4 mm,
DV 2.4 mm; AP −4.4 mm, ML±3.5 mm, DV 2.8 mm. The needle
was left at the site of injection for 5 min after each injection to
allow diffusion of the virus before slow retraction. After the last
injection, the skin was sutured and the animals were allowed to re-
cover with a warm water bottle in their home cages.

Behavioral tasks

Spontaneous location recognition tasks
Two weeks after surgery, 22 operated and seven unoperated rats
were habituated to an empty open field arena (1 × 1 m with
60 cm walls), 15 min per day for 5 d. A white cue card (21.0 ×
29.7 cm) on one of the black walls served as a local cue. Items in
the room (cabinets, boxes) served as distal cues and remained cons-
tant throughout the experiment. After habituation, all rats partic-
ipated in twomain variations of the task (square and circle arenas),
consisting of a sample phase and a test phase separated by either
3 or 24 h. In the sample phase, the rats explored novel objects
which were secured in place by blue-tack. In the following test
phase, one objectwas put in a novel locationwhile the other object
remained in the familiar location, both secured by blue-tack, and
using copies of identical objects to avoid transfer of smell. The an-
imal’s natural preference for exploring the displaced object was
manually scored by two blind observers in Ethovision XT 11.5, us-
ing video tracking. Object exploration was defined as rat directing
its nose toward the object at a distance of 2 cm or less. Standing on
the object with the nose clearly pointing away from the object was
not counted as object exploration. The preference for the displaced
object was calculated by the discrimination ratio, that is, the differ-
ence in time spent with the object placed in the novel location and
the object in the familiar location divided on the sum of the time
spent with both of them. A score of 1 indicates that the animals
only spent time near the object in the novel location, while a score
of −1 means that the animals visited only the familiar object loca-
tion. We analyzed the first 3 min of the 5 min test phase as the an-
imals explored the objects themost during thesefirstminutes. This
is in linewith reports from other labs using this task to describe the
preference for displaced objects during the first 2–3 min (Dix and
Aggleton 1999; Larkin et al. 2014). To avoid familiarization to
the objects, the animals explored new sets of unique objects in
each task variation. Between trials, the arena and the objects
were cleaned with water and 70% ethanol. Objects that were
used included blue tea light holders (6.5 cm in diameter × 3.5 cm
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height), serum bottles (7.5 cm×3.5 cm×15 cm) with blue corks,
clear plastic water bottles (6 cm in diameter × 14 height) covered
with green tape, Falcon 50 mL Centrifuge tubes (3.5 cm in diame-
ter × 11.5 height), and standing petri dishes on metal plates cov-
ered in green, blue, and orange tape (about 2 ×6 ×9 cm).

In the square version of the task, the familiar 1 ×1 m open
field box was used. In the sample phase, two identical objects
were located in random corners next to each other 10 cm from
the walls (Figs. 5A, 6A–F). In the test phase, one object was relocat-
ed to the diagonally and opposing corner of the box. The animals
were allowed to explore the arena with the objects for 5 min in
the test phase before they were put back to their home cages. To
avoid exploration bias for any preferred corner in the data, all
four corners were used in each condition (familiar/novel) an equal
amount of times in a pseudorandomized order (Fig. 6A,C). The
order of task variations was square 3 h, square 24 h, circle 3 h,
and circle 24 h.

In the circular version of the task, animals were first given one
habituation session for 10 min to the cylindrical arena (90 cm in
diameter, 60 cmhigh) before theywere put back to their home cag-
es. In the sample phase, three identical objects (A, B, C) were locat-
ed in the arena (Fig. 6G–I). Object A was located the furthest away
from the other two objects. The rats were allowed to explore the
three objects for 10 min in the sample phase before they were
moved back to their home cages. After a delay of 3 or 24 h, the
animals were put back to the circular arena for the test phase. For
the task with 3 h delay, the objects in the sample phase were situ-
ated in largest distance to each other (120° between object A and
the other two objects, object B and C), while for themost challeng-
ing condition, we used 24 h delay between trials and a smaller sep-
aration between the objects (40°). In the test phase, only two
identical copies of the objects (A, D) were assessable (Fig. 5D).
The object location for object A in the test phase was identical to
the location for object A in the sample phase, making this a famil-
iar location, while object D was placed between the former loca-
tions of the objects in the sample phase, objects B and C,
resulting in a novel location.

Morris water maze task
Rats transfected with virus (n=27) were trained in a water maze
(2 m in diameter, filled with 50 cm opaque water, about 23°C),
for five consecutive days to find a submerged platform located
southwest (SW). Each training day consisted of eight trials. The tri-
als were divided into two sessions of four trials each, separated by at
least 3 h. The first trial of each daywas a single reinforcement probe
trial, in which the rats were searching for the hidden platform
location for 60 sec before the platform was raised to an available
position. Then, another 60 sec were provided for the rats to locate
the platform. During the other seven trials of the day, the platform
remained in the raised and available position, 1 cm below opaque
water. If the rat failed to locate the platform within 120 sec, it was
manually guided to the platform by the experimenter. After each
trial, the rats were allowed to rest for 30 sec on the platform. The
overall memory performance was measured during a probe trial
on day 6. The starting positions (South, East, North, West) were
counterbalanced across the trials. After each training session
(four trials), the rats were put to dry under a heating lamp. One
week after the last training session, the rats received an additional
2 d (day 12 and 13) of reversal training with the platform located
in the quadrant opposite to the previous goal. Learning the new
platform location was measured on the probe trial the subsequent
day (day 14).

Balance test
After the water maze tasks, the animals were subjected to a balance
beam test to rule out any motor or balance effects of the treatment
which could influence the water maze performance. We used a
60 cm long and 3 cm broad ruler placed on plastic shelves, 40 cm
high off ground. The animals were placed in the middle and left
balancing on the ruler for maximum 1 min.

Perfusion and sectioning
All the rats were deeply anesthetized with isoflurane gas
before given Buprenorphine (0.05 mg/kg) and a lethal dose of
Pentobarbital (100 mg/kg). The rats were transcardially perfused
with physiological PBS and then a 4% paraformaldehyde in PBS
solution (pH 7.4) at 80 mL/min using a peristaltic pump (World
Precision Instruments). The brains were submerged in a 4% para-
formaldehyde solution for additional fixation before 2% dimethyl
sulfoxide and 20% glycerol (DMSO) at 4°C. The rats used for spine
analysis (n=10) were perfused with ice-cold physiological PBS be-
fore brain tissue was stored in a 4% paraformaldehyde solution
for 1 wk and then in dimethyl sulfoxide (DMSO) until the brain
was sectioned. The brains were cut coronally on Leica CM1950
cryostat (Leica Biosystems), with 40 µm thick sections with six se-
ries, in which the first series was put directly on Super Frost glass
slides for Cresyl violet (Nissl) staining (Sigma-Aldrich), while the
other sections were put on DMSO for immunohistochemistry
and stored at −20°C. The brains for spine analysis were cut in
100 µm thick sections and stored at 4°C.

Immunohistochemistry
To assess the viral transfection in the brains from all the animals
used in behavioral testing, the GFP expression in the tissue was
amplified using a free-floating immunohistochemistry protocol.
The 40 µm thick sections were washed with 0.01 M PBS for
5 min repeated six times (later washed three times between the
steps), before put on ice-cold methanol at −20°C for 10 min to dis-
turb the integrity of the cell membrane. The sections were washed
for 5 min three times. The sections were transferred to a blocking
buffer (1% BSA, 0.2% Triton-X, in 0.01 M PBS) for 1 h, then incu-
bated with primary antibody anti-Chicken GFP Polyclonal anti-
body, 1:2000 dilution (ThermoFischer # A10262) overnight at
room temperature. Then, the sectionswere incubated in secondary
antibody Goat anti-Chicken IgY Alexa Fluor 488, 1:200 dilution
(ThermoFischer # A-11039) for 2 h and mounted using ProLong
DAPI antifade (ThermoFischer # P36941). For theGFP immunohis-
tochemistry of the 100 µm thick sections, the tissues were stained
with primary and secondary antibodies for GFP as described above,
but with longer blocking time (2 h), higher concentrations for the
anti-Chicken GFP Polyclonal antibody (1:1000), and higher con-
centration (1:100) and longer incubation time (4 h) for the Goat
anti-Chicken IgY Alexa Fluor 488.

For phosphorylated Signal transducer and activator of tran-
scription 5 (p-Stat5) immunohistochemistry, representative sec-
tions from animals used in the behavioral tests were used (n=
15 in four GH rats, n=12 in three aGH rats, n=12 in three con-
trol rats). Sections were transferred to a blocking buffer with 5%
normal goat serum (Sigma-Aldrich), and 0.3% Triton-X in 0.01 M
PBS for 1 h, and incubated with primary antibody anti-Rabbit
p-Stat5 (1:200 dilution, Cell Signal # 9314) overnight at 4°C.
Consequently, the sections were incubated with secondary anti-
body anti-Rabbit IgG Alexa Fluor 546 Conjugate (1:200,
Termofisher # A-11071) for 2 h and mounted using ProLong DAPI
antifade (ThermoFischer #P36941). The fluorescence in the tissue
was imaged by a fluorescence microscope Axio Zoom V.16 (Carl
Zeiss). Positive p-Stat5 labeled DAPI cells were manually counted
blinded for treatment in an area of 0.5mm2 per section in immedi-
ate proximity to the injection sites, using Zen 2 Lite Software.

Spine analysis
For analyzing the effects of the GH treatment on spine density, we
looked at 100 µm thick sections after GFP immunohistochemistry
and DAPI labeling in 10 rats (n=3 GH, n=3 aGH, n=4 control).
These sections were from animals that were not used in behavioral
tests. Images of neurons were obtained from a confocalmicroscope
Zeiss LSM 780 with ZEN 2012 black edition imaging software. An
eGFP contrast filter and 488 nm wavelength argon laser were
used to gather aZ-stack of laser scan images (1756×1756 pixels) av-
eraged four times, with an average optimal Z distance at 0.6× opti-
cal zoom, and a 100× oil objective. The Z-stack images were
analyzed with ImageJ (NIH). The resolution of the stack image
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was increased by a factor of 3 in the X and Y directions with the
Transform J Scale plug-in, and the spines were counted using the
Cell Counter plug-in to manually mark spines. Spines from apical
dendrites of CA1 pyramidal cells were defined as in the following
review (von Bohlen Und Halbach 2009), and sampled between
100 and 200 µm from the pyramidal layer, where the density of
the spines is relatively uniform (Megias et al. 2001), when the den-
drites were clearly traceable. The spine density was averaged by di-
viding the number of spines on the length of the dendritic segment
and calculated on cell level (n=64 dendritic segments in 15 neu-
rons from GH animals, n=75 dendritic segments from 22 neurons
in aGH animals, and n =49 dendritic segments in eight neurons in
control animals). The spines were further classified based on their
morphology as either filopodia, immature or mature spines. All
analysis was performed blind to the virus treatment, as K.G.H. per-
formed the surgeries and histology, while A.O. and A.L. did the
work on spine density measurement and classification.

Experimental design and statistical analysis
All of the data is presented as mean± SEM. Statistical analysis
was performed in SPSS (IBM Corporation) and MATLAB
(Mathworks) with α=0.05. Water maze data was analyzed first by
testing for effect of platform Zone and Group×Zone interaction
by a two-way analysis of variance (ANOVA). If significant Group
×Zone effects were found, time in the target platform zone was
evaluated by one-way ANOVA followed by orthogonal compari-
sons between the groups. The data in the SLR tasks was analyzed
using one-way ANOVA and paired t-test. For the histology, the
p-Stat5 positive cells were analyzed using ANOVA followed by
t-tests. Nonparametric tests (Jonckheere–Terpstra test, Mann–
Whitney U) were chosen for spine density analysis due to lack of
normal distribution in the data set and low number of animals,
while spine classification was analyzed by ANOVA and post-hoc
contrast t-tests. The position of the animals in the water maze
was sampled using Dacq acquisition system (Axona Ltd). The per-
formance in the task was calculated by measuring the mean laten-
cy to the platform location (sec), time in zone (sec), and plotting
occupancy maps for heat map visualization of the swimming
path in MATLAB. Videos from the SLR tasks were recorded and
analyzed using EthoVision Software (Noldus). Graphs for illustra-
tions were made using GraphPad Prism version 7.09 (GraphPad
Software).
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