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Abstract 
Background: Pleiotropic actions of insulin and insulin-like growth 
factor I (IGF-I) in the brain are context- and cell-dependent, but 
whether this holds for their receptors (insulin receptor (IR) and IGF-I 
receptor (IGF-IR), respectively), is less clear. 
Methods: We compared mice lacking IR or IGF-IR in glial fibrillary 
astrocytic protein (GFAP)-expressing astrocytes in a tamoxifen-
regulated manner, to clarify their role in this type of glial cells, as the 
majority of data of their actions in brain have been obtained in 
neurons. 
Results: We observed that mice lacking IR in GFAP astrocytes (GFAP IR 
KO mice) develop mood disturbances and maintained intact cognition, 
while at the same time show greater pathology when cross-bred with 
APP/PS1 mice, a model of familial Alzheimer´s disease (AD). 
Conversely, mice lacking IGF-IR in GFAP astrocytes (GFAP-IGF-IR KO 
mice) show cognitive disturbances, maintained mood tone, and show 
control-dependent changes in AD-like pathology. 
Conclusions: These observations confirm that the role of IR and IGF-
IR in the brain is cell-specific and context-dependent.
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Introduction
Work in invertebrate insulin-like peptide (ILP) receptors, that recognize multiple ILP ligands (Kimura et al., 1997), have
provided valuable information on their pleiotropy (Fernandes de Abreu et al., 2014). However, the vertebrate tyrosine
kinase ILP receptors (IR) and IGF-IR specifically recognize insulin and IGF-I, respectively (McGaugh et al., 2015),
making it difficult to infer their role from observations gathered in invertebrate models. For instance, daf-2, the worm ILP
receptor (Kimura et al., 1997), interferes with mechanisms of proteostasis (Cohen et al., 2006) and longevity (Kenyon
et al., 1993), whereas in vertebrates these roles has been tentatively assigned to IGF-IR (Cohen et al., 2009) since the role
of IR in these contexts is not yet clear (Freude et al., 2009a; Shimizu et al., 2011).Moreover, the numerous actions of ILPs
in physiology and pathology are context- and cell-dependent, which means that observations of the actions of ILPs in a
given tissue or organ must be nuanced by the experimental approach used in each case. In brain studies, most of the
information gathered on the role of IR and IGF-IR has been obtained after manipulating its function either in neurons
(Gontier et al., 2015; De Magalhaes Filho et al., 2016) or in many brain cell types at the same time (Cohen et al., 2009;
Soto et al., 2019).

Since recently published work shows that IR and IGF-IR in astrocytes play cell-dependent actions (Cai et al., 2018;
Noriega-Prieto et al., 2021), hinting to differential roles of these receptors in astrocytes, we compared behavioral traits in
mice lacking IR in astrocytes with mice lacking IGF-IR in this type of cells. Mice with reduced IR in glial fibrillary
astrocytic protein (GFAP) astrocytes (GFAP IR KO mice) show gradual mood disturbances and preserved cognition
while mice with reduced IGF-IR in GFAP astrocytes (GFAP IGF-IR KO mice) show preserved mood and altered
cognition. We also bred these mice in an APP/PS1 background mimicking familial AD-like amyloidosis and observed
that GFAP IR KO mice develop significantly greater pathology whereas GFAP IGF-IR KO mice did not.

Methods
Experimental models used in this study aimed to mimic human physio-pathology in relation to the established brain
insulin and IGF-I resistance during healthy aging or AD. No protocol of these studies was prepared in advance.

Animals
Mice were used according to Animal Research: Reporting of in vivo Experiments (ARRIVE) and this study is reported in
line with the guidelines (Zegarra-Valdivia et al., 2022). Transgenic mice with tamoxifen-regulated deletion of IGF-IR or
IR in astrocytes (GFAP-IGF-IR KO and GFAP-IR KO mice, respectively) were obtained as described (Garcia-Caceres
et al., 2016; Noriega-Prieto et al., 2021) crossing IRf/f (B6.129S4(FVB)-Insrtm1Khn/J RRID:IMSR, Jackson labs; stock
number 006955) or IGF-IRf/f (B6, 129 background; Jackson Labs; stock number: 012251) with hGFAP-CreERT2 mice
(C57B&/6xSJL/J mix background Jackson Labs, stock number: 012849). To knock down the target gene, tamoxifen was
administered to 2- months old mice for 5 days (75 mg/kg, Sigma, intraperitoneally) as described (Hirrlinger et al., 2006),
and animals were used one month later. Controls littermates received the vehicle (corn oil). GFAP-IGF-IR KO and
GFAP-IRKOdisplay reducedmRNA levels in brain, as reported byNoriega-Prieto et al. (2021) andGarcia-Caceres et al.
(2016). GFAP-IR KO mice show brain IGF-IR levels similar to wild type mice whereas GFAP-IGF-IR KO mice had
normal brain IR levels (Hernandez-Garzon et al., 2016). APPswe and PS1Δ9mice of C57BL6/J backgroundwere from the
colony of the Cajal Institute. HomozygousAPP/PS1micewere crossedwith homozygousGFAP IGF-IRKOorGFAP IR
KO mice to obtain the respective compound strains. Studies were carried out at the age of 10-11 months-old, when
pathology is well developed.

Ethical considerations
Micewere were housed in standard cages (48� 26 cm2) with 5mice per cage.Miceweremaintained on a light-dark cycle
(12-12 h, lights on at 8 am) at constant temperature (22°C) and humidity, and with food (pellet rodent diet) and water ad
libitum. All experimental protocols were performed during the light cycle and followed European guidelines (86/609/
EEC & 2003/65/EC, European Council Directives).

Studies were approved by the respective local Bioethics Committees (Government of the Community of Madrid,
MERGEFIELD CÓDIGO PROEX 193.4/20 (2020) and UPV M20_2021_168 (2021). Animals were not randomized
and were used in a sex-balanced manner throughout. Potential confounders were not accounted for. Each experimenter
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took account of group allocation under study. All efforts were done to reduce harm to the animals. Mice were handled
for three days prior to any experimental manipulations and familiarized with behavioral arenas tominimize novelty stress
or deeply anesthesized with pentobarbital prior to sacrifice, when needed. Sample sizes were kept as little as possible to
comply with current animal reduction policies. No adverse events were expected, nor found. End-point measures
included checking reflexes in deeply anesthesized animals prior to culling.

Behavioral tests
These tests were used to determine behavior under laboratory-controlled conditions. These are observational studies with
no a priori hypothesis.

Barnes maze. To assess spatial learning and memory, animals received reinforcement to escape from an open circular
platform (92 cmØ with 20 holes of 5 cmØ) to the “escape chamber”, as described (Ortiz et al., 2010; Zegarra-Valdivia
et al., 2019). All animals received appropriate training (four trials per day), and trials were separated by 15min. After each
trial, the maze was cleaned with 70% alcohol. On the 5th day, both groups were tested, and once more 48 hours later,
evaluating the long-term memory of the animals. Time to escape to the safe chamber was quantified.

Open field.Exploratory behavior and locomotionwere assessed by introducing the animal to an open field arena (42 cm�
42 cm � 30 cm, Versamax; AccuScan Instruments, Inc.) for 10 min. All parameters were quantified as described
(Zegarra-Valdivia et al., 2019). Time spent exploring specific areas of the arena was measured.

Elevated plus maze. To assess anxiety-like/coping behavior, mice were introduced in a maze of 40 cm from the floor with
two opposing arms. Two protected (closed) arms (30 cm (length) � 5 cm (wide) � 15.25 (height), and two opposing
unprotected (open) arms (30 cm (length) � 5 cm (wide). Each animal was introduced in the middle of the apparatus for
5 minutes. Stress was scored as time spent in the closed arms while coping behavior was estimated by time spent in the
open arms. All measures were recorded (Video Tracking Plus Maze Mouse; Med Associates, USA), and analyzed as
described (Munive et al., 2019).

Y-maze. This test measures spontaneous alternation as an index of working memory (Sarter et al., 1988). The maze is
made of black-painted wood, and each arm is 25 cm long, 14 cm high, 5 cm wide, and positioned at equal angles. The
mouse is placed at the end of one arm to move freely from side to side of the maze during an 8-min session. Videos
recorded the sequence of entries during thewhole time of the experiment andwere analysed off-line. Entrance to each arm
is scored when the mouse places the hind paws entirely in the zone. Alternation was defined as successive entries into the
three arms on overlapping triplet sets. Consecutive triplets were analyzed, and alternate behaviour was calculated as the
percentage of actual alternation (number of triplets with non-repeated entries) versus total alternation opportunities (total
number of triplets), as described (Recinto et al., 2012; Yan et al., 2017).

Tail suspension. In this test coping behaviors are determined. As already described (Munive et al., 2019), mice were
suspended by the tail from a plastic cage (21�26�15) with adhesive tape (distance from tip of tail was 2 cm); the distance
from the floor was 35 cm. Animals struggled to get to the floor until they give up and struggled less frequently. A 6 min
test session was videotaped and time spent immobile was scored and referred as percent of total time of duration of the
test.

Forced swim. This test measures depressive-like behavior. As described (Munive et al., 2019), mice were placed in a
glass cylinder (12 cm diameter, 29 cm height) filled with water (23°C) to a height of 15 cm (to avoid climbing) and
videotaped. The test lasted 6 min, and immobility time was scored the last 4 minutes.

Spatial Y-maze. This test was used for spatial, novelty-seeking, and short-term memory assessment by measuring time
spent in the novel arm (Hausrat et al., 2015; Biundo et al., 2018). As before, the maze was made of black-painted wood
and each armwas 25 cm long, 14 cm high, 5 cmwide and positioned at equal angles. Each mouse was allowed to explore
two arms of the Y-maze apparatus during the first trial (training) for 5 min. One hour later, the third arm was opened, and
the mouse was returned to the same maze and allowed to explore all the three arms (testing). Visual cues were used to
guide environment exploration, as described (Biundo et al., 2018). Animals with preserved cognition remember the
previously blocked arm and they will enter it first on the second trial and spend more time exploring it. Distribution of
mice and novel arms were balanced within each group. We cleaned the maze with 70% ethanol to remove olfactory cues
between trials.

Rota-rod.Motor coordination was assessed with the rota-rod test, as described before (Fernandez et al., 1998). Briefly,
mice were submitted to 1 min training session in the immobile apparatus. When the mouse falls, it is placed back into the
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rotating rod. Thereafter, mouse performance was tested in 5 min sessions every 15 min in 4 trials with increasing
acceleration up to 40 rpm. The latency to fall off the rod in the final trial was measured and compared between groups.

Social behavior. Social behavior includes rewarding andmotivational processes (Trezza et al., 2011;McCall and Singer,
2012). We studied social affiliation and social novelty/preference as described by others (Kaidanovich-Beilin et al.,
2011).We placed eachmouse in a cage with three compartments (one central and two lateral arms); in each compartment,
we added a grid with one stranger mouse or an empty grid to assess social affiliation (intention to stay with the same
species). We leave the mouse to explore for 10 minutes and record the time of direct interaction. Then, we cleaned the
three chambers with ethanol (70%) to eliminate olfactory cues and placed the mice again in the center chamber. We
include the previous stranger mice in the same arm (now named “familiar mouse”). In the empty space we include a new
mouse (“stranger mouse”) and leave the animal free to explore and record the time of direct interaction.

Immunocytochemistry
Immunocytochemistry was performed as described in detail before (Fernandez et al., 2012). A pre-treatment of 70%
formic acid was used before incubation with anti-human Aβ antibody (1:50, Dako clone 6F/3D). Primary antibody was
omitted as control. Confocal analysis was performed in a Leica (SP5 Direct, Germany) microscope. For plaque
morphometry, 1-4 vibratome brain sections (50 μm, parietal cortex and hippocampus) were used to assess the density
of Aβ plaques using Imaris software (Vs 9.0.2) (RRID:SCR_007370). Measurements were done as explained in detail

Figure 1.Mood traits inmice lacking insulin receptors (IR) in GFAP astrocytes (GFAP-IR KOmice). A, Adult (right
histograms, control n= 6, GFAP IR KO n=7, t-test, t= 2.54; *p<0.05), but not young (left histograms, control n= 8, GFAP
IR KO n=7, t-test, t= 1.26, p=0.22) GFAP IR KO mice show increased immobilization time in the tail suspension test
(upper drawing), an indicator of a depressive-like behavior and reduced resilience to stress. B, Similarly, in the forced
swim test (upper drawing), adult (right histograms, control n= 5, GFAP IR KO n=6, t-test, t= 2.5; *p<0.05, Welch`s
correction), but not young (left histograms, control n= 5, GFAP IR KO n=6, t-test, t= 0.10; p=0.922) GFAP IR KO mice
show increased depressive-like performance, with less time spent swimming. C, Social novelty, asmeasured by time
spentwith a novel partner vs a familiar one (upper drawing), was impaired inGFAP IR KOmice (control n= 10, GFAP IR
KOn=12, t-test, t= 2.25; *p<0.05). D, Social affiliation, as determined by time spentwith a strangermouse vs an empty
cage, was normal in GFAP IR KO mice (control n= 10, GFAP IR KO n=12, 2-way RM ANOVA, condition factor, F(1,20)
=28.74; ***p<0.001, Sidak's multiple comparisons test, control familiar mice vs empty cage, ***p<0.001, GFAP IR KO
novel vs familiar, **p<0.01). E, Time spent in the center of anopen arena (upper drawing), ameasure of novelty stress
indicating levels of anxiety remained within control levels in adult GFAP IR KO mice (n=12 per group; t-test; t=0.77,
p=0.445). F, Anxiety levels, as determined by time in the open arms of the elevated plus maze (upper drawing), are
slightly, were normal in adult GFAP IR KO mice (control n= 21, GFAP IR KO n=24, t-test, t= 1.46, p=0.15). GFAP=glial
fibrillary astrocytic protein.
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elsewhere (Fernandez et al., 2012). Briefly, images were recorded using a 5X objective and were converted to gray scale
to improve the contrast between signal and noise. All pictures were measured separately applying the same threshold.
Areas were measured inside a reference circle in the hippocampus or parietal cortex with a standard size of 300 mm2.We
then calculated the percentage of reference area occupied by Aβ plaques.

Statistics
The number of animals for each experiment was calculated according to past experience with no hypothesis-driven
outcomes, as these are observational studies. All animals in each group were included in analyses with no exclusion
criteria applied a priori. Values were relativized compared to the control or baseline condition. Results are expressed as
the average of the relative values obtained in each independent test (mean � standard error) for each experiment and
analyzed with GraphPad Prism 8.0 software (RRID:SCR_002798) (alternative open access program: R Program).
Normality was confirmed using the Shapiro-Wilk normality test and equal variances with Levene’s test. Later, student’s
t-test was used for comparison of two groups, or ANOVA for comparison of more than two groups with a Tukey or
Sidak’s post-hoc analysis. Further details are explained in each figure. A statistically significant difference was
considered when p<0.05.

Results
Behavioral traits in mice lacking insulin or IGF-I receptors in astrocytes
Recent publications in different models of downregulation of either insulin or IGF-I receptors in astrocytes have started to
unveil specific actions of these receptors in this type of glial cells (Cai et al., 2018; Logan et al., 2018; Manaserh et al.,
2019; Noriega-Prieto et al., 2021).We confirm that adult GFAP IRKOmice gradually show a depressive-like phenotype
(Cai et al., 2018), as determined by the forced swim and the tail suspension tests. These alterations are seen in adult
(>6 months old), but not younger mice (Figure 1A-B) (Zegarra-Valdivia et al., 2022). The existence of a depressive-like
phenotype was reinforced by the observation that adult GFAP IR KO mice show disturbed responses to social novelty
(Figure 1C), although not to social affiliation (Figure 1D). As determined in the open field test and elevated plus maze,
GFAP IR KO mice did not show changes in anxiety levels either, which are frequently associated to depression
(Figure 1E-F). These mice have intact cognition, as determined in the Barnes and Y maze tests assessing learning and
memory (Figure 2A-C). In addition, GFAP IR KO mice did not show deficits in ambulation or motor coordination
(Figure 2C-D).

Conversely, adult (>6 months old) GFAP IGF-IR KO mice show specific impairments in spatial memory as assessed
in the Barnes and Y mazes (Figure 3A-B), confirming previously observed deficits in cognition in these mice
(Noriega-Prieto et al., 2021). However, working memory, as assessed by the alternation ratio in the Y maze, was intact
(Figure 3C). Thesemice show normal social affiliation, whereas their preference for a novel partner was slightly impaired

Figure 2. Cognition in GFAP-IR KO mice. A, Adult GFAP IR KO mice performed similarly in the Barnes maze as
compared to littermates, indicating intact spatial learning (n=9 per group, training days: 2-way ANOVA: F(1,36)=0.10,
p=0.74; test day: t-test, Welch’s correction, t=0.65, p=0.53). B, Time spent in the novel arm of the spatial Y maze was
similar to littermates in GFAP IR KO mice (n=9 per group, t-test, t=1.24, p=0.23). C, Number of spontaneous
alternations in the arms of the Spontaneous Alternation Y maze, a measure was similarly unaltered in adult GFAP
IR KOmice (n=9 per group, t-test, Welch’s correction, t= 0.67, p=0.51). D, No differences were observed in horizontal
(left histograms) and vertical (right) activity in the open field arena was observed between experimental groups
(n=12 per group, H: t-test, t=0.84, p=0.40; V: t-test, t= 0.05, p=0.95). E, Control littermates and GFAP IR KOmice show
similar levels of motor coordination, as assessed in the rota-rod (control n=12, GFAP IR KO n=14, H: t-test, t=1.52,
p=0.14). IR=insulin receptors, GFAP=glial fibrillary astrocytic protein.
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Figure 3. Cognitive traits inmice lacking IGF-I receptors (IGF-IR) in GFAP astrocytes (GFAP-IGF-IR KOmice). A,
Spatial learning in the Barnes maze (upper drawing) was markedly affected in GFAP IGF-IR KO mice, showing
significantly reduced memory (control n= 12, GFAP IR KO n=19, training days: 2-way ANOVA, time factor, F(3,122)=
12.7; ***p<0.001, Sidak's multiple comparisons test, control vs GFAP 4th day of training, *p<0.05; test day: Mann-
Whitney U: 21.5, ***p<0.001). B, Time spent in the novel arm of the Y maze (upper drawing), a measure of spatial
memory, was reduced inGFAP IGF-IR KOmice (control n= 8, GFAP IGF-IR KOn=12, t-test, t= 2.26, *p<0.05). C, Number
of spontaneous alternations in a Ymaze, a measure of workingmemory (upper drawing), was similarly unaltered in
adult GFAP IGF-IR KOmice (n=8 per group; t-test; t=0.98, p=0.342). D, Social affiliation, as determined by time spent
with a strangermouse vs an empty cage (upper drawing), was normal in GFAP IGF-IR KOmice (control n=9, GFAP IGF-
IR KO n=8, 2-way RM ANOVA, condition factor, F(1,15)=19.13; ***p<0.001, Sidak's multiple comparisons test, control
familiarmice vs empty cage, **p<0.01, GFAP IR KO familiar vs empty cage, *p<0.05). E, Social novelty, asmeasured by
time spent with a novel partner (upper drawing), was impaired in GFAP IGF-IR KOmice (control n=9, GFAP IGF-IR KO
n=8, 2-way RM ANOVA, condition factor, F(1,15)=11.18; **p<0.01, Sidak's multiple comparisons test, control novel
mice vs familiar mice, *p<0.05, GFAP IGF-IR KO novel mice vs familiar mice, p=0.16). GFAP=glial fibrillary astrocytic
protein.

Figure 4. Mood homeostasis in GFAP IGF-IR KOmice. A, No differences in time spent in the center of an open field
were observed between littermates and mutant GFAP IGF-IR KO mice (control n=28, GFAP IGF-IR KO n=22, t-test,
t=0.73, p=0.46). B, No differences were observed in anxiety levels determined in the EPM between GFAP-IGF-IR KO
and littermates (control n=16, GFAP IGF-IR KO n=15, t-test, t=0.48, p=0.63). C, No differences were observed in
horizontal (left histograms) and vertical (right) activity in the open field arenawas observed betweenGFAP IGF-IR KO
mice and littermates (control n=28, GFAP IR KO n=22, H: t-test, t=0.61, p=0.54; V: t-test, t=0.12, p=0.90). D, Control and
GFAP-IGF-IR KOmice showsimilar levels ofmotor coordination, as assessed in the rota-rod (control n=22, GFAP IRKO
n=27, t-test, t=0.22, p=0.82).
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(Figure 3D-E). GFAP IGF-IR KOmice did not showmood disturbances either, as determined by time spent in the center
of an open arena or in the open arms of the elevated plusmaze (Figure 4A-B). GFAP IGF-IRKO shownormal ambulatory
behavior in the open field (Figure 4C), and in motor coordination tested in the rota-rod (Figure 4D).

Modulation of Alzheimer’s-like pathology in mice lacking insulin or IGF-I receptors in astrocytes
Mice lacking IGF-IR in neurons show reduced AD-like pathology when cross-bred with a mouse AD model (Gontier
et al., 2015), whereasmice lacking IR in neurons have not shown changes inAD-like pathology (Freude et al., 2009b). To
analyze possible cell-dependent actions of these receptors in AD-like pathology, we crossed either GFAP IR KO or
GFAP IGF-IRKOmice with APP/PS1mice to obtain compoundmutants and determined the impact of these receptors in
memory loss associated to AD pathology seen in this mouse model. We observed that double GFAP IR KO/APP-PS1
mice presented significantly greater working memory loss compared to controls, as indicated by reduced spontaneous
alternation in the Ymaze (Figure 5A). In contrast, double GFAP IGF-IRKO/APP-PS1 showed enhanced cognition when
compared toAPP/PS1mice, but no changeswhen compared to vehicle-treatedGFAP IGF-IR/APP-PS1mice (Figure 5B).
Importantly, vehicle-treated control with preserved IGF-IR activity in astrocytes also showed enhanced cognition when
compared to APP/PS1 mice (Figure 5B). Associated to greater memory loss we observed greater amyloid load in GFAP
IR KO/APP-PS1 mice (Figure 5C), while in GFAP IGF-IR KO/APP-PS1 mice changes in amyloid plaque load were,
again, control-dependent (Figure 5D). When compared to APP/PS1 mice, no changes were seen, but when compared to
vehicle-treated controls, plaque load was increased. Of note, vehicle-treated controls show reduced plaque load when
compared to APP/PS1 controls (Figure 5D).

Figure 5.Modulation of Alzheimer´s-like pathology in GFAP IR KO/APP-PS1 and GFAP IGF-IR KO/APP-PS1mice.
A, Performance in the working memory version of the Y maze was impaired in GFAP IR KO APP/PS1 mice (n=8 per
group; One-way ANOVA, F=73.23; ***p<0.001; Tukey’s Multiple comparison test, APP/PS1 vs. GFP IR KO-APP/PS1:
***p<0.001, GFP IR Control-APP/PS1 vs. GFP IR KO-APP/PS1: ***p<0.001). B, Working memory determined in
the Y maze remained unaltered in GFAP IGF-IR KO APP/PS1 mice and controls (n=8 per group; One-way ANOVA,
F=2.9; p=0.07). C, Amyloid plaques in the parietal cortex and hippocampus in GFAP IR KO/APP-PS1 mice
and controls. Representative photomicrographs showing amyloid plaques (red). Histograms show number of
plaques/μm2 in three experimental groups (n=8 per group; One-way ANOVA, F=25.78; ***p<0.001; Tukey’s Multiple
comparison test, APP/PS1 vs. GFP IR KO-APP/PS1: ***p<0.01, GFP IR Control-APP/PS1 vs. GFP IR KO-APP/PS1:
***p<0.001). D, Amyloid plaques in the parietal cortex and hippocampus in GFAP IGF-IR KO/APP-PS1 mice and
controls does not show differences between groups. Representative photomicrographs showing amyloid plaques
(red). Histograms show number of plaques/μm2 in the three experimental groups (n=8 per group; One-way ANOVA,
F=1.35; p=0.32). IR=insulin receptors, GFAP=glial fibrillary astrocytic protein.
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Discussion
The present results confirm and extend previous data of behavioral disturbances in GFAP IR KO or GFAP IGF-IR KO
mice (Cai et al., 2018; Noriega-Prieto et al., 2021), and point to cell, receptor and context-specific actions of these
receptors in the brain. These observations also indicate that insulin and IGF-I receptors in astrocytes play different roles in
regulating memory and plaque formation in response to AD-like familial amyloidosis.

Absence of astrocytic IR led to deteriorated performance in mood-related tests without affecting cognitive tests such as
theY andBarnesmazes. The latter agreeswith no changes in cognitive performance in the absence of IR in neurons (Plum
et al., 2005), althoughmore detailed studies are needed to determine the role of the neuronal IR in cognition, sociality and
mood. Conversely, knock-down of IGF-IR in astrocytes affected performance in spatial memory tests and novelty-
seeking such as the Barnes and Y mazes dependent on contextual clues, without affecting performance in the open field
or elevated plus maze measuring mood traits. These mice showed normal working memory, though (Noriega-Prieto
et al., 2021). Intriguingly, absence of IGF-IR in neurons alters mood and social interactions, together with cognitive
disturbances (Zegarra-Valdivia et al., 2021; Fernandez de Sevilla et al., 2022). Finally, combined loss of IR and IGF-IR in
all brain cells within specific regions results in both mood and cognitive disturbances (Soto et al., 2019). Thus, cell-
specific actions of IR and IGF-IR receptors on mood and behavior appear the norm.

Reported discrepancies on the role of ILP receptors in the brain most probably arise from the varied experimental
approaches used. This is true for both physiological and pathological processes. When the role of IGF-IR in brain
proteostasis was determined, evidence was obtained using an heterozygous constitutive, whole body IGF-IR KOmouse
bred in an APP/PS1 background (Cohen et al., 2009). This mouse showed reduced AD-related functional deficits but
larger amyloid plaques. Additional confirmation of an involvement of IGF-IR in AD-like pathology was obtained using a
homozygous neuronal-only tamoxifen-regulated IGF-IR KO mouse bred in an APP/PS1 background (Gontier et al.,
2015). However, in this mouse, amyloid plaques and AD-related neuroinflammation were diminished, in agreement
with previous observations in a Cre-dependent homozygous neuronal-only IGF-IR KO mouse bred in a mutant APP
background (Freude et al., 2009b). Thismouse also showed reduced amyloidosis andAD-relatedmortality, but no effects
on other AD-related pathology were reported (Freude et al., 2009b). No noticeable effect of the absence of IR in these
mice was observed either (Freude et al., 2009b).

Our observations reinforce the notion that modification of AD-like pathology after manipulation of IR or IGF-IR activity
in brain cells is highly dependent on experimental conditions. Thus, we observed increased plaque abundance and
worsened working memory using the Y maze in double mutant GFAP IR KO/APP-PS1. This observation allows us to
consider that astrocyte IR plays a protective role against AD-like pathology. However, when using GFAP IGF-IR
KO/APP-PS1 mice, the situation is more complex. Working memory in the Y maze is improved in both double mutant
GFAP IGF-IR/APP-PS1mice, regardless ofwhether the IGF-IRwas deleted, as vehicle control littermates show a similar
enhanced performance in the Y maze. Conversely, while GFAP IGF-IR KO mice did not show changes in plaque load
when compared to APP/PS1 controls, GFAP IGF-IR mice treated with vehicle show decreased plaque load. Therefore,
we can conclude that the actions of IR and IGF-IR are highly dependent on the experimental model used and that in the
case of IGF-IR, the control littermate group show changes when compared to control APP/PS1 mice, which poses a
cautionary note on the interpretation of results.

Other variables should also be accounted for when analyzing these results. For instance, peripheral and central
metabolism affects brain function, and mice lacking IR (Garcia-Caceres et al., 2016; Fernandez de Sevilla et al.,
2022) or IGF-IR (Hernandez-Garzon et al., 2016) and in preparation) in astrocytes show disturbed blood glucose
regulation in a time- and sex-dependent fashion. Disturbed brain function related to inflammation, oxidative stress
(Fernandez de Sevilla et al., 2022) or apoptosis could also help explain the various phenotypes observed in mice lacking
IR or IGF-IR in astrocytes. Underlying mechanisms will need to be studied in detail in future studies.

Several limitations should be stated. Although mouse models are successfully used to mimic human physiology and
pathology, species-specific differences between mice and humans, should always be kept in mind when translating these
observations. The reduced sample size in each experiment contributes to potential imprecision. Since bias in behavioral
studies in experimental animals include sex of the experimenter performing the test, both male and female experimenters
carried out these analyses. Together with the fact thatmousemodels ofAD-like pathology, which are based in the genetic,
least frequent type of AD, lack important aspects of the disease (most prominently, widespread neuronal loss), we
consider that with the current available data, the role of ILP receptors in AD pathology remains undefined. Until better
animal models of AD become available, and experimental approaches manipulating IR and IGF-IR activity are
harmonized, we think this search should be re-formulated.
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Data availability
Underlying data
Harvard Dataverse: DATA SET - ASTROCYTE INSULIN AND INSULIN-LIKE GROWTH FACTOR I (IGF-I)
RECEPTORS. https://doi.org/10.7910/DVN/Y7K97E (Zegarra-Valdivia et al., 2022).

This project contains the following underlying data:

- APP-PS1 (para FIRKOTAPP) 10x ProjMax001.tif

- APP-PS1(para BIRKOTAPP) 10x ProjMax001.tif

- BIRKOTAPP Control 10x ProjMax001.tif

- BIRKOTAPP KO 10x ProjMax001.tif

- DATA SET - ASTROCYTE INSULIN AND INSULIN-LIKE GROWTH FACTOR I (IGF-I) RECEPTORS
v.2.xlsx

- FIRKOTAPP Control10x ProjMax001.tif

- FIRKOTAPP KO 10x ProjMax001.tif

- qPCR Data - Protocol.docx

- qPCR InsR-IGF1R Ct values.xlsx

Reporting guidelines
Harvard Dataverse: ARRIVE checklist for ‘Insulin and insulin-like growth factor-I receptors in astrocytes exert different
effects on behavior and Alzheimer’s-like pathology’. https://doi.org/10.7910/DVN/Y7K97E.

Data are available under the terms of the Creative Commons Zero “No rights reserved” data waiver (CC0 1.0 Public
domain dedication).

Acknowledgements
We are thankful to M. Garcia for technical support.

References

Biundo F, Del Prete D, Zhang H, et al.:A role for tau in learning,memory
and synaptic plasticity. Sci. Rep. 2018; 8: 3184.
PubMed Abstract|Publisher Full Text

Cai W, Xue C, Sakaguchi M, et al. : Insulin regulates astrocyte
gliotransmission and modulates behavior. J. Clin. Invest. 2018; 128:
2914–2926.
PubMed Abstract|Publisher Full Text

Cohen E, Bieschke J, Perciavalle RM, et al. : Opposing Activities Protect
Against Age Onset Proteotoxicity. Science. 2006; 313: 1604–1610.
PubMed Abstract|Publisher Full Text

Cohen E, Paulsson JF, Blinder P, et al. : Reduced IGF-1 signaling delays
age-associated proteotoxicity in mice. Cell. 2009; 139: 1157–1169.
PubMed Abstract|Publisher Full Text

De Magalhaes Filho CD, Kappeler L, Dupont J, et al. : Deleting IGF-1
receptor from forebrain neurons confers neuroprotection during
stroke and upregulates endocrine somatotropin 1. J. Cereb. Blood Flow
Metab. 2016; 37: 396–412.
Publisher Full Text

Fernandes de Abreu DA, et al.:An insulin-to-insulin regulatory network
orchestrates phenotypic specificity in development and physiology.

PLoS Genet. 2014; 10: e1004225.
PubMed Abstract|Publisher Full Text

Fernandez AM, de la Vega AG, Torres-Aleman I: Insulin-like growth
factor I restores motor coordination in a rat model of cerebellar
ataxia. Proc. Natl. Acad. Sci. U. S. A. 1998; 95: 1253–1258.
PubMed Abstract|Publisher Full Text|Free Full Text

Fernandez AM, Jimenez S, Mecha M, et al. : Regulation of the
phosphatase calcineurin by insulin-like growth factor I unveils a key
role of astrocytes in Alzheimer’s pathology. Mol. Psychiatry. 2012; 17:
705–718.
PubMed Abstract|Publisher Full Text

Fernandez de SevillaME, Pignatelli J, Zegarra-Valdivia JA, et al.: Insulin-like
growth factor I mitigates post-traumatic stress by inhibiting AMP-
kinase in orexin neurons. Mol. Psychiatry. 2022; 27: 2182–2196.
PubMed Abstract|Publisher Full Text

Freude S, Schilbach K, SchubertM: The role of IGF-1 receptor and insulin
receptor signaling for the pathogenesis of Alzheimer’s disease: from
model organisms to human disease. Curr. Alzheimer Res. 2009a; 6:
213–223.
PubMed Abstract|Publisher Full Text

Page 10 of 21

F1000Research 2022, 11:663 Last updated: 06 JAN 2023

https://doi.org/10.7910/DVN/Y7K97E
https://dataverse.harvard.edu/file.xhtml?fileId=6300169&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300164&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300165&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300165&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300321&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300321&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300167&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300168&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300139&version=3.0
https://dataverse.harvard.edu/file.xhtml?fileId=6300133&version=3.0
https://doi.org/10.7910/DVN/Y7K97E
http://creativecommons.org/publicdomain/zero/1.0/
http://www.ncbi.nlm.nih.gov/pubmed/29453339
https://doi.org/10.1038/s41598-018-21596-3
https://doi.org/10.1038/s41598-018-21596-3
https://doi.org/10.1038/s41598-018-21596-3
http://www.ncbi.nlm.nih.gov/pubmed/29664737
https://doi.org/10.1172/JCI99366
https://doi.org/10.1172/JCI99366
https://doi.org/10.1172/JCI99366
http://www.ncbi.nlm.nih.gov/pubmed/16902091
https://doi.org/10.1126/science.1124646
https://doi.org/10.1126/science.1124646
https://doi.org/10.1126/science.1124646
http://www.ncbi.nlm.nih.gov/pubmed/20005808
https://doi.org/10.1016/j.cell.2009.11.014
https://doi.org/10.1016/j.cell.2009.11.014
https://doi.org/10.1016/j.cell.2009.11.014
https://doi.org/10.1177/0271678X15626718
http://www.ncbi.nlm.nih.gov/pubmed/24675767
https://doi.org/10.1371/journal.pgen.1004225
https://doi.org/10.1371/journal.pgen.1004225
https://doi.org/10.1371/journal.pgen.1004225
http://www.ncbi.nlm.nih.gov/pubmed/9448318
https://doi.org/10.1073/pnas.95.3.1253
https://doi.org/10.1073/pnas.95.3.1253
https://doi.org/10.1073/pnas.95.3.1253
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18736
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18736
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC18736
http://www.ncbi.nlm.nih.gov/pubmed/22005929
https://doi.org/10.1038/mp.2011.128
https://doi.org/10.1038/mp.2011.128
https://doi.org/10.1038/mp.2011.128
http://www.ncbi.nlm.nih.gov/pubmed/35115701
https://doi.org/10.1038/s41380-022-01442-9
https://doi.org/10.1038/s41380-022-01442-9
https://doi.org/10.1038/s41380-022-01442-9
http://www.ncbi.nlm.nih.gov/pubmed/19519303
https://doi.org/10.2174/156720509788486527
https://doi.org/10.2174/156720509788486527
https://doi.org/10.2174/156720509788486527


Freude S, Hettich MM, Schumann C, et al. : Neuronal IGF-1 resistance
reduces Aβ accumulation and protects against premature death in a
model of Alzheimer’s disease. FASEB J. 2009b; 23: 3315–3324.
PubMed Abstract|Publisher Full Text

Garcia-Caceres C, et al. : Astrocytic Insulin Signaling Couples Brain
Glucose Uptake with Nutrient Availability. Cell. 2016; 166: 867–880.
PubMed Abstract|Publisher Full Text

Gontier G, George C, Chaker Z, et al. : Blocking IGF Signaling in Adult
Neurons Alleviates Alzheimer’s Disease Pathology through Amyloid-
beta Clearance 1. J. Neurosci. 2015; 35: 11500–11513.
PubMed Abstract|Publisher Full Text

Hausrat TJ, Muhia M, Gerrow K, et al.: Radixin regulates synaptic GABAA
receptor density and is essential for reversal learning and short-term
memory. Nat. Commun. 2015; 6: 6872.
PubMed Abstract|Publisher Full Text

Hernandez-Garzón E, Fernandez AM, Perez-Alvarez A, et al. : The insulin-
like growth factor receptor I regulates glucose transport by
astrocytes. Glia. 2016; 64: 1962–1971.

Hirrlinger PG, Scheller A, Braun C, et al. : Temporal control of gene
recombination in astrocytes by transgenic expression of the
tamoxifen-inducible DNA recombinase variant CreERT2. Glia. 2006; 54:
11–20.
Publisher Full Text

Kaidanovich-BeilinO, Lipina T, Vukobradovic I, et al.:Assessment of social
interaction behaviors. J. Vis. Exp. 2011.
Publisher Full Text

Kenyon C, Chang J, Gensch E, et al.: A C. elegansmutant that lives twice
as long as wild type. Nature. 1993; 366: 461–464.
PubMed Abstract|Publisher Full Text

Kimura KD, Tissenbaum HA, Liu Y, et al. : daf-2, an insulin receptor-like
gene that regulates longevity and diapause in Caenorhabditis
elegans. Science. 1997; 277: 942–946.
PubMed Abstract|Publisher Full Text

Logan S, Pharaoh GA, Marlin MC, et al. : Insulin-like growth factor
receptor signaling regulates working memory, mitochondrial
metabolism, and amyloid-beta uptake in astrocytes.Mol. Metab. 2018;
9: 141–155.
PubMed Abstract|Publisher Full Text

Manaserh IH, Chikkamenahalli L, Ravi S, et al.: Ablating astrocyte insulin
receptors leads to delayed puberty and hypogonadism in mice.
PLoS Biol. 2019; 17: e3000189.
PubMed Abstract|Publisher Full Text

McCall C, Singer T: The animal and human neuroendocrinology of
social cognition, motivation and behavior. Nat. Neurosci. 2012; 15:
681–688.

McGaugh SE, Bronikowski AM, Kuo CH, et al.: Rapidmolecular evolution
across amniotes of the IIS/TOR network 1. Proc. Natl. Acad. Sci. U. S. A.
2015; 112: 7055–7060.
Publisher Full Text

Munive V, Zegarra-Valdivia JA, Herrero-Labrador R, et al. : Loss of the
interaction betweenestradiol and insulin-like growth factor I in brain
endothelial cells associates to changes in mood homeostasis during
peri-menopause in mice. Aging (Albany NY). 2019; 11: 174–184.
PubMed Abstract|Publisher Full Text

Noriega-Prieto JA, Maglio LE, Zegarra-Valdivia JA, et al.:Astrocytic IGF-IRs
Induce Adenosine-Mediated Inhibitory Downregulation and Improve
Sensory Discrimination. J. Neurosci. 2021; 41: 4768–4781.
PubMed Abstract|Publisher Full Text

Ortiz O, Delgado-Garcia JM, Espadas I, et al. : Associative learning and
CA3-CA1 synaptic plasticity are impaired in D1R null, Drd1a-/- mice
and in hippocampal siRNA silenced Drd1a mice. J. Neurosci. 2010; 30:
12288–12300.
PubMed Abstract|Publisher Full Text

Pfaffl MW: A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 2001; 29: e45–e445.
PubMed Abstract|Publisher Full Text|Free Full Text

Plum L, Schubert M, Brning JC: The role of insulin receptor signaling in
the brain. Trends Endocrinol. Metab. 2005; 16: 59–65.
Publisher Full Text

RecintoP, SamantAR, ChavezG, et al.:Levels ofneural progenitors in the
hippocampus predict memory impairment and relapse to drug
seeking as a function of excessive methamphetamine self-
administration. Neuropsychopharmacology. 2012; 37: 1275–1287.
PubMed Abstract|Publisher Full Text

Santi A, Genis L, Torres Aleman I: A Coordinated Action of Blood-Borne
and Brain Insulin-Like Growth Factor I in the Response to Traumatic
Brain Injury. Cereb. Cortex. 2017; 1–8.

Sarter M, Bodewitz G, Stephens DN: Attenuation of scopolamine-
induced impairment of spontaneous alteration behaviour by
antagonist but not inverse agonist and agonist beta-carbolines.
Psychopharmacology. 1988; 94: 491–495.
PubMed Abstract|Publisher Full Text

Shimizu T, Baba T, Ogawara M, et al. : Lifespan and glucose metabolism
in insulin receptor mutant mice. J. Aging Res. 2011; 2011: 1–10.
Publisher Full Text

Soto M, Cai W, Konishi M, et al. : Insulin signaling in the hippocampus
and amygdala regulates metabolism and neurobehavior. Proc. Natl.
Acad. Sci. U. S. A. 2019; 116: 6379–6384.
PubMed Abstract|Publisher Full Text

Trezza V, Campolongo P, Vanderschuren LJ: Evaluating the rewarding
nature of social interactions in laboratory animals.Dev. Cogn. Neurosci.
2011; 1: 444–458.

Yan T, He B, Wan S, et al. : Antidepressant-like effects and cognitive
enhancement of Schisandra chinensis in chronic unpredictable mild
stress mice and its related mechanism. Sci. Rep. 2017; 7: 6903.
PubMed Abstract|Publisher Full Text

Zegarra-Valdivia JA, Santi A, Fernandez de SevillaME, et al.: Serum Insulin-
Like Growth Factor I Deficiency Associates to Alzheimer’s Disease
Co-Morbidities. J. Alzheimers Dis. 2019; 69: 979–987.
PubMed Abstract|Publisher Full Text

Zegarra-Valdivia JA, Fernandes J, Esparza J, et al. : Interoceptive
Information of Physical Vigor: Orexin Neurons Gauge Circulating
IGF-I for Motivational Motor Output. bioRxiv:2021.2005.2025.445442.
2021.

Zegarra-Valdivia JA, Fernandez A, Martinez-Rachadell L, et al. : Data Set -
Astrocyte Insulin and Insulin-Like Growth Factor I (IGF-I) Receptors.
[Data] Harvard Dataverse, V5. 2022.
Publisher Full Text

Page 11 of 21

F1000Research 2022, 11:663 Last updated: 06 JAN 2023

http://www.ncbi.nlm.nih.gov/pubmed/19487308
https://doi.org/10.1096/fj.09-132043
https://doi.org/10.1096/fj.09-132043
https://doi.org/10.1096/fj.09-132043
http://www.ncbi.nlm.nih.gov/pubmed/27518562
https://doi.org/10.1016/j.cell.2016.07.028
https://doi.org/10.1016/j.cell.2016.07.028
https://doi.org/10.1016/j.cell.2016.07.028
http://www.ncbi.nlm.nih.gov/pubmed/26290229
https://doi.org/10.1523/JNEUROSCI.0343-15.2015
https://doi.org/10.1523/JNEUROSCI.0343-15.2015
https://doi.org/10.1523/JNEUROSCI.0343-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/25891999
https://doi.org/10.1038/ncomms7872
https://doi.org/10.1038/ncomms7872
https://doi.org/10.1038/ncomms7872
https://doi.org/10.1002/glia.20342
https://doi.org/10.3791/2473
http://www.ncbi.nlm.nih.gov/pubmed/8247153
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/366461a0
http://www.ncbi.nlm.nih.gov/pubmed/9252323
https://doi.org/10.1126/science.277.5328.942
https://doi.org/10.1126/science.277.5328.942
https://doi.org/10.1126/science.277.5328.942
http://www.ncbi.nlm.nih.gov/pubmed/29398615
https://doi.org/10.1016/j.molmet.2018.01.013
https://doi.org/10.1016/j.molmet.2018.01.013
https://doi.org/10.1016/j.molmet.2018.01.013
http://www.ncbi.nlm.nih.gov/pubmed/30893295
https://doi.org/10.1371/journal.pbio.3000189
https://doi.org/10.1371/journal.pbio.3000189
https://doi.org/10.1371/journal.pbio.3000189
https://doi.org/10.1073/pnas.1419659112
http://www.ncbi.nlm.nih.gov/pubmed/30636168
https://doi.org/10.18632/aging.101739
https://doi.org/10.18632/aging.101739
https://doi.org/10.18632/aging.101739
http://www.ncbi.nlm.nih.gov/pubmed/33911021
https://doi.org/10.1523/JNEUROSCI.0005-21.2021
https://doi.org/10.1523/JNEUROSCI.0005-21.2021
https://doi.org/10.1523/JNEUROSCI.0005-21.2021
http://www.ncbi.nlm.nih.gov/pubmed/20844125
https://doi.org/10.1523/JNEUROSCI.2655-10.2010
https://doi.org/10.1523/JNEUROSCI.2655-10.2010
https://doi.org/10.1523/JNEUROSCI.2655-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC55695
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC55695
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC55695
https://doi.org/10.1016/j.tem.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22205547
https://doi.org/10.1038/npp.2011.315
https://doi.org/10.1038/npp.2011.315
https://doi.org/10.1038/npp.2011.315
http://www.ncbi.nlm.nih.gov/pubmed/2836875
https://doi.org/10.1007/BF00212843
https://doi.org/10.1007/BF00212843
https://doi.org/10.1007/BF00212843
https://doi.org/10.4061/2011/315640
http://www.ncbi.nlm.nih.gov/pubmed/30765523
https://doi.org/10.1073/pnas.1817391116
https://doi.org/10.1073/pnas.1817391116
https://doi.org/10.1073/pnas.1817391116
http://www.ncbi.nlm.nih.gov/pubmed/28761074
https://doi.org/10.1038/s41598-017-07407-1
https://doi.org/10.1038/s41598-017-07407-1
https://doi.org/10.1038/s41598-017-07407-1
http://www.ncbi.nlm.nih.gov/pubmed/31156175
https://doi.org/10.3233/JAD-190241
https://doi.org/10.3233/JAD-190241
https://doi.org/10.3233/JAD-190241
https://doi.org/10.7910/DVN/Y7K97E


Open Peer Review
Current Peer Review Status:   

Version 3

Reviewer Report 06 January 2023

https://doi.org/10.5256/f1000research.142193.r158472

© 2023 Cardoso S. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Susana Cardoso   
CNC-Center for Neuroscience and Cell Biology, CIBB-Center for Innovative Biomedicine and 
Biotechnology, University of Coimbra, Coimbra, Portugal 

I have no further questions/comments.
 
Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Brain energy metabolism, Mitochondria, brain signaling pathways

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Version 2

Reviewer Report 20 December 2022

https://doi.org/10.5256/f1000research.140877.r157009

© 2022 Kleinridders A. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Andre Kleinridders  
Department of Molecular and Experimental Nutritional Medicine, Institute of Nutritional Science, 
University of Potsdam, Nuthetal, Germany 

The authors have addressed the questions. 
 

 
Page 12 of 21

F1000Research 2022, 11:663 Last updated: 06 JAN 2023

https://doi.org/10.5256/f1000research.142193.r158472
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-9866-933X
https://doi.org/10.5256/f1000research.140877.r157009
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


One minor change is needed: In Figure 1C a T-test was used, but in Fig. 3D the correct 2Way 
ANOVA was used. Please change 1C accordingly. 
 
I have no further questions.
 
Competing Interests: No competing interests were disclosed.

Reviewer Expertise: insulin signaling, brain metabolism, behavior, diabetes, obesity

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 06 December 2022

https://doi.org/10.5256/f1000research.140877.r157010

© 2022 Cardoso S. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Susana Cardoso   
CNC-Center for Neuroscience and Cell Biology, CIBB-Center for Innovative Biomedicine and 
Biotechnology, University of Coimbra, Coimbra, Portugal 

The authors have satisfactorily addressed the concerns and comments raised by the reviewers.  
 
However, it was noticed that this revised version of the manuscript contains two new figures in the 
panel of Figure 4 (E and F) that are not mentioned in the paper and seem to be misplaced. Please 
check this. Further, if those are meant to be included, you will also need to (re)include the qPCR 
subheading in methods.
 
Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Brain energy metabolism, Mitochondria, brain signaling pathways

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Version 1

Reviewer Report 04 November 2022
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© 2022 Cardoso S. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Susana Cardoso   
CNC-Center for Neuroscience and Cell Biology, CIBB-Center for Innovative Biomedicine and 
Biotechnology, University of Coimbra, Coimbra, Portugal 

The manuscript by Zegarra-Valdivia and co-workers intended to elucidate the role of insulin 
receptors (IR) and insulin-growth factor 1 receptor (IGF-1R) in astrocytes. In particular, the authors 
had a specific interest in investigating the role of both receptors in mood and cognitive traits of 
young and older mice as well as in an AD-like context. To accomplish their goals, the authors used 
different KO models and performed the appropriate behavioral analysis. 
Overall, the rational of the study looks interesting, but the data presented seems to be quite 
preliminary to present conclusive findings. 
 
Please consider addressing the following points during the revision process:

Starting with the results, it is quite visible that the number of animals used to perform the 
forced swim test is not the same as the ones submitted to the other tests (Fig. 1). Do the 
authors have any justification for this? Such discrepancy can introduce significant bias on 
the data analysis. 
 

1. 

Also, why is the number of animals used to evaluate cognitive behavior in IGF-1R KO (Fig.3) 
so different from the number of animals used to evaluate mood homeostasis (Fig.4)? 
 

2. 

The graphs of Figure 5A and 5C do not have the individuals’ data points. Please check this. 
 

3. 

Although the authors performed a reasonable detailed description of the methods, there 
are some points missing. It is mentioned that the authors used young and older mice of the 
IR KO genotype, but is not clear what was the age of the mice used from the IGF-1R 
genotype? And why were two age points for the IR-KO mice used and only one age point for 
the IGF-1R KO mice? 
 

4. 

Also, evidence should be provided that the experimental mice are really KO in astrocytes as 
well as that the KO is not all-body. 
 

5. 

In methods qPCR technique is described, but the manuscript does not have any mRNA data. 
Please check this. 
 

6. 

Figure 5 should have data from control animals per se. The results presented in Figure 5B 
and 5D are quite difficult to understand. What are the genotypic differences between the 
APP/PS1 mice and the GFP-IGF-1R Control-APP/PS1 mice?

7. 

 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
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Partly

Are sufficient details of methods and analysis provided to allow replication by others?
No

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Brain energy metabolism, Mitochondria, brain signaling pathways

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to state that I do not consider it to be of an acceptable scientific standard, for 
reasons outlined above.

Author Response 07 Nov 2022
Ignacio Torres Aleman, Achucarro Basque Center for Neuroscience, Leioa, Spain 

"Starting with the results, it is quite visible that the number of animals used to perform the forced 
swim test is not the same as the ones submitted to the other tests (Fig. 1). Do the authors have 
any justification for this? Such discrepancy can introduce significant bias on the data analysis." 
 
Answer: Thank you for your comment. Depressive-like behavior in GFAP-IR KO mice was 
already reported by Cai et al (JCI 2018). These authors described the presence of mood 
alterations in young female GFAP-IR KO mice while males appear to have only minor 
deficits. The purpose of our study is to compare this model irrespective of sex differences in 
the context of AD as the role of IR in this disease is controversial. For this reason, we first 
confirmed that GFAP-IR KO mice (when both sexes are pooled together) show mood 
disturbances. In our hands, we found these disturbances in adult mice only (>6 months old) 
while Cai et al found them already in 4 month old mice, probably because we pooled 
together both sexes. Since we just wanted to confirm observations by others, we did not 
use more animals. In the rest of tests, no previous information was available, and for this 
reason we used more animals. In the case of the EPM test we used many more animals 
because Cai et al reported increased anxiety (without using the EPM test) in GFAP IR KO 
mice, but we did not see changes in this behavioral trait.  
 
"Also, why is the number of animals used to evaluate cognitive behavior in IGF-1R KO (Fig.3) so 
different from the number of animals used to evaluate mood homeostasis (Fig.4)?" 
 
Answer: Figure 3: in cognitive tests we obtained significant differences using samples sizes 

 
Page 15 of 21

F1000Research 2022, 11:663 Last updated: 06 JAN 2023



of 8-12 animals/group. Since in GFAP-IR KO mice we had detected mood disturbances, we 
wanted to confirm that in GFAP IGF-IR KO mice mood is not altered (Figure 4). For this 
reason, we increased sample size to be sure that it was not a problem of sample size. It is 
quite intriguing that mice lacking IR in astrocytes show mood disturbances but intact 
cognition while mice lacking IGF-IR in astrocytes show altered cognition and intact mood. 
 
"The graphs of Figure 5A and 5C do not have the individuals’ data points. Please check this." 
 
Answer: Corrected. Apologies for the oversight. 
 
"Although the authors performed a reasonable detailed description of the methods, there are 
some points missing. It is mentioned that the authors used young and older mice of the IR KO 
genotype, but is not clear what was the age of the mice used from the IGF-1R genotype? And why 
were two age points for the IR-KO mice used and only one age point for the IGF-1R KO mice?" 
 
Answer: Young (< 6 months old) and adult (>6 months old) mice were used in both 
genotypes. This is now stated in the manuscript (Results, first subheading, second 
paragraph). The other part of this question has already been answered above. 
  
"Also, evidence should be provided that the experimental mice are really KO in astrocytes as well 
as that the KO is not all-body." 
 
Answer: We copy the answer already given to the other reviewer addressing this point: 
Both mouse models have been characterized by us in different publications: Garcia-Caceres 
et al Cell 2016, Hernandez-Garzon et al Glia 2016, and Noriega-Prieto J Neurosci 2021. 
Efficiency of Cre recombination after tamoxifen injection was shown in those publications. 
We did not examine all brain regions for deletion of IR or IGF-I respectively, only cortex and 
hippocampus. These two regions are involved in all tested behaviors. As indicated in the 
Glia 2016 publication, brain IR levels in IGF-IR KO mice were similar to wild types and these 
mice responded normally to insulin. Also brain IGF-IR levels in IR KOs were similar to wild 
type levels, and responded normal to IGF-I (Fernandez et al, PNAS 2022). We now address 
these points in the corrected manuscript, adding these supporting references. 
 
"In methods qPCR technique is described, but the manuscript does not have any mRNA data. 
Please check this." 
 
Answer: Thank you for the comment. In a draft version of the manuscript we were 
including mRNA levels in both genotypes, that is the reason for this error. We have deleted 
this subheading. 
 
"Figure 5 should have data from control animals per se. The results presented in Figure 5B and 
5D are quite difficult to understand. What are the genotypic differences between the APP/PS1 
mice and the GFP-IGF-1R Control-APP/PS1 mice?" 
 
Answer: Two types of controls are included in this Figure; APP/PS1 and APP/PS1x GFAP IGF-
IR littermates. APP/PS1 mice have extensively been shown (including our previous 
publications) to present deficits in the Y maze and Abeta plaques. We agree that the results 
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are quite difficult to explain, but they illustrate our main point: these mouse models are not 
adequate to ascribe a role for IGF-IR (or IR) in AD since the results are highly dependent on 
the model used. To our knowledge, previous results compared littermates and KOs in an 
APP/PS1 background, without including APP/PS1.  

Competing Interests: No competing interests were disclosed.

Reviewer Report 25 July 2022
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Andre Kleinridders  
Department of Molecular and Experimental Nutritional Medicine, Institute of Nutritional Science, 
University of Potsdam, Nuthetal, Germany 

Zegarra-Valdivia et al., Insulin and insulin-like growth factor-I receptors in astrocytes exert 
different effects on behavior and Alzheimer´s-like pathology 
 
In their manuscript, Zegarra-Valdivia and colleagues investigate the effect of Insulin receptor (IR) 
and IGF-1 receptor (IGF-1R) deficiency in astrocytes on behavior using a tamoxifen-inducible 
knockout approach. 
The authors show that time-dependent IR deletion in GFAP astrocytes (GFAP IR KO mice) develop 
mood alterations, while cognition is not impacted. Yet, deficiency of IGF-1R in astrocytes causes a 
more severe behavioral phenotype with decreased cognition and depressive-like behavior. When 
these mouse models were bred with APP/PS1 mice, a model of familial Alzheimer´s disease (AD), 
the lack of IR worsened the phenotype, while deficiency of IGF-1R attenuated this phenotype. Yet, 
lox/lox animals showed the same phenomenon, as KO mice, questioning the effect of IGF-1R in 
this scenario. It remains elusive, why the observed phenotype is present, as no molecular insights 
were given. 
 
Overall the finding in this manuscript is very interesting and expands knowledge about the effect 
of insulin/IGF signaling in the brain on behavior. It addresses an important question, whether 
deletion of IR or IGF-1R in astrocytes impact behavior when deleted in adulthood. As most humans 
acquire insulin resistance while aging and not in their youth, these mouse models exhibit an 
important feature of age-associated brain insulin resistance and shed light into late-term 
complications. Thus the use of a tamoxifen-inducible knockout (KO) model is appropriate to gain 
more insights into time-dependent effects of IR and IGF-1R deficiency in astrocytes. 
 
Following issues with their presented data and conclusions should be addressed, to help the 
unfamiliar reader to better understand their results and compare it to already published 
literature.
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The authors need to show tamoxifen-induced deletion deficiency, to better understand their 
acquired data. The behavioral traits, which have been investigated, are impacted by various 
brain regions. Is the IR or IGF-1R efficiently deleted in astrocytes in those regions? Is IR 
upregulated in IGF-1R KO mice and vice versa? 
 

1. 

Does the lack of IR or IGF-1R alters blood glucose levels, as hyper- and hypoglycemia exhibit 
profound effects on brain physiology? 
 

2. 

Do these mice exhibit neuroinflammation, oxidative stress or even apoptosis? Markers such 
as GFAP, Iba, lipid peroxidation etc. should be investigated to gain insights into potential 
mechanisms. 
 

3. 

It has been shown that lack of IR or IGF-1R in astrocytes alters brain energy metabolism. Do 
mice with tamoxifen-induced IR and IGF-1R deletion in astrocytes show a similar effect? 
 

4. 

Why does IR deficiency worsens the phenotype in APP/PS1 mice, yet IGF1R deletion not? 
What are proposed mechanisms? 
 

5. 

Why do APP/PS1 lox/lox IGF-1R mice show a different phenotype compared to APP/PS1 
mice? Why do these control mice exhibit the same phenotype as APP/PS1 IGF-1R KO 
animals? Here more research is needed. 
 

6. 

Could the authors please state how many males and females participated for each 
experiment? Does ‘sex-balanced manner’ stand for an equal number of males and females 
and were there differences between the different tests? Is there a sex-specific difference, as 
it has been shown for conditional KO animals?

7. 

Minor comments:
In Figure 1A and B the authors show results of the Mousetail suspension test and Forced 
swimming test which were not described. The authors should add the test description in the 
method section. 
 

1. 

Figure 5A and C do not show single data points compared to other figures. Please change 
accordingly.

2. 

 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
No

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
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No

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: insulin signaling, brain metabolism, behavior, diabetes, obesity

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 07 Nov 2022
Ignacio Torres Aleman, Achucarro Basque Center for Neuroscience, Leioa, Spain 

"The authors need to show tamoxifen-induced deletion deficiency, to better understand their 
acquired data. The behavioral traits, which have been investigated, are impacted by various brain 
regions. Is the IR or IGF-1R efficiently deleted in astrocytes in those regions? Is IR upregulated in 
IGF-1R KO mice and vice versa?" 
 
Answer: Both mouse models have been described in detail by us in previous publications: 
Garcia-Caceres et al Cell 2016, Hernandez-Garzon et al Glia 2016, and Noriega-Prieto J 
Neurosci 2021. Efficiency of Cre recombination after tamoxifen injection was shown in those 
publications. We did not examine all brain regions for deletion of IR or IGF-I respectively, 
only cortex and hippocampus. These two regions are involved in all tested behaviors. As 
indicated in the Glia 2016 publication, brain IR levels in IGF-IR KO mice were similar to wild 
types and these mice responded normally to insulin. Conversely, brain IGF-IR levels in IR 
KOs were similar to wild type levels, and responded normal to IGF-I (Fernandez et al, PNAS 
2022). We now address these points in the corrected manuscript, adding these supporting 
references. 
 
"Does the lack of IR or IGF-1R alters blood glucose levels, as hyper- and hypoglycemia exhibit 
profound effects on brain physiology?" 
 
Answer: Indeed, peripheral glucose levels will impact on brain physiology. The pattern of 
changes in blood glucose in these mice is time and sex-dependent. Young, but not middle-
aged GFAP IR KO mice show hyperglycemia (Fernandez et al, PNAS 2022) and glucose 
intolerance (Garcia-Caceres et al, Cell 2016). Female, but not male GFAP-IGF-IR KO mice 
show glucose resistance (unpublished). We now introduce these data to nuance the 
discussion. 
  
"Do these mice exhibit neuroinflammation, oxidative stress or even apoptosis? Markers such as 
GFAP, Iba, lipid peroxidation etc. should be investigated to gain insights into potential 
mechanisms." 
 
Answer: Indeed, all these factors could help explain the observed phenotypes. We only 
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have analyzed in greater detail GFAP-IR KO mice, that show oxidative stress (Fernandez et al 
PNAS 2022). We have included new comments in the discussion to address this point. 
 
"It has been shown that lack of IR or IGF-1R in astrocytes alters brain energy metabolism. Do 
mice with tamoxifen-induced IR and IGF-1R deletion in astrocytes show a similar effect?" 
 
Answer: Yes, both IR (Fernandez et al, PNAS 2022) and IGF-IR (Hernandez-Garzon et al, Glia 
2016, and in preparation) show changes in brain glucose metabolism. This comment has 
also been introduced in the discussion.  
 
"Why does IR deficiency worsens the phenotype in APP/PS1 mice, yet IGF1R deletion not? What are 
proposed mechanisms?" 
 
Answer: This is a key question. The observational data that we now present does not intend 
to answer it and will involve a variety of mechanistic studies. We wanted to publish these 
observations to illustrate that the effects of IR and IGF-IR in the APP/PS1 mouse depend on 
many variables not accounted for in previous studies. This was our solely aim. Analysis of 
underlying mechanisms in these specific models will in all probability unveil mechanisms 
related to these specific models. Our point is that with the current available approaches is 
premature to establish a role of IR and IGF-IR in Alzheimer disease.   
 
"Why do APP/PS1 lox/lox IGF-1R mice show a different phenotype compared to APP/PS1 mice? 
Why do these control mice exhibit the same phenotype as APP/PS1 IGF-1R KO animals? Here more 
research is needed." 
 
Answer: Indeed, more research is needed if we want to answer these key points. We do not 
have any evidenced-based explanation. Floxing the IGF-IR gene may have unknown 
functional consequences. We believe that this type of observations are not enough to 
support a deleterious role of IGF-IR in Alzheimer disease, which has been until now widely 
held. 
 
"Could the authors please state how many males and females participated for each experiment? 
Does ‘sex-balanced manner’ stand for an equal number of males and females and were there 
differences between the different tests? Is there a sex-specific difference, as it has been shown for 
conditional KO animals?" 
 
Answer: Both sexes were used in similar proportions but not 50/50 in all experiments, in 
some 40/60 ratio was used. There may be sex differences (as seen in various traits in these 
KOs), but we did not consider necessary to use larger number of animals (also for ethical 
considerations) since our results already document that these models are not appropriate 
to reach robust conclusions about the role of IR/IGF-IR in mouse model of AD. 
 
Minor comments:

"In Figure 1A and B the authors show results of the Mouse tail suspension test and Forced 
swimming test which were not described. The authors should add the test description in 
the method section." 
 

1. 
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Corrected as indicated (see new methods). Apologies for the oversight. 
 
"Figure 5A and C do not show single data points compared to other figures. Please change 
accordingly." 
 
Corrected as indicated. Again, apologies for the oversight.

2. 
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