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Prolactin deficiency drives diabetes- @
associated cognitive dysfunction by inducing
microglia-mediated synaptic loss

Jiaxuan Jiang'?', Pengzi Zhang'*", Yue Yuan'?', Xiang Xu'?, Tianyu Wu'?, Zhou Zhang'#, Jin Wang'?" and Yan Bi'*"

Abstract

Background Diabetes-associated cognitive dysfunction, characterized by hippocampal synaptic loss as an early
pathological feature, seriously threatens patients’ quality of life. Synapses are dynamic structures, and hormones play
important roles in modulating the formation and elimination of synapses. The pituitary, the master gland of the body,
releases several hormones with multiple roles in hippocampal synaptic regulation. In this study, we aimed to explore
the relationship between pituitary hormones and cognitive decline in diabetes.

Methods A total of 744 patients with type 2 diabetes (T2DM) (445 men and 299 postmenopausal women) who
underwent serum pituitary hormone level assessments, comprehensive cognitive evaluations and MRI scans were
enrolled. Dynamic diet interventions were applied in both chow diet-fed mice and high-fat diet (HFD)-fed diabetic
mice. The cognitive performance and hippocampal pathology of prolactin (PRL)-knockout mice, neuronal prolactin
receptor (PRLR)-specific knockout mice and microglial PRLR-specific knockout mice were assessed. Microglial PRLR-
specific knockout mice were fed an HFD to model diabetes. Diabetic mice received an intracerebroventricular infusion
of recombinant PRL protein or vehicle.

Results This clinical study revealed that decreased PRL levels were associated with cognitive impairment and
hippocampal damage in T2DM patients. In diabetic mice, PRL levels diminished before hippocampal synaptic loss and
cognitive decline occurred. PRL loss could directly cause cognitive dysfunction and decreased hippocampal synaptic
density. Knockout of PRLR in microglia, rather than neurons, induced hippocampal synaptic loss and cognitive
impairment. Furthermore, blockade of PRL/PRLR signaling in microglia exacerbated abnormal microglial phagocytosis
of synapses, further aggravating hippocampal synaptic loss and cognitive impairment in diabetic mice. Moreover, PRL
infusion reduced microglia-mediated synaptic loss, thereby alleviating cognitive impairment in diabetic mice.

fJiaxuan Jiang, Pengzi Zhang and Yue Yuan contributed equally to
this work.

*Correspondence:

Zhou Zhang
zhangzhou@smail.nju.edu.cn
Jin Wang
wangjin@smail.nju.edu.cn
Yan Bi

biyan@nju.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-024-03289-z&domain=pdf&date_stamp=2024-11-11

Jiang et al. Journal of Neuroinflammation (2024) 21:295

Page 2 of 22

Conclusion PRL is associated with cognitive dysfunction and hippocampal damage in T2DM patients. In diabetes, a
decrease in PRL level drives hippocampal synaptic loss and cognitive impairment by increasing microglia-mediated
synapse engulfment. Restoration of PRL levels ameliorates cognitive dysfunction and hippocampal synaptic loss in

diabetic mice.
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Introduction

Type 2 diabetes mellitus (T2DM) is the most common
chronic metabolic disease and causes varying degrees
of damage to all vital organs of the body. The epidemic
of T2DM and its complications presents a major global
health threat [1, 2]. Cognitive dysfunction has drawn
increasing attention as an important complication of dia-
betes. Diabetes-associated cognitive dysfunction can be
roughly divided into three different stages according to
disease progression: diabetes-associated cognitive func-
tion decrements, mild cognitive impairment (MCI) and
dementia [3]. Dementia, an advanced diabetes-associ-
ated cognitive dysfunction, is the second leading cause
of death in patients with diabetes [4]. Current methods
for managing the cognitive impairment of individuals
with diabetes rely on glycemic control, dietary and life-
style interventions, and neurotrophic therapy. However,
clinical trials have shown that the beneficial effects of
these approaches (especially glycemic control) on cogni-
tion were limited [5]. Therefore, there is an urgent need
to clarify the neuropathological mechanism underlying
diabetes-associated cognitive dysfunction and identify
effective treatment approaches.

The hippocampus, which plays a pivotal role in main-
taining cognitive function, is the main brain region
affected in patients with diabetes [6]. The function of the
hippocampus depends on communication among neu-
rons, and synapses are the basic information-processing
units that mediate communication between neurons.
Synaptic damage and loss are central to hippocampal dys-
function, leading to impaired hippocampus-dependent
cognitive function [7-9]. Several studies have suggested
that hippocampal synaptic loss was the early critical
pathological feature of diabetes-associated cognitive
dysfunction and was strongly correlated with cognitive
decline [6, 10, 11]. The cause of hippocampal synaptic
loss in diabetes has yet to be fully elucidated, and fur-
ther exploration is needed to determine the underlying
mechanism.

Synapses are constantly formed and eliminated to
maintain a delicate balance, and synaptic loss occurs
when this balance is disrupted [12]. Hormones are pow-
erful modulators of synapse formation and elimination.
The modulatory actions of peripheral hormones on syn-
apses have been reported to be involved in the regulation
of cognitive function in diabetes. For example, in diabe-
tes, insulin [13, 14], leptin [15] and incretins [16, 17] have

neuroprotective effects by promoting synapse formation,
whereas glucocorticoids induce neuropsychiatric impair-
ments by exacerbating synaptic elimination [18, 19].
On the other hand, the role of central nervous system-
derived hormones in cognitive dysfunction in diabetes
has raised concerns, as melatonin has been reported to
upregulate synapse-related proteins and alleviate cog-
nitive impairment in diabetes [20]. The pituitary is the
master endocrine gland of the central nervous system
[21] and hormones secreted by the pituitary gland have
various effects on hippocampal synapse regulation [22—
25]. It remains unclear whether pituitary hormones are
related to diabetes-associated cognitive dysfunction.

This study aimed to investigate the relationship
between pituitary hormones and diabetes-associated
cognitive dysfunction. Based on the results of our clinical
research, we speculated that the pituitary hormone pro-
lactin (PRL) was involved in the development of cognitive
dysfunction in diabetes. Subsequent animal studies con-
firmed the deleterious effects of PRL deficiency on cog-
nitive function in diabetes and revealed the cell-specific
mechanism involved. Moreover, we found that PRL infu-
sion therapy improved cognitive impairment in diabetic
mice, providing an attractive therapeutic target for pro-
moting cognitive health in diabetes.

Methods

Clinical cohort study

Participants. This study was conducted from January
2017 to October 2022 at Nanjing Drum Tower Hospi-
tal, The Affiliated Hospital of Nanjing University Medi-
cal School. All participants were right-handed and
possessed>6 years of education. T2DM diagnosis was
based on the American Diabetes Association crite-
ria [26] and menopause was diagnosed as 12 months of
amenorrhea without a pathological cause. Exclusion cri-
teria were: (1) hyperprolactinemia or pregnancy or par-
turition, (2) hormone or steroid treatment or drugs that
modulate ovarian steroid secretion in 6 months prior to
the study, or oral contraceptive use in 6 months prior
to the study, (3) premenopausal and perimenopausal
women, (4) history of neurological and psychiatric dis-
orders, (5) dysfunction of organs including heart, liver or
kidney, (6) thyroid diseases, (7) Acute complications such
as diabetic ketoacidosis, hyperglycemic hyperosmolar
state, or hypoglycemic coma within 6 months. Written
informed consent was obtained from all participants.
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Clinical measurements

Resting blood pressure, height, weight of patients were
collected. Plasma glucose, insulin, and C-peptide concen-
trations were detected at fasting. Serum fasting total cho-
lesterol (TC), triglyceride (TG), high density lipoprotein
cholesterol (HDL-C), low density lipoprotein cholesterol
(LDL-C), and glycated hemoglobin Alc (HbA, ) concen-
trations were measured. Insulin resistance was estimated
by the HOMA2 Calculator (HOMA2 v2.2.3; Diabetes
Trials Unit, University of Oxford). Serum pituitary hor-
mones included prolactin (PRL), follicle stimulating
hormone (FSH), luteinizing hormone (LH), thyroid stim-
ulating hormone (TSH), adrenocorticotropic hormone
(ACTH) and growth hormone (GH) were measured by
an automated chemiluminescent immunoassay (Siemens
Immulite 2000, Germany) at 8:00 a.m. All patients fasted
for 10 h and stayed quietly for 10 min before the mea-
surement of serum pituitary hormones.

Cognitive assessments

General cognition was evaluated by Mini-Mental State
Examination (MMSE) [27] and Montreal cognitive
assessment (MoCA, Beijing Version) [28]. MCI was
diagnosed according to the established criteria [29]: (1)
Cognitive concerns from patients, informants or skilled
clinicians. (2) Objective evidence of impairment in cog-
nitive domains, which was demonstrated as subjects
whose education-adjusted MoCA scores were less than
26. (3) Preservation of independence in functional abili-
ties. Independence in daily functioning was evaluated by
Activities of Daily Living. (4) Lack of evidence for demen-
tia. Multiple cognitive subdomains, including immediate
memory, visuospatial constructional, language, atten-
tion, and delay memory, were evaluated by the Repeat-
able Battery for the Assessment of Neuropsychological
Status (RBANS) [30]. Processing speed was evaluated by
the Trail Making Test (parts A and B) [31], and executive
function was assessed by the completion time of Stroop
Color-Word Test (parts I, II, and III) [32].

MRI data acquisition and analysis

Image data were obtained using a 3.0T MR scanner
(Achieva TX; Philips Medical Systems, Eindhoven,
Netherlands) with an 8-channel head coil. Structural
data were acquired with high-resolution T1-weighted
three-dimensional fast field echo structural scans (rep-
etition time 9.7 ms, echo time 4.6 ms, field of view
256 mmx256 mmx192 mm, flip angle 8°, and voxel size
1 mmx1l mmx1l mm). Segmentation of hippocampal
subregions was accomplished by FreeSurfer software 7.2
(Athinoula A. Martinos Center for Biomedical Imaging,
USA). A 3D image of the right hippocampus was estab-
lished using 3D Slicer software 5.2.1 (National Inst. Of
Health, USA).
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Animal studies

The PRL knockout (PRL KO) mice were generated by
using CRISPR/Cas 9 technology to modify the PRL gene.
The brief process was as follows: sgRNA was transcribed
in vitro, Cas9 and sgRNA were microinjected into fertil-
ized eggs of C57BL/6 mice to obtain FO generation mice.
The correct FO generation positive mice were mated with
C57BL/6 mice to obtain a stably heritable F1 generation
positive mouse model as verified by PCR-sequencing.
The offspring were genotyped by PCR with the following
primers: wild type (WT) alleles: GPS00003371-Prl-KO-
tF1  5-AACAGTATGTGCAAGACCGTG-3'  and-
GPS00003371-Prl-KO-tR1  5'-TGGACAGTTTATGGC
TCAGCTAC-3’; PRL KO alleles: GPS00003371-Prl-KO-
tF1  5-CAGCTAGTGAGCTATTTAACAGTGCTG-3'
and GPS00003371-Prl-KO-tR1 5-TCAGCCAAACTCA
TGGATAGAGG-3'.The sequence of sgRNA and experi-
ments to verify that PRL is not expressed are presented
in Supplementary Fig. S5. Cx3cr1CreERT2 mice were
crossed with PRLRfl/fl mice (purchased from the Model
Animal Research Center of Nanjing University). Microg-
lial PRLR conditional knockout (cKO) mice were gener-
ated after we treated Cx3cr1CreERT2: PRLRfl/fl mice
with tamoxifen (TAM) at different stages indicated. After
TAM induction, mice were randomly divided into two
groups and fed either a normal chow diet (5010, LabDiet,
USA) or an HFD diet (D12492, Research Diets, USA) for
12 weeks. All mice were housed in a specific-pathogen-
free facility under a 12-h light-dark cycle with food and
water available ad libitum.

PLX3397 and minocycline treatment

A total of 38 mice were treated with PLX3397 or its vehi-
cle. PLX3397 was dissolved in 5% DMSO (HY-Y0320,
MCE, USA) and 40% PEG300 (HY-Y0873, MCE, USA)
in ddH,0. WT and PRL KO mice were treated with
PLX3397 (1029044-16-3, MCE, USA) by oral gavage
using a gavage needle. Treatment with PLX3397 was
administered at a dose of 50 mg/kg per day for 4 weeks. A
total of 39 mice were treated with minocycline or saline.
Minocycline was purchased from Sigma Aldrich (M9511,
Canada). WT and PRL KO mice were intraperitoneally
injected with minocycline or saline for one month at a

dose of 50 mg/kg/day.

Tamoxifen injection

Tamoxifen injections were performed in 35 Cx3cr-
1¢ERT2, pPRLRY mice and 34 PRLRY? mice. Tamoxifen
(HY-13757A, MCE, USA) was dissolved in 10% ethanol
and 90% corn oil. Mice were injected with tamoxifen
intraperitoneally once every 24 h for one week, with a
dose of 75 mg tamoxifen/kg body weight (20 ug/pl).
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Viral injection

A total of 20 C57BL/6 mice accepted the virus injection.
Adeno-associated virus (AAV) adenoviruses express-
ing short-hairpin RNA (shRNA) specific for neuronal
PRLR or scrambled shRNA were obtained from brain-
VTA (Wuhan, China). AAV-hSyn-EGFP-shRNA (PRLR)
or scramble were infused into the bilateral hippocampus
(anteroposterior=-2.8 mm, mediolateral=+3.0 mm, dor-
soventral=-2.85 mm). The shRNA sequence for mouse
PRLR was 5'-GCCACCTACCATAACTGATGT-3'. The
virus (titer: 5e+12vg/ml) was infused at a rate of 200nl/
min (1.0 pl/side) followed by a 10-min of rest.

Intracerebroventricular injection of PRL

A total of 20 chow diet-fed mice and 20 high fat diet-
fed mice accepted the intracerebroventricular injection
of PRL or its vehicle. Osmotic pumps (1001 W, RWD,
China) were loaded with recombinant murine PRL (321-
10, PrimeGene, China) supplemented with 0.1% BSA or
vehicle solution (PBS, containing 0.1% BSA), attached
to the infusion cannula. The cannula was implanted in
right lateral ventricle (anteroposterior=+0.3 mm, medio-
lateral=+1.0 mm, dorsoventral=-2.5 mm) and fixed
to the skull for intracerebroventricular infusion. Mice
implanted with pumps received 0.8 pg of PRL per day
over a 4-weekes period at a flow rate of 0.25 pl/h.

Behavioral analysis

Open field (OF)

The open filed test was performed as previously described
[33]. Test was performed in a 48 cmx48 cmx36 cm open
field box. Mice were placed in the center of the open field
box and allowed to explore freely. The box was cleaned
with 75% ethanol between the trials. We quantified the
total distance the mice traveled within 5 min and the
mean speed with ANY-maze software 7.0 (Stoelting Co.,
IL, USA).

Novel object recognition test (NORT)

The NORT was carried out as the method described pre-
viously [34]. The test was conducted in a grey open field
box (48 cm widthx48 cm depthx36 cm height). Mice
were positioned in the open field box with two identical
objects and allowed to behave freely for 10 min. Replac-
ing one of the old objects with a new object with the
same size but a different shape. Each mouse was allowed
to explore the open field for 5 min. The time mice spent
on exploring the novel and the familiar objects was
recorded by a video tracking system. The box was cleaned
with 75% ethanol after testing of each animal to diminish
olfactory cues. The discrimination index was calculated
as ([novel object exploration time/total object explora-
tion time] x100%).

Page 4 of 22

Morris water maze (MWM)

Learning and memory performance was assessed by
MWM according to the previously described method
[35]. A 120-cm circular pool was divided into four equal
quadrants (northeast, southeast, southwest, and north-
west). The procedures consisted of 1 day of the visible
platform test, four 60s trials per day for 5 consecutive
days of the hidden platform test and a probe trial. Dur-
ing 5 days of hidden platform training, the platform was
placed in the middle of the northeast quadrant at 1 cm
underneath the water surface. The starting points for
releasing mice into water were equally distributed among
the four maze quadrants. Time taken by the mouse
to find and climb onto the platform was recorded as
latency. If the mice were unable to find the hidden plat-
form within 60s, the mice were guided onto the platform
manually and allowed a rest on the platform for 15s. In
the probe trial, each mouse was placed into the water in
the opposite quadrant, and the percentage of total time in
target quadrant was measured. Tracking of animal move-
ment was recorded with a DigBehv-MM tracker system
(MobileDatum Co. Ltd, China).

Glucose tolerance test and insulin tolerance test

For glucose tolerance tests, basal blood glucose levels of
mice were measured, followed by intraperitoneal injec-
tion with 2g/kg weight glucose after a 12-h fast. Blood
glucose levels were recorded after 15, 30, 60 and 120 min
using blood obtained via the tail vein. For insulin toler-
ance tests, basal blood glucose levels of mice were mea-
sured, followed by intraperitoneal injection with insulin
(0.5 unit/kg body weight) after a 4-h fast. Blood glucose
levels were recorded after 15, 30, 60 and 120 min using
blood obtained via the tail vein.

Cell cultures and treatments

Primary microglial culture

Primary microglia were isolated from mixed glia har-
vested from newborn WT mice and PRL KO mice.
After 12-14 days in culture, the microglia on the mixed
primary glia layer were isolated by shaking the flasks.
Cells were seeded into 24-well plates with DMEM/F12
complete medium plus 10% fetal bovine serum and 1%
penicillin/streptomycin. Primary microglia were treated
with recombinant PRL protein (321-10, PrimeGene,
China) (100ng/ml) or minocycline (20uM) for 24 h before
engulfment test.

Microglial engulfment test in vitro

Equal amounts of pHrodo-green conjugated synapto-
somes were added to cultured WT or PRL KO microglia.
After 1.5 h of incubation with synaptosomes, microglia
were washed in PBS and fixed in 4% paraformaldehyde
(PFA) for 10 min. After fixation, microglia were washed
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again in PBS and blocked with 5% bovine serum albumin
(BSA) with 0.3% triton-X 100 in PBS for 1 h at room tem-
perature. Microglia were then incubated with primary
antibody overnight at 4 °C, followed by secondary fluo-
rescent antibody staining for 1 h at room temperature.
Microglia were stained with DAPI for 10 min and rinsed
twice with PBS before imaging with a Leica TCS SP8-
MaiTai MP confocal microscope (Leica, Germany). The
whole experiment was performed in the dark.

Adult microglia isolation

Mice were anaesthetized and perfused intracardially with
ice-cold Dulbecco’s phosphate-buffered saline to obtain
brains. The Adult Brain Dissociation Kit (130-107-677,
Miltenyi Biotec, Germany) was used to prepare a single-
cell suspension after tissue dissociation, debris removal
and erythrocyte removal. Microglia were further isolated
from the single cell suspension using MACS Separation
Columns (MS) (130-042-201, Miltenyi Biotec, Germany)
and magnetic CD11b microbeads (130-093-634, Miltenyi
Biotec, Germany). The isolated microglia were treated
with or without a Rap1 inhibitor (GGTI298, MCE, USA)
before engulfment test.

RNA sequencing and analysis

Total RNA was extracted from microglia followed by
library preparation according to Illumina standard
instruction (VAHTS Universal V6 RNA-seq Library Prep
Kit for Illumina®, Vazyme, China). Agilent 4200 bioana-
lyzer was employed to evaluate the concentration and
size distribution of cDNA library before sequencing with
an novaseq6000 (Illumina, USA). The protocol of high-
throughput sequencing was fully according to the man-
ufacturer’s instructions (Illumina). The raw reads were
filtered by Seqtk before mapping to genome using Hisat2
(version:2.0.4). The fragments of genes were counted
using stringtie (v1.3.3b) followed by TMM (trimmed
mean of M values) normalization. Standard DESeq2
v1.42.0 workflow was then applied to the count matrix to
identify DEGs. P-values were obtained with the Wald test
and corrected by the BH method. Differentially expressed
genes (DEGs) were defined by adjusted p-value <0.05 and
|log,FoldChange|>0.26 (equivalent to 1.2-fold change).

Quantitative real-time PCR

In brief, total RNA was isolated by TRIzol reagent
(15596018, Invitrogen, USA), and then cDNAs were
synthesized using the Evo M-MLV PT Premix for PCR
(AG11706, AG, China). cDNAs were amplified by quan-
titative real-time RT-PCR using a SYBR Green kit
(AG11701, AG, China). Data were collected by a real-
time PCR machine (Roche LightCycler 480II, Switzer-
land) and its software. Levels of gene expression were
normalized relative to glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH). The primer sequences of genes
were taken from literature [36] or Primer Bank. Primer
sequences were listed in Table S1.

Western blotting

Mouse hippocampus tissues were washed with ice-
cold PBS and lysed in lysis solution including RIPA buf-
fer (89900, Thermo, USA) and phenylmethyl-sulphonyl
fluoride (PI0011, LEAG ENE, China) on ice for 0.5 h,
and centrifuged for 0.5 h at 13,000 rpm. The superna-
tants were transferred into new 1.5 ml-tubes and boiled
in SDS loading buffer. After SDS-PAGE, proteins were
separated on 10% SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were incubated with the following pri-
mary antibodies at 4 °C overnight: rabbit anti-Prolactin
(1:1000, Abcam, ab188229), rabbit anti-Prolactin recep-
tor (1:1000, Abcam, ab170935) and rabbit anti-B-actin
(1:1000, Bioworld, AP0060). After washing with 0.1%
Tris-buffered saline with Tween (TBST), the membranes
were incubated with secondary antibodies (1:5000,
Biosharp, BL023A) at room temperature for 1 h. The
color detection was carried out with an ECL Western
Blotting Detection kit (180-5001, Tanon, China), and
quantified by Fiji-Image] software 1.0 (National Inst. Of
Health, USA).

Enzyme-linked Immunosorbent Assay (ELISA)

To determine the concentrations of PRL in mouse serum,
ELISA assay was performed according to the manufac-
turer’s instructions by using Mouse Prolactin ELISA Kit
(FMS-ELM117, EMS, China). To detect the production
of inflammatory factors in hippocampus, ELISA assays
were performed by commercially available ELISA kits
(BioLegend, China).

Immunofluorescence and image analysis

Briefly, mouse brains were fixed in 4% PFA for 24 h, then
soaked in 15% and 30% sucrose solution for dehydration.
We use a Leica cryostat (Leica CM1950) to cut coronal
sections of 25 um. Brain sections were incubated in 5%
BSA with 0.3% triton-X 100 in PBS for 1 h at room tem-
perature. Then sections were incubated with primary
antibodies at 4 °C overnight. After washing with PBS for
three times, the sections were incubated with secondary
antibodies for 1 h at room temperature. Tissue sections
were stained with DAPI and rinsed three times with PBS
before image capture. For primary cultured cell immu-
nofluorescence, cells were fixed with 4% PFA for 10 min,
and the following procedure was the same as brain tis-
sues. Information of antibodies used were summarized in
Table S2.
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Synaptic density in vivo

In brief, 25 pm sections stained with synaptic mark-
ers (Vglutl/NeuN, Vglutl/PSD95) were captured by
Leica TCS SP8-MaiTai MP confocal microscope (Leica,
Germany). Captured images were used to quantify the
number of colocalized pre- and post-synaptic puncta.
Single-channel images were used to quantify single syn-
aptic marker density by Fiji-Image] software 1.0 (National
Inst. Of Health, USA). Synaptic density was determined
as puncta given area (276 umx276 pm).

Fluorescent intensity

Images were converted into 8-bit to obtain total gray
value in given area (562 umx562 pum) by Fiji-Image]J soft-
ware 1.0 (National Inst. Of Health, USA). The fluorescent
intensity was calculated as follows: gray value (CD68)/
(Iba-1).

Cell number

For hippocampal neuron counting, the number of neu-
rons was quantified by NeuN™ cell number in a square
field (750 pmx750 pm). Immunofluorescence—stained
images of NeuN™ cells were captured by a Leica TCS SP8-
MaiTai MP microscope (Leica, Germany). Images were
converted to 8-bit, and cells were cropped and thresh-
olded to produce a binary (black and white) image. The
number of cells were manually counted by using the cell
counter plugin for the Fiji-Image] software 1.0 (National
Inst. Of Health, USA). Five brain sections per mouse
were used for neuronal counting. The number of neu-
rons in the experimental groups was normalized to the
number of neurons in the control group (cell count in
experimental group/cell count in control group*100%).
For hippocampal microglia counting, the number of Iba-
1* cells was divided by the total area (3072 umx2048 pum)
of the acquired field to represent cell density. The z-stack
images of Iba-1 stained hippocampal slices were acquired
by a Leica TCS SP8-MaiTai MP microscope (Leica, Ger-
many). After being performed z-stack projection, the
images were converted to 8-bit. Cells were cropped and
thresholded to produce a binary (black and white) image,
and then automatically counted using the particle ana-
lyzer plugin for the Fiji-Image] software 1.0 (National
Inst. Of Health, USA). Three brain sections per mouse
were used for microglial counting and microglia number
displayed as cells per square millimeter. The threshold for
NeuN and Iba-1 kept constant during image analyses.

3D microglial engulfment quantification

Z-stack images (at 0.3 pum intervals) were captured by
Leica TCS SP8-MaiTai MP confocal microscope (Leica,
Germany). Images were captured by choosing microglia
with Iba-1 positive channel randomly. Images were pro-
cessed by subtracting background using ImageJ software.
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Afterwards, 3D volume surface renderings of each
z-stack were created using Imaris 9.0 software (Bitplane,
Switzerland). Surface rendered images were used to cal-
culate the volume of the microglia and synaptic puncta.
Engulfment percentage was calculated as volume of
internalized synaptic volume of microglia.

2D microglial engulfment assay in vitro

Engulfment was analyzed by calculating the fraction of
the Iba-1 area overlapped by the pHrodo area. Cells were
imaged using Leica TCS SP8-MaiTai MP confocal micro-
scope (Leica, Germany).

Synaptosome isolation and pHrodo labeling

Mouse forebrains were quickly removed and homoge-
nized in ice-cold gradient buffer (320.0 mM sucrose, 5.0
mM HEPES, 0.1 mM EDTA, pH 7.5) (HEPES, 2185833,
Thermo scientific, USA; EDTA, AM9260G, Thermo sci-
entific, USA). The homogenate was centrifuged at 1000xg
for 20 min to collect supernatant, and supernatant was
centrifuged at 1200xg for 10 min. The supernatant was
centrifuged at 10,000xg for 10 min to obtain pellet. The
pellet was resuspended in gradient buffer and loaded onto
a sucrose gradient (0.8 M:1.2 M=1:1). The layer between
0.8 M sucrose and 1.2 M sucrose was collected carefully
after centrifugation at 100,000xg for 1 h. Equal volume
of ultrapure water was added to dilute the collected layer
before centrifuged at 100,000xg again to acquire the puri-
fied synaptosome pellet. For pHrodo labeling, synap-
tosomes were incubated with pHrodo Green STP ester
(P36013, Thermo scientific, USA) in sodium carbonate
buffer pH 9.0 for 2 h at 4 °C in the dark. After incubation
unconjugated pHrodo was washed by PBS.

Statistical analysis

SPSS software 26.0 (IBM, IL, USA) and GraphPad Prism
software9.0 (GraphPad, USA) were used for statistical
analysis. Data were analyzed using unpaired two-tailed
¢ test, Mann-Whitney U test, one-way ANOVA analysis
and post hoc tests (Dunnett’s multiple comparisons test),
two-way ANOVA analysis (followed by Sidak’s multiple
comparisons test) and Kruskal-Wallis analysis. Normal-
ity of data was tested by Shapiro-Wilk test (for a sample
size<50) or Kolmogorov-Smirnov test (for a sample
size>50). Heterogeneity of data was tested by F-test.
Relative weight (RW) analysis was performed as the
reported method [37]. All tests used for statistical analy-
ses were mentioned in the figure legends. P values of 0.05
or less were supposed to be statistically significant.
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Results

Lower serum PRL levels were associated with cognitive
impairment and decreased hippocampal volume in T2DM
patients

A total of 744 T2DM patients including 445 men and 299
postmenopausal women were enrolled. The flowchart of
sample selection is presented in Supplementary Fig.S1.
Subjects were 58.9+7.2 years and the average years of
education was 12.313.7 years. Mean duration of diabetes
were 10.518.0 years. According to the diagnostic criteria
for MCI, subjects were divided into T2DM cognitively
normal group (476 individuals) and T2DM with MCI
group (268 individuals). The T2DM with MCI group
possessed less education and had a higher proportion of
female and smokers, and exhibited unfavorable metabolic
profiles (e.g. higher levels of SBP, HbA, ., FBG, FINS,
HOMA-IR, but lower levels of FCP, all P<0.05). Regard-
ing pituitary hormones, T2DM patients with MCI had
lower serum PRL levels and higher FSH and LH levels
compared to cognitively normal T2DM patients (Table
S3 and Fig.S2). Logistic regression model indicated that
only lower serum PRL level was associated with a higher
risk of MCI (odds ratio (OR): 0.731 [95%CI 0.664—0.805],
P<0.001) after adjustment for age, sex, education, SBP
and glycemic-related characteristics (Fig. 1A). Further-
more, relative weight analysis revealed that serum PRL
level carried a relative weight of 82.76% in the MCI risk
prediction model (Fig. 1B), contributing much more
than other pituitary hormones (FSH, 7.16%; LH, 5.01%;
TSH, 1.35%; ACTH, 3.69%; GH, 0.04%). These obser-
vations suggested that the low PRL level, but not other
pituitary hormones, was an important independent pre-
dictor of MCI in T2DM patients. Similarly, gender sub-
group analysis demonstrated that serum PRL levels were
diminished in MCI patients compared to controls in both
men and women, and low PRL levels were linked to an
increased risk of MCI in both genders (men OR: 0.873
[95%CI 0.786—0.969], P=0.010; women OR: 0.584 [95%CI
0.488-0.699], P<0.001) (Table S4-5 and Fig.S3).

To further identify the relationship between serum PRL
levels and cognitive impairment in T2DM, patients were
divided into four groups according to serum PRL quar-
tiles (Table S5). The quartile ranges of Q1, Q2, Q3, and
Q4 of serum PRL levels were <4.88, 4.88—6.27, 6.27-7.84,
and >7.84 pg/L. With decreasing PRL quartiles, the
prevalence of MCI increased (Q4, 17.1%; Q3, 40.5%; Q2,
41.7%; Q1, 55.8%, P<0.001) (Fig. 1C). Taking Q4 as the
reference group, the risk of MCI gradually increased in
the three lower quartiles (Adjusted OR3y5qq: 4723 [95%
CI 2.683-8.315]; ORyysqq: 4793 [95% CI 2.687-8.548];
ORqysqe: 6411 [95% CI 3.552-11.574], all P<0.05)
(Fig. 1D).

Next, we found that the deleterious effects of low
PRL level on cognitive function might concern several
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domains. Correlation analysis indicated that serum PRL
levels were positively associated with immediate mem-
ory (r=0.231, P<0.001), visuospatial construction
(r=0.196, P<0.001), attention (r=0.183, P<0.001) and
delayed memory (r=0.139, P=0.001), while serum PRL
levels were negatively linked to processing speed (time)
(r = -0.189, P<0.001). These correlations relationships
persisted after adjustment for age, education and sex
(Fig. 1E).

Magnetic resonance imaging (MRI) techniques offer a
noninvasive approach to detect subtle brain alterations
before clinical symptoms of cognitive impairment occur.
To investigate the underlying changes in brain structure,
subjects in four quartiles who had no MRI complications
underwent MRI scans (Q1, n=52; Q2, n=48; Q3, n=42;
Q4, n=70). No significant differences existed in demo-
graphics, clinical characteristics, cognitive function and
pituitary hormone levels between the total sample and
the MRI subsample (Table S6). The volumes of total intra-
cranial, gray matter and white matter were similar among
the four quartiles (Table S7). Subjects in Q1 showed sig-
nificantly reduced volume of hippocampus compared to
subjects in Q4 (2756.49+369.20 vs. 2967.90+375.57mm?,
P=0.001) after controlling for age, sex, education and
total intracranial volume (TIV) (Fig. 1F). The hippocam-
pal subregions and surrounding regions were labeled
(Fig. 1G). Subjects in Q1 showed decreased volumes in
subfields of bilateral CA1, CA3, CA4, GC-DG and subic-
ulum comparable to those in Q4 (Fig. 1H). The collec-
tive results suggested that hippocampal damage might
involve in the adverse effects of the decreased PRL level
on cognitive performance.

Decreased PRL levels precede cognitive deficits and
hippocampal synaptic loss in HFD-diabetic mice

To further investigate whether the changes of PRL levels
involved in diabetes-associated cognitive dysfunction.
mice were dynamically fed with a chow diet (CD) or a
HED (kcal%: fat, 60%; carbohydrate, 20%; protein, 20%).
Evaluation of PRL levels, behavioral tests and immuno-
fluorescent staining were conducted at three consecutive
time points with an interval of 4 week (week 4, 8, and 12)
(Fig. 2A). When dynamically compared with CD mice,
HEFD mice displayed reduced serum PRL levels and hip-
pocampal PRL protein levels since week 8 (Fig. 2B-C).
The cognitive deficits of HFD mice occurred at week
12, presenting with reduced novel object preference,
increased time to reach the invisible platform, reduced
preference for target quarter, and decreased number of
platform entries (Fig. 2D-G). Notably, we observed hip-
pocampal synaptic loss in HFD mice at week 12 (Fig. 2H-
I, K-L), whereas no significant difference existed in the
density of neuronal marker NeuN at all three time points
between two fed groups (Fig. 2H, J), suggesting that the
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Fig. 2 Decreased PRL level predated cognitive impairment and synaptic loss in HFD-diabetic mice. (A) Experimental design. (B) Serum PRL levels
in chow diet mice and high food diet mice. (C) PRL protein levels in hippocampus of chow diet mice and high food diet mice. (D-G) Behavioral tests of
mice fed by chow diet or high fat diet for 4, 8 and 12 weeks. Novel object recognition index (D), escape latencies (E), % total time in the target quadrant
(F), number of platform entries in probe trial (G). (H) Representative confocal images of NeuN (red) and Vglut1 (green) in CA3 region of hippocampus.
Scale bar, 80 um. (I) Representative confocal images depict synaptic staining for pre-synaptic marker Vglut1 (green) and post-synaptic marker PSD95 (red)
in CA1 region of hippocampus. Scale bar, 15 um. (J) Relative number of neurons. (K) Relative level of Vglut1 intensity. (L) Relative level of hippocampal
pre- and post-synaptic density. Data are presented as the mean =+ SD. n=10 mice/group (B, D-G) and n=4-5 mice/group (C, J-L). *p <0.05, **p <0.01, and
***p <0.001; ns, not significant; two-way ANOVA (E) or unpaired two-tailed t test (B-C, F-L)

hippocampal synaptic loss, not neuronal loss, might
underlie impaired cognitive function in the early stages
of diabetes. Altogether, these data demonstrated that
in HFD-diabetic mice, decreased PRL levels preceded
cognitive impairment and hippocampal synaptic loss,
suggesting that decreased PRL levels might contrib-
ute to the development of diabetes-associated cognitive
dysfunction.

PRL KO mice exhibited cognitive impairment and
hippocampal synaptic loss

To determine whether the deficiency of PRL directly act
on cognitive function and hippocampal synapse density,
we generated PRL KO mice (Fig. 3A and Fig. S5A-B) by
using CRISPR/Cas 9 technology. Mice were fed a chow
diet and had similar body weights (Fig. S5C). The per-
formance of mice in the new object recognition test and
the Morris water maze task was tested. Compared with
wild-type (WT) mice, PRL KO mice had longer escape
latencies in the hidden platform test, smaller number of
platform entries in the probe trial, and spent less time in
the target quadrant in the probe trial and object recogni-
tion test. (Fig. 3B-E). These results indicated that knock-
out of PRL significantly impaired learning and memory.
Furthermore, immunostaining revealed a reduction in
the pre-synaptic marker Vglutl and the post-synaptic
marker PSD95 in the hippocampus of PRL KO mice,
without any alteration in neuronal numbers (Fig. 2F-]).
These results suggested that knockout of PRL led to hip-
pocampal synaptic loss, and neuronal loss might not be
the reason for synaptic loss. Together, these data demon-
strated that deficiency of PRL had deleterious effects on
cognitive function and hippocampal synaptic density in
mice.

The deleterious effects of PRL deficiency on cognitive
function and hippocampal synaptic density were mediated
by microglia

We proceeded to inquire as to which cell type is impli-
cated in the effects of PRL deficiency on the development
of cognitive dysfunction. PRL mediates its physiologic
functions through the engagement of prolactin recep-
tor (PRLR) [38]. We observed that PRLR was widely
expressed in neuron and microglia but had little expres-
sion in astrocyte in hippocampus (Fig. 4A and Fig. S6E).
To investigate whether microglia involved in the impacts

of PRL deficiency on behavioral performance and hip-
pocampal synapses, we took advantage of PLX3397.
PLX3397 is a drug that decreases the microglial popula-
tion without causing cognitive impairment in WT mice
[39], and has been shown to reduce the secretion of PRL
in mother mice [40]. After four weeks of PLX3397 treat-
ment, there was a notable reduction in microglial num-
bers in hippocampus of WT and PRL KO mice, with no
discernible alterations in PRL secretion in either mouse
strain (Fig. 4B-D). Remarkably, depletion of activated
microglia by PLX3397 in PRL KO mice fully rescued
their cognitive deficits in novel objection recognition test
and Morris water maze test (Fig. 4E-H). Furthermore,
microglial depletion ameliorated hippocampal synaptic
loss in PRL KO mice (Fig. 4I-M). These data suggested
a mediate role of microglia for cognitive performance
and synaptic damage caused by PRL deficiency. To fur-
ther confirm this, we used a tamoxifen induced microg-
lial PRLR conditional knockout mice (cKO) (Fig. S6F).
Microglial PRLR ¢cKO was confirmed by the fact that
the microglial PRLR expression level was significantly
eliminated in the hippocampus (Fig. S6G-I). Compared
with control mice, microglial PRLR conditional knock-
out mice showed cognitive impairment and synaptic loss
(Fig. 4N-V). In addition, we inhibited PRLR in hippocam-
pal neurons by injecting adeno-associated virus (AAV)
expressing shRNA against neuronal PRLR in the hip-
pocampus (Fig. S7A-D). The inhibition of hippocampal
neuronal PRLR failed to influence the cognitive perfor-
mance and hippocampal synapse density (Fig. S7E-Q).
These results confirmed that microglia were the primary
contributors to cognitive impairment and synaptic dam-
age resulting from PRL deficiency.

PRL deficiency led to cognitive impairment and
hippocampal synaptic loss by enhancing microglial
phagocytic capacity of synapses

Proinflammatory microglia cause neuroinflammation
which in turn contributes to synaptic loss [41]. To investi-
gate whether microglia-associated neuroinflammation is
the underlying cause of PRL deficiency-induced synaptic
loss, we measured the levels of inflammation factors in
hippocampus of WT and PRL KO mice. The expression
and secretion levels of inflammation cytokines (TNE-
o, TNF-B, IL-1B, IL-4, IL-6, IL-10) in the hippocampus
were not changed between two groups (Fig. S8A-G).
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marker Vglut1 (green) and post-synaptic marker PSD95 (red) in hippocampus of WT and PRL KO mice. Scale bar, 15 um. (J) Relative level of hippocampal
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These results indicated that the lack of PRL did not cause
inflammation in hippocampus.

Abnormal phagocytosis of synapses by microglia is
associated with synaptic loss [42, 43]. To explore whether
the abnormal phagocytic ability of microglia is responsi-
ble for synapse density reduction, we checked the phago-
cytic activity of microglia in hippocampus. The protein
levels of CD68 (a lysosome marker) were upregulated in

hippocampus of PRL KO mice (Fig. 5A-B), suggesting
that knockout of PRL increased the activity of microg-
lial phagocytosis. We further used the 3D engulfment
quantification method to analyze the number of synapses
engulfed by microglia in hippocampus. There was a larger
volume ratio of Vglutl® puncta in Iba-1" microglia in the
hippocampus of PRL KO mice compared to WT mice,
indicating that knockout of PRL enhanced phagocytic
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Fig. 4 The harmful effects of PRL deficiency on cognitive function and hippocampal synaptic density were mediated by microglia. (A) Im-
munostaining of PRLR with microglial marker (Iba-1), neuronal marker (NeuN) and astrocytic markers (GFAP) in hippocampus. Scale bar, 40 um (Iba-1),
25 um (NeuN) and 20 um (GFAP). (B) Iba1-stained hippocampal slices and highlighted regions from WT and PRL KO mice treated with either vehicle (top)
or PLX3397 (bottom). Scale bar, 150 um. (C) The number of Iba1* microglia. (D) Serum PRL concentrations in four groups. (E) Novel object recognition
index. (F) Time to find the hidden platform in the Morris water maze (escape latency). (G) Time spent in the target quadrant in the Morris water maze
probe trial (% total time in the target quadrant) for four groups. (H) Number of platform entries in probe trial. (I) Representative confocal images of NeuN
(red) and Vglut1 (green). Scale bar, 80 um. (J-K) Relative NeuN density and level of Vglut1 intensity. (L-M) Hippocampal synaptic density of WT and PRL
KO mice were analyzed after 4 weeks treatment. Scale bar, 15 pm. (N-Q) Novel object recognition index (N), escape latencies (0), % total time in the
target quadrant (P), number of platform entries in probe trial (Q) of microglial PRLR knockout mice and control mice were analyzed. (R) Representative
confocal images of NeuN (red) and Vglut1 (green) in hippocampus. Scale bar, 80 um. (S-T) Relative NeuN density and relative level of Vglut1 intensity.
(U-V) Hippocampal synaptic density of microglial PRLR knockout mice and control mice. Scale bar, 15 um. Data are presented as the mean+SD. n=9-10
mice/group (D-H, N-Q) and n=>5-6 mice/group (C, J-M, S-V). *p <0.05, **p <0.01, and ***p < 0.001; ns, not significant; unpaired two-tailed t test (N, P-V),

two-way ANOVA (F, O) and one-way ANOVA (C-E, G-M)

activity of microglia toward synaptic elements. (Fig. 5C-
D). Besides, phagocytic assay in vitro revealed that the
engulfment of pHrodo green-conjugated synaptosomes
was higher in PRL deficient primary microglia than
control cells. PRL protein intervention could inhibit
the increased engulfment of synaptosomes in PRL defi-
cient primary microglia (Fig. 5E-F). Collectively, these
vivo and vitro results indicated that PRL deficiency led
to increased phagocytic ability of microglia, which may
further result in the excessive elimination of synaptic
structures.

To further examine whether enhanced microglial
phagocytic capacity of synapses is a potential mecha-
nism contributing to the harmful effects of PRL defi-
ciency, mice were treated with minocycline. Minocycline,
a microglial inhibitor, has been shown to affect microg-
lial engulfment of synapses [44]. We found that PRL
KO mice treated with minocycline showed attenu-
ated cognitive impairment and synaptic loss, compared
with saline-treated PRL KO mice (Fig. 5G-O). Further-
more, the abnormal increased microglial phagocyto-
sis and excessive elimination of synaptic structures in
vivo were restored in response to minocycline (Fig. 5P-
S). Moreover, PRL KO primary microglia treated with
minocycline displayed decreased phagocytic activity of
synaptosomes compared to saline-treated control cells in
vitro (Fig. 5T-U). These cumulative results suggested that
PRL deficiency induced cognitive impairment and hippo-
campal synapse damage by increasing microglial phago-
cytic capacity of synapses.

Microglial PRLR knockout exaggerated cognitive
dysfunction and hippocampal synaptic loss in HFD-
diabetic mice

We next asked whether reduced PRL levels in diabetes
influence cognitive performance and hippocampal syn-
aptic density by modulating microglial synaptic phago-
cytosis. Microglial PRLR ¢KO mice and control mice
were fed either a chow diet (CD) or a HFD (kcal%: fat,
60%; carbohydrate, 20%; protein, 20%) for 12 weeks. The
performance of mice in behavioral tests was recorded. In
comparison with CD mice, the cognition of HFD-diabetic

mice was impaired. Microglial PRLR knockout exacer-
bated the cognitive impairment of HFD-diabetic mice,
showing much less novel object preference, much longer
time to reach the invisible platform, much less preference
for the target quarter, and much fewer platform entries
(Fig. 6A-D). Moreover, HFD-diabetic mice had decreased
synapse density compared to CD mice, and microglial
PRLR knockout exacerbated hippocampal synaptic loss
in HFD-diabetic mice (Fig. 6E-I). Body weight record-
ings and tolerance tests showed that microglial PRLR
knockout did not affect the body weight, glucose intol-
erance and insulin resistance of HFD-diabetic mice (Fig.
S9A-C). These results suggested that the exacerbation of
cognitive impairment and hippocampal synapse damage
in microglial PRLR cKO diabetic mice was not associated
with altered peripheral metabolic profiles.

Furthermore, we quantified the fluorescent signal of
synaptic marker inside microglia by 3D reconstruction
and surface rendering method. The results revealed that
microglia in hippocampus of HFD-diabetic mice phago-
cytosed more synaptic structures, compared to CD mice,
and this aberrant elimination of synaptic structures
could be exacerbated by knockout of PRLR in microglia
(Fig. 6J-K). Taken together, these data together suggested
that microglial PRLR deficiency accelerated synaptic loss
and cognitive declination in HFD-diabetic mice through
excessive elimination of synaptic structures.

Microglial PRLR knockout promoted Rap1 activation

by upregulating expression of RapGEFs, which in turn
enhanced microglial phagocytic function in HFD-diabetic
mice

Next, we explored how the blockade of PRL/PRLR sig-
naling in microglia regulate the microglial phagocytic
function in HFD-diabetic mice. Microglia isolated from
microglial PRLR cKO mice and control mice (both fed
by HED) were subjected to RNA sequencing (RNA-seq)
analysis (Fig. 7A). We identified 972 upregulated genes
and 1139 downregulated genes in microglia from cKO/
HFD mice compared to microglia from control/HFD
mice (Fig. 7B). Differentially expressed genes (DEGs)
from the two groups were analyzed by KEGG analyses.
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Fig. 5 PRL deficiency resulted in cognitive impairment and hippocampal synaptic damage by enhancing microglial phagocytic capacity of
synapses. (A) Representative confocal images of Iba-1 (microglial marker, red) and lysosome marker (CD68, green) in the hippocampus. Scale bar, 45 pm.
(B) Quantitation of fluoresce CD68/Iba-1. (C-D) Three-dimensional reconstruction and surface rendering demonstrate larger volumes of Vglut1 puncta
inside Iba-1 positive microglia in hippocampus from PRL KO mice. Scale bar, 10 um. (E) Representative images show that primary microglia (treated with
PRL or PBS) phagocytosed pHrodo green-conjugated synaptosomes. Scale bar, 30 um. n=6 independent experiment. (F) Graph depicts the fraction of
synaptosomes engulfed by microglia. (G-J) Novel object recognition index (G), escape latencies (H), % total time in the target quadrant (), number of
platform entries in probe trial (J) of four groups were analyzed. (K) Representative confocal images of NeuN (red) and Vglut1 (green) in hippocampus.
Scale bar, 80 um. (L) Representative confocal images of Vglut1 (green) and PSD95 (red) in hippocampus. Scale bar, 10 um. (M-N) Relative NeuN density
and Vglut1 intensity. (O) Synaptic density. (P) Representative confocal images of Iba-1and CD68 in the hippocampus. Scale bar, 45 um. (Q) Quantitation
of fluoresce CD68/Iba-1. (R) Three-dimensional surface rendering of immunostained Vglut1 (red) and lba-1 (green) in hippocampus. Scale bar, 10 um. (S)
Engulfment of Vglut1* synapses by microglia. (T) Representative images show that primary microglia (treated with minocycline or saline) phagocytosed
pHrodo green-conjugated synaptosomes. Scale bar, 30 um. n=6 independent experiment. (U) Graph depicts the fraction of synaptosomes engulfed by
microglia. Data are presented as the mean +SD. n=9-10 mice/group (G-J) and n=5-6 mice/group (A-D, K-S). *p <0.05, **p < 0.01, and ***p < 0.001; ns, not

significant; unpaired two-tailed t test (A-D), two-way ANOVA (H) and one-way ANOVA (F-U)

The top 10 upregulated KEGG pathways were mostly
related to cell adhesion and reorganization of actin cyto-
skeleton, which are crucial for the phagocytic capacity
of microglia (Fig. 7C). Cell adhesion and reorganization
of the actin cytoskeleton were mainly modulated by the
proteins of the small GTPase family, including the Rap
subfamily, the Ras subfamily, the Rho subfamily, and so
on [45]. We next performed gene set enrichment analy-
ses (GSEA) and found that Rap1 signaling pathway (acti-
vated Rapl interacts with multiple effector molecules)
was significantly upregulated, suggesting an increase in
Rapl activation (Fig. 7D). The in vitro phagocytic assay
showed that Rapl inhibitor significantly weakened the
effects of PRLR depletion on the microglial phagocytic
ability to synaptosomes in HFD-diabetic mice, suggesting
that knockout of PRLR enhanced microglial phagocytic
function via increasing the activation of Rap1 (Fig. 7E-G).

The activation of Rapl depends on its specific gua-
nine nucleotide exchange factors (RapGEF1, RapGEF2,
RapGEF3, RapGEF4, RapGEF5, and RapGEF6) [46]. To
characterize the changes of RapGEFs in response to the
knockout of PRLR, we analyzed the expression levels of
RapGEFs in microglia from ¢cKO/HFD mice and control/
HED mice. As shown in Fig. 7H, deletion of PRLR sig-
nificantly increased the expression levels of RapGEF1,
RapGEF3 and RapGEF4, while it did not influence the
expression levels of other RapGEFs. We further con-
firmed the changes of RapGEFs in isolated microglia by
qPCR (Fig. 7I). These results suggested that knockout
of PRLR might increase the activation of Rapl through
upregulation of these three RapGEFs.

Infusion of PRL alleviated cognitive impairment and

hippocampal synaptic damage in HFD-diabetic mice

To evaluate whether PRL infusion may be a potential
strategy to attenuate diabetes-associated cognitive dys-
function, mice were implanted with a subcutaneous
osmotic pump that delivered PRL to intracerebroven-
tricular over a 4 week period through infusion cannula.
As shown in Fig. S10A-C, the HFD-diabetic mice showed
significant weight gain, and exhibited poorer glucose

tolerance and insulin resistance compared to CD mice.
PRL infusion reduced the body weight of HFD-diabetic
mice and improved their glucose intolerance and insulin
resistance, suggesting that PRL had beneficial effects in
promoting metabolic health in diabetes. Moreover, con-
tinuous infusion of PRL in HFD-diabetic mice improved
the performance of mice in behavioral tests and attenu-
ated their hippocampal synaptic loss (Fig. 8A-I). Fur-
ther examination of microglial engulfment of synapses
indicated that continuous PRL infusion significantly
reduced the number of synapses engulfed by microglia
in hippocampus of the HFD-diabetic mice (Fig. 8.J-K).
These results collectively indicated that PRL infusion
could ameliorate the behavioral deficits and hippocampal
pathology in HFD-diabetic mice via restoring the abnor-
mal microglial phagocytosis of synapses.

Discussion

In this study, we revealed that PRL was associated with
cognitive dysfunction and hippocampal damage in
T2DM patients. We further revealed that in diabetes, a
decrease in PRL levels triggered excessive microglia-
mediated synapse engulfment, leading to hippocampal
synaptic loss and cognitive dysfunction (Fig. 9). Notably,
the restoration of PRL levels alleviated cognitive impair-
ment and hippocampal synaptic damage in diabetic mice,
suggesting a potential therapeutic approach for the pro-
motion of cognitive health in diabetes.

Cognitive dysfunction is considered a vital comorbidity
of T2DM, as diabetes not only increases the risk of MCI
(OR: 1.44 [95% CI 1.35-1.53] and dementia (OR: 2.14
[95%CI 1.96-2.34]) but also accelerates the conversion
from MCI to dementia (OR: 1.53 [95%CI 1.20-1.97]) [47,
48]. Hormones play a vital role in maintaining normal
cognitive function [49]. It is widely acknowledged that
peripheral hormones are involved in the regulation of
cognitive function in individuals with diabetes [13-19].
However, studies on the relationship between pituitary
hormones and altered cognitive function in individuals
with diabetes are rare.
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Fig. 6 Microglial PRLR knockout exacerbated the cognitive impairment and hippocampal synaptic loss in HFD-diabetic mice. (A-D) Novel ob-
ject recognition index (A), escape latencies (B), % total time in the target quadrant (C), number of platform entries in probe trial (D) of four groups were
analyzed. (E) Representative confocal images of NeuN (red) and Vglut1 (green) in hippocampus. Scale bar, 80 um. (F-G) Relative NeuN density and relative
level of Vglut1 intensity. (H-1) Hippocampal synaptic density in four groups. Scale bar, 15 um. (J) Three-dimensional surface rendering of immunostained
Vglut1 (red) and Iba-1 (green) in hippocampus of microglial PRLR knockout mice and control mice fed by CD or HFD. Scale bar, 10 pm. (K) Engulfment of
Vglut1* synapses by microglia in four groups. Data are presented as the mean +SD. n=10 mice/group (A-D, N-Q) and n=6 mice/group (E-K). *p < 0.05,
**p<0.01, and ***p <0.001; ns, not significant; two-way ANOVA (B) and one-way ANOVA (A, C-K)

In the present study, we focused on the differences in The hippocampus, a brain region important for main-
pituitary hormone levels between cognitively healthy taining cognitive function, is preferentially damaged in
T2DM patients and T2DM patients with MCI, and we individuals with diabetes [50]. Synapses are the funda-
reported that T2DM patients with MCI had lower PRL  mental information-processing units necessary for hip-
levels. Logistic regression analyses demonstrated that pocampal function. Synaptic damage and loss are central
among pituitary hormones, only a decrease in PRL level  to hippocampal dysfunction, leading to cognitive decline,
was significantly associated with the occurrence of MCI  especially with respect to memory [7-9]. In various
in patients with T2DM. Furthermore, compared with the = mouse models of diabetes, diabetic mice have been found
fourth quartile, the first quartile of serum PRL levels was  to exhibit hippocampal synaptic loss, which was strongly
associated with a smaller hippocampus volume, suggest-  correlated with cognitive decline [11, 51, 52]. In this
ing an association between low PRL levels and decreased  study, we used an HFD-induced diabetic model, as mice
hippocampus volume in T2DM patients. subjected to an HFD not only dependably recapitulate
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Fig. 7 Microglial PRLR knockout promoted Rap1 activation through upregulation of RapGEFs expression, which in turn enhanced the phago-
cytic function of microglia in HFD-diabetic mice. (A) Schematic for microglia isolation from adult mice, RNA extraction, RNA-seq, and bioinformatic
analysis. (B) Volcano plot of DESeq?2 analysis of microglia isolated from microglial PRLR knockout mice and control mice fed by HFD, using RNA-seq. (C)
KEGG analysis of the 2,111 DEGs in these datasets. The top 10 upregulated KEGG pathways. (D) GSEA of DEGs in microglia of microglial PRLR knockout
mice and control mice fed by HFD showing enrichment with upregulated gene sets in the Rap1 signaling pathway. (E) Schematic of cell experiments.
(F) Representative images show that isolated microglia (treated with or without Rap1 inhibitor) phagocytosed pHrodo green-conjugated synaptosomes.
Scale bar, 15 um. (G) Graph depicts the fraction of synaptosomes engulfed by microglia. (H) Heatmap of Rap guanine nucleotide exchange factors (Rap-
GEFs) in microglia. (I) gPCR assay to test the expression levels of RapGEFs in isolated microglial cells. Data are presented as the mean +SD. n=5-6 mice/
group (A-D) and n=3-4 mice/group (E-l). *p <0.05, **p <0.01, and ***p < 0.001; ns, not significant; unpaired two-tailed t test (I) and one-way ANOVA (G)

human T2DM conditions but also provide very good hippocampal neurons did not change. Our findings indi-
models for investigating the complications of T2DM  cate that hippocampal synaptic loss, rather than neuron
[53]. Through dynamic diet intervention, we found that loss, is the critical pathological feature of cognitive dys-
in diabetic mice, hippocampal synaptic loss occurred at  function at the early stage of diabetes. In addition, we also
the onset of cognitive impairment, while the number of  observed that a decrease in PRL level preceded the onset
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Fig. 8 Infusion of PRL improved cognitive impairment and hippocampal synaptic loss in HFD-diabetic mice. (A-D) Novel object recognition
index (A), escape latencies (B), % total time in the target quadrant (C), number of platform entries in probe trial (D) of four groups were analyzed. (E)
Representative confocal images of NeuN (red) and Vglut1 (green) in hippocampus. Scale bar, 80 um. (F-G) Relative NeuN density and Vglut1 intensity.
(H-1) Hippocampal synaptic density in four groups. Scale bar, 15 um. (J) Three-dimensional surface rendering of immunostained Vglut1 (red) and Iba-1
(green) in hippocampus of CD mice and HFD-diabetic mice treated with PBS or PRL. Scale bar, 10 um. (K) Engulfment of Vglut1* synapses by microglia in
four groups. Data are presented as the mean +SD. n=10 mice/group (A-D, N-Q) and n=>5 mice/group (E-K). *p <0.05, **p <0.01, and ***p <0.001; ns, not

significant; two-way ANOVA (B) and one-way ANOVA (A, C-K)

of hippocampal synaptic loss and cognitive impairment
in diabetic mice. Moreover, knockout of PRL directly
reduced the number of synapses in the hippocampus and
caused hippocampus-dependent cognitive impairment.
Together, these results suggest that a decreased level of
PRL is responsible for hippocampal synaptic loss and
cognitive decline in diabetes. Importantly, a recent study
demonstrated that diet-induced free fatty acid toxic-
ity directly inhibited the synthesis and secretion of PRL
by pituitary lactotrophs [54], which may account for the
decreased level of PRL in HFD-induced diabetic mice.

The cell-specific mechanism underlying the effects of
PRL level reduction on cognitive performance and hip-
pocampal synaptic pathology was further studied. PRL
actions are well known to be mediated by its receptor
(PRLR) [38]. In the brain, PRLR is expressed in several
regions, including the cerebral cortex, olfactory bulb,
hypothalamus, hippocampus, amygdala, midbrain, etc
[55]. At the cellular level, PRLR has been detected in hip-
pocampal neurons [56], but whether PRLR is expressed
in other hippocampal cell types is unclear. Our immuno-
fluorescence assays in hippocampal tissue revealed that
PRLR was expressed primarily in neurons and microglia,
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engulfment. PRL modulates hippocampal synaptic density by regulating the microglial phagocytic ability to synapses for maintenance of normal cog-
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Mechanistically, PRL diminishing promotes Rap1 activation by upregulating expression of RapGEFs, which in turn enhances microglial phagocytic ability

while PRLR was expressed at low levels in astrocytes.
We also provided evidence that the specific knockout
of PRLR in microglia, but not neurons, induced cogni-
tive impairment and hippocampal synaptic loss. These
results strongly support the role of microglia as media-
tors of the neurocognitive effects of PRL. As resident
phagocytes in the central nervous system, microg-
lia phagocytose damaged cells, debris, and excess and
functionally weak synapses to maintain homeostasis in
the brain [57, 58]. The abnormal phagocytic function of

microglia results in excessive synaptic engulfment and
subsequent synaptic loss [42]. Here, we found that PRL
deficiency exacerbated microglial phagocytosis and trig-
gered excessive microglia-mediated synapse engulfment.
The inhibition of microglial phagocytic activity by mino-
cycline weakened the elimination of synapses and res-
cued the cognitive deficits associated with hippocampal
synaptic loss caused by PRL loss. Based on these findings,
we determined that a decrease in PRL level had harmful
effects on cognitive function and hippocampal synapse
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density in diabetes by leading to an increase in microg-
lial synaptic phagocytosis. Moreover, in diabetic mice,
blocking PRL/PRLR signaling in microglia exacerbated
the aberrant phagocytosis of synapses by microglia, fur-
ther aggravating hippocampal synaptic loss and cogni-
tive impairment. These results demonstrated that the
decrease in PRL level in diabetes also drives hippocampal
synaptic loss and cognitive decline by increasing microg-
lial engulfment of synapses. Uncovering this mechanism
contributes to identifying a specific therapeutic target for
cognitive dysfunction in diabetic mice. While it is impos-
sible to target only microglia in humans, a hormone
receptor-specific and brain region-specific approach is
possible. Treatments can preferentially target PRLR, and
trial outcomes could focus on synapse degeneration in
the hippocampus.

Additionally, we evaluated the potential of PRL inter-
vention to treat cognitive dysfunction in diabetes. Our
findings showed that PRL infusion therapy weakened
microglia-mediated synapse elimination, restored hip-
pocampal synaptic loss, and alleviated cognitive deficits
in diabetic mice. These results suggest that PRL inter-
vention is a promising therapeutic strategy to ameliorate
diabetes-associated cognitive dysfunction. Notably, the
infusion of PRL also decreased body weight and amelio-
rated glucose intolerance and insulin resistance in dia-
betic mice (Fig. SI0A-C), suggesting that this therapeutic
approach also has beneficial effects on peripheral meta-
bolic organs.

Nevertheless, several limitations of this study should
be noted. First, our clinical study is a cross-sectional
study, which leads to potential for bias. Second, the exact
mechanism by which the secretion of PRL is decreased in
diabetes is not clear, and further investigation is needed.
Third, 4% formaldehyde is the gold standard fixative for
immunohistochemistry, which has limitations in detect-
ing authentic signals of some molecules at the postsyn-
apse. Other highly effective fixatives for immunostaining,
such as glyoxal [59], should be tried in future experi-
ments. Finally, intracerebroventricular infusion is a com-
plicated procedure and may lead to brain damage. More
research is needed to find a more precise and safer deliv-
ery system.

Conclusions

This study is the first to clarify that PRL is associated with
the cognitive impairment and hippocampal damage in
T2DM patients. Mechanistically, PRL deficiency enhanc-
ing microglia-mediated synapse elimination, ultimately
leading to hippocampal synaptic loss and cognitive dys-
function in diabetes. Restoration of PRL could dampen
the abnormal microglial phagocytosis of synapses, fur-
ther ameliorating cognitive impairment and hippocampal
damage in diabetic mice.
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T2DM Type 2 diabetes mellitus

PRL Prolactin

PRLR Prolactin receptor

McCl Mild cognitive impairment

PRLR Prolactin receptor

TC Total cholesterol

TG Triglyceride

HDL-C  High density lipoprotein cholesterol

LDL-C Low density lipoprotein cholesterol

HbA,.  Glycated hemoglobin Alc

FSH Follicle-stimulating hormone

LH Luteinizing hormone

TSH Thyroid stimulating hormone

ACTH Adrenocorticotropic hormone

GH Growth hormone

MMSE Mini-Mental State Examination

MOCA  Montreal cognitive assessment

RBANS  Repeatable Battery for the Assessment of Neuropsychological
Status

AAV Adeno-associated virus

OF Open field

NORT Novel object recognition test

MWM Morris water maze

GEF Guanine nucleotide exchange factors
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