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Abstract  1 

A large proportion of the population suffers from endocrine disruption, e.g. menopausal women, 2 

which might result in accelerated aging and a higher risk for developing cognitive disorders. Therefore, 3 

it is crucial to fully understand the impact of such disruptions on the brain to identify potential 4 

therapeutic strategies. Here, we show using resting state functional MRI that ovariectomy and 5 

consequent hypothalamus-pituitary-gonadal (HPG) disruption results in the selective dysconnectivity 6 

of two discrete brain regions in mice. This effect coincided with cognitive deficits and an underlying 7 

pathological molecular phenotype involving an imbalance of neurodevelopmental/neurodegenerative 8 

signaling. Furthermore, this quantitative mass spectrometry proteomics-based analysis of molecular 9 

signaling patterns further identified a strong involvement of altered dopaminergic functionality (e.g. 10 

DAT and predicted upstream regulators DRD3, NR4A2), reproductive signaling (e.g Srd5a2), rotatin 11 

expression (rttn), cellular aging (e.g. Rxfp3, Git2), myelination and axogenesis (e.g. Nefl, Mag). With 12 

this, we have provided an improved understanding of the impact of HPG dysfunction and highlighted 13 

the potential of using a highly translational MRI technique for monitoring these effects on the brain.  14 

 15 

 16 

 17 

 18 

 19 

 20 
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INTRODUCTION 24 

Emerging research has demonstrated the involvement of the hypothalamic-pituitary-gonadal (HPG) 25 

axis in multiple non-reproductive processes, such as neurodevelopment, neuroplasticity and various 26 

brain functions including cognition. Because the HPG system has a regulatory role on many organs, 27 

including the brain, age-related degeneration of this system also seems implicated in aging and 28 

pathophysiology of certain cognitive disorders, e.g. Alzheimer’s disease (AD) (Koebele and Bimonte-29 

Nelson, 2017; Wang et al., 2010; Zarate et al., 2017). In line with this, numerous studies have reported 30 

an association between HPG-axis related hormones (e.g. estrogen) and neurogenesis, 31 

neuroprotection and cognition (For review, see e.g. (Arevalo et al., 2015; Blair et al., 2015; Brann et 32 

al., 2007; Hara et al., 2015; Vargas et al., 2016)). The trophic effect of sex steroid is critical in functions 33 

such as learning, memory, emotion, motivation, motor control and cognition (Horstink et al., 2003; 34 

Sacher et al., 2013; Sakaki and Mather, 2012; Sundstrom Poromaa and Gingnell, 2014; Toffoletto et 35 

al., 2014). An important mechanism through which these actions can be exerted is via interaction with 36 

different neurotransmitter systems (for review, see (Barth et al., 2015)). The link between 37 

reproductive axis hormones and cognition is further highlighted by expression of both GnRH and 38 

estrogen receptors in brain regions important for memory and cognition (Albertson et al., 2008; Hazell 39 

et al., 2009; Mitra et al., 2003; Shughrue et al., 1997; Wen et al., 2011), such as hippocampal and 40 

cortical regions. 41 

As menopausal women are prone to cognitive decline and have a higher risk of developing AD (Vina 42 

and Lloret, 2010), research has focused on the role of decreased estrogens (Li et al., 2014) or elevated 43 

gonadotropins, particularly luteinizing hormone (LH) (Blair et al., 2015; Blair et al., 2016), in these 44 

pathological events. Evidence suggests that such a lack of sex hormones can lead to aberrant 45 

neurotransmission, mitochondrial dysfunction, a decline of synaptic plasticity, brain hypometabolism 46 

and an increase of neuroinflammation (Zarate et al., 2017). Although a putative causal link between 47 

this hormonal system and both normal and pathological brain functionality is evidenced by many 48 

studies, clinical studies investigating the potential beneficial effect of modulating the HPG-axis as a 49 
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therapeutic target in menopausal women have failed to provide an unequivocal conclusion as to its 50 

potential utility (Henderson, 2014; Rocca et al., 2011). Therefore, it is crucial to obtain a better basic 51 

comprehension of the impact of HPG functionality on the brain as this knowledge could potentially be 52 

exploited to prevent the etiological development of cognitive disorders or help create new remedial 53 

drug strategies.  54 

Ovariectomized (OVX) animals offer an experimental platform to study the impact of HPG dysfunction 55 

on the brain in a controlled manner (Koebele and Bimonte-Nelson, 2016). Surgical removal of ovaries, 56 

i.e. ovariectomy, will cause a sudden decrease of estrogen production hence disturbing the entire HPG 57 

system. More specifically, due to the loss of negative feedback by estrogen, gonadotropin 58 

concentrations (luteinizing hormone, LH; follicle stimulating hormone, FSH) will increase, similar to 59 

the situation in natural or surgical menopause in women where loss of ovarian function has been 60 

linked to increased risk of various disorder such as Parkinson’s or Alzheimer’s disease, depression and 61 

anxiety (Parker et al., 2009; Rocca et al., 2008a; Rocca et al., 2016; Rocca et al., 2017; Rocca et al., 62 

2008b; Rocca et al., 2011). A disturbance of the balance within this hormonal system can lead to 63 

various effects in both human and rodents, including decreased neuroplasticity, loss of 64 

neuroprotective cellular signaling modalities and neurotransmission deficits (Barth et al., 2015; Bosse 65 

and DiPaolo, 1996; Hara et al., 2015; Zarate et al., 2017). Furthermore, HPG dysfunction seems also 66 

linked to impaired cognitive function both in human and animal studies (Heikkinen et al., 2004; Iivonen 67 

et al., 2006; Toffoletto et al., 2014). However, interpreting this research is complicated due to the 68 

highly heterogeneous circumstances, e.g. differences in timing and duration of endocrine disruption 69 

as well as the type of potential hormone treatment. Despite some contradictory findings, the majority 70 

of current evidence points towards a significant effect of HPG-associated hormones on neural circuits 71 

implicated in cognition.  72 

To examine neural circuits, resting state fMRI (rsfMRI) has proven to be a valuable technique. This is 73 

a non-invasive in vivo tool capable of monitoring whole-brain functional connectivity (FC) based on 74 

the fact that low frequency fluctuations (LFF, 0.01-0.1Hz) of the blood oxygenation level dependent 75 
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(BOLD) contrast can be detected when a subject is at rest. This phenomenon of FC is defined as the 76 

temporal dependency of neuronal activation patterns of anatomically separated brain regions and can 77 

be calculated by correlating measures of the LFFs of the BOLD signal (van den Heuvel and Hulshoff Pol, 78 

2010). It has been suggested that ovarian hormones could enhance both cortico-cortical and 79 

subcortico-cortical functional connectivity, whereas androgens (testosterone) might decrease 80 

subcortico-cortical functional connectivity but increase functional connectivity between subcortical 81 

brain areas (For review, see (Peper et al., 2011)). Only few human studies examined resting state 82 

functional networks in (post)menopausal women or during the menstrual cycle showing either no 83 

changes (De Bondt et al., 2015; Hjelmervik et al., 2014) or FC alterations in brain regions such as the 84 

hippocampus and the frontal cortex (Comasco and Sundstrom-Poromaa, 2015; Huang et al., 2015; 85 

Lisofsky et al., 2015; Vega et al., 2016). Therefore, results concerning possible endocrine-driven 86 

functional alterations remain scarce and inconsistent. Going further on the idea that endocrine 87 

disruption could result in accelerated ageing, long-range connections are of particular interest as it 88 

has been shown that these are most vulnerable to disintegrate during ageing or disease processes 89 

(Dennis and Thompson, 2013; Fair et al., 2009; Tomasi and Volkow, 2012). For example, anterior-90 

posterior connectivity, i.e. the functional connectivity between anterior brain regions (frontal cortex) 91 

and posterior brain regions (posterior cingulate/retrosplenial cortex, medial temporal regions), has 92 

been shown to be high in young adults and to decrease during ageing. Furthermore, the strength of 93 

this connection has been linked to cognitive performance as well (Andrews-Hanna et al., 2007; Vidal-94 

Pineiro et al., 2014).  95 

The present study was devised to examine whether a disturbance of the HPG-axis can affect intrinsic 96 

functional brain networks in mice, reflecting an accelerated aging phenotype. For this purpose, mice 97 

were either ovariectomized or sham-operated at the onset of adulthood (age of three months). The 98 

intrinsic FC of the brain was monitored monthly using rsfMRI until the age of seven months to evaluate 99 

whether altered patterns of FC could be identified after ovariectomy. Based on the rsfMRI outcome, 100 

complementary behavioral tests were performed in a separate cohort of seven month old mice to 101 
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investigate whether FC deficits coincided with cognitive impairment. Lastly, a quantitative mass 102 

spectrometry proteomics-based analysis of molecular signaling patterns was employed to unravel the 103 

signaling mechanisms underlying the observed rsfMRI alterations in affected brain regions of seven 104 

month old OVX mice. 105 

 106 

MATERIAL AND METHODS  107 

Ethical statement 108 

All procedures were performed in strict accordance with the European Directive 2010/63/EU on the 109 

protection of animals used for scientific purposes. The research protocols employed were approved 110 

by the Committee on Animal Care and Use at the University of Antwerp, Belgium (permit number 111 

2014-56) and all efforts were made to minimize animal suffering. 112 

Animals 113 

C57BL/6J mice (12 weeks old, female, N=36) were used throughout the MRI study (Jax mice strains, 114 

Charles River Laboratories). One week after a baseline rsfMRI scan at three months of age, i.e. the 115 

onset of adulthood, mice were randomly divided into two groups: an ovariectomized group (OVX, 116 

N=18) and a sham-operated group (Sham, N=18). After the surgical procedure, the diet was changed 117 

to a low phytoestrogen diet (Sniff R/M-H, www.ssniff.de, Germany). Mice were assessed monthly 118 

using rsfMRI between the ages of three and seven months. Due to poor data quality (e.g. excessive 119 

movement or whole-brain unspecific FC) several scans were excluded, resulting in effective group sizes 120 

of 15-17 Sham mice and 13-18 OVX mice across the time points investigated (OVX: N3M=13, N4M=18, 121 

N5M=16, N6M=16, N7M=14; Sham: N3M=16, N4M=16, N5M=17, N6M=16, N7M=15). Behavioral analyses were 122 

performed in a separate cohort of seven month old mice (NOVX=12; NSham=11) to avoid any confounding 123 

effect of repeated scanning/anesthesia on the behavioral outcome. From this group, brain tissue 124 

samples were collected for ex vivo analyses as described below. The selection of brain regions for 125 

further ex vivo analyses was guided by the rsfMRI readout.  126 

Surgical procedure: ovariectomy 127 

http://www.ssniff.de/
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Prior to surgery, the weight of each animal was measured with a digital balance. Animals were 128 

anesthetized using an intraperitoneal injection of Anesketin® (80-100 mg ketamine/kg BW) / 129 

Rompun® (10 mg xylazine/kg BW) / Temgesic® (0.1 mg buprenorphine/kg BW). Fur on the mouse 130 

abdomen was removed and a small abdominal incision caudal of the umbiculus was made. After the 131 

peritoneal cavity was accessed, both left and right uterine tubes and ovaries were identified. Next, the 132 

distal part of both uterine horns, ovaries and surrounding fat were removed by ligation using Vicryl 133 

suture 6-0 sutures for the OVX group. After removal of the ovaries, the abdominal cavity was closed 134 

(continuous sutures for the abdominal muscles; separate sutures for closing of the skin). The Sham 135 

group received a similar protocol where the abdominal cavity was accessed and then closed again, 136 

without removing any tissue nor ligating any structures. After the surgical procedure, mice were 137 

allowed to recover in a heated cage and were observed until full recovery (Langbeen et al., 2016). 138 

Plasma LH concentration 139 

To ensure that the ovariectomy was successful in both cohorts of mice, the expected cessation of the 140 

estrus cycle was monitored by cytological examination of vaginal smears. Because OVX female mice 141 

showed constant estrus, plasma levels of the luteinizing hormone (LH) were measured in blood 142 

samples also collected in estrus in Sham mice, which were previously exposed to male urine via soiled 143 

bedding to synchronize their estrus cycles (Ryan and Schwartz, 1980; Whitten, 1956). LH was assayed 144 

using a protocol previously described by others (Messina et al., 2016; Steyn et al., 2013). A detailed 145 

description of the LH assay procedures can be found in SI Material and Methods. 146 

Resting state functional MRI procedure  147 

For MRI procedures, mice were initially anesthetized with 2% isoflurane (IsoFlo, Abbott, Illinois, USA), 148 

which was administered in a mixture of 70% nitrogen (400 cc/min) and 30% oxygen (200 cc/min). 149 

During rsfMRI acquisitions, a combination of isoflurane (0.4%) and medetomidine (0.3 mg/kg; 150 

Domitor, Pfizer, Karlsruhe, Germany) was used to sedate the animals as previously described (Shah et 151 

al., 2016a; Shah et al., 2016b). Briefly, mice received a subcutaneous (s.c.) bolus of medetomidine 152 

after which the isoflurane was reduced to 1%. Five minutes before the rsfMRI acquisition, isoflurane 153 
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was further decreased to 0.4%. The rsfMRI acquisition was started 40 minutes after bolus injection 154 

while keeping the isoflurane level constant at 0.4%. After imaging procedures were performed, the 155 

effects of medetomidine were counteracted by the s.c. injection of 0.1mg/kg atipamezole (Antisedan, 156 

Pfizer, Karlsruhe, Germany). The physiological status of the animals was monitored throughout the 157 

imaging procedure. A pressure sensitive pad (MR-compatible Small Animal Monitoring and Gating 158 

system, SA Instruments, Inc.) was used to monitor breathing rate and a rectal thermistor with 159 

feedback controlled warm air circuitry (MR-compatible Small Animal Heating System, SA Instruments, 160 

Inc.) was used to maintain body temperature at (37.0 ± 0.5) °C.  161 

MRI procedures were performed on a 9.4T Biospec MRI system (Bruker BioSpin, Germany) with 162 

Paravision 5.1 software. Images were acquired using a standard Bruker cross coil set-up with a 163 

quadrature volume coil and a quadrature surface coil for mouse brain. Three orthogonal multi-slice 164 

Turbo RARE T2-weighted images were acquired to render slice-positioning uniform (repetition time 165 

2000 ms, echo time 15 ms, 16 slices of 0.4 mm). Field maps were acquired for each animal to assess 166 

field homogeneity, followed by local shimming, which corrects for the measured inhomogeneity in a 167 

rectangular volume of interest within the brain.  168 

Resting-state signals were measured using a T2*-weighted single shot echo-planar-imaging (EPI) 169 

sequence (repetition time 2000 ms, echo time 15 ms, 16 slices of 0.4 mm, slice gap 0.1mm, 150 170 

repetitions) with a total scan time of 5 minutes. The field-of-view was (20x20) mm² and the matrix size 171 

(128 x 64), resulting in pixel dimensions of (0.156 x 0.312) mm². 172 

Resting state data analysis 173 

Pre-processing of the rsfMRI data was performed as described earlier (Jonckers et al., 2011). 174 

Realignment, normalization and smoothing was performed using SPM12 software (Statistical 175 

Parametric Mapping, http://www.fil.ion.ucl.ac.uk). First, all images within each session were realigned 176 

to the first image. This was performed using a least-squares approach and a 6-parameter (rigid body) 177 

spatial transformation. Second, all datasets were normalized to a study specific EPI template obtained 178 

by averaging all baseline scans. The normalization steps consist of a global 12-parameter affine 179 

http://www.fil.ion.ucl.ac.uk/
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transformation followed by the estimation of the nonlinear deformations. Finally, in plane smoothing 180 

was performed using a Gaussian kernel with full width at half maximum of twice the voxel (0.31 x 0.62) 181 

mm² (Jonckers et al., 2011). Next, resting state data was filtered (0.01 – 0.1 Hz) using the Resting-State 182 

fMRI Data Analysis Toolkit (REST1.8) in Matlab 2014a to extract relevant data and rule out noise and 183 

low frequency drift. Due to poor quality or excessive movement, several scans had to be excluded, 184 

resulting in effective group sizes of 15-17 Sham mice and 13-18 OVX mice across the time points 185 

investigated.  186 

Independent Component Analysis (ICA) was performed on the rsfMRI data of three months old 187 

animals, to determine which resting-state networks could be observed in healthy animals (Jonckers et 188 

al., 2011). ICA was performed using the GIFT-toolbox (Group ICA of fMRI toolbox version 2.0a: 189 

http://icatb.sourceforge.net/), by implementing spatial ICA which estimates sources as being 190 

statistically spatially independent. First, a two-step data reduction step is performed by principal 191 

component analysis, after which the data of each individual animal is concatenated. Then, group ICA 192 

was performed using the Infomax algorithm. The final step is back reconstruction of the data to single-193 

subject independent components and time courses. ICA was performed using a pre-set of 15 194 

components, which was shown to be appropriate to identify relevant resting-state networks in mice. 195 

Based on this analysis, the anterior/prefrontal and posterior/retrosplenial FC networks were identified 196 

and masks were created from the relevant ICA components.  197 

Regions of four voxels each were indicated with the anatomically relevant ICA components and the 198 

Mouse Brain Atlas (Franklin, 2007)  as reference in MRIcron software 199 

(http://www.mricro.com/mricron). For the anterior/prefrontal network, the following seeds were 200 

indicated: left and right anterior cingulate cortex (aCg) and prelimbic cortex (PrL). For the 201 

posterior/retrosplenial network, seeds were selected in the left and right retrosplenial cortex (Rs) and 202 

parietal association cortex (PaA). These seeds were then used to extract the respective temporal signal 203 

of each subject using Rest 1.8. 204 

http://www.mricro.com/mricron
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Anterior-posterior (A-P) connectivity was calculated in two different ways: (i) based on a ROI-based 205 

analysis or (ii) based on a seed-based analysis. Method (i) involved the computation of all pairwise 206 

correlations (z-values) between the rsfMRI time series of regions of the anterior network (aCg, PrL) 207 

and the posterior network (Rs, PaA) resulting in a matrix as shown in Fig. 2B. More specifically, for 208 

region of interest (ROI) based FC analysis, the BOLD time course of each seed region was extracted 209 

after which linear correlation between the selected time courses, i.e. a measure of the strength of FC 210 

between the respective ROIs, was calculated using a cross-correlation analysis in REST 1.8. A Fisher’s 211 

z transform was performed on all correlation coefficients. The z-transformed correlation values were 212 

presented in a zFC matrix, with a threshold to exclude z-values below 0.05 (|z|<0.05) (Shah et al., 213 

2016c). Next, these individual pairwise FC values were classified according to the anterior or posterior 214 

network and were used for further between-network FC computations, i.e. the average of all pairwise 215 

correlations between anterior and posterior regions. Method (ii), based on a seed based analysis of 216 

the Rs cortex, involved the computation of individual statistical FC maps. Briefly, the extracted 217 

temporal signal of the Rs seed was compared to all other voxels of the brain using a linear model in 218 

SPM12, resulting in individual FC maps containing all voxels significantly correlated with the given 219 

temporal signal. Next, individual t-values were extracted for each subject within the restrictions of the 220 

anterior network (ICA component) mask. Additionally, individual cluster sizes were extracted from the 221 

subject’s statistical FC maps within the restrictions of the relevant ICA component masks.  222 

Behavioral assessments  223 

To evaluate whether FC changes as observed by rsfMRI at the age of seven months coincided with 224 

behavioral deficits, a separate cohort of seven month old Sham and OVX mice was subjected to a 225 

series of behavioral tests. Similar to the first cohort, these mice were ovariectomized or sham-226 

operated four months prior to testing, i.e. at the age of three months. Behavioral tests were 227 

specifically selected based on the regions affected according to the rsfMRI outcome and included the 228 

spontaneous alternation (SA) test, novel object recognition (NOR) test, Barnes maze and passive 229 

avoidance (PA) test.  230 
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Y-maze spontaneous alternation test  231 

The spontaneous alternation test (Hughes, 2004) was used to assess working memory of rodents in a 232 

Y-maze (3 arms of 8x30 cm), which requires proper function of hippocampal and frontal brain regions 233 

(Lalonde, 2002). Furthermore, it has been shown that working memory can bemodulated by ageing 234 

and hormonal status (Cao et al., 2013; Lalonde, 2002). This test is based on the fact that mice will show 235 

the tendency to explore the different arms with alternation of arms visits rather than returning to the 236 

previous arm. Mice were placed in one of the arm (randomized between subjects) and allowed to 237 

explore the entire maze for 8 minutes. Every entry to an arm was recorded and defined as entering 238 

the arm with all four paws. Performance of mice in this test was calculated as percentage alternation, 239 

defined as the ratio of the number of triads (entering each of the three arms consecutively) over the 240 

total number of arm entries. 241 

Novel object recognition test  242 

The novel object recognition (NOR) test was used to assess recognition memory, involving frontal and 243 

parietal association cortices (Leger et al., 2013). Interestingly, Fonesca and Bastos and colleagues 244 

previously reported impairments in NOR after ovariectomy, which could be recovered by hormone 245 

replacement therapy (Bastos et al., 2015; Fonseca et al., 2013). The NOR consisted of an initial 246 

habituation day in which the mice were placed in an empty arena (50x50 cm) for 10 minutes to 247 

acclimatize to the novel environment. The following day, two identical objects (pair A) were placed on 248 

opposite sides in the cage. During the object exploration training, the mouse was placed in the arena 249 

and was allowed to explore the objects for 15 minutes. On the test day, 24 hours later, the animals 250 

were placed in the arena for 15 minutes, which contained two identical objects (pair B, different than 251 

the previous day). One hour later, the mouse was again placed into the arena for 5 minutes, which 252 

now contained one familiar object (of pair B) and one completely new object. To assess the recognition 253 

memory function, the discrimination index was calculated as the ratio of the time spent exploring the 254 

new object over the total objects exploration time. 255 

Barnes maze 256 
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The Barnes maze was used for measuring visuo-spatial learning and memory (Sunyer et al., 2007). By 257 

altering the specific set-up of this test, both learning and long-term memory can be evaluated. Spatial 258 

memory is dependent on various brain regions, including the hippocampus, parietal cortex, entorhinal 259 

cortex, prefrontal and retrosplenial cortex. Importantly, the learning phase of this test is highly 260 

dependent on hippocampal function, whereas the later memory retention phase strongly relies on 261 

cortical integration (Bontempi et al., 1999; Izquierdo and Medina, 1997; Maviel et al., 2004; Miller, 262 

2000; Todd and Bucci, 2015). Alterations in spatial memory and retention have been reported 263 

previously after hormonal modulations (Ping et al., 2008; Sandstrom and Williams, 2001; Sarkaki et 264 

al., 2008).  265 

The Barnes maze consisted of a circular platform (120 cm of diameter) with 40 equally spaced holes, 266 

of which one target hole gave entrance to a dark target box. The maze was surrounded by visual cues 267 

of different colors and shapes. The test consisted of an initial 4 training days and 1 test day (day 5). 268 

For each trial, the animal was placed onto the middle of the maze in an opaque cylindrical tube to 269 

ensure an initial disorientation before starting. Each trial is initiated by removing the opaque cylinder. 270 

On the first day, the mouse was allowed to explore and guided to its respective escape hole and left 271 

inside for one minute. Next, the training consisted of 4 days with 4 trials of 3 minutes per mouse (15 272 

minutes in between every trial). The same target hole was used for one subject along all the training, 273 

with a different target hole between subjects. On day 5, the first test day, no escape box was placed 274 

and the animal was allowed to explore the platform for 90 seconds. This final test was repeated one 275 

and two weeks after training, on day 12 and 19 respectively, to assess the long-term retention ability 276 

of mice (Sunyer et al., 2007). Primary errors were assessed by counting the number of wrong escape 277 

holes a subject explored before finding the correct target hole. Primary latency was calculated, i.e. the 278 

time it took for a subject to find the target hole. In case a subject was not successful, this time was set 279 

at 90 seconds as a cut-off time. Lastly, the time spent in the target area was assessed as subjects 280 

should show a preference for this area of the maze. 281 

Passive avoidance test 282 
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The passive avoidance test was used to evaluate aversive learning, which involves various brain 283 

regions such as the prefrontal cortex and amygdala. Especially the cholinergic system has been linked 284 

to performance in this test and impaired performance has further been observed after ovariectomy 285 

(Das et al., 2002). Passive avoidance learning was tested in a step-through box (Marciniak et al., 2015). 286 

The step-through box consisted of an aversive brightly lit compartment connected with a dark 287 

compartment by means of a sliding door. Mice were placed in the illuminated compartment during 90 288 

seconds at maximum, and after 5 seconds the sliding door connecting both compartments was 289 

opened. Upon complete entry into the dark compartment (4-paw criterion), animals received a slight 290 

foot shock (0.2 mA, 2 s). Exactly 24 h later, mice are placed once again in the illuminated compartment 291 

and the escape latency to re-enter the dark compartment was timed up to 300 seconds.  292 

Mass spectrometry and quantitative proteomics of murine cortex samples 293 

To elucidate the molecular signaling pathways responsible for the OVX-induced alterations of FC and 294 

cognition, an unbiased quantitative proteomic approach using iTRAQ (isobaric mass-tag labelling for 295 

relative and absolute quantitation) mass spectrometry was applied to simultaneously identify and 296 

quantify the proteins that are differentially up- or down-regulated in fresh frozen murine cortical 297 

samples of OVX or Sham mice. Based on the outcome of the rsfMRI analysis, prefrontal (Pf) and 298 

retrosplenial (Rs) cortex samples were collected from mice previously subjected to the behavioral 299 

assessments (average age: 7,7 months; NSham=4; NOVX=4)  and processed as described in detail in SI 300 

Material and Methods. 301 

Briefly, the raw data were analyzed by Proteome Discoverer 2.0 Software (ThermoScientific) using 302 

Sequest HT as search engine against the human UniProt/SwissProt database with threshold of 303 

confidence above 99% (false discovery rate (FDR) < 1%). The list of identified proteins, containing 304 

iTRAQ ratios of expression levels over control (Sham) samples, was generated. Proteins identified 305 

according to the statistical MS cut-offs were then subsequently used for further bioinformatics 306 

analyses. To identify the significantly altered proteins, i.e. proteins differentially expressed due to OVX 307 

surgical intervention exposure compared to sham surgery exposure, raw iTRAQ ratios (OVX:sham) 308 
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were first log2 transformed. Following log2 ratio transformation differentially expressed protein (DEP) 309 

lists were created by identifying only proteins that possessed log2-transformed iTRAQ ratios two 310 

standard deviations (p<0.05) from the calculated mean background expression variation level. These 311 

results were further verified with western blots. 312 

Significant DEP lists (comprising proteins elevated or reduced in their expression in cortex tissue 313 

samples in response to OVX surgical intervention) were then employed for further bioinformatics 314 

deconvolution using diverse informatics platforms including Ingenuity Pathway Analysis (IPA) 315 

(Canonical Signaling Pathway and Upstream Regulator applications; 316 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/), VennPlex ((Cai et al., 317 

2013); https://www.irp.nia.nih.gov/bioinformatics/vennplex.html) and Network Analyst 318 

(http://www.networkanalyst.ca/).  319 

Finally, a targeted natural language processing (NLP) investigation was performed to identify the 320 

specific functional intersection between steroid-related activity (implementation of ovariectomy) and 321 

the DEP datasets from both cortical samples. To this end, using the latent semantic indexing platform 322 

GeneIndexer, the specific DEPs from either dataset could be associated with our user-defined concept 323 

terms related to estrogenic activity in the brain. GeneIndexer is able to identify the strongest concept 324 

(user-defined input word) and term (Gene Symbol) correlation scores for any given input dataset using 325 

gene-word document analysis of over 20 million curated PubMed abstracts (Cashion et al., 2013; Chen 326 

et al., 2013). Here, we used the word concepts menopause, aging, ovariectomy, estrogen/oestrogen, 327 

estradiol/oestradiol and estrogen receptor/oestrogen receptor to identify the most strongly associated 328 

proteins across all of these terms from both Pf and Rs cortex DEP datasets. To simplify the numerical 329 

analysis of this output the following synonymous term Cosine similarity scores were summed together 330 

to create a comprehensive score, i.e. scores for ‘estrogen’, ‘oestrogen’, ‘estradiol’, ‘oestradiol’ were 331 

summed together and scores for ‘estrogen receptor’ and ‘oestrogen receptor’ were summed also. 332 

Through ranking of the top 20 strongest correlating proteins (via both sum and mean of the Cosine 333 

Similarity scores across all the input concepts) a prioritized key group of proteins for each DEP list was 334 

http://www.networkanalyst.ca/
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created. Using Enrichr-based (http://amp.pharm.mssm.edu/Enrichr/) interrogation of ligand-induced 335 

Gene Expression Omnibus (GEO) dataset alterations (https://www.ncbi.nlm.nih.gov/geo/) lists of 336 

strongly-correlating Ligand-controlled curated GEO response datasets were generated for the Rs and 337 

Pf cortex input datasets (20 proteins). We next extracted the specific words describing the 338 

significantly-associated (p<0.05) ligand-controlled GEO datasets and then created frequency-339 

dependent wordclouds from these ligand terms. Next, these proteins were cross-interrogated with a 340 

functional disease database (also via Enrichr), i.e. the JENSEN Disease database 341 

(https://diseases.jensenlab.org/) to identify possible related disorders. 342 

 343 

Statistical analyses  344 

Statistical analyses of the physiological parameters, functional connectivity data as well as the 345 

behavioural data were performed using a linear mixed model analysis in JMP Pro 13 software with 346 

group and age as fixed effects and subject as random effect. In case no significant interaction effect 347 

[age x group] was found, only main effects (group or age) are reported. Post hoc tests were performed 348 

using the Tukey HSD (honest significance difference) multiple comparison test with p<0.05. To explore 349 

the A-P FC pattern in both groups in more detail, an additional hypothesis-driven analysis of group-350 

specific ageing effects was performed by performing a mixed model analysis split by group (i.e. explore 351 

the age effect within each group separately). Finally, to evaluate the relation between age and A-P FC 352 

strength, a linear regression analysis was performed. To evaluate whether the outcome of this linear 353 

regression differed significantly between both groups, a one-way analysis of covariance (ANCOVA) 354 

was performed to evaluate the effect of age on A-P FC with group (OVX or Sham) as covariate.  355 

Group-wise average seed-based FC maps were computed in SPM12 software using a one-sample T-356 

test (unc. p<0.001; minimum cluster size k>10; (Shah et al., 2018)). The extracted t-values or z-values 357 

as well as cluster sizes were examined using two-sample t-tests. In case of multiple t-tests in parallel, 358 

a Holm-Sidak correction for multiple comparisons was applied (p<0.05).  359 

http://amp.pharm.mssm.edu/Enrichr/
https://www.ncbi.nlm.nih.gov/geo/
https://diseases.jensenlab.org/
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Results obtained from the western blots were examined using unpaired t-tests to evaluate whether 360 

expression of the specific proteins differed significantly between OVX and Sham mice.  361 

All reported values are shown as mean ± standard error. 362 

 363 

RESULTS 364 

Increased body weight and plasma LH after ovariectomy 365 

An analysis of body weight and plasma LH of OVX and Sham mice revealed a significant [age x group] 366 

interaction effect (F4,136=6.478, p<0.0001; Fig. 1). Whereas both groups gained a significant amount of 367 

weight during the experiment, a clear distinction was present between both groups. As such, the OVX 368 

group ranged from (21.28 ± 0.18) g at three months to (27.44 ± 0.72) g at seven months, while the 369 

Sham group only ranged from (21.5 ± 0.22) g at three months to (25.06 ± 0.26) g at seven months. 370 

According to the post hoc analysis, only the OVX group gained a significant amount of body weight 371 

one month after the surgery, i.e. at four months of age (3M vs. 4M: pOVX<0.0001; pSham=0.2303). In 372 

contrast, Sham mice gained weight at a slower rate as compared to the OVX (3M vs. 5M: pOVX<0.0001; 373 

pSham<0.0001). This difference in body weight between both groups became significantly different 374 

starting at the age of six months, i.e. three months after OVX (OVX vs. Sham: p6M=0.0438; p7M=0.0209).  375 

In order to confirm the success of the ovariectomy, plasma LH concentrations were examined. A 376 

significant [age x group] interaction was found (F2,37=31.63; p<0.0001; Fig. 1), with significantly 377 

increased LH concentrations in the OVX group one month after the OVX intervention (p<0.0001 for all 378 

comparisons with three months), whereas no change was present in the Sham group. No difference 379 

in plasma LH was present at the baseline pre-surgery time point (OVX vs. Sham p3M>0.99), however, 380 

at every time point after OVX intervention, LH concentrations were significantly higher in the OVX 381 

group compared to the Sham group (p<0.0001 for all group comparisons after three months). 382 

 383 

Anterior-posterior brain functional connectivity is attenuated by ovariectomy 384 
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An initial analysis of the baseline rsfMRI data indicated no differences between 3 month old mice 385 

which were afterwards randomly divided into the OVX or Sham group. Next, an independent 386 

component analysis (ICA) of the rsfMRI data at baseline conditions discerned several FC networks 387 

similar to previously described mouse rsfMRI networks (Fig. S1) (Jonckers et al., 2011; Shah et al., 388 

2016a; Zerbi et al., 2015). These included the functional anterior/prefrontal (Pf) and 389 

posterior/retrosplenial (Rs) networks, which were used for further anterior-posterior (A-P) FC 390 

calculations (Fig. 2A) as it has been shown that these long-range connections are especially vulnerable 391 

to aging (Damoiseaux et al., 2008; Vidal-Pineiro et al., 2014). With reference to these networks, 392 

regions-of-interest (ROIs) were defined to compute z-transformed FC matrices (Fig. 2B) from which FC 393 

between regions in the Pf and Rs network, i.e. A-P FC, was calculated (Fig. 2C).  394 

Here, a significant group effect (F4,32=4.93; p=0.0337) revealed that A-P FC in OVX mice was 395 

significantly lower compared to Sham mice. It can be appreciated from Fig. 2C that this effect was 396 

most pronounced at 7 months of age. A further hypothesis-driven analysis of potential group-specific 397 

ageing effects revealed that only in the Sham group a significant age-dependent strengthening of A-P 398 

FC could be observed (Sham: F4,60=3.72; p=0.0091; OVX: F4,61=0.70; p>0.05). More specifically, whereas 399 

A-P FC in OVX mice remained low and similar to baseline values throughout the study, Sham mice 400 

displayed an age-dependent strengthening of this connection when comparing baseline values at 3 401 

months with A-P FC at the age of 6 (Sham 3M vs. 6M: p=0.0104) and 7 months (Sham 3M vs. 7M: 402 

p=0.0164). A linear regression analysis (Fig. 2D) further confirmed that a significant positive correlation 403 

between A-P FC and age was only present in Sham mice (Sham: R²=0.1369, p=0.0007; OVX: R²=0.006, 404 

p>0.05) and that this evolution differed significantly from the OVX group (F1,154=6.057, p=0.0150). 405 

Next, a seed-based analysis of the left Rs region, i.e. the main seed for the posterior network, was 406 

performed to confirm the observed differences in A-P connectivity at the age of seven months (Fig. 407 

2E-F). From the individual FC maps, t-values and cluster size were extracted within the restrictions of 408 

the respective ICA component masks. Lower T-values were present in the anterior brain areas for 409 

seven month old OVX mice (p=0.0097; Fig. 2F), indicating a reduced strength of FC between anterior 410 
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regions and the Rs seed compared to age-matched sham mice. Additionally, a smaller cluster size in 411 

both anterior and posterior regions (pposterior=0.045; panterior=0.011) was present in the OVX mice, 412 

indicating a lower extent of FC with the Rs seed (Fig. 2F).  413 

 414 

Cognitive impairments four months after ovariectomy  415 

Based on the rsfMRI outcome, a set of behavioral tests tailored to assess the function of the Pf and Rs 416 

brain regions was selected to evaluate whether cognitive deficits were present alongside the FC 417 

alterations four months after ovariectomy. This selection of behavioral tests was further based on 418 

previous literature showing that performance in these tests can be modulated by hormonal 419 

alterations, as described previously in the respective ‘Material and Methods’ sections. 420 

The passive avoidance (PA) test revealed a significant [test day x group] interaction effect (F1,19=5.17; 421 

p=0.0348). Post hoc tests revealed that OVX mice did not present an increased latency to enter the 422 

dark compartment on the test day. In contrast, Sham mice had a significantly increased retention 423 

latency on the test day compared to the training day (Sham test day vs. Sham training day: p=0.0057) 424 

and this latency was significantly longer than OVX mice at the test day (Test day Sham vs. OVX: 425 

p=0.0271). These results indicate an impaired PA retention ability for the OVX group (Fig. 3A).  426 

 427 

The Barnes maze test indicated that long-term spatial memory deficits were present in OVX mice (Fig. 428 

2B-E). More specifically, OVX mice were able to learn the target spatial position as fast as Sham mice 429 

during training (data not shown). However, a marked smaller proportion of OVX mice presented a 430 

reduced retention ability during the single trial tests at 1 (day 5), 7 (day 12) and 14 days (day 19) after 431 

training. As such, only half of the OVX group successfully accomplishing this trial at day 19, two weeks 432 

after training (Fig. 3B). Compared to Sham mice, OVX mice made more primary errors (F1,21=15.06; 433 

p=0.0009) with the most pronounced difference occurring on day 19 (Fig. 3C). Also, OVX mice had a 434 

consistently longer primary latency compared to Sham mice, indicating that they found their target 435 

hole slower (F1,21=5.99; p=0.0233; Fig. 3D). Furthermore, OVX mice spent less time in the target zone 436 
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compared to Sham mice (F1,21=4.86; p=0.0388). It can be appreciated from Fig. 3E that this difference 437 

was most pronounced at day 19, i.e. two weeks after training.  438 

The spontaneous alternation test, which assesses working memory dependent on hippocampal and 439 

frontal brain regions (Lalonde, 2002), did not reveal differences between both groups. Likewise, no 440 

differences were found for the novel object recognition test which evaluates associative memory 441 

involving frontal and parietal association cortical regions (data not shown).  442 

 443 

Molecular signaling alterations four months after ovariectomy   444 

Based on the MRI outcome, Pf and Rs cortical samples were acquired from seven month old OVX and 445 

Sham mice to explore the underlying molecular signaling alterations. Using stringent and significant 446 

cut-off criteria for protein identification (99% percentile identification confidence) and significant 447 

deviation from the expression background (95% percentile deviation from control levels) we found 448 

that long-term HPG dysfunction, i.e. four months after OVX, resulted in the significant alteration of 449 

multiple cortical proteins (Fig. S2A): Pf cortex - 162 (140 upregulated, 22 downregulated; Table S1); Rs 450 

cortex - 230 (169 upregulated, 61 downregulated; Table S2).  451 

Canonical signaling pathway analysis 452 

Quantitative proteomics is able to sample protein expression patterns at a mass level and is therefore 453 

able to, with effective bioinformatic interpretation, infer complex signaling behavior based on the co-454 

expression of hundreds of proteins (Maudsley et al., 2011). Using these differentially expressed 455 

protein (DEP) profiles as inputs into Ingenuity Pathway Analysis (IPA), we identified 17 and 15 456 

significantly-populated canonical signaling pathways respectively (Fig. S2B). Using a comparative 457 

hierarchical clustering of the significantly-populated signaling pathways between the two cortex 458 

sources we found that among the most highly-enriched signaling pathways was the ‘Dopamine 459 

Receptor Signaling’ pathway (including proteins DAT or SLC6A3, dopamine transporter and DARPP32 460 

or Ppp1r1b, Dopamine- and cAMP-regulated neuronal phosphoprotein). With respect to the 461 

distinctions between the two tissue sources it was apparent that developmentally-associated signaling 462 

pathways (e.g. ‘TGF-beta signaling’, ‘Epithelial Adherents Junction signaling’, ‘Osteoarthritis 463 
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signaling’) were prominent in the Rs cortex while pathways associated with neurotrophic and 464 

reproductive signaling (e.g. ‘CREB signaling in neurons’, ‘CDK5 signaling’, ‘Relaxin signaling’) were 465 

prominent in the Pf samples.  466 

Upstream functionality analysis 467 

Next, we sought to identify potential protein/ligand-based factors whose perturbation may result in 468 

the generation of the DEP patterns we observed. These analyses in both cortical regions again 469 

predicted multiple dopamine-related factors that generate molecular signature alterations 470 

reminiscent of our DEP datasets from the two cortical samples (e.g. DRD3 - dopamine receptor D3; 471 

NR4A2 - nuclear receptor subfamily 4, group A, member 2 (Montarolo et al., 2016; Reuter et al., 2017); 472 

Fig. 4A). We also found a clear distinction between the two regions with mainly altered 473 

neurodegenerative factors in the Rs cortex, while the Pf DEP patterns were more related to 474 

neurodevelopmental factors. A potential factor linking these two disparate events is likely to be the 475 

functionality of dopaminergic neural circuits that may facilitate this trans-cortex communication.  476 

Western blot 477 

Western blots were employed to verify our findings. We first confirmed that OVX intervention resulted 478 

in the significant upregulation of both rotatin (Rttn; p=0.0297, n=4) and syntaxin-4 (Stx4; p=0.0128, 479 

n=4) in the prefrontal cortex (Fig. S2C). Next, we confirmed the significant downregulation of the 480 

relaxin-3 receptor (Rxfp3) in the Rs cortex after OVX (p=0.0013, n=4; Fig. S2D), supporting the 481 

bioinformatic analysis which revealed a stronger representation of ‘Relaxin signaling’ in the Pf cortex 482 

as opposed to the Rs cortex (Fig. S2B). It has been proposed that Rxfp3 receptor forms a close 483 

functional link (van Gastel et al., 2016) with the neurometabolic aging regulator, Git2 (G protein-484 

coupled receptor kinase interacting protein 2; (Chadwick et al., 2012; Lu et al., 2015; Martin et al., 485 

2015; Siddiqui et al., 2017)). With respect to this association we found that alterations of cortical Git2 486 

expression mirrored that of Rxfp3 (reduction in expression, p = 0.0001, n=4), thus further reinforcing 487 

the posit that OVX induces an accelerated ageing phenotype as genomic deletion of Git2 is associated 488 

with accelerated aging and cellular senescence (Chadwick et al., 2012; Lu et al., 2015; Siddiqui et al., 489 

2017). 490 
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Network-based deconvolution of the coherently-regulated protein signatures 491 

We next performed a more in-depth investigation into the interactive nature of the 31 proteins 492 

coherently regulated using a network topology-based approach. We identified six distinct functional 493 

subnetworks (SNs) of functionally-associating proteins (Fig. 4B). The two largest SNs - SN1 and SN2 –494 

were both found to be associated with ‘Axogenesis’. Using a standard network graph annotation 495 

system (i.e. degree and betweenness (‘centrality’)) SN1 was centered around Nefl (Neurofilament light 496 

polypeptide) a protein strongly associated with ‘Neuronal structural regulation’, whereas SN2 was 497 

centered upon the neuronal transmission-regulator Mag (Myelin-associated glycoprotein). SNs 3 and 498 

4 were associated with ‘Cell Cycle activity’ (centered upon Sirt2 - NAD-dependent protein deacetylase 499 

sirtuin-2) and ‘Reproductive functionality’ (centered upon Cldn11 – Claudin 11) respectively. SNs 5 and 500 

6 demonstrated a coherence of function as SN5 was linked to ‘Neuronal transmission/apoptosis’ 501 

(centered upon Ache – Acetylcholinesterase) while SN6 was strongly linked to ‘Dopaminergic 502 

neurotransmission and secretion’ (centered upon Slc6a3 - Sodium-dependent dopamine transporter).  503 

 504 

Targeted natural language processing (NLP) investigation of the DEP datasets 505 

Finally, we identified the specific functional intersection between our own user-defined ‘concept’ 506 

terms related to estrogenic activity in the brain and the DEP datasets from both cortical samples using 507 

a targeted natural language processing (NLP) approach. As our experimental paradigm involved the 508 

direct implementation, via ovariectomy, of dramatic alterations in gonadal steroids we next adopted 509 

an informatics approach to identify the specific functional intersection between steroid-related 510 

activity and our DEP datasets from both Prefrontal (Pf) or Retrosplenial (Rs) cortex samples. For the 511 

two input DEP lists the total cumulative Cosine similarity scores for all the proteins demonstrating at 512 

least an implicit association (i.e. Cosine Similarity score > 0.1) with each of the denoted concept terms 513 

related to estrogenic activity in the brain is indicated in Fig. 4C. For each protein-term score 514 

combination the number of proteins identified showing an implicit textual association with our user-515 

defined concept (e.g. ‘menopause’) is identified above the column. In addition, the highest Cosine 516 

Similarity-scoring protein from each sample against any of the specific concepts is indicated. For the 517 
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majority, i.e. 4/5, both the number and degree of textual correlation to the specific concept was 518 

greater with the Rs compared to the Pf cortex dataset DEPs. This perhaps suggests that the proteomic 519 

alterations here were most profoundly affected, compared to the Pf cortex samples, by disruption to 520 

estrogenic functionality. This also correlates to the more ‘pathological’ alteration of signaling 521 

pathways and also reproductive signaling systems (e.g. the RXFP3 receptor) observed with our 522 

pathway analysis of Rs cortex samples compared to those from the PF cortex. Only the ‘menopause’ 523 

input concept showed a greater association with the Pf cortex data.  524 

Through ranking of the top 20 strongest correlating proteins, a prioritized key group of proteins for 525 

each DEP list was created. Using Enrichr-based interrogation of ligand-induced Gene Expression 526 

Omnibus (GEO) dataset alterations we identified significantly-overlapping GEO dataset terms 527 

correlating to these top 20 DEPs. Extracting and then displaying, via word frequency-dependent 528 

wordclouds (font size indicating the relative frequencies), the words comprising these GEO 529 

perturbagen datasets a strong estrogen-related function was evident (Fig. 4D). When these 20 530 

proteins were then cross-interrogated with a functional disease database, i.e. the JENSEN Disease 531 

database (https://diseases.jensenlab.org/) a common signature of ‘Neurodegenerative disease’ was 532 

seen for Rs and Pf datasets. In agreement with our previous pathway analysis the enrichment score 533 

(Enrichr ‘Combined Score’) for the Rs cortex tissues was nearly twice that for the Pf cortex, reinforcing 534 

our hypothesis that an estrogen-mediated dysfunction induces a strong pro-neurodegenerative effect 535 

on the Rs cortex with a milder effect seen in the Pf cortex.  536 

 537 

DISCUSSION  538 

Using the highly translational method of rsfMRI, we have demonstrated that endocrine disruption, by 539 

ovariectomy, prevented the strengthening of A-P connectivity between three and seven months. In 540 

contrast to Sham mice, OVX mice displayed low A-P connectivity throughout the ages examined. The 541 

increase of this long-range FC in Sham mice likely reflects further maturation of the intrinsic functional 542 

networks, in line with data showing that although gross structural changes have already occurred by 543 
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the age of three months in mice, minor alterations are still ongoing between three and six months of 544 

age (Hammelrath et al., 2016). Interestingly, long-range connections typically develop only later in life, 545 

towards adulthood (Dennis and Thompson, 2013; Fair et al., 2009), and have been previously 546 

identified to be more vulnerable to aging effects due to a complex interplay between structural and 547 

neurotransmission alterations as well as energy efficiency necessary to maintain these long-range 548 

connections (Tomasi and Volkow, 2012). As evidenced by our quantitative proteomics analysis, the FC 549 

pattern in OVX mice co-existed with an accelerated ageing molecular phenotype (Fig. 3A-C). This is 550 

further supported by human studies (Levine et al., 2016; Rocca et al., 2016; Rocca et al., 2017) showing 551 

that premature loss of gonadal hormones in women after bilateral ovariectomy is linked with signs of 552 

accelerated aging (Rocca et al., 2017).  553 

 554 

We confirmed the co-existence of aberrant A-P FC and cognitive deficits in adult OVX mice, reflected 555 

by impaired memory retention in the Barnes maze and PA test. This is in agreement with human data 556 

showing that the strength of A-P FC is related to cognitive performance in healthy aging adults and 557 

patients with mild cognitive impairment (Liang et al., 2011; Vidal-Pineiro et al., 2014). As estrogen 558 

receptors are present in, among others, the hippocampus and cortical regions (Pf cortex) (Hazell et 559 

al., 2009; Mitra et al., 2003), these regions are highly targeted in OVX literature. In the present study 560 

the earliest pathological signs were observed in cortical regions, i.e. the interaction between Pf and 561 

Rs regions, which is in agreement with the fact that we did not observe hippocampal-dependent 562 

learning deficits. In contrast to acquisition or memory formation, which involves hippocampal-cortical 563 

communication, memory retention is mainly driven by the integration of cortical regions (Bontempi 564 

et al., 1999; Izquierdo and Medina, 1997; Maviel et al., 2004; Miller, 2000; Todd and Bucci, 2015). 565 

Additionally, the medial Pf cortex has been proposed to be involved in encoding fear learning (Herry 566 

and Johansen, 2014) corroborating the impaired PA performance demonstrated in OVX mice.  567 

Although the Pf cortex is also important for functions such as working memory (Shanmugan and 568 

Epperson, 2014), we did not observe specific working memory deficits after OVX which is also 569 
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supported by the fact that no local FC change was present in this region. Additionally, working memory 570 

also relies on the integration of other brain areas, such as the hippocampus, perirhinal cortex, 571 

thalamus and basal forebrain (Dere et al., 2007; Lalonde, 2002), so it is possible that these regions can 572 

compensate for any Pf dysfunction.  573 

Whereas memory deficits in this study are in line with the posit that OVX or menopause are linked 574 

with impaired cognitive function (Blair et al., 2016; Heikkinen et al., 2004; Iivonen et al., 2006), it is 575 

important to note that some discrepancies can be seen with respect to timing of OVX and duration of 576 

hormone depletion as well as the variety in cognitive function investigated (Bastos et al., 2015; 577 

Heikkinen et al., 2004). One limitation within this study might be that we only evaluated behavioral 578 

performance at the age of seven months, guided by the neuroimaging results. Therefore, no inference 579 

can be made as to which deficit occured first: functional or behavioral impairments. Nevertheless, it 580 

is noteworthy that functional changes were only detectable four months after ovariectomy, which is 581 

coincident with the so-called ‘critical window’ for estrogen replacement therapy (Blair et al., 2016). 582 

During this four month interval, many alterations might have occurred within the brain – as shown by 583 

our extensive proteomics analysis as well. As such, it can be argued that at this time point, the 584 

hormonal deprivation has led to irreversible changes to the neuronal system, including structural and 585 

neurotransmissive alterations. Therefore, functional connectivity alterations - and by extension also 586 

the behavioral changes – might also be driven by further downstream alterations in a cascade 587 

originally initiated by the OVX intervention. 588 

 589 

Further investigation into the molecular signaling pattern underlying FC and cognitive changes 590 

indicated alterations of multiple proteins reflecting a neurodegenerative or neurodevelopmental 591 

pathology in the Rs and Pf cortex, respectively. The upregulation of pro-developmental and neuronal 592 

survival factors within the Pf region could be explained by the high level of resilience and 593 

neuroplasticity in this region throughout life (Kolb and Gibb, 2015). Reinforcement of these processes 594 

also supports the idea that OVX mice might demonstrate a compensatory mechanism to preserve the 595 
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local FC and prevent further deterioration. Nevertheless, despite these seemingly positive 596 

reinforcement mechanisms, the DEP patterns from the Pf region were also strongly related with 597 

estrogenic dysfunction, aging and neurodegeneration. Although molecular alterations in both regions 598 

were clearly linked to hormonal and neurodegenerative processes, as shown by the NLP analysis, it 599 

was obvious that the Rs cortex was most affected both by number and degree of textual correlation 600 

to our specific ‘concept’ terms. This perhaps suggests that the proteomic alterations here were most 601 

profoundly affected, compared to the Pf cortex samples, by disruption to estrogenic functionality. This 602 

also correlates to the more ‘pathological’ alteration of signaling pathways and also reproductive 603 

signaling systems (e.g. the RXFP3 receptor) observed with our pathway analysis of Rs cortex samples 604 

compared to those from the Pf cortex. Only the ‘menopause’ input concept showed a greater 605 

association with the Pf cortex data. It is interesting to note that here we found an alteration in the 606 

expression of Srd5a2 (3-oxo-5α-steroid 4-dehydrogenase 2, or 5-alpha reductase 2). This enzyme is 607 

involved in the functional processing of androgens and thus its elevation in the Pf cortex region may 608 

be indicative of an ameliorative response in this brain region to compensate the more pathological 609 

signatures observed in the Rs cortex. 610 

 611 

Although a clear distinct pattern was present in both regions, we also found a considerable proportion 612 

of commonality between both regions. On the protein-level, both regions showed a significant 613 

upregulation of rotatin (Rttn). This protein is implicated in early cortical development and mutations 614 

of the Rttn gene can lead to microcephaly and polymicrogyria (Kheradmand Kia et al., 2012; 615 

Shamseldin et al., 2015). However, it has never been described before in the adult brain. It is possible 616 

that after the OVX intervention, neurons are forced to take on a more immature state due to the loss 617 

of normal hormonal input signaling which might explain increased expression of such developmental 618 

protein. Further research is required to unravel its role in the adult brain and its implication in the 619 

hormonal regulation of brain structure and function.  620 
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According to the network-based deconvolution of the common DEP list, the axogenesis subnetwork 621 

was centered upon Nefl, an important neural cytoskeleton protein. An increase of Nefl has been 622 

previously linked to axonal damage and has thus been proposed as a promising marker for the 623 

progression of neurodegenerative disorders (Bacioglu et al., 2016). Beside these structural alterations, 624 

the driving force behind the observed FC and cognitive deficits was most likely altered dopaminergic 625 

function as this was found to be most significantly altered in both regions in the pathway and upstream 626 

regulator analyses. The link between the dopaminergic system, cognition and hormones is supported 627 

by several studies (Barth et al., 2015; Bosse and DiPaolo, 1996; Izquierdo and Medina, 1997; Jacobs 628 

and D'Esposito, 2011). Here, we found reduced FC coincident with upregulation of dopamine-related 629 

proteins after OVX. Indeed, it has been proposed that both insufficient and excessive levels of 630 

dopamine can lead to Pf dysfunction and cognitive deficits (Jacobs and D'Esposito, 2011). Further, a 631 

predicted common upstream regulator found in both regions was the dopamine receptor D3 (DRD3), 632 

which is implicated in synaptic plasticity and memory processes. This is in line with data showing that 633 

DRD3 knockout mice present improved cognitive function both after OVX (Cao et al., 2013) and upon 634 

aging (Xing et al., 2010). Moreover, antagonists for the DRD3 receptor have been proposed to benefit 635 

cognitive function and learning performance in rodents (Laszy et al., 2005). It is further interesting to 636 

note that for the Pf sample disease analysis a nerve conduction disorder was prominent in the output 637 

data, i.e. ‘Canavan disease’ [DOID:3613: https://diseases.jensenlab.org/]. This finding indicates that 638 

potential dysmyelination of the dopaminergic tracts between the Pf and Rs cortex may underpin the 639 

neurodegenerative effect induced by HPG dysfunction. 640 

Finally, it is important to mention that the scope of our current study was to first examine whether 641 

resting state functional alterations occur after endocrine disruptions and, secondly, to evaluate the 642 

ability of neuroimage-guided molecular investigations to elucidate and help interpret complex 643 

molecular phenotypes. In this present study, however, we cannot discount that the endocrine 644 

disruptions observed, and not potential epigenetic, metabolic or vascular alterations, are solely the 645 

https://diseases.jensenlab.org/
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cause of the DEP patterns observed in the two differing brain regions. These questions however 646 

remain an important potential new avenue for our continued research. 647 

 648 

CONCLUSION  649 

Within the present study, we have shown that ovariectomy in mice attenuates long-range anterior-650 

posterior functional connectivity and leads to cognitive deficits at adult age. We identified that these 651 

functional and cognitive changes were driven by underlying pathological molecular signaling patterns, 652 

reflecting an imbalance between pro-neurodevelopmental and pro-neurodegenerative processes in 653 

the Pf and Rs cortex, respectively. The molecular phenotype further showed a strong involvement of 654 

changes in aging and reproductive signaling, as well as altered structural aspects (axogenesis, 655 

myelination) and dopaminergic neurotransmissive function. These findings support the proposed 656 

detrimental impact of endocrine disruption on brain function and cognition as well as the potential of 657 

using resting state FC as a translational noninvasive readout.  658 
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FIGURES 901 

 902 

Figure 1. Body weight (A) and plasma luteinizing hormone (LH) concentration (B). A. Illustration of 903 

weight gain for both ovariectomized (OVX) and Sham groups over time. OVX mice had higher body 904 

weights compared to sham mice at 6 and 7 months of age. Results shown as mean ± SEM; individual 905 

values are indicated in light grey lines. B. Plasma LH concentration for both groups over time showing 906 

elevated plasma LH after OVX. ** p<0.01; **** p<0.0001. Results shown as mean overlaid on the 907 

individual values. 908 
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 910 
Figure 2. Aberrant anterior-posterior functional connectivity (A-P FC) in ovariectomized mice. A. 911 

Illustration of relevant ICA components obtained from the group-level ICA of baseline rsfMRI data. 912 

The colour scale represents t-values with yellow indicating a stronger correlation. B. Average zFC 913 

matrices for three and seven month old Sham and OVX mice. Each square represents the correlation 914 

between a pair of ROIs with the colour scale representing z-values. aCg: anterior cingulate cortex; PrL: 915 

prelimbic cortex; PaA: parietal association cortex; RSC: retrosplenial cortex; L: left; R: Right. C. FC 916 

between the anterior and posterior networks, based on matrices as illustrated in B. OVX mice have 917 

consistently lower A-P FC compared to Shams. D. Linear regression analysis between A-P FC and age 918 

showing a significant positive correlation in the Sham group only. E. Group averaged statistical FC 919 

maps obtained from a seed-based analysis at seven months with the Retrosplenial (Rs) cortex as seed. 920 

Results are shown uncorrected, p<0.001, cluster size k>10, overlaid on an anatomical T2-weighted 921 

image. The colour scale indicates t-values with yellow representing  a higher correlation with the seed 922 
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region. F. Cluster size (left graph) within the restrictions of the anterior and posterior network masks 923 

(A) for a seed in the Rs cortex (E). Maximal t-values (right graph) within the anterior network for a 924 

seed in the Rs cortex (E) confirms reduced A-P FC in OVX mice at 7 months. * p<0.05; ** p<0.01. Results 925 

shown as mean ± SEM. 926 

 927 

 928 

 929 

Figure 3. Cognitive impairments after four months of endocrine disruption. A. Retention latency for 930 

the passive avoidance (PA) test. OVX mice did not display increased latency on the test day, reflecting 931 

impaired PA retention ability. B-E. Barnes maze results. B. Percentage of mice per group that reached 932 

the target hole on each test day. Numbers above the bars indicate the actual number of mice reaching 933 

the target hole compared to the total group size. Only half of the OVX mice was able to locate the 934 
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target hole on day 19. C. Number of primary errors on the test days. OVX mice made significantly more 935 

primary errors compared to Sham mice, especially on day 19 . D. Primary latency across the test days. 936 

OVX mice performed less well than the sham mice (p<0.05), however no differences survived the 937 

multiple comparison correction. E. Time spent in the target zone on each test day. OVX mice spent 938 

considerably less time in the target hole compared to the sham group, an effect which was most 939 

pronounced on day 19. * p<0.05; ** p<0.01. Results shown as mean ± SEM. 940 
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 942 

Figure 4. Outcome of the quantitative proteomics. A. IPA-based ‘Upstream’ functionality analysis. 943 

Regulators associated with Dopamine-based signaling events were strongly linked to both cortex 944 

tissues while potential upstream regulators linked to neurodegeneration/thyroid hormone signaling 945 

were prominent in the retrosplenial cortex DEP patterns. DEP patterns from prefrontal cortical 946 

samples from OVX mice were under the influence of more complex signaling activity, involving 947 
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potential regulators linked to neuronal development, generic neuronal support (yellow) or 948 

dopaminergic neuron pathology (turquoise). The associated key indicates the degree of pathway 949 

enrichment as a negative log10 of the primary probability value. B. Network-based deconvolution of 950 

the coherently-regulated protein signature common to prefrontal and retrosplenial cortex regions 951 

from OVX mice versus Sham mice. Six separate reliable subnetworks (SNs) were found – termed SN1 952 

to SN6. The two most complex networks (SN1 and SN2) were most strongly associated with axogenesis 953 

(proteins mediating this GO term enrichment are highlighted as red circles- a similar representation is 954 

made in the subsequent subnetworks), while SN3 and SN4 were associated with Cell Cycle activity 955 

(green circles) and Reproductive Processed (orange circles) respectively. SNs 5 and 6 were both 956 

strongly associated with neurological functions, i.e. regulation of neuronal apoptosis (SN5 – pink 957 

circles) or synaptic neurotransmission (SN6 – purple circles). C. Targeted natural language processing 958 

(NLP). The graph shows the specific functional intersection between our user-defined ‘concept’ terms 959 

related to estrogenic activity in the brain and the DEP datasets from both cortical samples. For each 960 

protein-term score combination the number of proteins identified showing an implicit textual 961 

association with our user-defined concept is identified above the column. In addition, the highest 962 

Cosine Similarity-scoring protein from each sample against any of the specific concepts is indicated. 963 

D. Wordcloud showing a strong relation between our DEP profiles and estrogenic function. The 964 

significant overlap between the top 20 strongest correlating proteins (based on C) and GEO 965 

pertubagen datasets is presented as a word frequency-dependent wordcloud (font size indicating the 966 

relative frequencies).  967 
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