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a b s t r a c t 

Volumetric magnetic resonance imaging studies have shown that intense learning can be associated with grey 

matter volume increases in the adult brain. The underlying mechanisms are poorly understood. Here we used 

monocular deprivation in rats to analyze the mechanisms underlying use-dependent grey matter increases. Op- 

tometry for quantification of visual acuity was combined with volumetric magnetic resonance imaging and mi- 

croscopic techniques in longitudinal and cross-sectional studies. We found an increased spatial vision of the open 

eye which was associated with a transient increase in the volumes of the contralateral visual and lateral entorhi- 

nal cortex. In these brain areas dendrites of neurons elongated, and there was a strong increase in the number of 

spines, the targets of synapses, which was followed by spine maturation and partial pruning. Astrocytes displayed 

a transient pronounced swelling and underwent a reorganization of their processes. The use-dependent increase 

in grey matter corresponded predominantly to the swelling of the astrocytes. Experience-dependent increase in 

brain grey matter volume indicates a gain of structure plasticity with both synaptic and astrocyte remodeling. 
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. Introduction 

The brain preserves the ability of experience-dependent plastic-

ty throughout life. One aspect of this phenomenon is synaptic plas-

icity, i. e. the ability to modulate synaptic function and form new

nd/or eliminate existing synapses ( Holtmaat and Svoboda, 2009 ). The

daptive brain responses possibly also include other structural alter-

tions as suggested by relatively large-scale increases in regional esti-

ates of brain volume detectable by magnetic resonance imaging (MRI)

 Lindenberger et al., 2017 ). Local and transient “temporal ” macroscopic

hanges have been linked with learning in visuomotor tasks; they renor-

alized as volunteers reached expert performance ( Draganski et al.,

004 ; Driemeyer et al., 2008 ; Taubert et al., 2010 ). Although not an-

lyzed longitudinally, short-term macroscopic changes have also been

bserved after extensive training of golf ( Bezzola et al., 2011 ), prepara-

ion for an academic exam ( Draganski et al., 2006 ), learning a foreign

anguage ( Legault et al., 2018 ), post-stroke rehabilitation ( Sampaio-
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aptista et al., 2018 ) and also in the course of improved tactile discrim-

nation after a single intervention by repetitive somatosensory stimula-

ion ( Schmidt-Wilcke et al., 2018 ). Persisting alterations in brain struc-

ure have been documented in relation to professional challenges. Lon-

on cab drivers, processing well-trained spatial memory, have poste-

ior hippocampi that are larger than those of the general population

 Maguire et al., 2000 ). Professional musicians with highly complex mo-

or and auditory skills show increased grey matter volume in several

rain areas as compared with amateur musicians and non-musicians

 Gaser and Schlaug, 2003 ). 

The cellular basis of structural brain plasticity detectable at the

RI level is not well understood ( Wenger et al., 2017 ). Changes in in-

racortical myelin ( Keiner et al., 2017 ; Kougioumtzidou et al., 2017 ;

cKenzie et al., 2014 ), enhanced neurogenesis ( van Praag et al., 1999 ),

ncreased spine density in neuronal dendrites ( Keifer et al., 2015 ) and

lterations in astrocyte volume ( Kleim et al., 2007 ; Woo et al., 2018 )

ave been suggested to contribute to plasticity in different experimental
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ettings ( Zatorre et al., 2012 ). In the present study, we used monocular

eprivation (MD) in rats, a well-established paradigm in brain plastic-

ty research ( Prusky et al., 2006 ; Sato and Stryker, 2008 ), to analyze

xperience-dependent changes in macroscopic brain structure in a lon-

itudinal fashion by using MRI and, for the first time, combined the

ongitudinal experiments with cross-sectional cell-morphological inves-

igations on the microscopic level. MD of one eye gradually enhances

isual acuity and contrast sensitivity of the open eye, which indicates vi-

ual perception learning with involvement of the visual cortex as shown

y Prusky et al. (2006) . 

Using optometry and serial MRI, we found that enhanced visual ex-

erience in the pathway supplied by the open eye is linked with a tran-

ient volume increase in the contralateral primary binocular visual cor-

ex (V1B) and also in the contralateral lateral entorhinal cortex (LEnt).

eurons in these brain areas display dendrite and spine plasticity; newly

enerated spines partially mature and persist beyond the learning pe-

iod. The neuronal plasticity is associated with a transient massive as-

rocytic rearrangement, which is the main cause for the transient brain

olume increase recorded by MRI. Neither neurogenesis nor gliogenesis

ontribute to this type of plasticity in the adult cortex. The deprived V1B

ontralateral to the closed eye, which has been shown to undergo com-

ensatory homeostatic plasticity ( Hofer et al., 2006 ), does not display a

hange in grey matter or in astrocyte volume. 

. Methods and materials 

.1. Experimental design 

All experiments were approved by the Governmental Animal Care

nd Use Committee (Thüringer Landesamt für Lebensmittelsicher-

eit und Verbraucherschutz; registry number: 02-048/08). Experi-

ents were performed on 2 months old male albino Wistar rats (Rc-

Han:WIST), housed in standard cages (5 animals per cage) on a 12 h

ight/dark cycle with food and water ad libitum. Interventions on living

nimals were performed during the light cycle. 

The study consists of longitudinal ( Fig. 1 A) and cross-sectional ex-

eriments ( Fig. 3 A) to analyze brain plasticity induced by MD (a change

n visual experience with loss of stereoscopic vision by closure of one

ye-lid). In longitudinal experiments ( Fig. 1 A), visual function as well as

acroscopic brain morphology were repetitively assessed in vivo over

ime by using optometry and MRI. 2 days before MD, animals were sub-

ected to optometry to determine the baseline visual function. MD was

nduced on day 0 3–4 h after obtaining an MRI. Control animals received

he same procedures without MD. For the assessment of macroscopic

rain morphology, datasets were collected and analyzed from n = 23

ontrols and n = 24 MD-animals. 

In cross-sectional experiments, MD-animals received the same pro-

edures as in the longitudinal ones, except for MRI-scans. At day 3 or

0 after MD, animals were sacrificed for microscopic analyses. For each

ondition, datasets were collected and analyzed from n = 5–10 animals.

.2. MD 

The left eye was deprived (closed) under isoflurane anesthesia (2.5%,

2:N2O = 20:40 l/h) by suturing the eyelid ( Greifzu et al., 2011 ). Stitches

ere checked daily and animals which reopened the eye during the ex-

eriment were excluded from further analyses. 

.3. Optometry 

Visual acuity (VA) and contrast sensitivity (CS) was examined by

ptometry as described by Prusky et al. (2004) . In brief, freely moving

nimals were exposed to moving vertical sine-wave grating stimuli of

arious spatial frequencies and contrasts which they track as long as

hey sense it by distinct head movements (optokinetic response). For

ssessment of VA, spatial frequency (cycles per degree, [cyc/deg]) at
00% contrast was increased by the experimenter until the frequency-

hreshold of tracking behavior was determined. CS was assessed by de-

reasing the contrast of the grating at five different spatial frequencies

0.044, 0.061, 0.089, 0.119, 0.15 cyc/deg) until the contrast-threshold

f tracking behavior was determined. CS at a spatial frequency was

alculated as a Michelson contrast based on the screen’s luminance

maximum-minimum) / (maximum + minimum). Because only motion

f the grating in the temporal-to-nasal direction provokes tracking, MD

f the left eye abolishes the tracking in the clockwise direction. In con-

rol animals without MD, values of VA and CS were examined separately

or each eye and averaged per animal. Daily improvement rates of VA

nd CS ( 𝛿VA, 𝛿CS) were calculated between days where optometry was

erformed immediately consecutive without gaps. 

.4. MRI 

Brain MRI was performed using a clinical 3T whole body scan-

er (Magnetom TIM Trio, Siemens Medical Solutions, Erlangen, Ger-

any) equipped with a dedicated rat head volume resonator using a

inearly polarized Litz design (Doty Scientific Inc., Columbia, SC, USA)

 Haenold et al., 2012 ; Herrmann et al., 2012 ). Freely breathing an-

mals were anesthetized by isoflurane (1.7% in oxygen, 1.5 l/min).

2-weighted images were obtained by using a 3D SPACE sequence

Sampling Perfection with Application-Optimized Contrasts Using Dif-

erent Flip Angle Evolutions, Siemens Healthcare, Erlangen Germany)

ith isotropic resolution of 0.33 mm 

3 (matrix 192 × 130 × 96, FOV

4 × 43 × 32 mm, bandwidth: 145 Hz/px, TE: 352 ms, TR: 2500 ms,

ip angle mode: ‘T2var’, echo spacing: 10.7 ms, turbo factor: 67, Partial

ourier: 7/8 in both phase encode directions, two repetitions averaged

o a single magnitude image with TA = 14 min). From each animal, four

rain images were acquired at baseline (BL, MRI-1) as well as repeti-

ively on days 3, 7 and 10 thereafter (MRI 2–4). 

.5. Deformation based morphometry (DBM) 

Temporal changes of brain morphology were analyzed by using the

BM tool established and described in detail by Gaser et al. (2012) .

he DBM tool is implemented in the MATLAB software package SPM8

nd uses two nonlinear registration techniques that differ in terms of

imensionality. It works in the space of a customized template brain

hich was landmark-based transformed into the coordinates of the Pax-

nos Atlas ( Paxinos and Watson, 2005 ). This allows for the anatomical

ssignment of each voxel to brain regions defined in the widely used

tlas. In brief, repetitively acquired MR-images (MRI 2–4) of individ-

al datasets ( n = 24 from the MD-group, n = 23 from controls) were

igidly registered to their own BL-image (MRI 1) for positional cor-

ection and subsequently, local deformations were introduced by high-

imensional nonlinear normalization to minimize local morphological

ifferences between the image pairs. Thereafter, morphological differ-

nces were encoded in 3D deformation fields consisting of specific dis-

lacement vectors in each voxel (Jacobian determinants) which describe

he volume changes between the image pairs (local shrinkage or swelling

ompared to BL). Finally, all intra-pair deformations were nonlinearly

ransformed to our customized template brain by using the same nor-

alization parameters needed to do the same with the BL-image. For

his lower-dimensional normalization, we used the default spatial nor-

alization implemented in MATLAB software package SPM8. The dis-

lacement vectors were smoothed with a Gaussian kernel with FWHM

f 0.8 mm and used for further statistical analysis. 

To analyze qualitative interactions between the groups, we applied a

eneral linear model (GLM) with an RM ANOVA (threshold of p < 0.05,

orrected for family-wise error [FWE] or at an uncorrected threshold

f p < 0.001) as design and tested our hypotheses using a t-statistics

ithin this GLM. This strategy is implemented in SPM8 as flexible fac-

orial model and we used the factors “subject ”, “group ” and “time ” and

ested for an interaction between group and time. First, we tested for
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Fig. 1. MD-induced visual gain. 

(A) Longitudinal study design: MD-induced changes in open 

eye (OE) visual function as well as brain macro-structure were 

analyzed by optometry and MRI. (B, D) Visual acuity (VA) and 

contrast sensitivity (CS, at spatial frequency of 0.061 cyc/deg) 

increased and reached saturation at day 8–9 post-MD ( n = 24). 

(D, F) Daily visual improvement rates ( 𝛿VA, 𝛿CS) were highest 

immediately post-MD. Data are presented as the mean ± SEM. 
∗ p < 0.001 vs. BL, RM ANOVA on Ranks. For detailed values 

and statistics, see Supplementary Table S1. 
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rain regions where volume changes in the MD-group decreased over

ime in contrast to controls (MD: MRI 2 > MRI 4 vs. Control: MRI 2 <

RI 4). This comparison was used to detect where the MD induces an

nitial swelling, a late shrinkage or a mixture of both. Furthermore, we

ested the same approach vice versa (MD: MRI 2 < MRI 4 vs. Control:

RI 2 > MRI 4) to detect MD-induced late swellings or initial shrinkages.

or quantification, the MD-induced percental volume changes were av-

raged per cluster and time-point (cluster threshold: p < 0.001, uncor-

ected, cluster cut-off: 40 voxel) and normalized to controls. 

Furthermore, volume changes were analyzed a priori in V1B and

Ent as defined according to the Paxinos Atlas ( Gaser et al., 2012 ) to

heck whether the hypothesis free approach could be verified by an in-

ependent analysis. The Jacobian determinants were averaged per area

nd the differences between the groups were compared for the time-

oint 3 days after MD by using the student- t- test. 

.6. 5 ′ -Bromodeoxyuridine (BrdU) labeling 

To label proliferating cells, the thymidine analogous BrdU, (Sigma-

ldrich, St Louis, MO, USA) was injected intra-peritoneally (100 mg/kg

ody weight; dissolved in 0.9% saline) every 12 h for 3 consecutive days
 Urbach et al., 2015 ). The first injection was performed immediately

fter MD. The animals were sacrificed 12 h after the last injection. 

.7. Immunohistochemistry 

Animals were transcardially perfused under isoflurane anaesthe-

ia with 0.1 M phosphate-buffered saline (4 °C, pH 7.4) followed by

he same solution containing 4% formaldehyde. Brains were removed

nd post-fixed overnight in the same fixative, cryoprotected in 0.1 M

hosphate-buffered saline containing 10% sucrose for 24 h and 30%

ucrose until they sank (each at 4 °C), snap frozen in methyl butane

t − 30 °C, stored at − 80 °C and sectioned into 40 μm thick coronal

lices. For 3, 3 ′ -diaminobenzidine immunostaining, endogenous perox-

dases were quenched with hydrogen peroxide and non-specific bind-

ng was blocked with normal serum from the species in which the sec-

ndary antibody was raised. Primary antibodies against the activity-

egulated cytoskeleton-associated protein (ARC; guinea pig, Synaptic

ystem), the glial fibrillary acidic protein (GFAP; mouse, Chemicon), the

100 calcium-binding protein B (S100B; rabbit, Synaptic System), and

rdU (mice, AbD Serotec) were detected with biotinylated secondary

ntibodies (Jackson) and the Vector-Elite ABC kit (Vector Laboratories,

urlingame, CA). Finally, sections were mounted on glass slides, air
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ried, covered with Entellan (Merck, Darmstadt, Germany) and coded

efore blinded quantitative analysis. 

.8. Golgi staining 

Neuronal staining was done by using the FD Rapid GolgiStain TM Kit

FD Neurotechnolgies, USA) according to manufacturer‘s instructions.

riefly, animals were decapitated under isoflurane anaesthesia, brains

ere submerged in a 1:1 mixture of solution A and B (3 weeks, at room

emperature) followed by immersion in solution C for 2 days at 4 °C.

hen, brains were snap frozen in methylbutane at − 30 °C, stored at

 80 °C, sectioned into 150 μm thick coronal slices on a cryostat (Leica

M3050 S, Germany), mounted on Superfrost slides (Thermo Scientific,

SA), stained in solutions D and E for 10 min, covered with Entellan

Merk, Darmstadt, Germany) and coded before quantitative analysis. 

For astrocytic staining, the manufacturer’s protocol was modified as

escribed by Gull et al. (2015) . Briefly, isoflurane anesthetized animals

ere transcardially perfused with 4% formaldehyde in 0.1 M phosphate

uffer (pH 7.4), brains were post-fixed for 4 days in the same fixative

dditionally containing 8% glutaraldehyde, submerged in a 1:1 mixture

f solution A and B for 3 days at 26 °C, transferred into solution C for

 days at 4 °C, sectioned on a cryostat (Leica CM3050 S, Germany) into

50 μm coronal slices, mounted on Superfrost slides (Thermo Scientific,

SA), stained in solutions D and E for 10 min, covered with Entellan

Merk, Darmstadt, Germany) and coded before quantitative analysis. 

.9. Determination of regions of interest (ROI) 

For microscopic analyses on brain slices, ROIs (V1B, LEnt) were de-

ned in the space of the Paxinos atlas ( Paxinos and Watson, 2005 ) ac-

ording to the location of significant DBM-clusters, each in the hemi-

phere ipsilateral to the open eye (ipsi-OE) and contralateral to the opne

ye (contra-OE). The auditory cortex (AU) was included as a control re-

ion in all microscopic analyses. Slices were selected from Bregma − 5.0

o − 6.0 to analyse the LEnt and the AU and from Bregma − 6.5 to − 7.5 to

nalyse V1B. Cortical layers were defined according to Zilles (1985) and

nalyses were performed in V1B in layer III/IV, in LEnt in layer II/III and

U in layer II/III. All microscopic analyses were performed blindly with

espect to the experimental group (MD, control, time post-MD/sham). 

.10. Stereological estimation of cell density 

Cell density was estimated by applying the optical fractionator

ethod ( Raslan et al., 2014 ) using the Stereo Investigator software

.1 (MicroBrightField Europe, Magdeburg, Germany) and a light micro-

cope (Axioscope 2 mot plus, Zeiss, Oberkochen, Germany) equipped

ith a Plan Neofluar 40x objective (Zeiss), a motorized stage (Zeiss)

nd a digital camera (CX 9000, MicroBrightField). Dissectors for cell-

ounting were placed randomly in two slices per ROI. BrdU + cells were

ounted in n = 6 control and n = 7 MD-3d animals. S100B + cells were

ounted in n = 8 control, n = 7 MD-3d and n = 8 MD-10d animals. ARC +
ells were counted in n = 10 control, n = 6 MD-3d and n = 6 MD-10d

nimals. 

.11. Quantification of pyramidal dendritic length and spine frequency 

Analyses were performed on Golgi stained cells using the NeuroLu-

ida 8 software (MicroBrightField Europe, Williston, VT, USA) and a

ight microscope (Axioscope 2 mot plus, Zeiss, Oberkochen, Germany)

quipped with a Plan Neofluar 100x objective (Zeiss), a motorized stage

Zeiss) and a digital camera (CX 9000, MicroBrightField). The length

f basal dendrites from cells with pyramidal shape was measured on-

ine by 3-dimensional tracing of n = 2–3 dendrites per neuron from

 = 2–6 neurons per ROI in n = 7 control, n = 6 MD-3d and n = 7

D-10d animals. Only dendrites (separately for 1st order segments and

nd-3rd order segments) in which the origin and the end of the segments
as clearly identifiable by branching points were analyzed. As the Golgi

ethod randomly stains only a limited number of cells, in some ROIs

e did not find at least two pyramidal cells fulfilling the analysis crite-

ia. Such ROIs were excluded from analysis. In total, n = 945 dendritic

egments from n = 339 neurons were analyzed. In the same animals,

ut using a different pool of cells, the spine frequency (equivalent to

ine number density) was quantified on 2nd-3rd order basal pyramidal

endritic segments which were completely traceable from their origin

o their end following the criteria introduced by Kassem et al. (2013) :

hey were classified as small ( ≤ 1 μm), medium (1–1.5 μm), larger (1.5–

.5 μm) spines on the basis of length, and as mushroom or spiny on the

asis of shape. 2–3 dendritic segments per neuron from 2 to 6 neurons

er ROI were analysed. This summed up to a total of 24,743 spines from

 = 336 pyramidal neuron. Spine frequency was normalized to 100 μm

f dendrite. 

.12. Quantification of astrocyte morphology 

The complexity of the astrocytic cytoskeleton was analyzed from

FAP-stained cells of stellate shape using the NeuroLucida 8 software

MicroBrightField Europe, Williston, VT, USA) and a light microscope

Axioscope 2 mot plus, Zeiss, Oberkochen, Germany) equipped with a

lan Neofluar 100x objective (Zeiss), a motorized stage (Zeiss) and a

igital camera (CX 9000, MicroBrightField). First, the mesh of GFAP-

tained processes was 3 dimensionally constructed from seven cells per

OI (randomly selected from 2 to 4 slices) and then analyzed by the

holl‘s concentric circle method ( Dall’Oglio et al., 2008 ; Sholl, 1953 ) in

 = 6 control, n = 6 MD-3d and n = 6 MD-10d animals. Primary pro-

esses were quantified by counting these ones extending directly from

he soma of the same cell. 

The territorial volume was analyzed on Golgi stained cells of spheri-

al shape following the procedure described by Grosche et al. (2013) by

sing a light microscope (Axioscope 2 mot plus, Zeiss, Oberkochen, Ger-

any) equipped with a Plan Neofluar 100x objective (Zeiss), a motor-

zed stage (Zeiss) and a digital camera (CX 9000, MicroBrightField). The

olgi technique delineates every fine detail of the cells and the cell ter-

itorial volume was defined as the space over which all elaborations

xtend. Based on optical slices (gap: 2 μm), the area of maximal cell ex-

ension was determined from 30 cells per ROI (randomly selected from

 to 4 slices) by using Image J, treated as circular and used to calcu-

ate the volume of theoretical “astrocytic globes ” in n = 5 control, n = 7

D-3d and n = 7 MD-10d animals. The soma volume of astrocytes was

nalyzed in the same manner on S100B stained cells in ROIs from n = 10

ontrol, n = 6 MD-3d and n = 6 MD-10d animals. 

.13. Statistical analysis 

All animals or brain samples that fulfilled proper experimental cri-

eria during the experimental procedures were included in the analysis.

or microscopic analyses the investigators were blinded with respect to

roup to which the samples belonged (control vs. intervention). Statis-

ics was performed by using Sigma plot or SPSS and a student- t- test,

epeated measures analysis of variance (RM ANOVA) on ranks with

ukey’s post-hoc test, one-way ANOVA with Tukey’s post-hoc test or

ann-Whitney rank sum test. Statistics for the quantification of pyra-

idal dendritic length and spine frequency and for the complexity of

he astrocytic cytoskeleton is based on the number of cells per group.

tatistics for the quantification of astrocytic soma and territorial vol-

me, cell density as well as temporal changes in visual acuity, contrast

ensitivity and macroscopic brain morphology is based on the number of

nimals per group. In a very few cases, extreme outliers that were more

han 3 standard deviations away from the respective group mean were

xcluded from further statistical analysis. Statistical analysis of MRI data

s described in detail in Section 2.5 (Deformation based morphometry).

ata are reported as means with SEM or SD. 
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Fig. 2. MD-induced macro-structural brain plasticity. 

(A) Statistical parametric maps demonstrating MD-induced temporal changes of 

brain morphology. Results of the RM ANOVA analyzing qualitative interactions 

between time and group (at an uncorrected threshold of p < 0.001) are super- 

imposed on coronal sections of the reference brain. Yellow colors show regions 

where the brain in the MD-group ( n = 24) initially swells in contrast to controls 

( n = 23). Vice versa, blue colors show brain regions where the volume in the 

MD-group shows a gain over time (late swelling). Significant clusters were found 

in the primary binocular visual cortex (V1B) and the lateral entorhinal cortex 
.14. Data and code availability 

The data that support the findings of this study as well as the MAT-

AB code used for the morphometric analyses are available from the

orresponding author upon reasonable request. 

. Results 

.1. Improved vision with open eye following MD 

Brain plasticity induced by MD can be studied behaviorally by us-

ng optometry ( Prusky et al., 2004 ): Animals watching moving vertical

ine wave gratings track the grating with reflexive head movements.

his tracking behavior depends on the ability of the animals to visually

dentify the grating, which in turn depends on the spatial frequency and

he contrast of the grating. In non-deprived control animals, the VA of

oth eyes was stable during the entire observation period ( p = 1, RM

NOVA on Ranks, n = 10, data not shown). In left-eye-deprived ani-

als, VA of the contralateral OE increased in an exponential manner

o reach a maximum of 37.0 ± 1.7% above BL at day 9 post-MD ( p <

.001, RM ANOVA on Ranks, Fig. 1 B). The rate of improvement of this

isual perception learning, as represented by the daily increase in VA,

as greatest at day one post-MD and then gradually decreased to zero

 Fig. 1 C). Similar increases in visual function were also observed for CS

ranging from + 9.5 ± 0.3% up to + 14.4 ± 0.6% at day 9 post-MD, de-

ending on the spatial frequency of the grating, p < 0.001, RM ANOVA

n Ranks, Fig. 1 D + E, Supplementary Table S1). 

The plasticity of VA was use-dependent: it increased to a larger extent

n animals that underwent repetitive optometry ( + 37.0 ± 1.7% at day 9

ost-MD, p < 0.001, RM ANOVA on Ranks, n = 24, Fig. 1 B) compared

ith animals without repetitive optometric testing ( + 24.6 ± 0.7% at day

0 post-MD, p < 0.001, RM ANOVA on Ranks, n = 10, data not shown),

hus indicating that daily testing by itself supported plasticity. 

.2. Macro-structural brain plasticity in visual and lateral entorhinal cortex

It has been shown that the MD-induced increases of VA and CS were

ssociated with neuronal plasticity in V1B as well as in subcortical cir-

uits ( Prusky et al., 2006 ). Next, we evaluated MRI data by using DBM

n a longitudinal study design to determine whether and where MD was

ccompanied by macro-structural brain plasticity. The DBM tool that

e used allowed for detection of circumscribed brain volume changes

hat were not restricted to predefined regions of interest ( Gaser et al.,

012 ; Herrmann et al., 2012 ) and the results reported here are based on

dentified clusters as shown in Fig. 2 A. A series of four three-dimensional

2-weighted MRI image data sets was acquired for each animal, whereas

he first data set was measured immediately before MD to obtain an indi-

idual BL image ( Fig. 1 A). The remaining three data sets were acquired

equentially at days 3, 7 and 10 post-MD. First, we screened the entire

rain for dynamic volume changes reflecting the time course of daily

isual improvement rates by testing for an initial tissue swelling. Com-

ared with controls, MD resulted in a transient increase in grey matter

olume at day 3 post-MD in the middle layers of the V1B contra-OE by

.1 ± 1.1%, and this was followed by a subsequent decline by 3.7 ± 1.1%

eyond the control levels at day 10 post-MD (RM ANOVA, threshold of

 < 0.05, FWE corrected, Fig. 2 A + B, Supplementary Table S2). The al-

ered spatial information received by the animals with MD has to be

rocessed in the hippocampus; hence, a swelling of the grey matter was

lso apparent in all layers of the LEnt contra-OE, which is the relay sta-

ion into the hippocampus, by 6.4 ± 1.2% (RM ANOVA, threshold of p <

.05, FWE corrected, Fig. 2 A + C, Supplementary Table S2). In line with

isual improvement rates, this swelling regressed towards control levels

t day 10 post-MD. 

The volume of the cerebellar paramedian lobulus (PML, contra-OE)

ncreased with a delay at day 10 post-MD (RM ANOVA, uncorrected

hreshold of p < 0.001), thus possibly indicating motor adjustment to
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he altered visual experience. Small brain volume changes were also de-

ected in the lateral part of the secondary visual cortex (V2L, ipsi-OE,

M ANOVA, uncorrected threshold of p < 0.001, Fig. 2 A + D,E, Supple-

entary Table S2), possibly related to an increased multisensory signal

rocessing ( Hirokawa et al., 2008 ). 

We further tested for brain volume changes on the basis of a priori

election of brain areas. Masks created with the brain atlas were super-

mposed on the brain images ( Gaser et al., 2012 ) including V1B and

Ent. Comparing images made prior to and at day 3 post-MD confirmed

olume changes in LEnt and V1B contra-OE (data not shown). 

In the present study, the main effects on brain volume were observed

n V1B and LEnt contra-OE. Several studies have shown that MD also

auses plasticity in the visual cortex contralateral to the closed eye.

hese studies often perform an analysis after reopening of the eye, com-

aring electrical activity or intrinsic optical signals in the visual cor-

ices after stimulation of the eye which remained open to signals after

timulation of the eye which underwent deprivation (cf. Hofer et al.,

006 ). Before MD, visually evoked neuronal activity in V1B is domi-

ated by stimulation from the contralateral eye, whereas MD results in

 shift towards a symmetric response rate ( Rose et al., 2016 ; Sato and

tryker, 2008 ). With this paradigm, ocular dominance in the cortex con-

ralateral to the eye which remained open is not significantly shifted by

D ( Greifzu et al., 2011 ; Sato and Stryker, 2008 ). In our MRI-based

nalysis, neither the unbiased approach nor the a priori analysis of the

RI data revealed a change in brain volume in the primary visual cortex

ontralateral to the closed eye. When comparing these results one has

o keep in mind that the paradigms employed are distinctly different. 

.3. No cell proliferation associated with macro-structural brain plasticity 

Next, we used histology in a cross-sectional approach to analyse

hether cell proliferation contributes to MD-induced brain volume

hanges ( Fig. 3 A). We focused on V1B and LEnt, and the AU was selected

s control region. BrdU was used to label the nuclei of newborn cells in

he first 3 days post-MD. Compared with controls, the density of BrdU +
ells did not increase; instead, there was a non-significant decrease in

he density in the hemisphere contra-OE at day 3 post-MD in LEnt by

.8 ± 4.7% ( p : 0.430, student t-test) and in V1B by 7.8 ± 4.3% (p: 0.196,

tudent t-test). This reduction was not observed in the hemisphere ipsi-

E (LEnt: p : 0.956, one outlier excluded from the MD-3d group; V1B: p:

.894, student t-test) and was also not present in the AU control region

contra-OE: p : 0.983, ipsi-OE: p : 0.930, Fig. 3 C–E, for detailed data and

tatistics see Supplementary Table S3). To further confirm these results,

e additionally determined the density of S100B + astrocytes. The den-

ity of S100B + cells decreased transiently in the hemisphere contra-OE

t day 3 post-MD, by 7.9 ± 1.8% in LEnt (F (2,17) : 6.45, p : 0.008, 1way

NOVA, Tukey HSD) and by 7.4 ± 1.2% in V1B (F (2,20) : 5.83, p : 0.01,

way ANOVA, Tukey HSD), and returned to normal at day 10 post-

D. No changes were observed in the corresponding brain areas ipsi-

E (LEnt: F (2,18) : 0.268, p : 0.768, one outlier excluded from the MD-10d

roup; V1B: F (2,16) : 0.007, p : 0.993, 1way ANOVA, Tukey HSD) and in

U (contra-OE: F (2,19) : 0.028, p : 0.972; ipsi-OE: F (2,18) : 0.271, p : 0.766,
LEnt) in the hemisphere contra-OE (threshold of p < 0.05, FWE corrected). The 

lusters in the paramedian lobule of the cerebellum (PML, contra-OE) and in the 

ateral secondary visual cortex (V2L, ipsi-OE) reached significance at an uncor- 

ected threshold of p < 0.001. Numbers in slices indicate the position relative to 

regma. For detailed values and statistics, see Supplementary Table S2. (B–E) 

uantification of MD-induced percentage changes in volume ( Δ Volume) nor- 

alized to the mean of controls. Fast transient swelling of around 6% in V1B 

nd LEnt on day 3 post-MD is most prominent. Data are presented as mean ± 
em. For better visualization, y-axes are truncated to the same values and some 

ndividual data points are hidden. The small plots in B’–E’ and B’’–E”, respec- 

ively, show the mean of the quantitative data separately for the MD group (red 

ots) and the controls (grey dots). Boxes indicate the 25th and 75th percentile, 

he line indicates the median, whiskers indicate sd. 
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8  
way ANOVA, Tukey HSD, Fig. 3 F–H, for detailed data and statistics see

upplementary Table S3). We conclude that cell proliferation (of neu-

ons or glial cells) does not contribute to grey matter swelling under the

resent paradigm. The reduction in the densities of BrdU + and S100B +
ells was in the same range and was compatible with a “dilution ” caused

y the observed 6–7% increase in grey matter volume (cf. Vernon et al.,

014 ). 

.4. Synaptic plasticity associated with macro-structural brain plasticity 

Expression of ARC is believed to be crucial for all known forms of

ynaptic plasticity ( Korb and Finkbeiner, 2011 ). We therefore analyzed

RC expression using immunohistochemistry. Compared with controls,

he density of ARC + cells increased transiently over time in the hemi-

phere at day 3 post-MD in LEnt contra-OE by 26.6 ± 3.0% (F (2,19) :

.5, p : 0.007, 1way ANOVA, Tukey HSD) and by 56.8 ± 8.3% in V1B

ontra-OE (F (2,16) : 10.9, p : 0.001, 1way ANOVA, Tukey HSD). It de-

lined towards control levels at day 10 post-MD. The density of ARC +
ells remained unaltered in LEnt ipsi-OE (F (2,17) : 1.3, p : 0.303, 1way

NOVA, Tukey HSD) and V1B ipsi-OE (F (2,14) : 0.08, p: 0.925, one out-

ier excluded from the MD-10d group, 1way ANOVA, Tukey HSD) and

ilaterally in AU (contra-OE: F (2,18) : 0.03, p : 0.970, one outlier excluded

rom the MD-3d group; ipsi-OE: F (2,19) : 0.12, p : 0.891, 1way ANOVA,

ukey HSD, Fig. 3 I–K, for detailed data and statistics see Supplementary

able S3). Thus, the number of synaptically plastic neurons increased in

he brain areas that display volume changes in MRI, whereas the brain

reas ipsi-OE did not show such an increase. 

.5. Growth of neuronal dendrites in brain areas with macro-structural 

lasticity 

A recent study has identified increased density of dendritic spines

s a cellular correlate of changes in brain structure detected by post-

ortem voxel-based morphometry ( Keifer et al., 2015 ). We therefore

tilized Golgi-stained neurons to analyze the structure of pyramidal den-

rites and their spine density in V1B, LEnt and AU. We analyzed basal

endrites, since they allowed a definite attribution to pyramidal cells.

urthermore, basal dendrites receive input from layer 4 and also di-

ectly from the thalamus ( Petreanu et al., 2009 ; Hooks et al., 2011 ) and

ave been reported to show a more pronounced use-dependent plastic-

ty than apical dendrites ( Seaton et al., 2020 ). Compared with controls,

he lengths of 1st order basal pyramidal dendrites remained unchanged

n all brain areas examined (for detailed data and statistics see Supple-

entary Table S4), except for an small increase over time in AU ipsi-

E (F (2,53) : 3.835, p : 0.028, 1way ANOVA, Tukey HSD, Fig. 4 B–D). In

ontrast, the lengths of the 2nd–3rd order basal pyramidal dendrites in-

reased over time at day 3 post-MD in LEnt contra-OE by 42.3 ± 8.5%

F (2,60) : 8.94, p < 0,001, 1way ANOVA, Tukey HSD) and bilaterally in

1B by 56.8 ± 8.2% contra-OE (F (2,60) : 19,165, p < 0.001, 1way ANOVA,

ukey HSD) and by 42.3 ± 6.9% ipsi-OE (F (2,49) : 13.26, p < 0.001, 1way

NOVA, Tukey HSD), thus indicating a pronounced structural plasticity

f 2nd–3rd order basal dendrites of pyramidal neurons. 

In electron microscopic analyses, dendrites constitute about 20–30%

o grey matter volume, ( Thomas et al., 2012 ). 1.6% of the volume is

ontributed by 2nd–3rd order basal dendrites of pyramidal neurons

 Klenowski et al., 2017 ; Wang et al., 2018 ). A 1% increase in den-

ritic length results in a 0.75% increase in volume of basal dendrites

 Gilman et al., 2017 ). Based on these estimations, the observed 42–57%

ncrease in length of 2nd-3rd order basal dendrites of pyramidal neu-

ons in our study should produce a 0.50–0.67% increase in overall grey

atter volume, accounting for 7.9–11% of macroscopic tissue swelling

n LEnt and V1B observed with MRI. 

Unlike the transient macroscopic grey matter volume increase ob-

erved via MRI, the dendritic length only partially regressed at day 10

ost-MD: it remained elevated by 27.7 ± 8.2% in LEnt contra-OE (F (2,60) :

.94, p < 0,001, 1way ANOVA, Tukey HSD), by 30.6 ± 5.9% in V1B
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Fig. 3. Stereological analyses in brain areas with macro-structural 

plasticity. 

(A) Cross-sectional study design: brains were analyzed without MD 

(control, grey) as well as at day 3 (yellow) or day 10 (blue) post- 

MD. (B) Representative brain sections showing BrdU + , S100B + and 

ARC + cells as used for stereological analyses, scale bar: 100 μm. (C–

E) BrdU + cells showed a non-significant decrease in thedensity in V1B 

and LEnt contra-OE at day 3 post-MD. (F–H) Density of S100B + cells 

was transiently decreased at day 3 post-MD in V1B and LEnt contra- 

OE, with no alterations in AU. (I–K) Density of ARC + cells was tran- 

siently increased at day 3 post-MD in V1B and LEnt contra-OE, with 

no alterations in AU. Data are presented as the mean ± sd. Numbers 

in bar-graphs show the amount of animals per group ( n ). ∗ p < 0.05 vs. 

control, 1-way ANOVA, Tukey HSD. For detailed values and statistics, 

see Supplementary Table S3. 
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ontra-OE (F (2,60) : 19,165, p < 0.001, 1way ANOVA, Tukey HSD) and

y 40.0 ± 7.3% in V1B ipsi-OE (F (2,49) : 13.26, p < 0.001, 1way ANOVA,

ukey HSD). In AU, which served as a control region, the length of pyra-

idal 2nd–3rd order dendrites did not change (contra-OE: F (2,54) : 0.321,

 : 0.727; ipsi-OE: F (2,53) : 0.322, p : 0.726, 1way ANOVA, Tukey HSD);

imilarly, it remained unaltered in LEnt ipsi-OE (F (2,45) : 0.508, p : 0.605,

way ANOVA, Tukey HSD, Fig. 4 E–G, for detailed data and statistics see

upplementary Table S4). 
c  
.6. Massive proliferation of dendritic spines in brain areas with 

acro-structural plasticity 

Using the same Golgi stains, we next determined the spine frequency

n 2nd–3rd order dendrites ( Fig. 4 H–J, Supplementary Table S5A–C).

ompared with controls, total spine frequency was increased over time

t day 3 post-MD in LEnt contra-OE by 55.5 ± 3.9% (F (2,60): 54.34, p <

.001, 1way ANOVA, Tukey HSD), and bilaterally in V1B by 69.8 ± 2.8%

ontra-OE (F (2,60) : 68.5, p < 0.001, 1way ANOVA, Tukey HSD) and by
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Fig. 4. MD-induced neuronal structural changes in brain areas 

with macro-structural plasticity. 

(A) Representative Golgi-stained pyramidal neurons in V1B, 

LEnt and AU, scale bar: 50 μm. (B–D) Length of 1st order basal 

dendrites was unaffected by MD, except for a small increase 

over time in AU ipsi-OE. (E–G) Length of 2nd–3rd order basal 

dendrites was increased bilaterally in V1B and contra-OE in 

LEnt up to day 10 post-MD whereas no alterations were found 

in AU. (H–J) Total spine frequency on 2nd-3rd-order basal den- 

drites was increased bilaterally in V1B and contra-OE in LEnt 

up to day 10 post-MD whereas no alterations were found in 

AU. Data are presented as the mean ± sd. Numbers in bar- 

graphs show the amount of cells per group (N). ∗ p < 0.05 vs. 

control, 1-way ANOVA, Tukey HSD. For detailed values and 

statistics, see Supplementary Tables S4 and S5A–C. Study de- 

sign is shown in Fig. 3 A, grey bars: control, yellow bars: day 3 

post-MD, blue bars: day 10 post-MD. 
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0.8 ± 4.6% ipsi-OE (F (2,49) : 12.76, p < 0.001, 1way ANOVA, Tukey

SD). Similar to the expansion of the 2nd–3rd order dendrites, this

ncrease partially persisted at day 10 after MD, with an elevation of

6.3 ± 3.4% in LEnt contra-OE (F (2,60) : 54.34, p < 0.001, 1way ANOVA,

ukey HSD) and increases of 26.5 ± 3.1% (F (2,60) : 68.5, p < 0.001, 1way

NOVA, Tukey HSD) and 31.6 ± 8.0% (F (2,49) : 12.76, p < 0.001, 1way

NOVA, Tukey HSD) in V1B contra-OE and ipsi-OE, respectively. In AU,

he number of spines was bilaterally stable over time (contra-OE: F (2,53) :

.715, p : 0.19; ipsi-OE: F (2,53) : 1.347, p : 0.269, 1way ANOVA, Tukey

SD). Together, the increase in dendrite length in association with an

ncrease in the number of spines per section of dendrite indicated an

mpressive structural plasticity of neurons. 
Next, we classified five types of spines on the basis of their length

small: ≤ 1 μm, medium: 1 - 1.5 μm and large: 1.5–4.5 μm) and shape

mushroom and spiny). The latter are typically characteristic of a mature

tate that is occupied with synapses ( Kasai et al., 2010 ) ( Fig. 5 A). At

ay 3 post-MD, the numbers of “young ” spines (small, medium, large)

s well as of “mature ” spines (mushroom and spiny) increased in the

ange of 34.0 ± 8.9% to 83.9 ± 5.9% per 100 μm of dendrite length.

t day 10 post-MD, when the animals had reached a new stable VA,

nd grey matter volume had been reduced towards normal levels, the

umber of mature spines remained elevated by nearly the same extent

s at day 3 post-MD in LEnt contra-OE. In contrast, the relative increase

n the number of mature spines regressed towards BL in V1B contra-OE
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Fig. 5. MD-induced spine plasticity in brain areas with macro- 

structural plasticity. 

(A) Representative images of Golgi-stained 2nd–3rd order 

basal dendrites (scale-bar: 25 μm) and the spine classification 

scheme to separate immature from mature spines (sm: small, 

me: medium, la: large, msh: mushroom, sp: spiny). (B-D) MD- 

induced increase in the frequency of mature spines was mainly 

restricted to the hemisphere contra-OE in which it was tran- 

sient in V1B and permanent in LEnt, with no alterations in 

AU. Data are presented as the mean ± sd. ∗ p < 0.05 vs. con- 

trol, 1-way ANOVA, Tukey HSD (based on number of cells, 

N = 12–23). For detailed values and statistics, see Supplemen- 

tary Table S5A–C. Study design is shown in Fig. 3 A, grey dots: 

control, yellow dots: day 3 post-MD, blue dots: day 10 post- 

MD. 
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 Fig. 5 B). No changes in spine frequency were found in AU ( Fig. 5 B–D,

upplementary Table S5A–C). 

According to electron microscopic analyses, dendritic spines consti-

utes 5% volume of grey matter ( Chklovskii et al., 2002 ). Spines on 2nd-

rd order basal dendrites of pyramidal neurons specifically contribute

.35% to the grey matter volume ( Klenowski et al., 2017 ; Wang et al.,

018 ). A 1% increase in spine density causes a 1.17% increase in spine

olume ( Keifer et al., 2015 ). Based on these estimations, the 55.5–69.8%

ncrease in spine density of 2nd-3rd order basal dendrites observed in

he present study would cause a 0.22–0.28% increase in cortical vol-

me and contribute 3.5–4.6% to the cortical expansion in LEnt and V1B
bserved with MRI. K  
.7. Reorganization of astrocyte complexity and size in brain areas with 

acro-structural plasticity 

The length of neuronal dendrites and the number of neuronal spines

emained partially elevated at day 10 after MD, while the macroscopic

rey matter swelling as well as ARC expression regressed back towards

L. Synaptic activation, which induces long-term potentiation, causes

 transient increase in the motility of perisynaptic astrocytic domains

nd is predictive of spine plasticity ( Bernardinelli et al., 2014 ), and

strocytic processes may be necessary for the establishment of stable

ew synapses ( Allen and Lyons, 2018 ; Farhy-Tselnicker et al., 2017 ;

im et al., 2018 ; Singh et al., 2016 ; Sudhof, 2018 ). Therefore, we anal-
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Fig. 6. Reorganization of astrocytes in brain areas with macro- 

structural plasticity. 

(A) Representative GFAP + , S100 + and Golgi-stained astrocytes used 

to estimate cytoskeleton complexity, soma- and territorial volume, 

scale bars: 50 μm (GFAP) and 10 μm (S100, Golgi). (B–D) Numbers 

of primary astrocytic processes were unaffected by MD in LEnt, V1B 

and AU. (E-G) Complexity of the astrocytic cytoskeleton was changed 

bilaterally in V1B and contra-OE in LEnt with a decrease at day 3 fol- 

lowed by an increase at day 10 post-MD. No alterations were found 

in AU. (H-J) Astrocytic soma volume was transiently increased at day 

3 post-MD contra-OE in V1B and LEnt. No alterations were found in 

AU. (K–M) Astrocytic territorial volume was transiently increased at 

day 3 post-MD contra-OE in V1B and LEnt. No alterations were found 

in AU. Data are presented as the mean ± sd, using statistics for astro- 

cytic complexity based on number of cells (N, shown as numbers in 

bar-graphs) and for astrocytic soma and territorial volume based on 

number of animals (n, shown as numbers in bar-graphs). ∗ p < 0.05, 

1-way ANOVA, Tukey HSD. For detailed values and statistics, see Sup- 

plementary Tables S6 and S7. Study design is shown in Fig. 3 A, grey 

bars: control, yellow bars: day 3 post-MD, blue bars: day 10 post-MD. 
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sed astrocyte complexity and volume in the macro-structurally plastic

rain areas after MD. 

The number of GFAP-stained primary astrocytic processes was unaf-

ected by MD in LEnt (contra-OE: F (2123) : 1.1, p : 0.343; ipsi-OE: F (2122) :

.46, p : 0.633, 1way ANOVA, Tukey HSD), V1B (contra-OE: F (2123) :

.567, p : 0.569; ipsi-OE: F (2123) : 0,083, p : 0.92, 1way ANOVA, Tukey

SD) and AU (contra-OE: F (2123) : 0.2, p : 0.824; ipsi-OE: F (2123) : 0.11,
 : 0.899,1way ANOVA, Tukey HSD, Fig. 6 B–D, Supplementary Table

6). Compared with controls, the complexity of processes was decreased

 days post-MD by 15.1 ± 0.8% in LEnt contra-OE (F (2123) : 35.4, p <

.001, 1way ANOVA, Tukey HSD), and by 13.2 ± 4.6% (F (2123) : 31, p

 0,001, 1way ANOVA, Tukey HSD) and 9.6 ± 3.3% (F (2123) : 20.86, p

 0,001, 1way ANOVA, Tukey HSD) in V1B contra-OE and ipsi-OE, re-

pectively. At day 10 post-MD, this decrease changed into an increase of
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3.4 ± 4.1% in LEnt contra-OE (F (2123) : 35.4, p < 0.001, 1way ANOVA,

ukey HSD) and of 21.8 ± 4.6% (F (2123) : 31, p < 0,001, 1way ANOVA,

ukey HSD) and 16.9 ± 3.4% (F (2123) : 20.86, p < 0,001, 1way ANOVA,

ukey HSD) in V1B contra-OE and ipsi-OE, respectively. No changes

n GFAP-stained astrocytic processes were observed in AU (contra-OE:

 (2123) : 0.26, p : 0.770; ipsi-OE: F (2123) : 0.4, p : 0.396, 1way ANOVA,

ukey HSD) and LEnt ipsi-OE (F (2123) : 1.8, p : 0.171, 1way ANOVA,

ukey HSD, Fig. 6 E–G, Supplementary Table S6). GFAP is a cytoskele-

al protein that helps to maintain the mechanical shape and strength of

strocytes. It is present in large and intermediate astrocytic processes

ut not in small processes ( Reichenbach et al., 2010 ). We hypothesized

hat a breakdown in GFAP polymerization allows a structural reorgani-

ation of astrocytic processes with increased motility, which is then con-

olidated with increased complexity by a new polymerization of GFAP

laments. 

To obtain a more complete measure of the territorial volume of astro-

ytes (the volume of neuropil occupied by a single astrocyte), we used

 modified Golgi staining protocol that specifically impregnates astro-

ytes but not neurons ( Grosche et al., 2013 ; Gull et al., 2015 ). Com-

ared with controls, astrocytic territorial volumes increased at day 3

ost-MD by 50.2 ± 3.3% in LEnt (F (2, 16) : 67.1, p < 0.001, 1way ANOVA,

ukey HSD) and by 50.7 ± 9.9% in V1B contra-OE (F (2,15) : 15.69, p <

.001, 1way ANOVA, Tukey HSD) and recovered at day 10 post-MD.

o changes in territorial volumes were observed in V1B (F (2,15) : 0.044,

 : 0.957, 1way ANOVA, Tukey HSD) and LEnt (F (2,12) : 0.7, p: 0.516,

way ANOVA, Tukey HSD) in the hemisphere ipsi-OE or bilaterally in

U (contra-OE: F (2,14) : 0.82, p : 0.461; ipsi-OE: F (2,13) : 1.8, p : 0.194, 1way

NOVA, Tukey HSD, Fig. 6 K and L, Supplementary Table S7). Similarly,

strocyte soma volume was assessed on S100B + cells and revealed a

ransient increase at day 3 post-MD in the hemisphere contra-OE both

n LEnt ( + 19.5 ± 4.5%, F (2,18) : 15.8, p < 0.001, 1way ANOVA, Tukey

SD) and in V1B ( + 20.1 ± 2.8%, F (2,19) : 21, p < 0.001, 1way ANOVA,

ukey HSD), which returned to control levels at day 10 post-MD. No

hanges in astrocytic soma volume were observed in V1B (F (2,19) : 0,156,

 : 0.856, 1way ANOVA, Tukey HSD) and LEnt (F (2,18) : 1.8, p : 0.195,

way ANOVA, Tukey HSD) in the hemisphere ipsi-OE or in AU bilater-

lly (contra-OE: F (2,19) : 0.005, p : 0.995; ipsi-OE: F (2,19) : 0.3, p : 0.750,

way ANOVA, Tukey HSD, Fig. 6 H–J, Supplementary Table S7). 

We then calculated the extent to which the observed changes in as-

rocyte volume contributed to the macroscopic grey matter swelling in

Ent and V1B at day 3 post-MD. Through electron microscopic analy-

es, it has been estimated that the fraction of astrocytes in cortical grey

atter volume is approximately 9% ( Genoud et al., 2006 ; Jones and

reenough, 1996 ; Thomas et al., 2012 ). On the basis of this value, a

0% increase in astrocytic volume explains 71–74% of the macroscopic

issue swelling in LEnt and V1B, thus suggesting that a major propor-

ion of MD-induced grey matter swelling observed via MRI in the present

xperiments was associated by astrocyte plasticity. 

. Discussion 

When the constant stream of information from one eye is lost, the

rain adapts by processing more information from the preserved eye. In

he present paradigm, this results in an increased visual acuity of the

on-deprived eye within the first three days. Volumetric MRI revealed

trong adaptations in V1B contra-OE; unlike in humans this receives

ore than 95% of corresponding retinal ganglion cell projections in rats

 Dreher et al., 1985 ). Adaptations also appeared in several other brain

reas, especially the entorhinal cortex contra-OE, which conveys visual

nformation to the hippocampus ( Nau et al., 2018 ). Part of the observed

tructural plasticity – i.e. the late adaptation in the cerebellum – may be

n indirect consequence of an adaptive motor behavior. 

The pattern of experience-dependent structural brain plasticity ob-

erved in the present study differed between brain areas. In LEnt contra-

E a pronounced increase in brain volume detected by MRI was associ-

ted with synaptic plasticity as indicated by ARC staining, maturation
f dendritic spines and a strong transient increase in the densities of

pines. The increase in brain volume vanished within 10 days, however,

he spines partially matured and persisted 10 days after onset of monoc-

lar deprivation of the ipsilateral eye. A pattern similar to that in LEnt

as observed in the V1B contra-OE, although this area lacked the per-

istent increase in the number of mature dendritic spines. 

The neuronal plasticity observed with the present protocol was large:

he length of 2nd–3rd order basal pyramidal dendrites increased by 40–

0%, and spine density by 50–70% in LEnt and V1B contra-OE at day

 post-MD. A similar positive correlation between MRI-detectable vol-

me changes with markers of neuronal process remodeling could also

e shown by Lerch et al. (2011) . In our case, in LEnt contra-OE more

han 50% of the new spines persisted and matured after 10 days, thus

esulting in a longer term neuronal structural plasticity. This brain area

hus showed a gain of structure plasticity. 

After onset of monocular deprivation, the visual acuity increased

ontinuously up to about day 5 (repetitive use-dependent plasticity

ver several days). In this period there were many new morphologi-

ally young spines on the neurons in the brain areas showing grey mat-

er swelling. To which extent these new, morphologically young spines

onstitute a receptive state for the establishment of new synapses has

o be addressed in further studies ( Constantinidis and Klingberg, 2016 ;

u et al., 2009 ). 

In contrast to LEnt and V1B contra-OE, the visually deprived V1B

psi-OE displayed no macro-structural plasticity of grey matter de-

ectable in the MRI, no change in grey matter volume on the microscopic

evel, no transcriptional activity as indicated by ARC staining, no per-

istent increase in the number of mature spines, and no increase in the

oma or territorial volume of astrocytes. As a sign of structural plasticity,

n increase in neuronal dendrite length and young spines was observed

nd was associated with a restructuring of astrocyte processes, as indi-

ated by GFAP expression. The plasticity in this brain area is usually

ttributed to “homeostatic plasticity ” ( Keck et al., 2017 ). 

Cell proliferation did not contribute to the DBM signal. Rather, a re-

uced cell density was measured during grey matter swelling, compati-

le with an extension of the territory between the nuclei of neurons, as

ell as astrocytes. In AU which served as control region in the present

tudy no change in cell proliferation, no structural and functional plas-

icity in neurons, no restructuring of astrocytic processes or somata, and

o changes of territorial volume of astrocytes were observed. 

Our data showed synaptic plasticity and spine proliferation on 2nd-

rd order basal dendrites of pyramidal neurons with grey matter vol-

me expansion in LEnt and V1B contra-OE at day 3 post-MD. In the

resent study first order dendrites remained unchanged. Based on data

rom literature we calculated that the observed structural plasticity of

nd-3rd order basal dendrites and their spines increases the grey matter

olume by about 1%. This may escape detection in our experimental

rrangement. We should, however, emphasize that we did not analyze

he contribution of dendritic elements distal to 2nd-3rd order dendrites,

nd that this are rather indirect estimations. 

According to the present data, the grey matter volume changes mea-

ured by MRI were dominated by structural changes in astrocytes. A

ransient increase in astrocytic territorial volume was seen in LEnt and

1B contra-OE; the time course of these volume changes correlated with

ime course of macro-structural grey matter plasticity as well as with

ransient volume changes derived from the distribution of S100B stained

strocytic somata. Astrocytic territorial volume increased by 50%, with

n initial reduction and subsequent increase in GFAP expression in in-

ermediate and ramified processes indicating a restructuring of these

rocesses. Degree and time course of astrocyte reorganization fit well to

he reversible increase in brain volume as measured by MRI or astrocyte

ensity. 

Recent studies have emphasized the roles of perisynaptic astrocytic

rocesses in the establishment and the stabilization of new synapses

 Araque et al., 1999 ; Pannasch et al., 2014 ; Santello et al., 2019 ). Astro-

ytes span local territories ( Bushong et al., 2002 ) and communicate with
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ne another via mechanisms such as calcium waves ( Cornell-Bell et al.,

990 ; Poskanzer and Yuste, 2016 ). Large-scale astrocyte reorganiza-

ion, which involves both distal and proximal processes and even the

ell body, may thus generate a permissive environment for synaptic

lasticity in the affected astrocytic territories ( Adamsky et al., 2018 ).

agi et al. (2012) found after short-term water maze navigation changes

n diffusion metrics associated with changes in astrocytes morphometry.

oo et al. (2018) recently reported volumetric brain plasticity in the

ippocampus of humans and mice which required aquaporin-4 chan-

els in astrocytes; aquaporin-4 knockdown impaired volumetric plastic-

ty and long term potentiation induced by theta burst. Notably, human

strocytes, compared with rodent astrocytes, are more complex and ap-

ear to better support synapse reorganization ( Oberheim et al., 2006 ). 

In the present study, macroscopic plasticity of brain structure as de-

ermined by MRI was associated with neuronal dendrite and spine plas-

icity and astrocyte reorganization. The macroscopic brain plasticity ob-

erved in our study was transient, leaving the question open whether

ronounced repetitive learning may finally result in persistently en-

anced volumes of certain brain areas, as suggested in studies on taxi

rivers, or musicians ( Gaser and Schlaug, 2003 ; Maguire et al., 2000 ). 

. Conclusion 

We conclude that learning may be associated with pronounced struc-

ural rearrangements of brain grey matter. Astrocyte plasticity may con-

ribute substantially to this use-dependent brain plasticity, which has

ong been regarded as a domain governed nearly exclusively by neu-

ons. 
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