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ABSTRACT  30 

Changes in excitatory neuron and synapse structure have been recognized as a potential physical 31 

source of age-related cognitive decline. Despite the importance of inhibition to brain plasticity, 32 

little is known regarding aging associated changes to inhibitory neurons. Here we test for age-33 

related cellular and circuit changes to inhibitory neurons of mouse visual cortex. We find no 34 

substantial difference in inhibitory neuron number, inhibitory neuronal subtypes, or synapse 35 

numbers within the cerebral cortex of aged mice as compared to younger adults. However, when 36 

comparing cortical interneuron morphological parameters, we find differences in complexity, 37 

suggesting that arbors are simplified in aged mice. In vivo two-photon microscopy has previously 38 

shown that in contrast to pyramidal neurons, inhibitory interneurons retain a capacity for dendritic 39 

remodeling in the adult. We find that this capacity diminishes with age and is accompanied by a 40 

shift in dynamics from balanced branch additions and retractions to progressive prevalence of 41 

retractions, culminating in a dendritic arbor that is both simpler and more stable. Recording of 42 

visually evoked potentials (VEPs) shows that aging-related interneuron dendritic arbor 43 

simplification and reduced dynamics go hand in hand with loss of induced stimulus-selective 44 

response potentiation (SRP), a paradigm for adult visual cortical plasticity. Chronic treatment with 45 

the antidepressant fluoxetine reversed deficits in interneuron structural dynamics and restored SRP 46 

in aged animals. Our results support a structural basis for age related impairments in sensory 47 

perception, and suggest that declines in inhibitory neuron structural plasticity during aging 48 

contribute to reduced functional plasticity.  49 

 50 

51 
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INTRODUCTION  52 

 A large fraction of persons older than 85 years have significant cognitive impairment and 53 

dementia (Gallo and Lebowitz, 1999; Hebert et al., 2013; Wu et al., 2016). The decline in cognitive 54 

abilities begins much earlier (reviewed in ((Zec, 1995)), and although in many cases it is related 55 

to dementias such as Alzheimer’s Disease, a decline in cognitive capacity has also been associated 56 

with normal aging (Petersen et al., 2018). Most common are declines in memory, performance of 57 

language and executive function tasks (reviewed in (Hof and Morrison, 2004 ; Kirova et al., 58 

2015)), as well as sensory perception ((Hickmott and Dinse, 2013; Kalisch et al., 2009), also 59 

reviewed in (Andersen, 2012)). 60 

Despite common belief, loss of neurons due to cell death is quite limited during normal aging 61 

and unlikely to account for age-related functional impairments (reviewed (Peters et al., 1998)). 62 

Rather, it seems that structural alterations in neuronal morphology and synaptic connections are 63 

features most consistently correlated with brain age, and may be considered as the potential 64 

physical basis for the age-related decline in cognitive function (reviewed in (Morrison and Baxter, 65 

2012)). Multiple cellular changes have been reported in the aging brain. These include reductions 66 

in the size of dendritic and axonal arbors, in spine numbers, and in synaptic efficacy (Anderson 67 

and Rutledge, 1996; Bloss et al., 2011; Grill and Riddle, 2002; Jacobs and Scheibel, 1993; 68 

Kawaguchi et al., 1995; Masliah et al., 1993; Mostany et al., 2013; Ou et al., 1997; Shankar et al., 69 

1998). Although a decrease in adult neurogenesis has also been noted, this is mainly relevant to 70 

the hippocampus (Kuhn et al., 1996). 71 

Studies of structural alterations related to brain aging have mostly focused on the excitatory 72 

network. Recently, chronic two-photon in vivo imaging has revealed that in contrast to the stability 73 

of dendritic arbors of pyramidal neurons in the adult brain, inhibitory interneurons in cortical layer 74 
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2/3 (L2/3) retain the capacity to remodel in the adult on a day-to-day basis (Chen et al., 2011a; 75 

Chen and Nedivi, 2013; Lee et al., 2008; Lee et al., 2006). Furthermore, it is increasingly evident 76 

that inhibition plays a key role in cognitive abilities as well as experience-dependent plasticity 77 

(Dan and Poo, 2004; Fernandez and Garner, 2007). Inhibitory circuit development is crucial for 78 

both the onset and closure of developmental critical periods, and reducing inhibition 79 

pharmacologically can restore a juvenile state of plasticity to the adult neocortex (reviewed 80 

(Hensch, 2004; Hensch, 2005; Sale et al., 2010)). In particular, the widely used anti-depressant 81 

drug fluoxetine, which reduces intracortical inhibition, has been show to promote interneuron 82 

branch remodeling in the adult mouse visual cortex (Chen et al., 2011b), and restore juvenile levels 83 

of ocular dominance plasticity (Maya Vetencourt et al., 2008). Despite the importance of the 84 

inhibitory circuitry to adult cortical plasticity and the reorganization of cortical maps (Jacobs and 85 

Donoghue, 1991; Jones, 1993), little is known regarding aging associated changes to inhibitory 86 

neurons. 87 

Here we show that morphological plasticity mechanisms that enable inhibitory cell 88 

remodeling in L2/3 of the adult mouse visual cortex are lost during the aging process, that the loss 89 

is gradual, and already begins in young adults. We characterize the time course of the decline in 90 

inhibitory circuit structural plasticity and show that it is congruent with loss of functional synaptic 91 

plasticity. Further, we show that use of the antidepressant fluoxetine has a beneficial effect, 92 

preventing declines in both structural and functional manifestations of inhibitory circuit aging, and 93 

that this effect is dependent on time of onset and length of treatment. 94 

 95 
96 
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MATERIALS AND METHODS 97 

All animal work was approved by the Massachusetts Institute of Technology Committee on 98 

Animal Care and conforms to National Institutes of Health guidelines for the use and care of 99 

vertebrate animals. 100 

Surgical Procedures and Fluoxetine Administration  101 

To allow long-term visualization of in vivo neuronal morphology, cranial windows were implanted 102 

bilaterally over the visual cortices of adult male thy1-GFP-S mice as previously described (Lee et 103 

al., 2008) 21 days before they reached 3, 6, 9 12 or 18 months of age, with the following 104 

modifications. Windows were 4mm, and older animals usually needed additional dosing of 105 

anesthetics as compared to previous studies in young adults. Animals were housed singly after 106 

window insertion.  Sulfamethoxazole (SMX) (1 mg/ml) and trimethoprim (TMP) (0.2 mg/ml) were 107 

chronically administered in the drinking water through the final imaging session to maintain 108 

optical clarity of implanted windows.  For animals subjected to fluoxetine treatment, fluoxetine-109 

hydrochloride (160 mg/L) was chronically administered in the drinking water with SMX-TMP 110 

supplemented in the food pellet (6mg-1mg, respectively, per pellet) (Bio-Serv). SMX-TMZ dosage 111 

was roughly equivalent for both administration routes, based on measured consumption of 5-13 112 

ml of water, and 1-3 pellets per day. Since animals were not water or food restricted, consumption 113 

per day varied for individual animals and between animals, within the same range of SMX-TMP 114 

regardless of administration route. Water usage at approximately 5-13 ml per day is sufficient to 115 

maintain fluoxetine serum levels at ~ 200 ng/ml, well above the recommended therapeutic range 116 

of 15-55 ng/ml for humans (according to fluoxetine drug label prescribing information). 117 

Two-Photon Imaging  118 
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Starting three weeks after cranial window surgery, mice were anesthetized with 1.25% avertin (7.5 119 

ml/kg IP). Anesthesia was monitored by breathing rate and foot pinch reflex, with additional doses 120 

administered as needed. In vivo two-photon imaging was performed using a custom-built 121 

microscope modified for in vivo imaging with a stereotaxic restraint affixed to a stage insert and 122 

custom acquisition software. The light source for two-photon excitation was a commercial Mai 123 

Tai HP Ti:Sapphire laser (Spectra-Physics) pumped by a 14-W solid state laser delivering 100 fs 124 

pulses at a rate of 80 MHz with the power delivered to the objective ranging from approximately 125 

37–50 mW depending on imaging depth. Z-resolution was obtained with a piezo actuator 126 

positioning system (Piezosystem Jena) mounted to the objective. The excitation wavelength was 127 

set to 950 nm, with the excitation signal passing through a 20x/1.0 NA water immersion objective 128 

(Plan-Apochromat, Zeiss) and collected after a barrier filter by a photomultiplier tube. Given the 129 

sparse GFP expression in the thy1-GFP-S line, typically only one cell was imaged per animal. 130 

Interneurons were identified based on their complex, local dendritic arborization, lack of apical 131 

dendrite, small diameter dendritic processes, and absence or sparseness of dendritic spines. While 132 

there has been some debate regarding an inflammatory response in the cranial window preparation 133 

affecting dendritic spine dynamics (Xu et al., 2007), we have previously shown that cranial 134 

window insertion and imaging by our protocol does not affect dendritic arbor or spine dynamics 135 

directly or through recruitment of an immune response (Lee et al., 2008). 136 

Imaging Data Analysis 137 

Using Matlab (Mathworks) and ImageJ (National Institutes of Health), 16-bit two-photon raw 138 

scanner data was converted into an 8-bit image z-stack. For each cell, 4-D (x, y, z, and t) stacks 139 

were manually traced in Neurolucida (MBF Biosciences.) and analyzed blind to age or treatment. 140 

Every imaged cell was independently reconstructed at each time point and branch tip length 141 
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measurements were obtained for all branches. The only branch tips (segments of dendrite from the 142 

last branch point to the branch terminal ending) included in the analysis were those that could be 143 

confidently identified across all imaging sessions in relation to local landmarks, did not extend 144 

beyond the imaging volume, and were not obscured by blood vessels. The branch length refers to 145 

the distance from the last branch point to the tip. For unbiased identification of dynamic branch 146 

tips, a Fano Factor (FF) value was calculated based on branch tip length measurements obtained 147 

from Neurolucida across all imaging sessions. The FF is defined as the variance in the measured 148 

length of an individual branch tip across all imaging sessions, divided by the mean length of that 149 

branch tip (FF =
X
S 2

, where 
1

)( 2
2

n
XX

S ).  The FF has been previously shown to represent 150 

the best non-biased indicator of branch tip dynamics as compared to other methods of analysis and 151 

robustly identifies small branch tip changes while accounting for measurement variability during 152 

imaging or manual reconstructions (Lee et al., 2008). The reason that in practice the FF best 153 

represents the population of dynamic branch tips likely hinges on the fact that a majority of 154 

remodeling occurs on relatively short branch tips. Normalizing by the average branch tip length 155 

helps identify shorter branch tips that are dynamic and minimizes the effects of measurement 156 

variability/error in longer branch tips. Branch tips with FF>1.09, representing the 1.5*interquartile 157 

range above the upper quartile of the sample population were confirmed as dynamic by visual 158 

examination.  A mean FF>0.35 across all monitored branch tips of individual L2/3 interneurons 159 

was previously determined to represent a dynamic cell (Lee et al., 2008). In order to determine the 160 

percentage of extending and retracting branches, the FF was calculated for each branch tip for each 161 

two consecutive imaging sessions. A branch tip changing sufficiently between two imaging 162 

sessions for FF>1.09 was considered a dynamic event. Thus, each branch tip could produce several 163 

dynamic events. Each dynamic event was scored as a retraction or as an extension. The percentage 164 
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of extensions versus retractions was then calculated across the entire population of cells for each 165 

age.  166 

Immunohistochemistry 167 

Cellular immunohistochemistry was performed as in (Chattopadhyaya et al., 2004), with 168 

modifications as described below. Animals were perfused transcardially with phosphate-buffered 169 

saline (PBS) containing heparin (1:1000, Sigma), followed by 4% paraformaldahyde (PFA). 170 

Brains were then removed and post-fixed overnight in 4% PFA. Fifty micrometer sections 171 

containing the visual cortex were cut using a vibratome (Leica VT1000S) and blocked for 2 hours 172 

in solution containing 10% normal goat serum (NGS) or 10% fetal calf serum (FCS) and 1% 173 

Triton-X100. Sections were incubated 24-60 hours at 4° C in a solution containing PBS, 5 % NGS 174 

or FCS, and 0.1% Triton X-100 and either guinea pig α-  γ-aminobutyric acid (GABA) (1:2000; 175 

Millipore AB175) or rabbit α-GABA (1:2000; Sigma A2052) with one of the following primary 176 

antibodies: rabbit α-parvalbumin (PV) (1:5000, Swant PV28), rabbit α-vasoactive intestinal 177 

peptide (1:2000; Immunostar #20077), goat α-calretinin (1:1000; Swant CG1), or rat α-178 

somatostatin (1:200, Millipore MAB354). Sections were washed three times in PBS then incubated 179 

with a secondary antibody solution containing PBS, 5 % NGS or FCS, and 0.1% Triton X-100 and 180 

the appropriate Alexa555- and Alexa 647-conjugated secondary antibody (at 1:400). Sections were 181 

then washed 3 times in PBS, where 4,6-diamino-2-phenylindole (DAPI, Sigma) was included in 182 

the first wash, then mounted for visualization in Fluoromount-G (SouthernBiotech).  Images were 183 

collected on an upright epi-fluorescent scope (Nikon) using a 10X objective/N.A. 0.3 (Nikon). For 184 

each section, images of the same area and focal plane of the visual cortex were taken using separate 185 

filters to identify DAPI (blue), GFP (green), Alexa555 (red) and Alexa647 (far red) labeled cells. 186 

ImageJ (NIH) was used for identification and quantification of double or triple-labeled cells within 187 



 

10 

each layer. Quantifications were done by layer as defined by DAPI staining. Since layer size is not 188 

uniform across sections, a rectangle was defined encompassing the maximum area for each layer 189 

within a section and all the GABA positive cells were counted, whether co-stained for a second 190 

marker or not. 191 

For synapse density analysis, immunohistochemistry was performed as described above 192 

except sections were cut at 40 μm (for excitatory synapses) or 50 μm (for inhibitory synapses) and 193 

primary incubation was performed overnight. Primary antibodies were guinea pig α-VGLUT1 194 

(1:1000; Synaptic Systems), rat α-GFP (Nacalai Tesque), rabbit α-GABA (Sigma), and rabbit α-195 

VGAT (1:1000; Synaptic Systems). 196 

Images were obtained with a z-spacing of 0.5 μm from layer 2/3 of the visual cortex with 197 

a Fluoview IX70 laser-scanning confocal microscope (Olympus), using a 60X UPlanApo water-198 

immersion objective (Olympus) and the Fluoview software (Olympus). Excitatory and inhibitory 199 

cells were identified based on morphology and immunohistochemistry. Neurons were defined as 200 

excitatory if they possessed a triangular cell body, one clear apical dendrite, and spiny dendrites. 201 

GABA expressing neurons were considered inhibitory. 202 

Images were analyzed using ImageJ (National Institute of Health). Synapses were counted if they 203 

consisted of puncta (multiple contiguous pixels brighter than background) that touched, or 204 

overlapped with, clearly visible dendrites extending from the cell of interest. To separate actual 205 

synapses from background noise, only points that were visible in at least two subsequent focal 206 

planes were included in the analysis. Dendrites were traced in Neurolucida (MBF Bioscience) 207 

software, and their lengths obtained from Neurolucida Explorer (MBF Bioscience).  208 

 209 

VEP recordings 210 
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For electrode implantation, thy1-GFP-S mice were anesthetized with an intraperitoneal injection 211 

of 50 mg/kg ketamine and 10 mg/kg xylazine, and a local anesthetic of 1% lidocaine hydrochloride 212 

(1mg/ml) was injected over the scalp. For purposes of head fixation, a post was fixed to the skull 213 

just anterior to bregma using cyanoacrylate and dental cement. Two small (<0.5 mm) burr holes 214 

were made in the skull overlying the binocular visual cortex (3 mm lateral of lambda) and tungsten 215 

microelectrodes (FHC) were inserted 450 μm below the cortical surface along the dorsal-ventral 216 

stereotaxic axis, positioning the electrode tip at the depth yielding the maximal field potential, 217 

which has been shown by current-source density analysis to be sensitive to changes in current sinks 218 

in layer 2/3 and 4 (Cooke et al., 2015). Reference electrodes were placed bilaterally in prefrontal 219 

cortex. Electrodes were secured in place using cyanoacrylate and the entire exposure was covered 220 

with dental cement. Mice were monitored postoperatively for signs of infection or discomfort and 221 

were allowed at least 24 h recovery before habituation to the restraint apparatus. 222 

VEP recordings were conducted in awake mice. Mice were habituated to the restraint 223 

apparatus before the first recording session, and were alert during recording. Visual stimuli were 224 

presented to left and right eyes randomly. A total of 100–400 stimuli were presented per condition. 225 

VEP amplitude was quantified by measuring trough to peak response amplitude, as described 226 

previously (Frenkel and Bear, 2004; Frenkel et al., 2006). 227 

Visual stimuli consisted of full-field sine wave gratings of varying contrast (0–100%) 228 

generated by a VSG2/2 card (Cambridge Research System) and presented on a computer monitor 229 

suitably linearized by γ-correction. VEPs were elicited by horizontal, vertical or oblique (45° or 230 

135°) bars. The display was positioned 20 cm in front of the mouse and centered on the midline, 231 

thereby occupying 92° × 66° of the visual field. Mean luminance, determined by a photodiode 232 

placed in front of the computer screen, was 27 cd m−2. 233 
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Experimental Design and Statistical Analysis 234 

Only male mice were used for this study. The cells used for the 3 month time points in Fig 1D, 235 

Fig. 2, and Fig. 4 were previously described in (Chen et al., 2011b) and (Lee et al., 2008), and 236 

some of the 3 month time points in Fig 3C were previously published in (Chen et al., 2011b). The 237 

3, 6, and 9 month data points used in Fig 4B were also used in Fig 1D. Cells from all ages, including 238 

previously analyzed cells, were independently analyzed blind to age and treatment by two people. 239 

For Figures 3, 5 and 6, each n corresponds to one animal (Fig 3A: 3 months, n=3-5; 24 months, 240 

n=3-6. Fig 3B: GABA-positive cells, n=3; thy1-GFP-non-pyramidal cells, n= 6-8. Fig 3C-E: n= 241 

7-9 for all conditions. Fig 5: 3 months, n=5; 6 months, n=10; 9 months, n=5. Fig 6A: treated, n=6; 242 

untreated, n=10. 6B: 9 months untreated, n=5; 9 months with 3 month treatment, n=11; 9 months 243 

with 6 month treatment, n=5. For Figures 1, 2 and 4, each n corresponds to one cell, with only one 244 

cell imaged per animal (Fig 1: 3 months, n=16; 6 months, n=14; 9 months, n=10; 12 months, n=8; 245 

18 months, n=11. Fig 2: 3 months, n=51; 12 months, n=38. Fig. 2 made use of a larger data set, 246 

because morphological analysis only requires a single time point per cell, and could include cells 247 

imaged only once, and the first session of control cells for experiments with other imaging time 248 

lines. Fig 4: n=same as for Fig 1, and in addition n=8 for 6 months with 3 month treatment, n=8 249 

for 9 months with 3 month treatment, n=6 for 9 months with 6 months treatment).  250 

Statistical significance was primarily evaluated using student’s t-test (unpaired for across-251 

animal comparison, paired for within-animal comparison) and MANOVAs (repeated-measures for 252 

within-animal comparisons) with post tests for multiple comparisons. Differences in variances 253 

were evaluated using the Brown-Forsythe test. Fractions were compared using Fisher’s exact test. 254 

Distributions were compared using the Kolmogorov-Smirnov test. See the Results section and 255 

figure legends for specifics on statistical tests for each experiment. For Figs. 1 and 4, the large 256 
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within group variance in cell dynamics per animal at some ages, precluded use of tests that assume 257 

equal variance. We therefore used a bootstrap approach to test if the mean of two conditions was 258 

different: For each bootstrap repeat, we resampled the data in each condition with replacement and 259 

computed the difference of the means of the resampled datasets. We performed 106 repeats. If the 260 

majority of repeats showed a difference greater than zero, we report as p-value the fraction smaller 261 

than zero; if the majority of repeats showed a difference smaller than zero the p-value is the fraction 262 

larger than zero. Statistical analysis was performed with Matlab (Mathworks) and GraphPad Prism 263 

version 7 for Mac (La Jolla). 264 

 265 

RESULTS 266 

Interneuron dendritic arbor remodeling progressively decreases with age 267 

In vivo imaging studies using thy1-GFP-S transgenic mice have revealed that dendrites of 268 

inhibitory interneurons in the adult visual cortex remodel on a day-to-day basis (Lee et al., 2006). 269 

Remodeling interneurons in these mice represent all known interneuron subtypes residing within 270 

a "dynamic zone" corresponding to a superficial strip of extragranular L2/3 (Lee et al., 2008), a 271 

cortical lamina known to retain a capacity for sensory map plasticity beyond development into 272 

adulthood (Daw et al., 1992; Hirsch and Gilbert, 1993; LeVay et al., 1980). The structural 273 

rearrangement of dynamic zone interneurons is a general feature of sensory cortices. It is shared 274 

across modalities and between primary and higher sensory areas (Chen et al., 2011a), thereby 275 

providing a common mechanism for experience-dependent functional plasticity in the adult 276 

neocortex. To test whether inhibitory interneuron structural plasticity mechanisms are retained 277 

during normal brain aging, we monitored dendritic arbor dynamics of superficial L2/3 interneurons 278 

in the visual cortex of adult thy1-GFP-S transgenic mice (Lee et al., 2006).  Three weeks prior to 279 
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reaching 3, 6, 9, 12, or 18 months of age, mice were surgically implanted with bilateral cranial 280 

windows over the visual cortices. Following 3 weeks of recovery, L2/3 interneurons in the 281 

dynamic zone (65-150μm below the pial surface) were identified and a two-photon imaging 282 

volume encompassing the cell and its entire dendritic arbor was acquired. The same cells were 283 

imaged again 7 and 14 days later (Fig. 1A). Branch tips were reconstructed and monitored for 284 

length changes, which were then quantified using a Fano Factor analysis (Fig. 1B, C, D).   285 

 Our previous results (Lee et al., 2008) showed that at 3 months of age (young adults) every 286 

neuron within the dynamic zone shows a FF above 0.35, indicating at least 1 dynamic branch tip 287 

(Fig. 1D). When we compared previously collected 3 month data points (Chen et al., 2011b; Lee 288 

et al., 2008) to cells from older mice, we noticed a clear difference in variance between the groups 289 

(F(4, 54)=2.859, p=0.032, Brown-Forsythe test, n=16 for 3 months, 14 for 6 months, 10 for 9 290 

months, 8 for 12 months, 11 for 18 months). This change in variance was paralleled by a reduction 291 

in mean FF with age. When comparing the 3 month group to 6 month old mice, an age considered 292 

mature but not old, we saw a sharp drop in dynamics measured as a statistically significant 293 

reduction in mean FF (p = 0.0012, by bootstrap (see Materials and Methods) using Holm-Sidak’s 294 

test to correct for multiple comparisons, n=16 for 3 and 14 for 6 months), with less than half the 295 

cells retaining a FF above 0.35, the threshold for a dynamic cell. By 9 and 12 months of age the 296 

number of dynamic cells had further dropped, to the point where all cells had a FF around or below 297 

0.35, so that by 9 months, the highest value was 0.353. At 18 months, the average FF was 298 

significantly lower than at 6 months (p = 0.0229, by bootstrap using Holm-Sidak’s test to correct 299 

for multiple comparisons, n=14 for 6 and 11 for 18 months). These findings show a precipitous 300 

drop in the dynamic index of cortical inhibitory neurons with age, sooner than might have been 301 
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anticipated based on other measures of aging. By the time mice reach an age considered mature, 302 

rather than old, remodeling of their inhibitory arbors are already significantly compromised.  303 

Age-related simplification of interneuron dendritic arbors 304 

We next asked whether interneuron arbors showed age-related changes in morphology. When 305 

comparing the number of dendrites in 3 month versus 18 month or older animals, we found no 306 

difference in the number of primary dendrites between these populations (Fig. 2A, t(87)=1.215, 307 

p=0.23, unpaired two-tailed student’s t-test, n=51 for 3 months, 38 for ≥ 18 months). We also did 308 

not see a difference in the distribution of dendritic lengths over this time period (Fig. 2B, D=0.2843, 309 

p=0.059, Kolmogorov-Smirnov test, n=51 for 3, 38 for ≥ 18 months). However, in the 3 to 18 310 

month period we did see a shift in the distribution of the number of dendritic nodes (branch points) 311 

(Fig. 2C, D=0.3122, p=0.029, Kolmogorov-Smirnov test, n=51 for 3 months, 38 for ≥ 18 months), 312 

suggesting an age-dependent reduction in arbor complexity. Our previous work has shown that in 313 

young adult mice interneuron dendritic dynamics are comprised of balanced additions and 314 

retractions (Chen et al., 2011a). The simplified arbors on interneurons in older mice suggested that 315 

at some point past 3 months and prior to 9 months, when most cells are stable (Fig. 1D), retractions 316 

should predominate. We therefore examined all dynamic branch tips at 3 and 6 months and 317 

classified them as extensions or retractions. At 3 months of age, the number of branch extensions 318 

and retractions was slightly shifted towards extensions (43.1% of all events were retractions). 319 

However, at 6 months branch retractions had grown more prevalent (61.2% of all events were 320 

retractions), such that retractions constituted a significantly larger fraction of the total number of 321 

events at 6 months than at 3 months (p=0.0258, two-sided Fisher’s exact test, 41 extensions and 322 

31 retractions at 3 months, 33 extensions and 52 retractions at 6 months). The age-dependent 323 
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reduction in branch dynamics, together with a shift towards increased branch retractions, explain 324 

our finding of simplified and stable interneuron arbors in older mice.  325 

Aging does not affect interneuron cell or synapse numbers or subtype representation 326 

To confirm that the specific age-related characteristics we find, of a simplified and stable arbor in 327 

aged mice, is general to all interneuron types and is not due to a selective retention of a particular 328 

interneuron subtype, we compared the prevalence of the four major interneuron subtypes in all 329 

layers of visual cortex at 3 and at 24 months. Immunohistochemical co-staining for GABA and 330 

Parvalbumin (PV), Vasointestinal peptide (VIP), Somatostatin (SOM), or Calretinin (CR) showed 331 

that the percentage of these different interneuron subtypes within the neocortical GABAergic 332 

population was consistent with previous results in young adult mice (Gonchar et al., 2007; Lee et 333 

al., 2008; Xu et al., 2006), and remained largely unchanged throughout a 2 year life span (Fig. 3A, 334 

p=0.044 for SOM in layer 1, p=0.69 for SOM in layer 5, p=0.84 for PV in layer 6, and p>0.99 for 335 

all other subtypes across layers, multiple two-tailed unpaired t-tests with Holm-Sidak’s correction 336 

for multiple comparisons, n=3-5 mice for 3 months and 3-6 mice for 24 months). Further, at 24 337 

months of age there was no difference in the representation of the different interneuron subtypes 338 

within the thy1-GFP labeled population as compared to unlabeled interneurons in the same brains 339 

(Fig. 3B, p=0.95 for PV in upper layer 2/3, p=0.98 for CR in layer 1, and p>0.99 for all other 340 

subtypes across layers, multiple two-tailed unpaired t-tests with Holm-Sidak’s correction for 341 

multiple comparisons, n=3 mice for the GABA-positive cells and 6-8 for the thy1-GFP-342 

nonpyramidal cells). We also examined whether the number of excitatory or inhibitory synapses 343 

(VGLUT positive or VGAT positive, respectively) onto L2/3 dendrites or L5 pyramidal apical 344 

tufts changed between 3 to 18 months. Although such co-localization studies based on 345 

immunohistochemistry are not definitive due to their limited resolution and specificity, we found 346 
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no evidence of changes in synapse densities onto the cells we examined (Fig 3C-E, C: : 347 

t(14)=0.4117, p=0.69, unpaired two-tailed student’s t-test, n=8; D: t(14)=0.02314, p=0.99, 348 

unpaired two-tailed student’s t-test, n=7-9; E: t(12)=1.473, p=0.17, unpaired two-tailed student’s 349 

t-test, n=7). 350 

Fluoxetine attenuates the age-related decline in interneuron complexity 351 

Since the anti-depressant drug fluoxetine has been shown to promote interneuron branch 352 

remodeling in the visual cortex of young adult mice (Chen et al., 2011a), we asked whether it could 353 

prevent the reduced dynamics of interneuron dendritic arbors that occurs with aging. We treated 354 

animals with fluoxetine in their drinking water for 3 months starting at either 3 or 6 months of age 355 

and then compared their dynamic index to age matched untreated controls (Fig. 4A). When mice 356 

were treated from 3 to 6 months, no effect was seen on the mean Fano Factor (Fig. 4B, p=0.13, by 357 

bootstrap, n=14 for untreated, 8 for treated). A few of the animals at 9 months showed an 358 

improvement in Fano Factor to levels clearly above the dynamic threshold of 0.35, resulting in a 359 

statistically significant increase in the mean Fano Factor average at this age (Fig. 4B, p=0.043, by 360 

bootstrap using Holm-Sidak’s test to correct for multiple comparisons, n=10 for untreated, 8 for 361 

treated). Given the indication that some improvement might be possible, we next tried extending 362 

the fluoxetine treatment to 6 months, starting at 3 months of age (Fig. 4A). Here, we found that 363 

67% of the cells from treated animals showed dynamic arbors at 9 months of age (as compared to 364 

25% with only 3 months of treatment), again resulting in an increase in the average Fano factor 365 

compared to untreated age matched controls (Fig. 4B, p=0.043, by bootstrap, using Holm-Sidak’s 366 

test to correct for multiple comparisons, n=10 for untreated, 6 for treated). While in the case of 9 367 

month old animals treated with fluoxetine for 3 months the statistical significance was driven by 368 

two animals with a Fano Factor above 0.35, one of which may be considered an outlier (2SD above 369 
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the mean), it is important to note that the untreated control group at 9 months does not have a 370 

single animal with a Fano Factor above 0.35 (the highest FF is 0.3531). The 9 month animals with 371 

6 months of treatment has 4 out of 6 animals above 0.35, and none of the values are even 1SD 372 

above the mean. The difference between 6 months of fluoxetine and no treatment is therefore 373 

robust and not driven by outliers. These data are consistent with 3 months of treatment having a 374 

variable effect on arbor plasticity (and no effect on functional plasticity, see below), in contrast to 375 

the more penetrant effects of the 6 month treatment on both structural and functional plasticity. 376 

These results suggest that fluoxetine treatment can somewhat attenuate the age-related decline in 377 

interneuron dendrite remodeling, in particular if treatment is started early and maintained 378 

throughout the lifespan. 379 

Fluoxetine attenuates the age-related decline in visual cortex functional plasticity 380 

To investigate whether there is a functional correlate to the decline in interneuron structural 381 

plasticity in mouse visual cortex, we recorded visually evoked potentials (VEPs) and induced 382 

stimulus response potentiation (SRP). This NMDA-dependent form of plasticity bears many of the 383 

hallmarks of long-term potentiation (LTP) but is induced through visual experience (Cooke and 384 

Bear, 2010; Frenkel et al., 2006). VEPs were recorded 450 μm below the pia of binocular visual 385 

cortex as previously described (Frenkel and Bear, 2004) and SRP was induced through repeated 386 

presentations of sinusoidal gratings of a specific orientation. We found robust SRP in 3-month old 387 

wild-type mice (Fig. 5A). However, levels of SRP decreased in 6-month old mice and were 388 

virtually non-existent in 9-month old animals (Fig. 5A, 3 month: t(4)=-5.145, p=0.0068, paired t-389 

test, n=5; 6 month: t(9)= -5.564, p=0.00035, paired t-test, n=10; 9 month: t(4)= -0.462, p=0.675, 390 

paired t-test, n=5). To confirm that the decrease in SRP was not a result of defective vision in 9 391 

month old, we assessed visual acuity and contrast sensitivity in 3, 6 and 9 month old mice and 392 
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found no difference between the three groups tested (Fig. 5B: F(2,26)=0.623, p=0.542; repeated 393 

measures MANOVA). These findings show there is a similar time course for the loss of functional 394 

plasticity in visual cortex as for the loss of interneuron structural plasticity.  395 

In addition to promoting interneuron branch remodeling in the visual cortex of young adult 396 

mice (Chen et al., 2011a), chronic treatment with fluoxetine has also been show to restore juvenile 397 

levels of ocular dominance plasticity in adult mice (Maya Vetencourt et al., 2008). To test whether 398 

fluoxetine could also reverse SRP deficits in aged mice, we assessed SRP after fluoxetine treatment 399 

equivalent to that used for the structural plasticity studies (Fig. 6A). We found that 3 months of 400 

fluoxetine treatment did not improve SRP in 6 or 9 month old mice (Fig. 6B: t(14)=-1.184, p=0.256, 401 

unpaired two-tailed student’s t-test, n=6 for treated, n=10 for untreated; Fig. 6C: t(14)= 0.992, 402 

p=0.339, unpaired two-tailed student’s t-test, n=11 for treated, n=5 for untreated). However, 6 403 

months of fluoxetine treatment significantly increased SRP in 9 month old animals (Fig. 6C: t(8)= 404 

1.996, p=0.0405, unpaired two-tailed student’s t-test, n=5 for treated, n=5 for untreated). This 405 

suggests that chronic fluoxetine treatment maintains plasticity in neuronal circuits during aging, if 406 

initiated early.  407 

 408 

 409 

DISCUSSION  410 

Here we examine the effects of aging on morphological and functional plasticity of inhibitory 411 

interneurons in mouse primary visual cortex (V1). We find that interneurons undergo two 412 

progressive changes with age; they become less dynamic and their dynamics shift from balanced 413 

branch additions and retractions to the prevalence of retractions over additions. Starting at 3 414 

months of age, interneuron arbors undergo structural simplification and reduced plasticity, so that 415 
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by 9 months their structure is less complex and more stable.  These morphological changes run in 416 

parallel to an age-related decline in SRPs as measured by VEPs, and both can be partially 417 

prevented by long-term fluoxetine treatment.  418 

To what extent age-related cognitive decline derives from changes to brain structure, and 419 

whether such changes are a normal part of brain aging unrelated to degenerative processes, has 420 

been hotly debated for many years. While some longitudinal fMRI studies in human subjects 421 

suggest there is a reduction in volume of some brain areas during aging (reviewed in (Fjell et al., 422 

2014a; Fjell et al., 2014b)), the low resolution of such studies precludes an understanding of the 423 

underlying cellular basis. Loss of GABAergic neurons in aging cat striate cortex has been reported 424 

(Hua et al., 2008). Yet, overall, the evidence for neuronal loss during normal aging has not been 425 

strong (reviewed in (Freeman et al., 2008; Peters et al., 1998) (Morrison and Hof, 1997)), and we 426 

see no evidence of GABAergic cell loss in our studies (Fig. 3A-B). In contrast, a growing body of 427 

literature points to an age-related deterioration in neuronal connectivity (reviewed (Dickstein et 428 

al., 2007; Hof and Morrison, 2004); (Dickstein et al., 2013; Morrison and Baxter, 2012)).  429 

A major problem with obtaining data regarding age-related changes to neuronal numbers 430 

or structure, is that with classic anatomical methods small scale changes are difficult to detect 431 

against the enormous variance in the size and shape of individual cortical neurons. This is 432 

particularly true for inhibitory neurons, that as a group show immense morphological diversity 433 

(Kawaguchi and Kubota, 1997, 1998; Markram et al., 2004a). Indeed, using conventional 434 

immunohistochemistry (Fig. 3C) we do not see gross age-related changes in inhibitory synaptic 435 

staining. The age-related reduction in interneuron complexity we describe, is discernible thanks to 436 

our ability to chronically track the same cells, visualizing their gradual simplification. Chronic in 437 

vivo two photon imaging of dendritic spines in neocortex of up to 1 year old mice also suggests 438 
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some age-dependent spine loss (Mostany et al., 2013; Spires-Jones et al., 2007; Zuo et al., 2005), 439 

and alterations in the size and stability of spines and boutons (Bloss et al., 2011; Mostany et al., 440 

2013). The scale of net morphological change thus far detected by in vivo imaging in mice is overall 441 

small, and its analog in humans would be unlikely to explain large volumetric changes reported in 442 

some human fMRI studies.  443 

Given that most branch tip dynamics are on the scale of tens of micrometers, at most, one 444 

might ask whether such changes in branch tip length represent sufficient synapse gain and loss to 445 

alter neuron and circuit function? Or in the case of brain aging, is the gradual loss of synaptic 446 

contacts due to branch tip retractions, and the eventual loss of branch dynamics, functionally 447 

meaningful? Post-hoc Electron Microscopy (EM) reconstructions of interneuron dendrites 448 

imaged in vivo, show that new branch tips harbor synaptic contacts at a density similar to stable 449 

dendrites (Chen et al., 2011b), implying that branch tip extensions and retractions reflect synapse 450 

gain and loss, respectively. EM estimates of synaptic density on L2/3 interneuron dendrites is 451 

approximately 1 synapse per μm (Kubota et al., 2007). About 80% of the synapses on distal 452 

interneuron dendrites represent excitatory inputs (Kubota et al., 2007) from a large number of 453 

local pyramidal neurons that each contributes 3-7 synapses (Markram et al., 2004b). The 454 

estimate is that as few as 10 pre-synaptic, temporally correlated excitatory inputs are sufficient to 455 

trigger an action potential in inhibitory cells (Buhl et al., 1997).  For bitufted interneurons, a train 456 

of action potentials from even a single synaptic contact can produce an action potential (Kaiser et 457 

al., 2004).  Thus, a branch tip length change of ~30 μm (or ~30 synapses) per cell could 458 

potentially alter the connectivity of 5-10 excitatory pre-synaptic partners, each with significant 459 

ability to initiate interneuron firing.  460 
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Further, structural remodeling in the adult brain has been proposed as a means to increase 461 

spatial access to potential synaptic contacts (Chklovskii et al., 2004).  The geometry and space 462 

occupied by a dendritic spine in mouse cortex renders it capable of making ~ 4 potential synaptic 463 

contacts (Stepanyants et al., 2002). An entire dendritic branch tip likely contains an even higher 464 

number of possible synaptic connections considering its size in relation to a dendritic spine.  465 

Increasing an interneuron’s potential for sampling distinct circuits would be most readily 466 

achieved by modest length changes in several branch tips spatially distributed throughout the 467 

dendritic field as compared to a substantial length change of a single branch tip. The cell type 468 

and laminar-specificity of dendritic structural dynamics (Chen et al., 2011a; Chen et al., 2011b) 469 

argue that partner sampling that occurs during synaptic remodeling is circuit specific. Thus, it 470 

may not be the net number of synapses lost during aging that matters to a given neuron, but 471 

rather its reduced connectivity with specific neuronal partners within the local circuit, and the 472 

inability to trade or shuffle remaining partners. 473 

Perhaps due to the fact that the overwhelming majority of synapses in the neocortex are 474 

excitatory, prior ex vivo postmortem as well as newer imaging studies have mostly focused on 475 

dendritic spines on excitatory pyramidal neurons. Yet, inhibitory neurons play an important role 476 

in modulating excitatory neuron function and plasticity within the cortical circuit (reviewed in 477 

(Dan and Poo, 2004; Foeller and Feldman, 2004; McBain and Fisahn, 2001; Singer, 1996)) and 478 

have also been implicated in sensory map plasticity in the adult neocortex (Jacobs and Donoghue, 479 

1991; Jones, 1993). Further, age-related deterioration of visual function in non-human primates, 480 

manifested as increased responsiveness to all orientations and directions as well as an increase in 481 

spontaneous activity, is consistent with a decline in intracortical inhibition (Schmolesky et al., 482 

2000).  483 
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We have previously shown interneuron dendritic remodeling in superficial layer 2/3 of 484 

primary visual cortex (Lee et al., 2008), which is experience-dependent (Chen et al., 2011b), and 485 

seems to be a general feature of the adult cortical microcircuit across different sensory modalities 486 

and primary vs higher order sensory regions (Chen et al., 2011a). Here we show that inhibitory 487 

neuron remodeling declines with age with a time course that mirrors the decline in visual cortex 488 

plasticity. These findings are in line with functional data suggesting that deficits in inhibitory 489 

circuit function contribute to age-related impairments in visual perception (Leventhal et al., 2003; 490 

Schmolesky et al., 2000) and perhaps more broadly to sensory, motor  and cognitive tasks that rely 491 

on the neocortex.  492 

Given that interneuron remodeling in superficial L2/3 is not restricted to specific 493 

interneuron subtypes (Lee et al., 2008) and imaged neurons are sampled randomly, the finding that 494 

at 3 months every imaged interneuron is dynamic (FF above 0.35), and at 9 months none are 495 

dynamic (FF below 0.35), suggest that the general phenomenon of reduced dynamics with age, is 496 

unlikely to be subtype specific. It could be that some subtypes are affected earlier than others. 497 

However, a much larger sample size would be required to discern such an effect. 498 

During development, the functional maturation of inhibitory circuits is thought to trigger 499 

the onset and closure of the critical period for OD plasticity in V1 (reviewed in (Hensch, 2004; 500 

Hensch, 2005; (Jiang et al., 2005); (Levelt and Hubener, 2012)). Increasing cortical inhibition, for 501 

example with the GABA agonist benzodiazepam, can induce a precocious critical period (Fagiolini 502 

and Hensch, 2000). Conversely, treatments that limit inhibition in the adult, such as injection of 503 

the GABA(A) antagonist bicuculline, (Duffy et al., 1976; Sillito et al., 1981), or treatment with 504 

the antidepressant fluoxetine (Harauzov et al., 2010; Maya Vetencourt et al., 2008; Sale et al., 505 

2007), can restore juvenile plasticity. Fluoxetine treatment during normal vision enhances 506 
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structural dynamics of cortical interneurons, and during MD provides a permissive environment 507 

that facilitates OD plasticity (Chen et al., 2011b). Here we show that fluoxetine can also ameliorate 508 

the age-related decline in structural and functional plasticity of visual cortex neurons. Longer 509 

treatment time improved outcome, which could be due to the more prolonged treatment duration, 510 

or alternatively, to the earlier intervention. While there was a measurable and significant 511 

improvement in the fluoxetine treated older animal groups, it is interesting to note that not all 512 

animals showed improvement, suggesting that therapeutic intervention may be an avenue for 513 

reducing age-related neuronal deficits, but potentially not in all individuals. Clinical trials testing 514 

treatment with fluoxetine for patients with mild cognitive impairment, show improvement in the 515 

Mini-Mental Status Examination (MMSE) not seen in the placebo group (Mowla et al., 2007). 516 

This preliminary study needs to be confirmed in larger double-blind placebo-controlled cohorts. It 517 

would be interesting to note in this case too, if there is inter-patient variability in response, as well 518 

as an efficacy-dependence on treatment duration or time of intervention. 519 

 The traditional form of OD plasticity induced by MD in adult animals seems to be lost 520 

with aging (Lehmann and Lowel, 2008). However, some forms of experience-dependent 521 

plasticity persist in adults (Frenkel et al., 2006; Sawtell et al., 2003), and much less is known 522 

regarding how these are affected by inhibition and modulatory systems across the lifespan. SRP 523 

is particularly robust in juvenile mice (Schecter et al., 2017), but can still be induced reliably in 524 

adults. Induction of SRP appears to share many features with the phenomenon of LTP (Cooke 525 

and Bear, 2010), and the expression of this plasticity is highly dependent upon intact cortical 526 

inhibition (Kaplan et al., 2016). Thus, it was of considerable interest to understand how this type 527 

of plasticity changes at ages when GABAergic neurons become structurally stable. Although we 528 

cannot ascribe a causal role of age-related changes in interneurons to the dramatic decline in 529 
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SRP, it is particularly interesting that chronic treatment with fluoxetine, which partially restored 530 

malleability to interneurons in old age, also restored juvenile levels of SRP. Our finding that 531 

fluoxetine treatment in aging mice can attenuate the concurrent age–related declines in 532 

interneuron structural and visual cortex functional plasticity suggests it could provide an 533 

important therapeutic approach towards mitigation of sensory and cognitive deficits associated 534 

with aging, provided it is initiated before severe network deterioration. 535 

 536 

 537 

538 
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FIGURE LEGENDS 803 

 804 

Figure 1. Chronic two-photon in vivo imaging of dendritic branch tip dynamics in superficial L2/3 805 

cortical interneurons. (A) Left panel shows a maximum z-projection (MZP) of chronically imaged 806 

interneuron (black arrow) superimposed over blood vessel map with primary visual cortex (VC) 807 

outlined. Right panel illustrates the experimental timeline. (B) MZP (upper row) along with two-808 

dimensional projections of three-dimensional skeletal reconstructions (middle row) of a superficial 809 

L2/3 interneuron acquired over two weeks in a 6 month old animal. Green boxes indicate a 810 

dynamic branch tip shown at high-magnification in lower panel. Green arrow marks the 811 

approximate distal end of the branch tip on the first day of imaging (d0). (C) MZP (upper row) and 812 

two-dimensional projections of three-dimensional skeletal reconstructions (middle rowl) of a 813 

superficial L2/3 interneuron acquired over two weeks in an 18 month old animal. Red boxes 814 

indicate a stable branch tip shown at high-magnification in lower panel. Red arrow shows no 815 

change in the distal branch tip over two weeks of imaging. (D) Average cell Fano factor (dynamic 816 

index) at different ages. Each circle represents an individual cell. Dashed line marks the 817 

experimentally determined threshold for a dynamic cell. The 3 month group has a significantly 818 

higher average Fano factor than the 6 month group (**p= 0.0012, by bootstrap using Holm-Sidak’s 819 

test with =0.05 to correct for multiple comparisons, n=16 for 3 and 14 for 6 months). The 6 month 820 

group is significantly different from the 18 month time point (*p = 0.0229, by bootstrap using 821 

Holm-Sidak’s test with =0.05 to correct for multiple comparisons, n=14 for 6 and 11 for 18 822 

months), but does not differ from the later ages (p=0.0607 for 6 vs 9 months, p=0.0607 for 6 vs 12 823 

months, by bootstrap using Holm-Sidak’s test with =0.05 to correct for multiple comparisons,, 824 

n= 14 for 6 months, 10 for 9 months, and 8 for 12 months,). Error bars represent SD of the 825 
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bootstrapped population. Scale bars: (A), 200 μm; (B, C) Scale bars on cells 20 μm; Scale bars on 826 

tips 5 μm 827 

 828 

Figure 2. Interneuron dendritic arbors simplify with age (A) The number of primary dendrites of 829 

V1 interneurons does not change between 3 and 18 months (p=0.23, unpaired two-tailed student’s 830 

t-test, n=51 for 3 months, 38 for ≥ 18 months). (B) The distribution of total dendritic lengths in V1 831 

does not change between 3 and 18 months (p=0.059, Kolmogorov-Smirnov test, n=51 for 3, 38 for 832 

≥ 18 months). (C) The distribution of the number of dendritic nodes shifts towards fewer nodes 833 

between 3 and 18 months (*p=0.029, Kolmogorov-Smirnov test, n=51 for 3, 38 for ≥ 18 months). 834 

Each n represents one cell for all panels in this figure. Error bars represent SEM. 835 

 836 

Figure 3.  Interneuron subtype representation in layers of mouse visual cortex. (A) Plots showing 837 

colocalization of GABA with: parvalbumin (PV), vasoactive intestinal peptide (VIP), somatostatin 838 

(SOM) and calretinin (CR) subtype markers in layers of visual cortex in young adult (3 months) 839 

or aged (24 months). A total of 25669 GABA-positive cells were counted. For each subtype in 840 

each layer, the percentage at 3 and 24 months was compared using a two-tailed student’s t-test. 841 

Holm-Sidak’s method with =0.05 was used to correct for multiple comparisons. The relative 842 

representation of interneuron subtypes within different cortical layers was largely unchanged in 843 

aged as compared to young mice (p=0.044 for SOM in layer 1, p=0.69 for SOM in layer 5, p=0.84 844 

for PV in layer 6, and p>0.99 for all other subtypes across layers, n=3-5 mice for 3 months and 3-845 

6 mice for 4 months). (B) Interneuron subtype representation in the thy1-GFP-labeled 846 

nonpyramidal cells in the superficial layers of visual cortex in aged mice compared to subtype 847 

representation in the GABA-positive population in the same layers. For the GABA-positive group, 848 
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the same data was used as in A. A total of 399 GFP non-pyramidal cells and 5262 GABA-positive 849 

cells were examined. For each subtype in each layer, the percentage GABA-positive and GFP-850 

nonpyramidal was compared using a two-tailed student’s t-test. Holm-Sidak’s method with =0.05 851 

was used to correct for multiple comparisons. Representation of the subtypes was not different 852 

between GABA-positive and GFP-nonpyramidal cells (p=0.95 for PV in upper layer 2/3, p=0.98 853 

for CR in layer 1, and p>0.99 for all other subtypes across layers, n=3 mice for the GABA-positive 854 

cells and 6-8 for the GFP-nonpyramidal cells). (C) Representative images of excitatory synapses 855 

(VGLUT) on L2/3 interneuron dendrites (GFP), at 3 months (top two panels) and 18 months 856 

(middle two panels). The second and fourth panels are enlargements of the boxed regions marked 857 

in the first and third panels, respectively. Synapse densities are quantified in the bottom panel. 858 

Each data point represents one animal. There is no statistically significant difference between the 859 

two ages (p=0.69, unpaired two-tailed student’s t-test, n=8). (D). Same as in (C), except inhibitory 860 

synapses (VGAT) on L2/3 pyramidal neuron basal dendrites (GFP). There is no statistically 861 

significant difference between the two ages (p=0.99, unpaired two-tailed student’s t-test, n=7-9). 862 

(E). Same as in (C), except inhibitory synapses (VGAT) on L5 pyramidal neuron apical dendrites 863 

(GFP). There is no statistically significant difference between the two ages (p=0.17, unpaired two-864 

tailed student’s t-test, n=7). Scale bars = 10 μm for first and third panels, = 2 μm for second and 865 

fourth). All error bars represent SEM. 866 

 867 

Figure 4. Fluoxetine treatment increases interneuron dynamics in aged mice. (A) Experimental 868 

time line. (B) Average cell Fano factor at different ages. Each circle represents an individual cell. 869 

Dashed line marks the experimentally determined threshold (Fano Factor 0.35) for a dynamic cell. 870 

The non-treated cells are also shown in Fig 1D. Fluoxetine treatment from 3 to 6 months has no 871 
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effect on the average cell Fano factor compared to 6 month controls (p=0.13, by bootstrap, n=14 872 

for untreated, n=8 for treated). Treatment from 6 to 9 months compared to 9 month controls 873 

significantly increased the average cell Fano Factor (*p=0.043, by bootstrap using Holm-Sidak’s 874 

test with =0.05 to correct for multiple comparisons, n=10 for untreated, 8 for treated), as did 875 

treatment from 3 to 9 months (*p=0.043, by bootstrap using Holm-Sidak’s test with =0.05 to 876 

correct for multiple comparisons, n=10 for untreated, 6 for treated). However, the longer treatment 877 

resulted in FF improvement for a larger fraction of animals (25% for 3 months vs 67% for 6 878 

months). Error bars represent SD of the bootstrapped population. 879 

 880 

Figure 5. Stimulus response potentiation is absent in aged mice. (A) SRP was induced in mouse 881 

visual cortex by repeated presentations of sinusoidal gratings. 3 month old mice (orange squares) 882 

exhibited large and sustained potentiation of binocular VEPs over many days of exposure to the 883 

same stimulus orientation (Day 5 = 2.2 ± 0.32 fold increase over day 1; paired t-test p=0.0068, 884 

n=5). 6 month old mice (red triangles) exhibited less potentiation on average per day than 3 month 885 

old mice but still exhibited significant SRP (Day 5 = 1.6 ± 0.19 fold increase over day 1; paired t-886 

test p=0.00035, n=10) and 9 month old mice (blue circles) did not exhibit any statistically 887 

significant potentiation (Day 5 = 1.08 ± 0.32 fold increase over day 1; paired t-test p=0.675, n=5). 888 

(B) Binocular VEPs were recorded at different frequencies of sinusoidal gratings or with different 889 

contrast percentages. No differences were observed between the groups (F(2,26)=0.623, p=0.542; 890 

repeated measures MANOVA). Error bars represent  S.E.M. Inset shows average VEP 891 

waveforms for each age group as contrast was increased. 892 

 893 
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Figure 6. Chronic fluoxetine treatment of aged mice maintains stimulus response potentiation. (A)  894 

Experimental time line. SRP was tested at 6 months, with or without 3 months of fluoxetine 895 

treatment., or at 9 months untreated or after 3 or 6 months of fluoxetine treatment. (B) Fluoxetine 896 

treatment (yellow squares) had no significant effect on SRP in 6 month old mice measured on day 897 

5 (Day 5 = 1.95 ± 0.23 fold increase over day 1; n=6) as compared with untreated 6 month old 898 

mice (brown circles) (Day 5 = 1.6 ± 0.19 fold increase over day 1; unpaired two-tailed student’s t-899 

test p=0.256, n=10). (C) 3 months of fluoxetine treatment had no statistically significant effect on 900 

SRP in 9 month old mice (green diamonds) (Day 5 = 1.35 ± 0.11 fold increase over day 1; n=11) 901 

as compared with untreated 9 month old mice (black circles) (Day 5 = 1.08 ± 0.32 fold increase 902 

over day 1; t-test p=0.339, n=5), but 6 months of treatment significantly increased SRP in 9 month 903 

old (blue squares) mice as compared with untreated mice (Day 5 = 1.95 ± 0.39 fold increase over 904 

day 1; t-test p=0.0405, n=5).  905 
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