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Abstract 61 

Repeated or prolonged, but not short-term, general anesthesia during the early postnatal period 62 

causes long-lasting impairments in memory formation in various species. The mechanisms 63 

underlying long-lasting impairment in cognitive function are poorly understood. Here we showed 64 

that repeated general anesthesia in postnatal mice induces preferential apoptosis and subsequent loss 65 

of parvalbumin-positive inhibitory interneurons in the hippocampus. Each parvalbumin interneuron 66 

controls the activity of multiple pyramidal excitatory neurons, thereby regulating neuronal circuits 67 

and memory consolidation. Preventing the loss of parvalbumin neurons by deleting a pro-apoptotic 68 

protein MAPL (Mitochondrial Anchored Protein Ligase) selectively in parvalbumin neurons 69 

rescued anesthesia-induced deficits in pyramidal cell inhibition, and hippocampus-dependent long-70 

term memory. Conversely, partial depletion of parvalbumin neurons in neonates was sufficient to 71 

engender long-lasting memory impairment. Thus, loss of parvalbumin interneurons in postnatal 72 

mice following repeated general anesthesia critically contributes to memory deficits in adulthood. 73 

 74 
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Introduction 87 

Studies in rodents (1-4) and non-human primates (5, 6) have shown that prolonged or 88 

repeated, but not short-term (7-9), general anesthesia in juvenile animals leads to long-lasting 89 

memory impairment (1, 4-6). Furthermore, pediatric epidemiological studies have linked repeated 90 

or prolonged general anesthesia to cognitive and behavioral abnormalities, including learning 91 

disabilities, and attention deficit/hyperactivity disorder (10-13). The accumulating evidence in 92 

animal models and epidemiological reports in the pediatric population have raised clinical concerns 93 

regarding the use of prolonged or repeated general anesthesia in young children, prompting the U.S. 94 

Food and Drug Administration (FDA) to issue a safety warning on its use in children less than three 95 

years of age (14). In the United States, 14.9% of children undergo general anesthesia at least once 96 

before age three, and of those, 26% are exposed to repeated or prolonged anesthesia (15). 97 

Mechanistically, repeated anesthesia-induced apoptosis, which occurs in less than 2% of neurons in 98 

the brain of juvenile animals (1), was proposed to contribute to persistent memory deficits (16). 99 

However, it remains unclear how the loss of such a small population of neurons following repeated 100 

anesthesia can cause cognitive deficits that persist into adulthood, and whether a specific subset of 101 

neurons preferentially undergoes apoptosis and subsequent cell death. Here, we showed that 102 

repeated general anesthesia in postnatal mice induces preferential apoptosis and partial loss of 103 

parvalbumin-positive interneurons in the hippocampus. Blocking the loss of parvalbumin 104 

interneurons by ablating a pro-apoptotic protein MAPL in this cell type prevented repeated 105 

anesthesia-induced deficits in hippocampal inhibition and long-term memory formation in 106 

adulthood. Conversely, ablation of parvalbumin neurons causes long-lasting memory deficits. Thus, 107 

our data demonstrate that loss of parvalbumin interneurons mediates repeated general anesthesia-108 

induced memory deficits in adulthood. 109 

 110 
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Results 111 

Preferential apoptosis of parvalbumin neurons  112 

To reveal which neuronal cell types undergo apoptosis following repeated anesthesia in early 113 

postnatal mice, we assessed apoptosis using a well-established apoptotic marker, cleaved caspase 3 114 

(CC3) (17). We used reporter mice expressing tdTomato in inhibitory neurons under the GAD2 115 

promoter (tdTomatoGAD2) to distinguish between excitatory and inhibitory neurons. The 116 

tdTomatoGAD2 mice were subjected to two hours of isoflurane anesthesia per day for three 117 

consecutive days, for a total of six hours, starting at postnatal day 15 (PD 15, Figure 1A). This 118 

anesthesia protocol was selected based on previous studies (18, 19) to mimic children with 119 

significant cumulative exposure to anesthesia. In accordance with previous reports (2, 20), 120 

monitoring oxygen saturation, respiratory rate, and heart rate showed stable hemodynamic status of 121 

animals during anesthesia at this age (Supplemental Figure 1A-C). Consistent with previous studies, 122 

we found that apoptosis in the dorsal hippocampus, the area implicated in spatial memory formation 123 

(21), was induced after three consecutive days of anesthesia exposure (PD 17, Figure 1B), whereas 124 

no increase in the number of apoptotic cells was observed after a single 2h-anesthesia session (PD 125 

15, Figure 1C). Intriguingly, 93% of CC3-positive cells in the repeated anesthesia-exposed mice 126 

were inhibitory neurons (Figure 1D-H). Three major subclasses of inhibitory interneurons are 127 

parvalbumin (Pvalb)-, somatostatin (SST)-, and vasoactive intestinal polypeptide (VIP)-positive 128 

(22). To reliably detect these neuronal subclasses in the brain, even in apoptotic cells when the 129 

expression of cell identity markers may change, we generated reporter mice expressing tdTomato in 130 

each subpopulation (tdTomatoPvalb, tdTomatoSST, and tdTomatoVIP) and subjected them to repeated 131 

anesthesia (2 h of isoflurane anesthesia per day for three consecutive days) at PD 15-17. Apoptosis 132 

was significantly induced in Pvalb (Figure 1I-K) and SST (Figure 1L-N) neurons. No CC3 133 

immunoreactivity was detected in VIP neurons in control or anesthesia-exposed mice (Supplemental 134 
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Figure 1D and Supplemental Figure 2G-I). Normalization to the total number of cells in each 135 

subclass showed that anesthesia-induced CC3 immunoreactivity was detected in a significantly 136 

higher proportion of Pvalb neurons (~50% of all Pvalb neurons, Figure 1K) than SST neurons (~2% 137 

of all SST neurons, Figure 1N). An increased number of CC3+ Pvalb neurons after anesthesia was 138 

detected in all hippocampal areas except the subiculum (Supplemental Figure 2A-C), whereas 139 

apoptosis induction in SST neurons was restricted to the dentate gyrus (Supplemental Figure 2D-F). 140 

Repeated anesthesia also induced an increase in the number of CC3-positive cells in the cortex 141 

(Supplemental Figure 2J), with substantial apoptosis in Pvalb neurons (Supplemental Figure 2, K 142 

and L). 143 

 To determine if activation of the CC3-mediated apoptotic pathway in Pvalb neurons after repeated 144 

anesthesia in postnatal mice leads to a loss of Pvalb neurons, we quantified the number of fluorescent 145 

cells in tdTomatoPvalb mice subjected to general anesthesia at PD 15-17. The number of hippocampal 146 

Pvalb neurons was significantly reduced at day 7 post-anesthesia (17.6% reduction at PD 24, Figure 147 

1O) and remained low 43 days post-anesthesia (21.8% reduction at PD 60, Figure 1P). No change 148 

in the total number of excitatory neurons (assessed in tdTomatoEmx1 mice, Figure 2A-C) or SST 149 

neurons (assessed in tdTomatoSST mice, Figure 2D-F) was observed 7 days post-anesthesia. Thus, 150 

repeated general anesthesia in juvenile mice leads to preferential apoptosis and the subsequent loss 151 

of Pvalb interneurons.  152 

 153 

Reduced synaptic inhibition of pyramidal neurons following repeated anesthesia  154 

Pvalb neurons make perisomatic inhibitory synapses on pyramidal neurons, powerfully suppressing 155 

their activity (22). To measure the number of synaptic contacts made by Pvalb neurons on pyramidal 156 

neurons, we injected PvalbCre mice with an adeno-associated virus (AAV) expressing 157 

synaptophysin-eGFP in a Cre-dependent manner (AAV-hSyn-flex-mRuby2-syp-eGFP). We 158 
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confirmed that the synaptophysin-eGFP puncta colocalize with VGAT (a marker of inhibitory 159 

presynaptic terminals), indicating specific labeling of presynaptic terminals (Figure 3A). 160 

Quantification of synaptophysin-eGFP puncta in CA1 stratum pyramidale revealed that the number 161 

of Pvalb presynaptic terminals was reduced at day 7 post-anesthesia as compared to the control 162 

group (reduction of 27%, Figure 3, B and C). The number of excitatory presynaptic terminals, as 163 

assessed by the number of VGLUT1 puncta, remained unaltered (Supplemental Figure 3, A and B).  164 

To determine functional changes in synaptic transmission, we performed patch clamp 165 

recordings from hippocampal pyramidal neurons 7 days post-anesthesia. Miniature inhibitory 166 

postsynaptic currents (mIPSC) showed a decrease in the frequency (Figure 3, D and E), but not 167 

amplitude (Figure 3F), which is consistent with a loss of Pvalb neurons and a reduction in the number 168 

of Pvalb inhibitory terminals. The decrease in mIPSC frequency persisted at PD 60 (Figure 3, G and 169 

H), but at this age, an increase in mIPSC amplitude was detected (Figure 3I), likely representing a 170 

compensatory homeostatic response. No change in excitatory synaptic transmission was observed 171 

as miniature excitatory postsynaptic current (mEPSC) frequency and amplitude remained unaltered 172 

(Figure 3J-L). Altogether, these results show that the repeated general anesthesia-induced loss of 173 

parvalbumin interneurons leads to a selective reduction of synaptic inhibition of pyramidal neurons.  174 

 175 

Inhibiting apoptosis in Pvalb neurons rescues memory impairment 176 

Repeated anesthesia in juvenile mice causes long-lasting deficits in long-term memory (1-3) and the 177 

late phase of long-term potentiation (L-LTP) (23), a putative cellular correlate of memory formation 178 

(24, 25). Since Pvalb neurons play important roles in memory consolidation (26, 27) and synaptic 179 

plasticity (28-30), we hypothesized that the loss of Pvalb neurons following repeated anesthesia in 180 

juvenile mice might underlie memory and L-LTP impairment. To test this hypothesis, we inhibited 181 

apoptosis selectively in Pvalb neurons before subjecting juvenile mice to anesthesia. We 182 
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conditionally knocked out an apoptosis-mediating protein, mitochondrial-anchored protein ligase 183 

(MAPL, also called MUL1), in Pvalb neurons by crossing Maplfl/fl mice (31) with PvalbCre mice 184 

(MAPL cKOPvalb). MAPL SUMOylates the mitochondrial fission protein GTPase Drp1, which 185 

promotes apoptosis via the stabilization of ER-mitochondria contact sites, mitochondria 186 

fragmentation, and cytochrome c release (32). MAPL protein levels were reduced in Pvalb neurons 187 

in MAPL cKOPvalb mice (Figure 4A), and the ablation occurred postnatally as the expression of Cre 188 

recombinase under the control of the Pvalb promoter starts at the second postnatal week 189 

(Supplemental Figure 4, A and B), as previously reported (33-35). Consistent with the central role 190 

of MAPL in apoptosis (32), MAPL ablation in Pvalb neurons prevented repeated anesthesia-191 

mediated induction of CC3 (PD 17, Figure 4, B and C) and the subsequent loss of Pvalb neurons 192 

(PD 24, Supplemental Figure 4, C and D). Consistent with this result, MAPL ablation also rescued 193 

the repeated anesthesia-induced reduction in the frequency of mIPSC at PD 24 (Supplemental Figure 194 

4E-G).  195 

To determine if prevention of apoptosis in Pvalb neurons could rescue repeated anesthesia-196 

induced memory impairments, we assessed memory formation in control and MAPL cKOPvalb mice. 197 

As expected with short-term anesthesia, a single 2-h exposure of juvenile (PD 15) control mice to 198 

anesthesia did not impair long-term hippocampus-dependent memory in mature (PD 60) mice in 199 

contextual fear conditioning (Supplemental Figure 5A) and novel object location (Supplemental 200 

Figure 5, B and C) tasks. However, repeated exposures to general anesthesia led to deficits in long-201 

term hippocampus-dependent memory, as previously reported (2, 19). Three consecutive 2-h 202 

sessions of general anesthesia at PD 15-17 led to deficits in both contextual fear conditioning and 203 

novel object location tests in PD 60 animals. Freezing behaviour in contextual fear conditioning was 204 

decreased in repeated anesthesia-exposed control (Maplf/f and PvalbCre) male and female mice at 24 205 

h post-training as compared to non-anesthetized animals (experimental design, Figure 4, D and E; 206 
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males, Figure 4F; females, Figure 4G). No change in freezing was observed immediately post-207 

training (Supplemental Figure 5, D and E), suggesting intact memory acquisition. Similarly, object 208 

location memory was impaired in male and female control mice subjected to repeated anesthesia at 209 

PD 15-17 (males, Figure 4H; females, Figure 4I). No differences in total exploration time between 210 

the control and anesthesia-exposed mice were observed (Figure 4J). Remarkably, anesthesia-211 

induced deficits in contextual fear conditioning were rescued in male and female mice lacking 212 

MAPL in Pvalb neurons (MAPL cKOPvalb) (males, Figure 4F; females, Figure 4G). Likewise, 213 

impairments in novel object location memory in anesthesia-exposed animals were rescued in MAPL 214 

cKOPvalb male and female mice (Figure 4, H and I). A comparison between male and female mice 215 

showed no differences between the two sexes in the extent of repeated anesthesia-induced memory 216 

impairment and the rescue effect of MAPL ablation in Pvalb neurons (contextual fear conditioning, 217 

Supplemental Figure 6A; novel object location, Supplemental Figure 6B). To study if the repeated 218 

anesthesia-induced memory impairment persists after the age of two months, we subjected new 219 

cohorts of male and female mice to repeated anesthesia at PD 15-17 and tested their long-term 220 

memory four and a half months later (at the age of five months). We found that memory was 221 

impaired in repeated anesthesia-exposed five-month-old control (Maplf/f and PvalbCre) male and 222 

female animals in both contextual fear conditioning (Supplemental Figure 6C) and novel object 223 

location (Supplemental Figure 6D) tasks. MAPL cKOPvalb were protected from anesthesia-induced 224 

deficits in both sexes (Supplemental Figure 6, C and D, comparison between males and females in 225 

Supplemental Figure 6, E and F). 226 

We also assessed repeated anesthesia-induced memory deficits in mice with deletion of MAPL in 227 

excitatory neurons (Maplf/f Emx1Cre). Anesthesia-exposed Maplf/f Emx1Cre mice (PD 15-17) were not 228 

protected from anesthesia-induced memory defects, as they exhibited impairments in both 229 

contextual fear conditioning (Supplemental Figure 7A) and object location (Supplemental Figure 7, 230 
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B and C) tasks at PD 60. Thus, apoptosis and loss of Pvalb neurons following repeated anesthesia 231 

in juvenile mice substantially contribute to long-lasting memory impairment as selective prevention 232 

of Pvalb neurons apoptosis corrects memory deficits in adulthood. 233 

We next investigated whether inhibition of apoptosis in Pvalb neurons also protects against repeated 234 

anesthesia-induced defects in L-LTP. Field potential recordings in the hippocampal CA1 area 235 

showed that the theta-burst stimulation (TBS)-induced L-LTP was reduced in control eight-week-236 

old mice subjected to repeated general anesthesia at PD 15-17 (Figure 4, K and L). Consistent with 237 

behavioural experiments, L-LTP remained intact in anesthesia-exposed MAPL cKOPvalb animals 238 

(Figure 4, K and L), indicating that these mice are resistant to anesthesia-induced defects in synaptic 239 

plasticity. Collectively, our results demonstrate that blocking Pvalb neuron loss following repeated 240 

anesthesia in postnatal mice rescues anesthesia-induced persistent deficits of pyramidal cell 241 

inhibition and synaptic plasticity, as well as hippocampus-dependent memory. 242 

 243 

Ablation of Pvalb neurons causes long-lasting memory deficits 244 

To further study the role of Pvalb neurons in long-lasting cognitive impairment, we investigated 245 

whether loss of Pvalb neurons in postnatal mice is sufficient to recapitulate persistent memory 246 

deficits observed after repeated anesthesia. To this end, we ablated Pvalb neurons in juvenile mice 247 

by injecting diphtheria toxin (DT) to mice expressing the DT receptor in Pvalb neurons 248 

(iDTR;PvalbCre, Figure 5A). An intracerebroventricular (i.c.v.) injection of increasing doses of DT 249 

at PD 16 caused a dose-dependent ablation of Pvalb neurons in the hippocampus at PD 24 (Figure 250 

5, B and C). To mimic the anesthesia-induced loss of Pvalb neurons, we injected iDTR;PvalbCre 251 

mice (i.c.v.) with 0.8 ng of DT at PD 16, which caused a reduction in the number of Pvalb neurons 252 

in the hippocampus comparable to repeated anesthesia (20.4% reduction, Figure 5C). As controls, 253 

we used iDTR;PvalbCre mice injected with saline or iDTR mice injected with the same dose of DT 254 
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(0.8 ng). Behavioural experiments at PD 60 revealed that mice with partial ablation of Pvalb neurons 255 

exhibit deficits in contextual fear conditioning (24 hours post-training, Figure 5D) and novel object 256 

location (Figure 5E) tests as compared to control animals. No differences in total exploration in the 257 

object location test were observed between the groups (Figure 5F). These results demonstrate that 258 

the loss of Pvalb neurons in juvenile mice is sufficient to cause long-lasting memory deficits. 259 

 260 

Discussion 261 

We identified Pvalb inhibitory interneurons as a vulnerable cell population that undergoes 262 

preferential apoptosis following repeated anesthesia in juvenile mice and showed that loss of Pvalb 263 

neurons engenders long-lasting impairment in synaptic inhibition of pyramidal cells and 264 

hippocampus-dependent memory. 265 

Previous studies have suggested that apoptosis following postnatal repeated anesthesia contributes 266 

to memory deficits in adult animals (1, 3). However, the causal relationships between neural 267 

apoptosis and memory impairment have not been established. Additionally, whether specific 268 

neuronal subpopulations are preferentially affected, and how the loss of only a small fraction of 269 

neurons induces long-lasting cognitive defects, has remained elusive. Our results identify Pvalb 270 

neurons as a neuronal population that is preferentially affected by repeated anesthesia. We show that 271 

the loss of Pvalb neurons is necessary and sufficient to induce persistent hippocampus-dependent 272 

memory deficits. Since each Pvalb neuron regulates the activity of more than a hundred pyramidal 273 

neurons (22), and Pvalb neurons are involved in memory consolidation,  via coordinating and 274 

stabilizing CA1 network dynamics (26) and mediating hippocampal-neocortical interactions 275 

following training (27, 36), our findings provide a plausible explanation as to why the loss of a small 276 

number of neurons after repeated anesthesia results in a robust and persistent memory impairment.  277 
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Previous studies have suggested increased sensitivity of Pvalb neurons to cellular stress, 278 

particularly during the early postnatal period when they undergo maturation and acquire molecular 279 

and phenotypic identity (37). The increased vulnerability of Pvalb as compared to other inhibitory 280 

and excitatory neurons is likely related to their unique fast-spiking activity pattern and innervation 281 

of numerous excitatory neurons by an extensive axonal arbor. These properties impose a high 282 

metabolic demand requiring increased energy production in Pvalb neurons, which have significantly 283 

greater mitochondrial density as compared to other neuronal cell types (38). This metabolic demand 284 

might exhaust the adaptive homeostatic mechanisms under repeated anesthesia conditions which 285 

causes oxidative stress, triggering pro-apoptotic signaling and cell death. An additional reason for 286 

the sensitivity of Pvalb neurons to repeated anesthesia in neonates might be related to the lack of 287 

perineuronal nets (PNNs) around Pvalb neurons at this age. PNNs are extracellular structures formed 288 

around Pvalb neurons during the fourth postnatal week in mice (39). PNNs, which protect Pvalb 289 

neurons from oxidative stress (40, 41), are not yet fully formed around Pvalb neurons during 290 

repeated general anesthesia at PD 15-17, potentially making Pvalb neurons more vulnerable. Future 291 

studies should decipher the molecular mechanisms underlying the increased sensitivity of Pvalb 292 

neurons to repeated anesthesia in neonates and develop strategies rendering Pvalb neurons more 293 

resilient to cellular stress during repeated anesthesia.  294 

The selection of our repeated anesthesia protocol (three consecutive 2h-sessions at PD 15-295 

17) was based on previous studies in animal models mimicking repeated exposure of children to 296 

general anesthesia (18, 19). Mice at PD 15 have been equated to 1-3-year-old children, based on 297 

weaning age and the lifespan (42). This is the age when many repeated procedures under anesthesia 298 

are performed in the pediatric population (43). Since Pvalb neurons mature and acquire their identity 299 

during the second postnatal week in rodents, their investigation during the first postnatal week, 300 

which is a commonly used period in studies of repeated anesthesia in preclinical models, is 301 
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challenging. Exposure of mice to anesthesia at PD 15-17, when a significant portion of Pvalb 302 

neurons have already acquired their identity and express parvalbumin, allowed us to identify Pvalb 303 

neurons as a vulnerable subpopulation to apoptosis. 304 

In this work, we focused on the hippocampus since this brain structure, which is critical for several 305 

types of memory (42, 44), has been shown to exhibit anesthesia-induced apoptosis in different 306 

species (1). Additionally, hippocampus-dependent memory tests allow to establish the causal link 307 

between hippocampal apoptosis and area-specific memory formation. Notably, the increased 308 

apoptosis after repeated anesthesia was found in all hippocampal areas, except the subiculum. It 309 

remains to be determined why the subiculum, which is the primary hippocampal output structure 310 

harboring distinct cellular populations and neuronal circuits (45-47), was not affected. Consistent 311 

with previous studies (48, 49), we found anesthesia-induced apoptosis in the cortex and revealed 312 

preferential apoptosis of cortical Pvalb neurons. Future studies should assess the role of Pvalb 313 

neuron apoptosis in modulating cortical plasticity and examine whether similar mechanisms occur 314 

in other brain regions (1).  315 

Repeated anesthesia in juvenile mice induced long-lasting memory deficits in both sexes. Moreover, 316 

MAPL ablation in Pvalb neurons rescued memory deficits in male and female mice, suggesting 317 

similar underlying mechanisms. Nevertheless, performing molecular analyses in only males is a 318 

limitation of the study, requiring confirmation of our conclusions in female animals. 319 

In this work, we demonstrate a critical role for Pvalb neuron apoptosis in long-lasting hippocampus-320 

dependent memory deficits following anesthesia in young mice. Additional mechanisms, however, 321 

may also contribute to the long-lasting cognitive impairment, including decreased neurogenesis (2) 322 

and dysfunction of non-neuronal cells (50). 323 
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In summary, our work identifies Pvalb neurons as a subpopulation susceptible to apoptosis 324 

during repeated general anesthesia in juvenile mice and shows that loss of Pvalb neurons mediates 325 

memory deficits in adulthood.  326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 
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Methods 348 

Animals and environment 349 

C57BL/6 mice were bred in-house at the McGill University animal facility. To generate mice with 350 

cell-type-specific expression of tdTomato, tdTomato reporter mice (Ai14, The Jackson Laboratory 351 

[JAX], Bar Harbor, ME; stock #007914) were crossed with mice expressing Cre under the GAD2 352 

promoter (GAD2Cre, JAX, stock #010802), somatostatin promoter (SSTCre, JAX, stock #013044), 353 

parvalbumin promoter (PvalbCre, JAX, stock #008069), VIP promoter (VIPCre, JAX, stock #010908), 354 

and Emx1 promoter (Emx1Cre, JAX, stock #005628). To generate MAPL conditional knockout 355 

(cKO) animals, MaplloxP/LoxP mice (Maplf/f, described previously (31)) were crossed with PvalbCre 356 

mouse line to generate Maplf/wt Pvalbcre mice. These mice were bred with each other to generate 357 

experimental Maplf/f PvalbCre cKO mice, control Maplf/f mice, and control Pvalbcre mice. Using the 358 

same breeding strategy, we bred Maplf/f mice with Emx1Cre mice to generate Maplf/f Emx1cre, and 359 

two control groups (Maplf/f and Emx1cre). Cre-inducible diphtheria receptor mice (ROSA26iDTR, 360 

JAX, stock #007900) were crossed with PvalbCre mice to generate iDTR;PvalbCre. All mice were on 361 

C57BL/6J genetic background. Mice were housed in standard shoebox cages (4–5 mice in each 362 

cage) and kept on a 12:12-h light and dark cycle (lights-on at 07:00 h). Food and tap water were 363 

provided ad libitum. Mice were maintained at the McIntyre Medical Building and Goodman Cancer 364 

Research Center (GCRC) in ventilated, temperature, and humidity-controlled rooms. Behavioural 365 

experiments in Figure 4 and Supplemental Figure 6 were conducted on male and female mice, 366 

whereas molecular and electrophysiology experiments and the behavioural experiment in Figure 5 367 

were performed using male animals. Sample sizes were determined based on previous behavioural, 368 

molecular, and electrophysiological data published by our laboratories. In all experiments, animals 369 

were randomly assigned to treatment groups. The experimenter was blinded to the 370 

genotype/condition during data acquisition and analysis in all studies.  371 
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 372 

Anesthesia administration 373 

Repeated general anesthesia was performed during PD 15-17 (3 days in total) for 2 h a day using 374 

1.5% isoflurane (AErrane, Baxter, Canada, in 100% oxygen), which is comparable to pediatric 375 

minimum alveolar concentration (MAC) of 1.8%. The airflow rate was 2 L/min. The animals were 376 

anesthetized in a bottom-heated chamber (8 x 4 x 5 inches), and protective eye gel (Systane 377 

Ointment) was applied at the beginning of each anesthesia session. Animals were turned over every 378 

15 min. The breathing pattern was monitored every 5 minutes for the first 15 min and every 10 min 379 

thereafter. The depth of anesthesia was adjusted accordingly. At the end of the anesthesia session, 380 

mice were allowed to recover in a bottom-heated cage. Respiratory rate (RR), oxygen saturation 381 

(sPO2%), and heart rate (HR) were monitored continuously (MouseOx Plus, Starr Life Sciences 382 

Corp. Oakmont, PA, USA), and data were recorded every 5 min. 383 

 384 

Novel object location  385 

Adult (8-week-old and 5-month-old) male and female mice were used. All experiments were 386 

performed by a researcher blinded to experimental conditions and genotype. Object location 387 

memory testing was run over 6 days. Day one and two comprised a morning and afternoon handling 388 

session (1 minute per mouse in the behavior room). Day three consisted of a 10-min morning 389 

habituation session in an empty arena (arena dimension 60 x 60 x 30 cm). Day four (PD 60) and day 390 

five involved two 10-min training sessions (morning and afternoon) separated by 4 h, with similar 391 

objects placed in the middle between the corners close to the wall (opposite walls for two objects), 392 

for a total of 4 training sessions. Testing (10 min) was performed in the afternoon of day six (24 393 

hours after the last training session), where one object was randomly moved to a corner of the arena. 394 

The mice were recorded with a video camera. The discrimination ratio was calculated as time spent 395 
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exploring the moved object over the total time exploring both objects. Mice exploring less than ten 396 

seconds were excluded. 397 

 398 

Contextual fear conditioning  399 

Adult (8-week-old and 5-month-old) male and female mice were used. Contextual fear conditioning 400 

was performed on the mice (PD 63 and PD five months) that underwent the novel object location 401 

test previously. The training protocol consisted of a 2-min period of context exploration, followed 402 

by two 1-s 0.6 mA foot shocks separated by 60 s. The mice were returned to their home cage 1 min 403 

after the second foot shock. The mice were tested for contextual fear memory by placing them 24 h 404 

later in the training chamber for 3 min. The incidence of freezing was scored in 5-s intervals as either 405 

“freezing” or “not freezing”. Percent of freezing indicates the number of intervals in which freezing 406 

was observed divided by the total number of 5-s intervals. 407 

 408 

Field potential recordings  409 

Male mice (8-week-old) were anesthetized with isoflurane, and the brain was rapidly removed and 410 

placed in ice-cold oxygenated artificial cerebrospinal fluid (aCSF) containing 124 mM NaCl, 2.5 411 

mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 2.5 mM CaCl2, 26 mM NaHCO3 and 10 mM 412 

glucose. Transverse hippocampal slices (400 μm), prepared using a Leica VT1200S Vibratome, 413 

were allowed to recover submerged for at least 2 h at 32 °C in oxygenated aCSF and for additional 414 

30 min in a recording chamber at 27-28 °C while perfused with aCSF. 415 

Field extracellular postsynaptic potentials (fEPSPs) were recorded in the CA1 stratum radiatum 416 

with glass electrodes (2-3 MΩ) filled with aCSF. Schaffer collateral fEPSPs were evoked by 417 

stimulation with a concentric bipolar tungsten electrode placed in the mid-stratum radiatum 418 

proximal to the CA3 region. Baseline stimulation was applied at 0.033 Hz by delivering 0.1-ms 419 



18 
 

pulses, with intensity adjusted to evoke 35% of maximal fEPSPs. Theta-burst stimulation (TBS) 420 

consisted of fifteen bursts of four pulses at 100 Hz separated by 200-ms intervals. The experiments 421 

were performed by researcher blinded to the experimental condition and genotype.  422 

 423 

Whole cell patch-clamp recording  424 

Male mice were anesthetized by quick exposure to isoflurane, and coronal hippocampal slices (300 425 

μm) were cut using a Vibratome (Leica 2100S) in an ice-cold solution containing (in mM): 75 426 

sucrose, 87 NaCl, 2.5 NaH2PO4, 1.25 MgSO4, 0.5 CaCl2, 25 glucose, and 25 NaHCO3. Slices were 427 

transferred to aCSF containing (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 2 MgCl2, 428 

2 CaCl2, and 12.5 glucose. Whole-cell recordings were obtained from CA1 pyramidal neurons using 429 

patch pipettes (borosilicate glass capillaries; 3–5 MΩ). The intracellular solution to record miniature 430 

excitatory postsynaptic currents (mEPSCs), contained (in mM): 120 CsMeSO4, 5 CsCl, 2 MgCl2, 431 

10 HEPES, 0.5 EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid), 2 QX-432 

314, 10 Na2-Phosphocreatine, 2 ATP-tris, and 0.4 GTP-tris. Tetrodotoxin (TTX, 1 μM, Abcam) and 433 

Gabazine (5 μM, Tocris) were added to the extracellular fluid. To record miniature inhibitory 434 

postsynaptic currents (mIPSCs), the intracellular solution contained (in mM): 135 CsCl, 10 HEPES, 435 

2 QX-314, 2 MgCl2, and 4 MgATP. Tetrodotoxin (TTX, 1 μM), D-APV (50 μM, Abcam), and 436 

DNQX (5 μM, Abcam) were added to the extracellular fluid. Slices were placed in a recording 437 

chamber at 28-30°C, and mEPSCs and mIPSCs were obtained in voltage-clamp mode using a 438 

Multiclamp 700A amplifier (Molecular Devices) at -70 mV and detected by pClamp 10 software 439 

(Molecular Devices).   440 

Series resistance was routinely monitored. Recorded signals were low-pass-filtered at 2 kHz, 441 

digitized at 20 kHz. Data were included only if the holding current was stable or if series resistance 442 

varied less than 25% of the initial value. 443 
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 444 

Diphtheria toxin administration  445 

Diphtheria toxin (Sigma, D0564) was administered via freehand i.c.v. injection (0.4 µl per ventricle 446 

at 1 ng/µL) as previously described (51, 52). Postnatal day 16 pups were anesthetized with 2% 447 

isoflurane for 3 minutes and placed in a sternal recumbent position. Using standard aseptic 448 

technique, a Hamilton 1701RN 10 µL syringe was fitted with a 2-inch 26-gauge needle. Stiff tubing 449 

was placed to expose 2.5 mm of the needle, from the bevel tip, in order to standardize injection 450 

depth. The location of the ventricles was identified by drawing a point midline between the anterior 451 

base of the ears and feeling for the bregma with the needle tip. The needle was inserted at a 45-452 

degree angle 2 mm below and 2 mm lateral to bregma, and 0.4 µl of the diphtheria toxin solution 453 

was injected slowly to each ventricle. 454 

 455 

AAV injection 456 

Adeno-associated virus (AAV-hSyn-flex-mRuby2-syp-eGFP, produced by the Canadian 457 

Neurophotonics Platform Viral Vector Core Facility (RRID:SCR_016477)) was injected i.c.v. to 458 

postnatal day 4 Pvalbcre mice via freehand technique as described previously (53). Postnatal day 4 459 

pups underwent hypothermia-induced anesthesia, as follows: a flat aluminum plate on top of the ice 460 

was used as the injection surface, and a dry task wipe was placed to protect neonatal skin, pups were 461 

then placed on the surface for 3 minutes until fully anesthetized. Lambda and bregma sutures are 462 

visible and serve as landmarks for freehand i.c.v. injection. The injection site (approximately 2/5 463 

distance between lambda suture and the eye) was marked with a laboratory pen. A Hamilton 464 

1701RN 10 µL syringe fitted with a 2-inch 26-gauge needle filled with AAV was inserted at a depth 465 

of 2.5 mm and 1 µL of the virus was slowly injected into each ventricle. The pups were allowed to 466 

recover on a warming pad. 467 



20 
 

 468 

Immunohistochemistry and image analysis 469 

Mice were sacrificed by intracardiac perfusion with 4% paraformaldehyde at pre-determined time 470 

points (PD 14, 17, 24, or 60). Brains from mice at PD 0 and 7 were fixed without cardiac perfusion 471 

(drop-fix into 4% paraformaldehyde). The brains were post-fixed at 4 °C and 50 µm-thick sequential 472 

coronal sections were taken from the beginning to the end of the dorsal hippocampus using a Leica 473 

VT1200S Vibratome. Three sequential hippocampal sections, 200 µm apart, from both dorsal 474 

hippocampi per mouse were used for immunohistochemistry. Sections were washed three times for 475 

5 min with 0.2% Triton X-100 in PBS, in a shaker. Sections were permeabilized and blocked with 476 

10% goat serum in PBS Triton-X 0.2% (PBST) for 1 h, then, incubated with the primary CC3 477 

antibody (1:100 in PBST, STJ 97448), primary Pvalb antibody (1:500 in 5% goat serum in PBST, 478 

Synaptic Systems 195 004), primary VGAT antibody (1:1,000 in 5% goat serum in PBST, Synaptic 479 

Systems 131 002), primary VGLUT1 antibody (1:500 in 5% goat serum in PBST, Millipore 480 

AB5905), and primary MAPL/MUL1 antibody (1:50 in 5% goat serum in PBST, Sigma 481 

HPA017681) at 4 °C overnight, washed three times in PBS and incubated with the secondary 482 

antibody (Alexa Fluor 488, Alexa Fluor 568, or Alexa Fluor 647, 1:500 in PBS, Thermo Fisher 483 

Scientific) for 2 h. Sections were washed once with PBST, then PBS alone, and lastly with PBS and 484 

DAPI at a 1:5000 dilution in PBS. The sections were mounted on microscope coverslips using 485 

Invitrogen ProLong™ Gold antifade reagent (Thermo Fischer Scientific) and images were acquired 486 

with a Zeiss epi-fluorescence microscope equipped with Apotome using a 20x objective. Synapse 487 

images were acquired with Airyscan microscopy using a Zeiss 63X/1.40 Oil DIC f/ELYRA 488 

objective and the Airyscan super-resolution (SR) module with a 32-channel hexagonal array GaAsP 489 

detector on LSM880 (Zeiss). The number of CC3-positive cells or neuronal marker (GAD2, Pvalb, 490 

SST, VIP, EMX1)-positive cells per section was counted and averaged between both dorsal 491 
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hippocampi (left and right, all hippocampal areas). Three sections per mouse were analyzed for 492 

CC3-positive cells or neuronal marker-positive cells by a researcher blinded to the experimental 493 

condition or genotype, and the sum of positive cells in three sections was calculated and presented. 494 

To count synaptic puncta using ImageJ (NIH), all images were converted to 8-bit and threshold 495 

levels were standardized for all sections. Quantification was performed in the same region of interest 496 

(ROI, 2,800 μm2) for all sections. For each hippocampus, three measurements of synaptic puncta 497 

were taken for every area of interest (stratum oriens, stratum pyramidale, and stratum radiatum) 498 

and the average reported. 499 

 500 

Statistical analyses 501 

All results are expressed as mean ± SEM. All statistical tests (GraphPad Prism 7.03) were performed 502 

using Student’s two-tailed t-test, one-way or two-way ANOVA, as appropriate, followed by 503 

between-group comparisons using Tukey’s post hoc test, with α = 0.05 as the significance criteria. 504 

Significance thresholds are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 505 

 506 

Study approval 507 

All procedures complied with the Canadian Council on Animal Care guidelines and were approved 508 

by the McGill University’s downtown Animal Care Committee. 509 
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 718 
Figure 1. Parvalbumin-positive interneurons undergo preferential apoptosis and cell death 719 
after repeated general anesthesia in juveniles. 720 
(A) Experimental design (2-h isoflurane anesthesia at postnatal days 15-17). (B) Immunostaining 721 
for the apoptotic marker CC3 reveals that repeated anesthesia in juvenile mice increases the number 722 
of CC3+ cells in the hippocampus. Brains were PFA-fixed one hour after the last anesthesia session 723 
on PD 17. Each circle marks a CC3+ cell. Bottom images show higher magnification of the area 724 
marked by a rectangle in the top low-magnification image. Scale bar: top, 200 µm; bottom, 100 µm. 725 
(Right) Quantification of CC3+ cells in the hippocampus. Each data point represents an individual 726 
male animal (Control (n = 6) versus Anesthesia (n = 7), t = 6.633, p < 0.0001). (C) Single two-hour-727 
exposure to isoflurane anesthesia does not increase the number of CC3+ cells (Control (n = 3) versus 728 
Anesthesia (n = 3), t = 0.2102, p = 0.84). (D) Repeated anesthesia preferentially increases CC3 in 729 
GAD2+ neurons in tdTomatoGAD2 male mice. Shown total number of hippocampal CC3+ neurons 730 
(E, Control (n = 3) versus Anesthesia (n = 4), t = 6.774, p = 0.001), number of neurons co-localized 731 
with tdTomatoGAD2 (F, Control (n = 3) versus Anesthesia (n = 4), t = 6.569, p = 0.012) and number 732 
of neurons showing no co-localization with tdTomatoGAD2 (G, Control (n = 3) versus Anesthesia (n 733 
= 4), t = 3.264, p = 0.0224). 93% of all CC3+ hippocampal neurons are inhibitory (GAD2+) neurons 734 
(H). (I) Repeated anesthesia induces CC3 upregulation in a significant fraction of Pvalb neurons in 735 
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tdTomatoPvalb male mice. Shown total number of hippocampal Pvalb CC3+ neurons (J, Control (n=3) 736 
versus Anesthesia (n = 3), t = 4.786, p = 0.0087) and percentage of Pvalb neurons with CC3 (K, 737 
Control (n=3) versus Anesthesia (n = 3), t = 5.163, p = 0.0067). (L) Repeated anesthesia induces 738 
CC3 upregulation in SST neurons in tdTomatoSST male mice. Shown total number of hippocampal 739 
SST CC3+ neurons (M, Control (n = 3) versus Anesthesia (n = 4), t = 4.444, p = 0.0067) and percent 740 
of SST neurons with CC3 (N, Control (n = 3) versus Anesthesia (n = 4), t = 4.776, p = 0.005). 741 
Reduced number of Pvalb neurons in the hippocampus of tdTomatoPvalb male mice at day 7 (O) and 742 
day 43 (P) post-repeated anesthesia (O, day 7, Control (n=4) versus Anesthesia (n = 4), t = 4.085, p 743 
= 0.0065; P, day 43, Control (n = 4) versus Anesthesia (n = 4), t = 2.821, p = 0.0303). Scale bar for 744 
B-P, 100 µm. Statistics are based on unpaired 2-tailed t-test in all panels. Each data point represents 745 
individual male animal. All data are presented as mean ± s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001, 746 
****p < 0.0001; ns, not significant.  747 
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 783 
 784 
Figure 2. No change in the number of excitatory and somatostatin neurons after repeated 785 
general anesthesia. 786 
Male mice expressing tdTomato in excitatory neurons (A-C, tdTomatoEmx1) and SST neurons (D-F, 787 
tdTomatoSST) were subjected to repeated isoflurane anesthesia at PD 15 – 17 (2 hours a day for 3 788 
consecutive days) and brains were fixed 7 days after the last anesthesia session (PD 24). Images of 789 
tdTomato in each condition are shown. The number of tdTomato-positive cells per 4,000 µm2 in 790 
CA1 is presented for tdTomatoEmx1 (C, Control (n = 3) versus Anesthesia (n = 4), t = 1.03, p = 0.35) 791 
and per hippocampus (E, Control (n = 4) versus Anesthesia (n = 5), t = 1.38, p = 0.2) and dentate 792 
gyrus (F, Control (n = 4) versus Anesthesia (n = 5), t = 0.66, p = 0.52) for tdTomatoSST. Statistics 793 
are based on unpaired 2-tailed t-test in all panels. Each data point represents individual male animal. 794 
All data are presented as mean ± s.e.m.; ns, not significant. Scale bar: A, D - 100 µm, B - 50 µm. 795 
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 809 
Figure 3. Repeated general anesthesia in juvenile mice reduces synaptic inhibition of 810 
hippocampal pyramidal neurons. 811 
(A) Synaptic contacts between Pvalb interneurons and pyramidal neurons in CA1 hippocampal area 812 
at PD 24 were labeled by injecting PvalbCre mice (i.c.v., PD 4) with AAV-hSyn-flex-mRuby2-syp-813 
eGFP. The eGFP puncta colocalized with staining for VGAT, conforming the labeling of inhibitory 814 
synaptic terminals. Scale bar, 5 µm. (B) The number of parvalbumin inhibitory synaptic terminals 815 
(PvalbCre mice injected with AAV-hSyn-flex-mRuby2-syp-eGFP i.c.v. at PD 4) was significantly 816 
reduced at PD 24 in stratum pyramidale in male mice subjected to repeated anesthesia at PD 15-17 817 
as assessed by the number of eGFP puncta (C, Control = 4 mice, Anesthesia = 5 mice, t(7) = 3.44, 818 
p = 0.01, unpaired 2-tailed t-test). Scale bar, 30 µm. (D) Representative traces of miniature inhibitory 819 
postsynaptic currents (mIPSC) recorded from CA1 pyramidal neurons at PD 24 in male control mice 820 
and mice subjected to repeated general anesthesia at PD 15-17. The frequency of mIPSC was 821 
decreased in mice subjected to repeated anesthesia (E, Control (n = 21 cells from 9 mice) versus 822 
Anesthesia (n = 23 cells from 8 mice), t(42) = 2.569, p = 0.0138, nested t test), whereas the mIPSC 823 
amplitude remained unchanged (F, Control versus Anesthesia, t(15) = 1.653, p = 0.1191, nested t 824 
test). (G) Recording of mIPSC in male mice 43 days post-repeated anesthesia (PD 60) revealed 825 
decreased mIPSC frequency (H, Control (n = 17 cells from 8 mice) versus Anesthesia (n = 19 cells 826 
from 8 mice), t(34) = 2.713, p = 0.01, nested t test) but increased mIPSC amplitude (I, Control versus 827 
Anesthesia, t(14) = 2.562, p = 0.023, nested t test). (J) Recording of miniature excitatory 828 
postsynaptic currents (mEPSC) at PD 24 showed that repeated anesthesia at PD 15-17 does not 829 
change mEPSC frequency (K, Control (24 cells from 8 mice) versus Anesthesia (21 cells from 8 830 
mice), t(43) = 0.941, p = 0.35, nested t test) or amplitude (L, t(43) = 0.008, p = 0.99, nested t test). 831 
Each data point in E-L represents individual cell. All data are presented as mean ± s.e.m. *p < 0.05; 832 
ns, not significant.  833 
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 835 
Figure 4. Blocking apoptosis in parvalbumin neurons rescues repeated anesthesia-induced 836 
memory deficits in adulthood. 837 
(A) Immunostaining of hippocampal sections shows a significant reduction of MAPL protein levels 838 
in Pvalb neurons in MAPL cKOPvalb mice. (Right), Quantification of MAPL levels in Pvalb neurons 839 
(PvalbCre versus MAPL cKOPvalb, t = 7.421, p = 0.0001). (B) Repeated anesthesia in juvenile mice 840 
increases the number of Pvalb CC3+ cells one hour after the last anesthesia session in PvalbCre but 841 
not MAPL cKOPvalb mice (C, PvalbCre: Control (n = 3 mice) versus Anesthesia (n = 3 mice), q(9) = 842 
8.122, p = 0.0013; MAPL cKOPvalb mice: Control (n = 4 mice) versus Anesthesia (n = 3 mice), q(9) 843 
= 1.868, p = 0.57, statistics are based on one-way ANOVA followed by Tukey’s post-hoc 844 
comparison). Pvalb neurons were identified using IHC. Timeline of behavioural experiments (D) 845 
and schematic illustration of contextual fear conditioning (E). Long-term (24h post-training) 846 
contextual fear memory was assessed in two control groups (Maplf/f and PvalbCre) and Maplf/f 847 
PvalbCre mice in males (F) and females (G). Whereas freezing behaviour was reduced in control 848 
mice exposed to repeated anesthesia at PD 15-17, there was no change in Maplf/f PvalbCre mice 849 
(males: Maplf/f, control (n = 11) versus anesthesia (n = 9), q(53) = 6.102, p = 0.0009;  PvalbCre, 850 
control (n = 10) versus anesthesia (n = 8), q(53) = 5.13, p = 0.008, Maplf/f PvalbCre, control (n = 9) 851 
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versus anesthesia (n = 12), q(53) = 0.3042, p > 0.999; Maplf/f, anesthesia versus Maplf/f PvalbCre, 852 
anesthesia, q(53) = 5.472, p = 0.0009; PvalbCre, anesthesia versus Maplf/f PvalbCre, anesthesia, q(53) 853 
= 6.125, p = 0.0039; females, Maplf/f, control (n = 7) versus anesthesia (n = 8), q(48) = 5.694, p = 854 
0.0026; PvalbCre, control (n = 10) versus anesthesia (n = 10), q(48) = 6.027, p = 0.0013, Maplf/f 855 
PvalbCre, control (n = 8) versus anesthesia (n = 11), q(48) = 0.6883, p = 0.9964; Maplf/f, anesthesia 856 
versus Maplf/f PvalbCre, anesthesia, q(48) = 7.14, p < 0.0001; PvalbCre, anesthesia versus Maplf/f 857 
PvalbCre, anesthesia, q(48) = 5.97, p = 0.0014, statistics are based on two-way ANOVA followed by 858 
Tukey’s post-hoc comparison). Spatial memory in two control groups (Maplf/f and PvalbCre) and 859 
Maplf/f PvalbCre mice was assessed in novel object location test. Whereas object location memory 860 
was impaired in control mice exposed to repeated anesthesia at PD 15-17, there was no deficits in 861 
this test in Maplf/f PvalbCre mice in males (H) and females (I) (males: Maplf/f, control (n = 11) versus 862 
anesthesia (n = 8), q(51) = 8.791, p < 0.0001;  PvalbCre, control (n = 10) versus anesthesia (n = 8), 863 
q(51) = 5.361, p = 0.005, Maplf/f PvalbCre, control (n = 8) versus anesthesia (n = 12), q(51) = 0.8372, 864 
p = 0.9911; Maplf/f, anesthesia versus Maplf/f PvalbCre, anesthesia, q(51) = 8.965, p < 0.0001; 865 
PvalbCre, anesthesia versus Maplf/f PvalbCre, anesthesia, q(51) = 7.18, p < 0.0001; females: Maplf/f, 866 
control (n = 6) versus anesthesia (n = 7), q(45) = 7.463, p < 0.0001;  PvalbCre, control (n = 10) versus 867 
anesthesia (n = 10), q(45) = 5.288, p = 0.0065, Maplf/f PvalbCre, control (n = 7) versus anesthesia (n 868 
= 11), q(45) = 1.115, p = 0.9681; Maplf/f, anesthesia versus Maplf/f PvalbCre, anesthesia, q(45) = 6.31, 869 
p = 0.0007; PvalbCre, anesthesia versus Maplf/f PvalbCre, anesthesia, q(45) = 4.6, p < 0.028, statistics 870 
are based on two-way ANOVA followed by Tukey’s post-hoc comparison). (J) All experimental 871 
groups show equal total exploration time (p > 0.05). (K) Recording of field excitatory postsynaptic 872 
potential (fEPSP) in hippocampal CA1 area following theta-burst stimulation (TBS) shows impaired 873 
late phase of long-term potentiation (L-LTP) in PvalbCre mice subjected to repeated anesthesia at 874 
PD 15-17, but not in MAPL cKOPvalb mice. Insets show representative traces from all conditions. 875 
Traces in grey represent baseline recording, whereas traces in black depict recording at 3 h post-876 
TBS. (L) quantification of mean potentiation 170 - 180 minutes post TBS (PvalbCre: control (n = 8 877 
mice) versus anesthesia (n = 9 mice), q(30) = 5.013, p = 0.0068; MAPL cKOPvalb: control (n = 9 878 
mice) versus anesthesia (n = 8 mice), q(30) = 0.6065, p = 0.9731; PvalbCre anesthesia versus MAPL 879 
cKOPvalb anesthesia, q(30) = 5.324, p = 0.0038, statistics are based on one-way ANOVA followed 880 
by Tukey’s post-hoc comparison). Scale bar, 10 µm. Each data point represents individual animal, 881 
if not indicated otherwise. All data are presented as mean ± s.e.m. *p < 0.05, **p < 0.01, ***p < 882 
0.001, ****p < 0.0001; ns, not significant. Scale bar, 100 µm.  883 
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 898 
Figure 5. Ablation of parvalbumin neurons in juvenile mice causes persistent memory deficits. 899 
(A) Male mice expressing diphtheria toxin receptor in Pvalb neurons (iDTRf/f PvalbCre) were injected 900 
intracerebroventricularly (i.c.v.) with increasing doses of the diphtheria toxin at PD 16. (B) 901 
Immunohistochemistry against parvalbumin reveals a dose-dependent decrease in the number of 902 
hippocampal Pvalb neurons in diphtheria toxin-injected mice (C, Saline (n = 5 mice) versus 0.8 ng 903 
DT (n = 5 mice), q(10) = 4.397, p = 0.0273; Saline versus 2 ng DT (n = 3 mice), q(10) = 9.751, p = 904 
0.0066, statistics are based on one-way ANOVA followed by Tukey’s post-hoc comparison). Scale 905 
bar, left 200 µm, right 100 µm. (D) Contextual fear conditioning (24 post-training) shows reduced 906 
freezing behaviour in mice with ablation of Pvalb neurons as compared to mice in two control groups 907 
(iDTRf/f PvalbCre + saline (n = 9) versus iDTRf/f PvalbCre + 0.8 ng DT (n = 13), q(32) = 4.435, p = 908 
0.01; iDTRf/f + 0.8 ng DT (n = 13) versus iDTRf/f PvalbCre + 0.8 ng DT (n = 13), q(32) = 4.295, p = 909 
0.0128, statistics are based on one-way ANOVA followed by Tukey’s post-hoc comparison). (E) 910 
Object location memory (24 hours post-training) was impaired in mice with partial ablation of Pvalb 911 
neurons but not in mice in control groups (iDTRf/f PvalbCre + saline (n = 9) versus iDTRf/f PvalbCre 912 
+ 0.8 ng DT (n = 13), q(30) = 7.39, p < 0.001; iDTRf/f + 0.8 ng DT (n = 11) versus iDTRf/f PvalbCre 913 
+ 0.8 ng DT (n = 13), q(30) = 9.001, p < 0.001, statistics are based on one-way ANOVA followed 914 
by Tukey’s post-hoc comparison). (F) All three groups show equal total exploration (p > 0.05). Scale 915 
bar, 10 µm. Each data point represents individual animal. All data are presented as mean ± s.e.m. *p 916 
< 0.05, **p < 0.01, ****p < 0.0001; ns, not significant. 917 
 918 
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