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28 Abstract

29 Cognitive deficits, a characteristic feature of neuropsychiatric disorders, reflect perturbed 
30 activity in neuronal networks. Increasing evidence has linked neuroinflammation to impaired 
31 neuronal activity and resulting cognitive dysfunction, yet the underlying cellular mechanisms 
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32 and developmental dynamics remain largely unclear. Here, we address this knowledge gap by 
33 investigating the Df(16)A mouse model of human 22q11.2 microdeletions, a prevalent 
34 chromosomal abnormality associated with an increased incidence of neuropsychiatric disorders. 
35 During early postnatal development, Df(16)A+/- mice show an imbalance of inflammatory 
36 signaling markers accompanied by increased microglial density in the superficial layers of the 
37 prefrontal cortex. Consequently, spine densities of pyramidal neurons were decreased, resulting 
38 in disrupted patterns of prefrontal neuronal activity during development and poor performance 
39 in a set-shifting task at juvenile age. Early treatment with minocycline, an anti-inflammatory 
40 drug, lastingly rescued these deficits in Df(16)A+/- mice, rebalancing signaling cascades and 
41 restoring neural activity as well as cognitive performance. These findings identify the early 
42 rebalancing of inflammatory signaling cascades as a promising therapeutic strategy for 
43 mitigating pathophysiological trajectories associated with the 22q11.2 deletion syndrome.
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44 1. Introduction

45 Hemizygous microdeletions at the 22q11.2 locus are among the most common chromosomal 
46 abnormalities in the population (1). They predominantly occur de novo, although heritability 
47 has been reported (2). 22q11.2 microdeletions are associated with a broad spectrum of 
48 multisystemic pathophysiological features, including increased incidence of neuropsychiatric 
49 pathologies such as schizophrenia, autism spectrum disorder, and attention deficit hyperactivity 
50 disorder (3–8). This marked complexity and variability of clinical manifestations for the 
51 22q11.2 deletion syndrome (22q11.2ds) has hindered identification of the underlying 
52 pathophysiological mechanisms and, ultimately, of potential therapeutic approaches (9).

53 In recent years, increasing evidence highlighted the contribution of neuroinflammation (10–13) 
54 and especially of microglial activity (14,15) to neuropsychiatric disorders. Microglia, the 
55 resident macrophages of the brain, continuously monitor their surrounding tissue and react to 
56 the presence of signaling molecules by altering their morphology, transcriptional profiles, and 
57 cytokine release (16). A major function of microglia is the shaping of synaptic landscapes in 
58 the developing brain by pruning synapses in an experience-dependent manner (17,18). While 
59 the etiology of 22q11.2ds does not bear an obvious inflammatory component, increased 
60 presence of inflammatory markers and complement components, which are involved in 
61 specifically tagging synapses for microglia-mediated pruning, has been reported for samples 
62 from patients of this syndrome (13,19). Notably, a marked reduction of dendritic spines and 
63 dendritic complexity of excitatory neurons, especially in the prefrontal cortex (PFC) (20–27), 
64 has been reported in patients and mouse models of several neuropsychiatric disorders. The PFC 
65 is a hub of neuronal networks and it is essential for higher-order cognitive functions, which are 
66 frequently impaired in neuropsychiatric disorders (28,29). Prefrontal activity and connectivity 
67 patterns are disrupted in prodromal patients of schizophrenia (30) as well as in mouse models 
68 of neuropsychiatric disorders (20,21,31), long before the onset of symptoms. When compared 
69 to other cortical areas, the PFC shows protracted development (32–34) with pyramidal neurons 
70 of superficial layers being among the last in the brain to fully mature (35). However, as a 
71 consequence of this prolonged high plasticity, time windows of increased vulnerability might 
72 also be extended for the PFC. In support of this hypothesis, it has been reported that interfering 
73 with prefrontal development during specific time windows of early and late development has 
74 long-lasting effects on cognitive abilities, specifically as a result of layer 2/3 (L2/3) pyramidal 
75 neuron dysfunction (20,36–40). As of yet, the basis of this apparent link between early 
76 prefrontal disruption and symptoms of neuropsychiatric disease, such as cognitive impairments 
77 later in life, remains unclear.

78 Here, we propose that (i) neuroinflammatory processes in the PFC during development are 
79 critical pathophysiological features of the 22q11.2ds and (ii) early recovery of imbalanced 
80 neuroinflammatory signaling cascades rescues these pathophysiological trajectories. To test 
81 these hypotheses, we investigate the Df(16)A mouse model, which bears a hemizygous deletion 
82 syntenic to the 1.5 Mb critical region of 22q11.2 microdeletions in humans (41,42). This mouse 
83 model largely recapitulates the phenotypic characteristics of the human syndrome, including 
84 cognitive deficits and altered neuronal network activity (42,43). Previously, we identified time 
85 windows of high plasticity and profound reorganization of prefrontal circuitry as well as of high 
86 vulnerability during early (i.e. postnatal day (P) 8-11) and late (i.e. P28-37) development in 
87 wildtype mice (20,36,37,40). Therefore, we will focus on these developmental time windows 
88 when assessing the effect of neuroinflammation on prefrontal activity. We show increased 
89 density of microglia with altered morphology, accompanied by an imbalance of pro-
90 inflammatory and neuroprotective signaling markers in the PFC of Df(16)A+/- mice. This 
91 observed shift towards neuroinflammation was present throughout development, yet 
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92 particularly prominent during the second postnatal week. Specifically, we identify C1q, a 
93 component of the classical complement pathway of microglia signaling, as a potential marker 
94 for the pathophysiological trajectory in Df(16)A mice. Early treatment with minocycline, an 
95 anti-inflammatory agent, rescues the observed imbalance as well as the concurrent reduction of 
96 dendritic spines on prefrontal L2/3 pyramidal neurons and the disruption of neuronal activity. 
97 Most notably, functional rescue induced by early minocycline treatment persists until late 
98 development and is accompanied by a recovery of PFC-dependent cognitive performance of 
99 adolescent mice. 

100 2. Results
101 2.1. Early perturbations of innate behaviors in Df(16)A+/- mice

102 While several studies have characterized functional, neuroanatomical, and behavioral deficits 
103 of adult Df(16)A+/- mice and similar mouse models of neuropsychiatric disorders (22,26,27,42–
104 44), the developmental profiles of these deficits remain largely unknown. To assess whether 
105 Df(16)A+/- mice show altered developmental trajectories, we first examined a set of early 
106 behavioral readouts: developmental milestones (auditory startle reflex, eye opening, vibrissa 
107 placement), early reflexes (bar holding, righting reflex), and innate behaviors (ultrasonic 
108 vocalizations (USVs)). During neonatal development (P5-12), Df(16)A+/- (from here on referred 
109 to as Df16)) and wildtype (referred to as Wt) pups showed similar body weight increase (Figure 
110 S1A) and early reflexes (Figure S1B,C). Analysis of developmental milestones revealed that 
111 solely the auditory startle was significantly delayed in Df16 mice (p=0.0068), whereas other 
112 features, such as eye opening or vibrissa placement, were comparable for Df16 and Wt mice 
113 (Figure S1D-F). Furthermore, we assessed isolation-induced USVs in P5-12 Df16 and Wt mice 
114 (Figure 1A-D, Figure S1G). USV call rates and call complexity follow distinct trajectories 
115 during the first two postnatal weeks. In contrast, altered USV dynamics have been identified in 
116 several mouse models of neurodevelopmental disorders (45,46). In line with these reports, the 
117 call rate of Df16 mice was reduced and peaked earlier (P7) when compared to Wt mice (peak 
118 at around P8; Figure 1B). Moreover, calls of Df16 mice showed reduced duration and 
119 complexity as well as altered proportions of call types (i.e. single frequency, frequency jump, 
120 and multiple steps calls) with a tendency towards simpler calls when compared to those of Wt 
121 mice (Figure 1C,D, Figure S1G). These results show that Df16 mice have early behavioral 
122 deficits when compared to Wt.

123 2.2. Altered microglial density and morphology in Df(16)A+/- mice during early 
124 development 

125 Next, we monitored microglial characteristics along development by assessing the density and 
126 morphology of microglia in the PFC of Df16 and Wt mice (Figure 1E-H). We focused our 
127 analysis on the superficial layers (i.e. mainly layer 2/3) of the PFC (PFCSUP) on the basis of 
128 their reported vulnerability to dysfunction in neuropsychiatric disorders (47). We found that 
129 microglia density increased from P4 to P12 in both groups, but this increase was more 
130 prominent in Df16 mice (e.g. at P8 (p=0.0073) and at P12 (p=0.00034)) when compared to Wt 
131 mice (Figure 1F). Additionally, at P12, microglia showed profound morphological alterations 
132 in Df16 mice, such as increased cell perimeter (p=3.69x10-6; Figure 1G), reduced cell 
133 eccentricity (p=0.0046; Figure 1G), increased cell spread (p=1.82x10-7; Figure S2D), and 
134 increased cell area (p=2.7x10-8; Figure S2E). These results indicate altered inflammatory states 
135 and, potentially, differences in microglial signaling in the PFC of neonatal Df16 mice. 

136 2.3. Altered inflammatory signaling in Df(16)A+/- mice and its rescue by minocycline 
137 treatment during early development 
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138 Abnormal features of microglia might indicate altered neuroinflammatory states in the PFC of 
139 Df16 mice. To test this hypothesis, we quantified the expression of pro-inflammatory (i.e. tumor 
140 necrosis factor α (TNFα), complement 3 (C3), and complement 1q (C1q)) and neuroprotective 
141 (i.e. cluster of differentiation 47 (CD47)) markers as punctae in the PFCSUP of Wt and Df16 
142 mice (Figure 2A,B). In Wt PFCSUP, these markers show an overall punctate expression (Figure 
143 2A), largely colocalizing with synapses (Figure S2R), while only a small number of punctae 
144 are found within microglia or astrocytes (Figure S2Q,S). In the PFCSUP of Df16, punctate 
145 expression of markers was maintained (Figure 2B), yet we observed an overall shift towards 
146 increased expression of pro-inflammatory markers at both RNA and protein levels (Figure 2D, 
147 Figure S2F-J). Specifically, punctae density for the pro-inflammatory markers TNFα 
148 (p=7.08x10-7), C3 (p=4.8x10-4), and C1q (p=8.94x10-4) were increased, while expression of the 
149 neuroprotective marker CD47 was reduced (p=0.0104; Figure 2D). Additionally, we observed 
150 a distinct expression pattern for C1q, a component of the classical complement pathway that is 
151 involved in the tagging of synapses for microglial pruning (48,49). Overall C1q punctae density 
152 increase in PFCSUP was accompanied by strong clustering of C1q in microglia of P12 Df16 
153 mice that was not detected in age-matched Wt mice (p=1.56x10-7; Figure 2E). This increased 
154 C1q accumulation in prefrontal microglia was detected in all investigated Df16 mice throughout 
155 early development and was largely concentrated in microglial lysosomes (Figure S2T). 

156 Altered microglial reactivity might lead to excessive synaptic pruning. Accordingly, we tested 
157 the hypothesis that the observed shift in neuroinflammatory signaling during early development 
158 might affect spine densities of prefrontal pyramidal neurons, as has been previously reported 
159 for other models of neuropsychiatric disorders (20,50–52). We injected a viral vector 
160 (rAAV9_mCaMK2-eGFP-WPRE) into the PFC of P1 Wt and Df16 mice and quantified spine 
161 densities of eGFP-labeled L2/3 pyramidal neurons at P12 (Figure 2F). We detected a significant 
162 reduction of spine densities on dendrites of L2/3 pyramidal neurons of Df16 mice (p=0.011) 
163 compared to Wt mice (Figure 2F). This spine sparsification was more prominent for distal 
164 (distal basal: p=0.0197; distal apical: p=0.0028; Figure S2K,M,N) than for proximal branches 
165 (Figure S2L,O,P).

166 Next, we asked whether restoring the balance between pro-inflammatory and neuroprotective 
167 signaling might have an ameliorating effect on morphological and neuroanatomical deficits. 
168 Minocycline, an antibiotic with anti-inflammatory effects (53), has received increased attention 
169 in recent years due to its reported beneficial effects in the treatment of neuropsychiatric 
170 disorders in patients (54–63) and disease-relevant dysfunctions in mouse models (20,64,65). In 
171 vitro, minocycline directly affects uptake of synapses by microglia (15). Here, we administered 
172 minocycline from P4 to P12 via the drinking water of the dam. Immediately after the treatment 
173 (i.e. P12), we compared the expression of pro-inflammatory and neuroprotective markers in 
174 minocycline-treated Df16 mice (referred to as Dfmino hereafter) to Wt and untreated Df16 mice 
175 (Figure 2C-E, Figure S2). Minocycline largely rescued the expression of assessed markers 
176 when compared to Df16 (punctae densities: TNFα (p=1.82x10-7), C3 (p=0.0023), C1q 
177 (p=0.015), CD47 (p=0.0082; Figure 2D, Figure S2G-J). Minocycline partially rescued C1q 
178 over-accumulation in microglia of Dfmino mice when compared to Df16 (p=0.013) and Wt 
179 (p=2.26x10-5; Figure 2E). Moreover, minocycline treatment reduced the density of microglia 
180 cells in PFCSUP of P12 Dfmino mice to a level comparable to that in Wt mice (Figure S2A). 
181 Microglial morphological features (i.e. eccentricity, perimeter, area, and spread) were 
182 comparable in Wt and Dfmino (Figure S2B-E). Lastly, spine densities on L2/3 pyramidal neurons 
183 of Dfmino mice were similar to those quantified for Wt while differing from Df16 mice (spine 
184 density overall: p=2.14x10-4; distal basal: p=0.0021; distal apical: p=8.06x10-7; Figure 2F, 
185 Figure S2K-P).
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186 Altogether, these results indicate a shift towards pro-inflammatory signaling in Df16 mice 
187 during early development, resulting in a reduction of spines on dendrites of prefrontal L2/3 
188 pyramidal neurons. Minocycline treatment during the first two postnatal weeks rebalances pro-
189 inflammatory and neuroprotective signaling, leading to rescue of neuronal spine densities. 

190 2.4. Abnormal neuronal activity in neonatal Df(16)A+/- mice and its rescue by 
191 minocycline 

192 Reduction of spine densities on dendrites of L2/3 pyramidal neurons as a result of an imbalance 
193 in neuroinflammatory signaling might have major effects on circuit function, and especially on 
194 neuronal firing patterns in neonatal Df16 mice. To quantify potential deficits, we performed in 
195 vivo extracellular recordings from the PFC of head-fixed non-anesthetized P12 mice using 
196 Neuropixels probes (Figure 3). The detected reduction in number of units (p=6.12x10-4) and 
197 spike density (total spikes per PFC recording channel; p=0.0074) in Df16 mice compared to Wt 
198 mice indicated a highly significant decrease of prefrontal firing (Figure 3C). Although at this 
199 age the firing features of putative pyramidal neuron vs. putative interneurons are 
200 indistinguishable, it is likely that the detected decrease in firing is mainly due to the dysfunction 
201 of excitatory pyramidal neurons, which make up ~80% of neocortical neurons (66). The overall 
202 firing rates of individual units were not different between Wt and Df16 mice (Figure S3A). 

203 Next, to assess the strength of pairwise interactions between prefrontal neurons, we calculated 
204 the spike-time tiling coefficient (STTC), a measure that is unbiased by firing rate (67). Overall, 
205 STTC values did not differ between Wt and Df16 mice (Figure S3B). In all investigated mice, 
206 STTC values were higher for nearby neurons and decreased as a function of distance (Figure 
207 3D). However, this decay was more pronounced in Df16 mice when compared to Wt mice 
208 (Figure 3D). This effect might be the result of the pronounced spine reduction on more distal 
209 apical dendrites, which are particularly important for integrating cortico-cortical connections 
210 (68). Lastly, we recorded local field potentials (LFP) in the PFC of non-anesthetized P12 Wt, 
211 Df16, and Dfmino mice using multi-site silicon probes (Figure S3C,D). The broadband power of 
212 prefrontal activity was significantly reduced in Df16 mice when compared to Wt mice 
213 (p=0.015; Figure S3D). 

214 Early minocycline treatment largely rescued abnormal firing and local coupling patterns 
215 detected in P12 Df16 mice. Number and density of spiking neurons were comparable in Wt and 
216 Dfmino mice. STTC in Dfmino mice decreased with distance, but the deficit detected in Df16 mice 
217 was overcompensated by minocycline administration. Moreover, early minocycline treatment 
218 restored the broadband power of prefrontal activity, the recorded LFP being similar in P12 Wt 
219 and Dfmino mice (Figure S3D).

220 Thus, in addition to morphological deficits as a result of altered inflammatory signaling, Df16 
221 mice show abnormal patterns of prefrontal activity and coupling during neonatal development, 
222 which are rescued by early administration of minocycline. 

223 2.5. Long-lasting rebalancing of neuroinflammatory markers and rescue of 
224 neuroanatomical features by early minocycline treatment

225 Next, we asked whether the pro-inflammatory shift and neuronal dysfunction in Df16 mice 
226 persists throughout development. For this, we examined neuroinflammatory signaling markers 
227 and microglia morphological features in Wt and Df16 mice towards the end of development 
228 (i.e. P36) (Figure 4). No significant differences in microglia density and morphological 
229 parameters (i. e. cell spread, eccentricity, cell perimeter, and cell area) were detected between 
230 groups (Figure 4B, Figure S4A). In contrast, some differences in the molecular markers of 
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231 neuroinflammatory signaling cascades still persisted. The previously reported augmented 
232 punctae density of the pro-inflammatory marker C1q persisted in PFCSUP of P36 Df16 mice 
233 (p=0.0012; Figure 4F). Similarly, an increased accumulation of C1q in PFCSUP microglia was 
234 observed in P36 Df16 mice when compared to Wt mice (p=0.041; Figure 4G). In contrast, 
235 CD47, C3, and TNFα showed similar expression levels in Wt and Df16 mice (Figure 4C-E, 
236 Figure S4B-D). In line with this reduced but lasting imbalance of signaling cascades, spine 
237 densities on prefrontal L2/3 pyramidal neurons remained decreased in P36 Df16 mice when 
238 compared to Wt mice (p=0.0078). As shown for P12 Df16 mice, this spine reduction was 
239 particularly prominent on distal apical branches (p=0.0019; Figure S5C). 

240 As some of the observed abnormalities lasted from neonatal to later development, we asked 
241 whether the observed ameliorating effects of early, transient minocycline treatment also 
242 persisted. Minocycline given to mice from P4 to 12 led to a partial rescue of C1q expression 
243 (p=0.025) and C1q accumulation in prefrontal microglia, as well as an increase of C3 expression 
244 (p=0.0062), while having no effect on TNFα expression (Figure 4D-G, Figure S4C-E). Early 
245 minocycline treatment not only rescued the neuroanatomical deficits but even slightly increased 
246 overall spine densities in Dfmino when compared to Df16 mice (p=2.85x10-4; Figure 4H, Figure 
247 S5A-D).

248 Overall, we observed a less striking but persisting imbalance of inflammatory signaling as well 
249 as morphological deficits in Df16 mice towards the end of adolescent development, which were 
250 largely rescued by early minocycline treatment.

251 2.6. Long-lasting dysfunction of prefrontal circuits and related cognitive abilities in 
252 Df(16)A+/- mice and their rescue by early minocycline treatment

253 The observed persistence of neuroanatomical deficits throughout development might also have 
254 long-lasting effects on the function of prefrontal circuits. Indeed, abnormal neuronal activity 
255 and communication patterns have been identified in 22q11.2ds mouse models at adult age 
256 (43,44). To assess whether cellular and circuit deficits are also present at young adulthood, we 
257 recorded the LFP and spiking activity in the PFC of head-fixed non-anesthetized P42-44 Wt 
258 and Df16 mice (Figure 5A-D, Figure S5E). While no significant differences in firing rates of 
259 prefrontal neurons were detected when comparing Wt and Df16 mice (Figure S5E), the network 
260 activity was compromised. Df16 mice showed significantly (p=0.0391) reduced power in the 
261 beta (12-30 Hz) frequency band, while theta and gamma activity did not differ compared to Wt 
262 mice (Figure 5D). Early minocycline treatment rescued beta band activity to a level comparable 
263 to that of Wt mice (Figure 5D). In line with the spine density increase detected in Dfmino mice 
264 (Figure 4H, Figure S5A-D), early minocycline treatment augmented the theta power when 
265 compared to Df16 (p=0.0043) but not compared to Wt mice (Figure 5D). Furthermore, we 
266 assessed the impact of minocycline treatment in wildtype mice (hereafter referred to as Wtmino) 
267 in order to exclude potential off-target effects of minocycline treatment. No significant 
268 differences between untreated Wt and Wtmino animals were found on the anatomical (Figure 
269 S5A-D), electrophysiological (Figure 5B-D, Figure S5E), and behavioral levels (Figure 5G, 
270 Figure S5F-L).

271 Cognitive impairment is a hallmark feature in 22q11.2ds patients as well as in Df16 mice at 
272 adult age and has been related to prefrontal circuit dysfunction (22,41). We assessed the 
273 ontogeny of cognitive deficits and monitored the behavior of Df16 during late development. 
274 First, we analyzed the behavior of P35 mice in an open field. While the locomotor activity was 
275 similar in all groups, Dfmino mice spent less time in the center of the open field when compared 
276 to Wt (p=0.0496) mice (Figure S5F,G). This might reflect a higher degree of anxiety in mice 
277 due to early minocycline treatment. However, no significant changes of time spent in the center 
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278 area were observed in Wtmino compared to Wt animals (Figure S5H), excluding a broader, 
279 minocycline-induced off-target effect on anxiety. Second, we assessed the decision-making 
280 performance of P30 Wt and Df16 mice in a 4-choice attentional set-shifting task (Figure 5E). 
281 This task consists of an acquisition and a reversal phase (Figure 5F) and critically depends on 
282 prefrontal function 85. In the acquisition phase of the task, no differences between Wt and Df16 
283 mice were detected (Figure 5G). However, during the reversal phase, Df16 mice made 
284 significantly more preservative errors (p=0.002; Figure S5J), leading to an overall increase of 
285 incorrect trials (p=0.001, Figure 5G) and of required number of trials to reach criterion 
286 (p=0.0017; Figure S5I). Early minocycline treatment fully rescued cognitive performance of 
287 Dfmino mice in the task (Figure 5G, Figure S5H-L). 

288 These results indicate that early minocycline treatment rescues the long-lasting functional and 
289 behavioral deficits that persist in Df16 mice.

290 3. Discussion

291 Microdeletions at the 22q11.2 locus represent a severe burden for affected individuals. A 
292 strikingly increased incidence of neuropsychiatric symptoms has been reported for individuals 
293 with 22q11.2ds (8). Moreover, numerous studies have emphasized the link between 22q11.2 
294 microdeletions and susceptibility towards developing schizophrenia later in life (7,69). 
295 Convergently, neuropsychiatric disorders have been linked to altered inflammatory states of 
296 neuronal tissue (10–12,70,71), yet the underlying mechanisms are still poorly understood. A 
297 mechanistic understanding of the pathophysiological trajectories inherent to 22q11.2ds requires 
298 in-depth investigation of mouse models that mimic this syndrome. The Df(16)A mouse model, 
299 carrying a syntenic deletion to human 22q11.2 microdeletions, offers high construct and face 
300 validity (42) and, in adult animals, recapitulates many of the pathophysiological features 
301 described for 22q11.2ds patients on the functional, behavioral, and physiological level 
302 (22,42,43).

303 Here, we investigated Df(16)A+/- mice during postnatal development, aiming to identify early 
304 dysregulation of neuroinflammatory signaling and its morphological, functional, and behavioral 
305 consequences. We show that (i) already during early postnatal development Df(16)A+/- mice 
306 display an imbalance of neuroinflammatory signaling markers in the PFC accompanied by 
307 spine loss and firing deficits of pyramidal neurons in prefrontal layer 2/3 as well as abnormal 
308 innate behaviors, (ii) morphological deficits and functional impairments of prefrontal neuronal 
309 networks, reflected by disrupted patterns of activity, persisted until adulthood and were 
310 accompanied by reduced performance in a decision-making task, and (iii) transient minocycline 
311 treatment during early development largely rescued neuroinflammatory, behavioral, and 
312 electrophysiological deficits throughout development. These results emphasize the impact of 
313 neuroinflammatory signaling imbalance on cognitive function in a model of 22q11.2ds and 
314 provide potential targets and strategies for therapeutic intervention. 

315 3.1. Imbalance of neuroinflammatory signaling cascades at the basis of early 
316 perturbations in Df(16)A+/- mice

317 Neuroinflammatory processes have been proposed as key contributors to the pathogenesis of 
318 neuropsychiatric disorders. Elevated levels of pro-inflammatory cytokines have been reported 
319 for patients and mouse models (72). This study reveals that already during early development, 
320 neuroinflammatory processes contribute to morphological, functional, and behavioral deficits 
321 of Df(16)A+/- mice that persist into adulthood. Altered microglial morphologies in PFCSUP of 
322 Df(16)A+/- mice indicate changed reactive states (16), likely resulting from a distinct pro-
323 inflammatory shift in prefrontal tissue. This corroborates previous reports of increased levels 
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324 of pro-inflammatory markers and oxidative stress in blood samples of 22q11.2ds patients 
325 (13,19). Previous studies proposed several cellular processes as potential underlying 
326 mechanisms for the neuropathological trajectories observed in 22q11.2ds mouse models. For 
327 example, thioredoxin reductase 2 (TXNRD2), one of the genes located within the affected 
328 chromosomal segment of 22q11.2 microdeletions, is involved in the catabolism of reactive 
329 oxygen species and TXNRD2 deletion leads to increased oxidative stress in neuronal tissue (73). 
330 Anti-oxidant treatment as well as restoring TXNRD2 expression in a 22q11.2ds mouse model 
331 was shown to rescue neuroanatomical deficits of prefrontal layer 2/3 neurons (73), providing a 
332 direct link between neuroinflammation and disruptions inherent to 22q11.2ds. Another notable 
333 pathway potentially underlying functional impairments in Df(16)A+/- mice is PI3K/Akt/Gsk3 
334 signaling, which is essential in neurite polarization and growth during postnatal development 
335 (74). Inhibition of Gsk3 in Df(16)A+/- mice during development (P7-28) was shown to largely 
336 rescue working memory impairments as well as deficits of prefrontal-hippocampal synchrony 
337 (74). Disruption of this pathway in Df(16)A+/- mice has been attributed to distinct genes located 
338 within 22q11.2 microdeletions in different studies, e.g. disturbed protein trafficking due to 
339 deletion of palmitoyltransferase ZDHHC8 (74,75) or imbalanced dopaminergic signaling due 
340 to deletion of catechol-O-methyltransferase (COMT) (76,77). Notably, C1q, one of the pro-
341 inflammatory markers highlighted in this study, can be directly linked to this pathway via its 
342 activation of PI3K (78) and therefore reveals an additional pathway by which Akt/Gsk3 
343 signaling might be disturbed in Df(16)A+/- mice.

344 Among the components contributing to the shift in neuroinflammatory signaling in prefrontal 
345 tissue of Df(16)A+/- mice, C1q is of particular note. C1q is a component of the classical 
346 complement pathway and is essential for a wide array of functions, ranging from myelination 
347 during early development (79) to tagging of synapses for pruning in neurodegenerative disease 
348 (80). The complement signaling cascade has been previously implicated in the pathogenesis of 
349 22q11.2ds, as increased levels of complement proteins, such as C3, have been reported in blood 
350 samples of 22q11.2ds patients (19), similar to the results shown here in prefrontal tissue of 
351 Df(16)A+/- mice. Moreover, we identified a distinct pattern of increased C1q accumulation in 
352 prefrontal microglia during early development of a 22q11.2ds model as a potential marker and, 
353 thus, as a potential target for future therapeutic interventions.

354 C1q has also been reported to specifically tag synapses for microglia-mediated pruning (49). 
355 As C1q accumulation in Df(16)A+/- prefrontal microglia was largely concentrated in lysosomes, 
356 it can be surmised that this accumulation is due to an increased number of C1q-tagged synapses 
357 being pruned specifically, thereby accounting at least partially for the reduced spine densities 
358 of L2/3 pyramidal neurons in Df(16)A+/- mice. Similarly, spine sparsification and decreased 
359 dendritic complexity has been reported for neurons of the deeper prefrontal layers (i.e. layer 
360 5/6) in adult mice of 22q11.2ds models (22,26). Notably, C1q expression remains elevated 
361 throughout development while other signaling components (i.e. TNFα, C3, and CD47) 
362 normalize towards adolescence. This intrinsic normalization likely reflects a combination of 
363 compensatory mechanisms unfolding due to the chromosomal disruption inherent to the 
364 Df(16)A+/- model and developmental processes. As the healthy brain transitions from neonatal 
365 age (where components of immune, microglial, and inflammatory signaling cascades show 
366 peak expression levels (81–83)) into adolescent and adult stages, gene expression profiles as 
367 well as microglia themselves undergo maturation, including the intrinsic downregulation of 
368 pro-inflammatory mediators and concurrent upregulation of complement inhibition 
369 components (81,82,84). However, despite the observed normalization of several 
370 neuroinflammatory factors in Df(16)A+/- mice with age, persisting elevation of C1q suggests 
371 that subtle but functionally significant deviations might persist and contribute to long-term 
372 changes of connectivity, network function, and behavioral performance in Df(16)A+/- mice. 
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373 Furthermore, it can be postulated that the neuronal firing deficits at neonatal age underlie the 
374 long-lasting miswiring of prefrontal circuits as reflected by the abnormal spectral structure of 
375 network oscillations in young adult Df(16)A+/- mice, i.e., decreased beta band power when 
376 compared to Wt mice. Oscillatory activity reflects coordinated neuronal dynamics primarily 
377 driven by synaptic activity, with slower frequencies emerging via long-range interactions 
378 between brain regions and faster frequencies resulting from within local circuits (85). In the 
379 developing PFC, the hippocampus provides excitatory inputs that drive the generation of theta 
380 band activity, whereas fast oscillatory activity in beta-gamma frequency range requires the 
381 activation of L2/3 pyramidal neurons (37,86,87). The observed decrease in beta frequency in 
382 the PFC of Df16 mice can be explained by reduced synaptic interactions within the recurrently 
383 connected L2/3 pyramidal neurons due to reduced spine densities. Notably, not only local but 
384 also long-range communication of the PFC seems to be disrupted in Df(16)A+/- mice, as adult 
385 Df(16)A+/- mice have been shown to display reduced hippocampal-prefrontal synchrony during 
386 working memory tasks (43). In light of these results, we propose that the cognitive impairments 
387 characteristic for 22q11.2 microdeletions arise from a complex sequence of morphological and 
388 functional deficits of prefrontal neurons that are initiated by a shift towards neuroinflammation 
389 in prefrontal tissue early in development.

390 3.2. Long-lasting rescue of morphological, functional, and behavioral deficits in 
391 Df(16)A+/- mice by minocycline

392 The present data demonstrate that early minocycline treatment causes broad and long-lasting 
393 rescue of deficits affecting Df(16)A+/- mice. Minocycline has a well-known anti-inflammatory 
394 effect and has been used mainly as an antibiotic in patient care (53). However, in recent years, 
395 minocycline has received increased attention due to its reported beneficial effects during 
396 treatment of patients with neuropsychiatric disorders (54). Especially the ameliorating effects 
397 of minocycline treatment on disrupted cognitive performance of Df(16)A+/- mice is a key aspect 
398 of this study, as 22q11.2ds patients show impaired PFC-dependent cognitive abilities (3,88). 
399 Minocycline has been used to ameliorate cognitive deficits in neuropsychiatric disorders and 
400 several clinical studies have shown beneficial effects of minocycline in schizophrenia patients 
401 (57,59,61–63). However, a lack of clear effect of minocycline treatment has also been reported 
402 (56,58). A possible explanation for these contradictory results might be divergent setups of the 
403 performed studies, including different choice of patient cohorts regarding their individual stages 
404 of psychosis, different sets of performed tests, as well as differing adjacent treatments. All of 
405 these factors might affect the effectiveness of minocycline treatment in neuropsychiatric 
406 disorders. Notably, a key aspect of minocycline treatment appears to be the chosen time point 
407 of treatment. In line with this, our results confirm the powerful effects of minocycline and 
408 showed that transient treatment early in life rescued most deficits detected in Df(16)A+/- mice 
409 throughout development. 

410 These ameliorating effects might be explained by the known anti-inflammatory properties of 
411 minocycline, presenting an ideal candidate for restoring imbalanced neuroinflammatory 
412 signaling cascades, as we identified in Df(16)A+/- mice. This hypothesis is supported not only 
413 by the fact that minocycline has been found to restore normal microglial activity (65,89–92) 
414 but also by its direct effect on the complement cascade, specifically on C1q and C3 signaling 
415 (93). Additionally, the expression of TNFα, one of the components contributing to the pro-
416 inflammatory shift in prefrontal tissue of P12 Df(16)A+/- mice, has been reported to be directly 
417 affected by minocycline application (60,94). Moreover, TNFα has been shown to increase nitric 
418 oxide synthase (NOS) activity (95,96), although the reported effects differ depending on 
419 assessed tissue or cell type (60,89,94–97), while minocycline was shown to inhibit NOS activity 
420 (97). Therefore, the increased expression levels of TNFα in the PFC of Df(16)A+/- mice 
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421 highlights a pathway through which pathophysiological trajectories during early development 
422 in Df(16)A+/- mice, and potentially in 22q11.2ds patients, could be modulated.

423 Fittingly, immediately after minocycline treatment, the observed imbalance of pro-
424 inflammatory signaling in prefrontal tissue of Df(16)A+/- mice was restored and, consequently, 
425 microglia morphology, as well as neuroanatomy and neuronal activity were indistinguishable 
426 from that of wildtype mice. These beneficial effects of early minocycline treatment persisted 
427 throughout development (i. e. at P30, P36, and P44). Fittingly, minocycline-induced rescue of 
428 spine deficits restored beta band activity. The observed increase of theta band power after 
429 minocycline treatment might be due to an overcompensation of spine densities and perturbation 
430 of physiological pruning in the PFC. These results are in line with previous findings in a double-
431 hit mouse model of schizophrenia combining a genetic risk factor (i.e. truncated DISC1) with 
432 an environmental stressor (i.e. maternal immune activation) (20). Of note: maternal immune 
433 activation as a known etiological factor of human neuropsychiatric disease (98) provides a 
434 direct link to inflammation, whereas the etiology of the Df(16)A model has a purely genetic 
435 basis. Therefore, we suggest that neuroinflammation early in life might represent a common 
436 mechanism underlying dysfunction and cognitive disability in multiple neuropsychiatric 
437 disorders. This might also explain the model-independent ameliorating effects of minocycline 
438 when applied during early development. Overall, in line with the complexity of 22q11.2ds 
439 etiology, the complex pathways underlying altered neuroinflammation might account for the 
440 striking impact of anti-inflammatory minocycline treatment that restores complement signaling 
441 via C1q and consequently, the prefrontal function in Df(16)A+/- mice.

442 In summary, our results highlight the crucial impact of neuroinflammatory signaling during 
443 early development on the pathophysiology of 22q11.2ds. As diagnosis of 22q11.2ds by 
444 genomic profiling is, as of yet, not standardized unless other parameters give medical indication 
445 for its presence, identifying the underlying molecular and cellular pathways of this disease 
446 remains an essential factor in developing future therapies. Along this line, anti-inflammatory 
447 treatment with minocycline early in life appears as a promising approach for restoring prefrontal 
448 function and cognitive integrity in a model of 22q11.2 deletion syndrome. 
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464 9. Methods
465 9.1. Animals

466 Animal experiments were carried out in accordance with German laws and regulations and the 
467 guidelines of the European community for the use of animals in research. Specific experiments 
468 were approved by the local ethical committee. Animals were group-housed under standard 
469 conditions with access to food and water ad libitum in a 12-hour light-dark cycle. A total of 129 
470 mice of both sexes were investigated from P12 to P44. C57BL/6J mice were defined as control 
471 animals and heterozygous animals of the Df(16)A+/- line (B6.129S7-Del(16Dgcr2-Hira)3Aam) 
472 were investigated as a model of the 22q11.2 deletion syndrome (42). Due to nonviability of 
473 homozygous Df(16)A+/- animals and aiming to exclude potential effects due to the dam’s 
474 genotype, breeding was carried out with wildtype dams and heterozygous Df(16)A+/- males. For 
475 all mice, the day of birth was considered as P0. Genotypes were assessed using genomic DNA 
476 isolated from tail biopsies from all pups (see supplementary). The Df(16)A+/- line does not 
477 correspond to mendelian distribution, since, as previously reported, ~ 11% of hemizygous pups 
478 die at birth (42). Cardiac abnormalities are likely to account for the early lethality. In a milder 
479 form, they persist in 18% of surviving pups, as shown for another mouse line mimicking the 
480 22q11.2 microdeletion (99). 

481 9.2. Minocycline treatment

482 In line with previous studies (20,64), dams received minocycline in their drinking water at a 
483 dose of 30mg/kg body weight per day, allowing for minocycline to be passed to pups via 
484 lactation. No difference in drinking behavior could be observed between dams receiving water 
485 with and dams receiving water without minocycline. 

486 9.3. Immunohistochemistry

487 Mice were transcardially perfused with ice-cold phosphate-buffered saline (PBS), followed by 
488 paraformaldehyde (PFA; 4% (w/v) in PBS) before dissection. Tissue was prepared in 80µm 
489 sections using a vibratome. For IHC, sections were incubated in 0.3 H2O2 (v/v) for 30min at 
490 RT before blocking for 1h in PBS with 0.75% (v/v) TritonX-100, 5% (v/v) normal donkey 
491 serum, and 5% (v/v) normal goat serum. Subsequently, primary antibodies (see supplementary) 
492 were applied in PBS with 0.75% (v/v) TritonX-100, 1% (v/v) normal donkey serum, and 1% 
493 (v/v) normal goat serum at 4°C for 3d. After washing, secondary antibodies were applied in 
494 PBS with 0.75% (v/v) TritonX-100, 1% (v/v) normal donkey serum, and 1% (v/v) normal goat 
495 serum at RT for 4h. Fluorescence images were obtained with an inverted confocal microscope 
496 (Olympus FV1000), pre-processed using ImageJ software (ImageJ 1.46r, Wayne Rasband, US 
497 National Institutes of Health, Bethesda, Maryland), and analyzed using MATLAB (see 
498 supplementary methods).

499 9.4. Stereotaxic injection

500 For sparse infection of prefrontal neurons and subsequent tracing of spine densities, the viral 
501 vector rAAV9_mCaMK2α-eGFP-WPRE (addgene, 5x106 viral particles in 25 nl) was injected 
502 into the PFC (anteroposterior +1mm, mediolateral ±0.15mm, and dorsoventral -0.9mm from 
503 bregma) of both hemispheres of P1 mice. For this, a 33-gauge beveled NanoFil needle, a 
504 NanoFil syringe, and a MicroSyringe Pump Controller (World Precision Instruments, Sarasota, 
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505 Florida) were used. Viral suspension was infused at a rate of 10 nl/min. After surgery and 
506 recovery, pups were returned to their nest.

507 9.5. Ultrasonic vocalizations

508 Ultrasonic vocalizations were assessed under low light intensity and constant temperature 
509 according to established protocols (100,101). Pups were isolated from their dam and littermates 
510 and placed into an acoustically isolated chamber (20 x 15 x 10 cm) below a condenser 
511 microphone (CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany). Vocalizations were 
512 recorded for 90 s at a sampling rate of 250 kHz using Avisoft UltraSoundGate 116 db (Avisoft 
513 Bioacoustics) with the corresponding software. Ultrasonic vocalizations were analyzed using 
514 DeepSqueak software in a MATLAB surrounding (102). 

515 9.6. Attentional set-shifting task

516 Behavioral tests were performed during the light phase. A four-choice odor discrimination and 
517 reversal task was performed as previously described (40,103). Briefly, at P30, mice were 
518 habituated to a rectangular maze (30 x 30 cm) with four partially sectioned off compartments 
519 in each corner (walls: 7 cm). In each corner, a dish (Ø5 cm, 0.5 cm height) with unscented wood 
520 shavings and a piece of Cocoa Krispies was placed. Mice were allowed to explore the arena 
521 and the dishes freely for 20 min. During the pre-training phase, one dish with wood shavings 
522 and a treat was placed into one corner for the mouse to explore until the treat was found. Pre-
523 training was repeated until the mouse was habituated to the paradigm in all four corners of the 
524 maze. For testing, the unscented wood shavings were replaced by wood shavings scented with 
525 dried spices (0.4 % (w/w) garlic, 0.4 % (w/w) black pepper, 0.4 % (w/w) rosemary, 0.4 % (w/w) 
526 thyme, or 0.2 % (w/w) clove; FUCHS Gewürze GmbH), one of which was rewarded with the 
527 familiar food reward. Mice had to discriminate among the four odors and learn which one to 
528 associate with the buried food reward. Trials were timed and considered concluded as soon as 
529 the mouse chose a dish which was scored based on digging (purposeful moving of wooden 
530 shaving with nose or paws). Between each trial, the positions of the dishes were switched 
531 among the four corners of the maze to remove locational bias. The acquisition phase was 
532 considered complete once mice performed 8 out of 10 consecutive trials correctly. Immediately 
533 upon completion of the acquisition phase, the reversal phase was started. One odor was 
534 switched for a new, unfamiliar odor (novel error), the previously rewarded odor was no longer 
535 rewarded (persevering error), one previously unrewarded odor remained unrewarded (irrelevant 
536 error), and one of the familiar, previously unrewarded odors now contained the familiar food 
537 reward (correct). The reversal phase was conducted in the exact same manner as the acquisition 
538 phase. The reversal phase was considered complete once the mouse performed 8 out of 10 
539 consecutive trials correctly.

540 9.7. In vivo electrophysiology in P12 mice

541 Surgery. In vivo extracellular recordings were performed from the PFC of non-anesthetized P12 
542 mice as previously described (104). The surgery was performed under isoflurane anesthesia 
543 (induction: 5%; maintenance: 1-2%) and preceded by the application of a local anesthetic on 
544 the neck muscles (0.5% bupivacain / 1% lidocaine). Neck muscles were cut to minimize muscle 
545 artifacts. A craniotomy over the PFC (0.5mm anterior to bregma, 0.1-0.5mm lateral to the 
546 midline) was performed by carefully thinning the skull and then removing it with the use of a 
547 motorized drill. Recordings were performed under head-fixed conditions, preventing head 
548 movement but permitting free movement of limbs. Mice were kept on a heated (37°) surface 
549 surrounded by cotton wool throughout the entire recording. One Neuropixels probe 1.0 phase 
550 3B (Imec, Belgium) (angle 0°) was vertically inserted into the frontal lobe at a very low speed 
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551 (insertion time 20-30 minutes) and a depth of 4 mm. The tip of the probe was used as reference. 
552 Before signal acquisition, mice were allowed to recover for ~ 45-60 minutes, to maximize the 
553 quality and stability of the recording as well as single units’ yield. Epifluorescence images of 
554 coronal brain sections containing the PFC were acquired post mortem to reconstruct the position 
555 of the DiI-stained recording electrode. 

556 Signal acquisition. The signal was recorded using the Neuropixels head-stage 1.0 and 
557 Neuropixels 1.0 PXIe acquisition system (Imec, Belgium) through the OpenEphys interface 
558 and the Neuropixels plugin. The SUA signal was recorded at 30 kHz (AP gain = 500, AP Filter 
559 Cut = ON), whereas the LFP signal was recorded at a 2.5 kHz sampling rate (LFP gain = 250).

560 Spike sorting. Spike sorting was achieved using Kilosort 2.5 (fshigh = 500, minFR = 0.001, 
561 spkTh = -4, sig = 20, nblocks = 5). The automatically-obtained clusters were manually curated 
562 using phy (https://github.com/cortex-lab/phy). The manual spike sorting was done blindly to 
563 the mouse genotype / treatment.

564 SUA firing statistics

565 Firing rate. Firing rate (in Hz) was computed as the number of spikes divided by the total 
566 recording length in seconds.

567 Spike-Time Tiling Coefficient (STTC). The STTC (timescale of 10ms) was computed as follows 
568 (67): 

569 𝑆𝑇𝑇𝐶 = 1
2

𝑃𝐴 𝑇𝐵
1 𝑃𝐴𝑇𝐵

+ 𝑃𝐵 𝑇𝐴
1 𝑃𝐵𝑇𝐴

                                                                                      (Eq. 1)

570 where PA is the proportion of spikes of spike train A that occurs within ±Δt of a spike train B 
571 spike. TA is the proportion of time that occurs within (is “tiled” by) ±Δt from spikes of spike 
572 train A. The same applies for PB and TB. ±Δt is the lag parameter and was set at 10ms. The 
573 pairwise distance between units (i.e., putative cell bodies) was computed as the vertical distance 
574 between the recording sites on which the two units were detected with maximum amplitude.

575 9.8. Electrophysiological recordings P42-44

576 Surgery. In vivo extracellular recordings were performed from the PFC of non-anesthetized 
577 P42-44 mice. A metal bar for head fixation was implanted under isoflurane anesthesia 
578 (induction: 5%, maintenance: 1-2%) one week before recording. The skull above the right PFC 
579 (coordinates from bregma: 0.8mm anterior, 0.8mm lateral) was exposed and the electrode 
580 insertion site was marked on the skull. A silver wire was implanted above the cerebellum as 
581 reference electrode. Mice received buprenorphine (0.1 mg/kg s.c.) and recovered in their home 
582 cage for 4-5 days after surgery before they were accustomed to handling and head fixation. A 
583 small craniotomy (<0.5 mm in diameter) above the PFC was performed under brief isoflurane 
584 anesthesia. Mice were head-fixed and kept in a plastic tube to allow free movement of limbs 
585 while preventing head movement. A 16-channel silicon probe (Neuronexus, USA) was inserted 
586 into the PFC (2.0 mm deep from the dura). To probe was stained with DiI (1,1’-Dioctadecyl-
587 3,3,3’,3’-tetramethylindocarbocyanine perchlorate, Molecular Probes, USA) to confirm the 
588 recoding position post mortem. Only recordings from confirmed location in the PFC were 
589 considered for analysis.

590 Signal acquisition. To ensure full recovery from anesthesia and settling of the silicon probe in 
591 the tissue, data acquisition started 40 min after electrode insertion. Extracellular signals were 
592 band-pass filtered (0.1-9000Hz) and digitized (32kHz) with a multichannel extracellular 

https://github.com/cortex-lab/phy
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593 amplifier (Digital Lynx SX, Neuralynx, USA) for 20-25 min. Some mice were used for 2 
594 recording sessions on different days to reduce the animal numbers. In this case, the craniotomy 
595 was covered with silicon sealant between recordings. Distinct probe tracks in these mice make 
596 it unlikely that the same neurons were recorded across sessions. Data were analyzed with open 
597 source and custom-written algorithms in MATLAB R2021a and Python environments. For LFP 
598 analysis, data were band-pass filtered (1-100 Hz) using a phase preserving third-order 
599 Butterworth filter. Power spectral density was calculated using Welch's method with non-
600 overlapping windows of 2s. Time-frequency power plots were calculated with a continuous 
601 wavelet transform (Morlet wavelet). Single unit activity was detected and sorted using Klusta 
602 (105) followed by manual curation in phy ().

603 9.9. Statistical modeling

604 Statistical modeling was carried out in the R environment. All scripts and processed data on 
605 which the analysis is based are available on the following github repository: [to be added upon 
606 publication]. Nested data (Figures 1, 2, 3, 4) were analyzed with linear mixed-effects models 
607 (lmer function of the lme4 R package) with “mouse” as random effect, except for spine density 
608 analyses where “neuron” was used as random effect. Non-nested data were analyzed with linear 
609 models (lm function). The density of microglia inclusions (Figure 2), spike density (Figure 3), 
610 STTC (Figure 3), the LFP power at different frequency bands (Figure 5), which followed an 
611 approximately log-normal distribution, were log-transformed and analyzed with linear (mixed-
612 effect) models. Statistical significance for linear mixed-effects models was computed with the 
613 lmerTest R package (106) and the anova R function. Statistical significance for linear models 
614 was computed with the anova R function. Model selection was performed according to 
615 experimental design. Post-hoc analysis was carried out using the emmeans and emtrends 
616 functions of the emmeans R package (107).
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929 Figure 1. Behavioral and microglial deficits in Df(16)A+/- mice during the first two postnatal weeks. (A) 
930 Schematic of the USV recording setup (top) and USV call classification (bottom). (B) Age-dependence of call 
931 rates in Wt (gray, n=12) and Df16 (orange, n=11) mice. Solid lines depict median values and shaded areas 
932 correspond to the standard error of the mean (s.e.m.). Significance is indicated by a black bar. (C) Call duration of 
933 different call types (single frequency, frequency jump, and multiple steps calls) in Wt (gray) and Df16 (orange) 
934 mice. (D) Proportion (in %) of single frequency, frequency jump, and multiple steps calls detected for P5-12 Wt 
935 (n=12) and Df16 (n=11) mice. (E) Co-labeling of microglia (Iba1, green) and neuronal cell bodies (NeuN, red) in 
936 coronal sections of PFCSUP from P12 Wt (top) and Df16 (bottom) mice. Bars = 100 µm. (F) Microglia density in 
937 PFCSUP of P4, P8, and P12 Wt (gray) and Df16 (orange) mice. (G) Morphological features of microglia in P12 Wt 
938 (gray) and Df16 (orange) mice. Left, perimeter of microglial cells. Right, eccentricity of microglial cells. Data in 
939 violin plots are displayed as median (light gray) and box plots (dark gray) with 25th and 75th percentile. Colored 
940 dots indicate individual data points, colored areas represent probability density of the variable. Significant 
941 differences are indicated as *, **, *** for p<0.05, 0.01, 0.001, respectively. For detailed statistics see 
942 Supplementary Table S1.

943

944 Figure 2. Altered inflammatory signaling and its rescue by early minocycline treatment in neonatal 
945 Df(16)A+/- mice. (A-C) Representative confocal images showing co-labeling of Iba1 (green) and molecular 
946 markers of neuroprotective (CD47) and pro-inflammatory (TNFα, C3, and C1q) markers (red) in the PFCSUP of 
947 P12 (A) Wt, (B) Df16, and (C) Dfmino mice. For each panel, solid boxes mark areas of higher magnification shown 
948 on the right. (D) Quantification of CD47, TNFα, C3, and C1q-positive punctae in PFCSUP of P12 Wt (gray), Df16 
949 (orange), and Dfmino (green) mice. (n=6 mice, 2 areas per animal). (E) C1q inclusions in microglia of P12 Wt, 
950 Df16, and Dfmino mice. Left, representative reconstructions of microglia and C1q based on Iba1 (gray) and C1q 
951 (red) co-staining in Wt, Df16, and Dfmino mice. Right, quantification of C1q inclusion volume in microglia of P12 
952 Wt (gray), Df16 (orange), and Dfmino (green) mice. (n=6 mice, 3 cells per animal). (F) Quantification of spines on 
953 dendrites of prefrontal L2/3 pyramidal neurons after bilateral injection of rAAV9_mCaMK2α-eGFP-WPRE into 
954 the PFC of P1 Wt, Df16, and Dfmino mice. Left, example images showing dendritic segments and spines from P12 
955 Wt, Df16, and Dfmino mice at P12. Right, overall spine densities (including segments from apical and basal 
956 dendrites as well as from proximal and distal branches for each neuron) of L2/3 pyramidal neurons in P12 Wt 
957 (gray), Df16 (orange), and Dfmino (green) mice. (n=4 mice, 3 cells per animal). Data in violin plots are displayed 
958 as median (light gray) and box plots (dark gray) with 25th and 75th percentile. Colored dots indicate individual data 
959 points, colored areas represent probability density of the variable. Bars = 5 µm. Significant differences are 
960 indicated as *, **, *** for p<0.05, 0.01, 0.001, respectively. For detailed statistics see Supplementary Table S1.

961

962 Figure 3. Abnormal prefrontal firing patterns in neonatal Df(16)A+/- mice and its rescue by minocycline 
963 treatment. (A) Raster plots of spiking activity recorded in the PFC of P12 Wt (gray), Df16 (orange), and Dfmino 
964 (green) mice. (B) Reconstruction of the DiI-labeled Neuropixels probe (red) superimposed on a NeuN-stained 
965 (blue) coronal section including the PFC. Dotted lines mark the borders of prefrontal subdivisions cingulate (Cg), 
966 prelimbic (PL), and infralimbic (IL) cortices. Solely recording sites in PL and IL were considered for the analysis. 
967 (C) Violin plots displaying the density of units (left) and the log10-transformed density of spikes (right) for P12 
968 Wt (n=10), Df16 (n=11) and Dfmino (n=7) mice. Colored dots represent individual mice. (D) Line plot displaying 
969 log-transformed STTC as a function of the distance between units, i.e., putative cell bodies. Data are presented as 
970 mean and 95% confidence interval. Data in violin plots (C, D) are displayed as median (light gray) and box plots 
971 (dark gray) with 25th and 75th percentile. Colored dots indicate individual data points, colored areas represent 
972 probability density of the variable. Significant differences are indicated as *, **, *** for p<0.05, 0.01, 0.001, 
973 respectively. For detailed statistics see Supplementary Table S1.
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975 Figure 4. Long-lasting impairment of neuroinflammatory signaling and neuronal morphology in Df(16)A+/- 
976 mice and rescue by early minocycline treatment.

977 (A) Representative confocal images of Iba1-labeled microglia (green) in the PFCSUP of P36 Wt, Df16, and Dfmino 
978 mice. (B) Violin plot displaying the microglia density in the PFCSUP of P36 Wt (gray), Df16 (orange), and Dfmino 
979 (green) mice. (C-F) Violin plots displaying the densities of (C) CD47-, (D) TNFα-, (E) C3-, and (F) C1q-positive 
980 punctae in the PFCSUP of P36 Wt (gray), Df16 (orange), and Dfmino (green) mice. (n=6, 2 areas per animal). (G) 
981 C1q inclusions in microglia of P36 Wt, Df16, and Dfmino mice. Left, representative reconstructions of microglia 
982 and C1q inclusions based on Iba1 (gray) and C1q (red) co-staining in the PFC of Wt, Df16, and Dfmino mice. Right, 
983 violin plot of C1q inclusion volume in prefrontal microglia of P36 Wt (gray), Df16 (orange), and Dfmino (green) 
984 mice. (n=6, 3 cells per animal). (H) Quantification of spines on dendrites of prefrontal L2/3 pyramidal neurons 
985 after bilateral injection of rAAV9_mCaMK2α-eGFP-WPRE into the PFC of P1 Wt, Df16, and Dfmino mice. Overall 
986 spine densities are shown (including segments from apical and basal dendrites as well as from proximal and distal 
987 branches for each neuron) for P36 Wt (gray), Df16 (orange), and Dfmino (green) mice (n=4 mice, 3 cells per animal). 
988 Data in violin plots are displayed as median (light gray) and box plots (dark gray) with 25th and 75th percentile. 
989 Colored dots indicate individual data points, colored areas represent probability density of the variable. Bars = 5 
990 µm. Significant differences are indicated as *, **, *** for p<0.05, 0.01, 0.001, respectively. For detailed statistics 
991 see Supplementary Table S1.

992

993 Figure 5. Long-lasting network and cognitive deficits in Df(16)A+/- mice and their rescue by early 
994 minocycline application. (A) Reconstruction of the DiI-labeled Neuropixels probe (red) superimposed on a 
995 NeuN-stained (blue) coronal section. Prefrontal subdivisions are indicated for cingulate (Cg), prelimbic (PL), and 
996 infralimbic (IL) cortices. (B) Representative extracellular recordings of electrophysiological activity from the PFC 
997 filtered at 1-100 Hz and corresponding wavelet spectra for a Wt (gray), Df16 (orange), Wtmino (blue), and Dfmino 
998 (green) mouse at P42-44. (C) Power spectra of PFC activity in P42-44 Wt (gray, n=9 recordings from 7 mice), 
999 Df16 (orange, n=10 recordings from 7 mice), Wtmino (blue, n=10 recordings from 6 animals), and Dfmino (green, 

1000 n=9 recordings from 5 mice) mice. S.e.m. is indicated by shaded areas. (D) Power of PFC activity in theta (4-12 
1001 Hz), beta (12-30 Hz), and gamma (30-100 Hz) frequency in Wt (gray), Df16 (orange), Wtmino (blue), and Dfmino 
1002 (green) mice at P42-44. (E) Timeline for minocycline application and subsequent test in behavioral paradigms and 
1003 electrophysiological recordings. (F) Phases of the attentional set-shifting task. (G) Trial duration and number of 
1004 error trials during acquisition and reversal phase of the attentional set-shifting task for Wt (gray, n=12), Df16 
1005 (orange, n=12), Wtmino (blue, n=9), and Dfmino (green, n=12) mice at P30. Data in violin plots are displayed as 
1006 median (light gray) and box plots (dark gray) with 25th and 75th percentile. Colored dots indicate individual data 
1007 points, colored areas represent probability density of the variable. Significant differences are indicated as *, **, 
1008 *** for p<0.05, 0.01, 0.001, respectively. For detailed statistics see Supplementary Table S1.

1009

1010 Highlights

1011 • Early postnatal pro-inflammatory shift in PFC of Df(16)+/- mice causes lasting deficits
1012 • C1q accumulation marks microglia of Df(16)+/- mice throughout development
1013 • Early, transient minocycline application restores microglial and neuroinflammatory signaling
1014 • Minocycline lastingly rescues cognitive and electrophysiological deficits
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