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SUMMARY:
Modern neurosciences need to explore differences among many species, including laboratory rodents and humans. Yet technical difficulties arise when large–brained mammals are involved. This approach addresses interspecies variation of neuronal populations in widely different mammals, yielding comparable results to be mapped for revealing evolutionary patterns.

ABSTRACT:
[bookmark: _Hlk184895372]Most neurobiological studies are conducted on laboratory rodents. Despite many similarities across mammalian brains, important differences also exist, which can be misleading in translation. Marked interspecies differences have been found in brain plasticity, particularly neurogenesis. Different neurogenic processes can be prevalent because of evolutionary tradeoffs, displaying variation across brain structures and mammals and shifting the potential for plasticity in divergent species, such as mice and humans. Comparing widely different species raises multiple issues: comparative studies encounter technical difficulties when large–sized brains are involved; the use of heterogeneous experimental approaches by different laboratories can limit the comparison of results; heterogeneity may be related to different time courses of neurodevelopmental processes across mammals, thus adding variables to the comparison. 

To tackle these limitations, an approach to study the interspecies variation of a population of layer II cortical immature neurons in mammals widely differing for brain size, gyrencephaly, socioecological niche, and age was established. Despite some variables that cannot be fully standardized, a method that combines reduced heterogeneity in collecting brains and the establishment of common anatomical structures as reference points for performing the cell counting on corresponding brain levels is proposed. Data obtained (e.g., cell densities) can be mapped onto phylogenetic trees to reveal evolutionary patterns and analyzed for covariance with neuroanatomical features (e.g., brain size, cortical surface area). This approach has demonstrated remarkable variation in the number of cortical immature neurons between phylogenetic groups and uncovered covariation with brain size. The method can also be used to quantify differences through different developmental stages in the same species and can be extended to other diverse mammals and biological processes to map comparable results that allow for more accurate quantification of different cell populations in adult brains to support plasticity.  

INTRODUCTION:
Neuroscience research largely uses inbred mice and rats to translate results to humans. Despite many molecular, cellular, and even anatomical similarities, important interspecies differences also exist, which can be misleading for the interpretation of preclinical data1,2. Though comparative studies are needed, they are hindered by technical and practical difficulties when large–sized brains are involved (e.g., from an average of 0.5 g in mice to 1300 g in humans; Figure 1A). Moreover, heterogeneous experimental approaches by different laboratories can limit the comparison of results, especially quantitative analyses, sometimes generating controversies. This is the case of brain structural plasticity, with special reference to neurogenic processes3-5, a topic that is of interest in understanding developmental neuroplasticity and brain repair6,7.

Recent discoveries in the field of brain plasticity strongly suggest that substantial differences emerged during evolution in the occurrence, rate, and anatomical location of different types of neurogenic processes8. An example is given by the evident decrease of stem cell–driven neurogenesis occurring in adult large–brained mammals compared with laboratory rodents5,9,10, likely linked to different expansion of brain regions and functions as an adaptation to ecological pressures7,8, as well as to different neurodevelopmental time courses11,12. The rate of neurogenesis appears to differ remarkably between mice and humans, thus raising the issue of translation13. 

On the other hand, a novel kind of "neurogenesis without division" represented by neurons blocked in arrested maturation (so–called immature or dormant neurons14–19) has been hypothesized to increase from small–brained to large–brained species20,21. Interestingly, the stem cell–independent population of immature neurons is hosted in the cerebral cortex (a site of high–order cognition in gyrencephalic species22,23) and far from the canonical neurogenic sites, which are mostly linked to olfaction and spatial navigation, which retain great importance in lissencephalic species7,8. These differences across brain structures and mammal species go beyond sheer comparative interest since they can be relevant in translation by shifting the potential for plasticity in mice and humans. For these reasons, it is crucial to assess in a "comparable way" to what extent the differences represent a phylogenetic variation across widely different mammals, with special reference to laboratory rodents and primates.

An approach recently established to study the interspecies variation of a population of layer II cortical immature neurons (cINs) in mammals widely differing in brain size, gyrencephaly, and socioecological niche22,24,25 is described. This method is based on three principles: i) to consider several (diverse) mammalian species to be processed in parallel using the same procedures; ii) to minimize variables that cannot be fully standardized in widely different brains (fixation procedure, postmortem interval, age) and to address the species–specificity of antibodies for immunocytochemistry by using widely shared features of the cell population under study as internal positive controls; and iii) to establish corresponding anatomical structures as reference points for performing the cell counting on correspondent brain levels of different species (Figure 1B and Figure 2). Data obtained (e.g., cell densities) by counting cells identified with the well–established marker doublecortin (DCX15,17,26) can be mapped onto phylogenetic trees to reveal evolutionary patterns and analyzed for covariance with different parameters, such as brain size, gyrencephaly, and cortical surface area.

[Place Figure 1 here]

Finally, since all plastic processes generally undergo progressive reduction with increasing age27,28, one further issue in comparative neuroplasticity is to assess the different time courses of such a reduction, which may be related to different time courses of neurodevelopmental processes across mammals12,29,30. As a matter of fact, the existence of fast–maturing (mouse) versus slow–maturing species (primates) is another reason why the most common model system, the laboratory mouse, is limited in resolving challenges in biomedical sciences. The method described here can also be useful to consider cell populations at different ages across the lifespan of each species and then compare the resulting trends among species. Phylogenetic variation in the cIN density, as well as differences in their persistence through ages, were found between small–brained and large–brained mammals22,28. 

PROTOCOL:
All animal procedures complied with the relevant national and institutional regulations. Mouse tissues were obtained from the Neuroscience Institute Cavalieri Ottolenghi (NICO), Orbassano, Italy, under authorization from the Italian Ministry of Health (RRID: MGI:3696370), courtesy of Serena Bovetti and Charles River Laboratories. Naked mole rat tissues were collected at Queen Mary University of London (UK) immediately after euthanasia according to Schedule 1 of the Animals (Scientific Procedures) Act 1986. Rabbit experiments followed the European Communities Council Directive 86/609/EU and Italian law (DL.vo 116/92), with approval from the Italian Ministry of Health (authorization 66/99-A). Sheep and horse brains were obtained postmortem from a commercial slaughterhouse under Directive 86/609/EEC and continuous veterinary supervision. Dog brains were supplied postmortem by MarshallBio Laboratories (Lyon, France) with the required authorizations; cat brains were collected postmortem at the University of Padova during routine diagnostic necropsies with owner consent. All procedures followed EU and Italian legislation. Chimpanzee samples were handled according to Council for International Organizations of Medical Sciences (CIOMS) international guiding principles and under National Institutes of Health-Office of Laboratory Animal Welfare (NIH–OLAW) permit A5761-01 (for details in each animal species and experiment see Supplementary Table 1 and Ref.22,25).

1. Collecting brains 

1.1. Collect brains directly or from other Institutions and tissue banks, but consider only the entire hemispheres. Set up with the institutions the best procedure to extract brains from the animal species, considering to lower the damage to the hemisphere and to ensure the minimum postmortem interval (PMI, see NOTE below) and fast immersion in fixative solution after extraction. 

NOTE: Depending on the sensitivity of the antibody of interest, be aware of the PMI. Given the high sensitivity of doublecortin (DCX) to degradation, collect samples with a PMI range of 0–1 h (aside from the chimpanzee, having up to 14 h PMI, which, however, did not cause any alteration in the quality of staining, Supplementary Table 1).

1.2. Given the high variability of the animal's lifespan, pre-determine the age groups that will be collected among the different mammals considered for the study, to obtain comparable data. 

1.2.1. For this study design and to set comparable age groups, analyze information from two databases on animal history and diversity: AnAge, a curated database of ageing and life history in animals, and Animal Diversity Web, an online database of animal natural history, distribution, classification, and conservation biology. 

1.2.2. Divide the animal lifespan into four stages (one prepuberal and three postpuberal, namely, "adult"), starting from the classification of the American Veterinary Medical Association (AVMA) for life stages in dogs31, in which the lifespan was divided into six stages: puppy, junior, adult, mature, senior, and geriatric. 

1.2.3. By compacting the senior and geriatric, and the adult and mature stages, apply this terminology: prepuberal, young–adult, middle age, and senior/aged22. 

2. Brain tissue fixation and processing 

NOTE: Fixation procedures can be different depending on brain size and ethical concerns regarding some animal species (most large–brained primates or horses cannot be perfused and must be fixed by immersion in the fixative solution after extraction).

2.1. Keep brains completely immersed in fixative solution (4% paraformaldehyde or 10% formalin recommended).
 
NOTE: The time of fixation varies depending on brain size (e.g., 3 weeks for canine brain; 3 months for equine brain, Supplementary Table 1). Avoid low/excessive time in the fixative solution to maintain the integrity of the antigen of interest.

2.2. Cut the preferred brain hemisphere into equal slices (1–1.5 cm thick) using a ruler (to perform a straight cut) and a stab knife.

2.3. Immerse brain slices in phosphate buffer (PB) 0.1 M (28.49 g sodium phosphate dibasic and 7.8 g sodium phosphate monobasic dissolved in distilled water, pH 7.4) and keep them under gentle agitation on a shaker for 24 h. If needed (see NOTE below), discard the solution and replace it with a fresh solution of PB 0.1 M, pH 7.4 on the next day. 

NOTE: The volume and number of washings in PB 0.1 M vary depending on brain size (e.g., 30 min for mouse brain, 3 days for horse brain). Make sure that brains are entirely immersed in PB 0.1 M and that formalin, blood and tissue waste are no longer present to stop washing.

2.4. Cryoprotect the slices by immersing them in sucrose solutions of gradually increasing concentration (10%, 20%, up to 30%) in PB 0.1 M, pH 7.4, and keep them under gentle agitation on a shaker.

NOTE: The volume of sucrose solutions varies depending on brain size. Make sure that brains are entirely immersed in sucrose solutions and that they sink completely before moving them into increased sucrose concentration.

3. [bookmark: _Hlk215864389]Whole hemisphere cryostat cutting 
           
3.1. Remove meninges from the brain slices using curved tweezers to avoid issues during cutting.
 
3.2. Put the slices into embedding molds filled with optimal cutting temperature (OCT) compound. If the slice does not fill the embedding mold, cut a square piece of Parafilm slightly larger than the brain slice and add OCT medium to the center of the piece, then place the slice on top of the OCT. 

3.3. Freeze the slice by immersion in 300 mL of liquid nitrogen-chilled isopentane at -50 °C until the OCT medium turns entirely white. Brain slices can be kept at -80 °C for long-term storage until sectioning. 

3.4. Before sectioning, keep the brain slice at -20 °C for at least 5 h to allow the tissue to slowly and homogeneously reach the same temperature as the cryostat. 

3.5. Cut the slice into 40 μm thick serial coronal sections using a cryostat, maintaining an inside chamber temperature range of -20 °C to –25 °C.

3.6. Collect free-floating sections in 12-well plates and store them in cryoprotectant solution (150 mL of glycerol, 150 mL of ethylene glycol, 150 mL of distilled water, and 50 mL of F buffer [1.682 g of sodium phosphate monobasic dihydrate and 0.385 g of sodium hydroxide dissolved in distilled water, pH 7.4)] (1 mL/well, or more to completely cover the sections in the case of large brains) at -20 °C until staining. 

NOTE: Whole hemisphere slices vary depending on brain size. Larger brains (e.g., chimpanzees, horses) need to be divided into two equal blocks (dorsal and ventral) to be processed in the cryostat. In this case, free–floating sections can be collected in two 6–well plates. An alternative is to section hemispheres from large–brained species with a sliding microtome, which allows for blocks of larger size.

[Place Figure 2 here]

4. Histological staining 

4.1. Pick serial coronal sections (1 section out of 12). To obtain this spacing, pick all the sections of one well from the 12-well plate. Use them to obtain a full representation of the whole hemisphere and as a reference to pick coronal sections at different comparable brain levels among the different species studied (see section 5). Mount them on 1% gelatinized slides. Let them dry for a few hours.

4.2. Prepare the following solutions (150 mL/solution): ethanol 50%, 70%, 96%, 100%, Xylol, and Toluidine Blue. 

4.3. Staining protocol: Place the slides in increasing concentrations of ethanol (50%–100%), 1 min each at 50%–70%, 2 min each at 96%–100%, and then transfer to xylol solution for 1 min. 

4.4. Place the slides in the reverse order: xylol solution for 1 min and then decreasing concentrations of ethanol solutions (100%–50%), 2 min each at 100%–96%, 1 min each at 70%–50%.

4.5. Place the slides in 150 mL of distilled H2O (2 min).

4.6. Place the slides in the Toluidine Blue stain solution (5–10 min). After this step, stained sections appear dark blue.

NOTE: The time sections are kept in the solutions for histological staining can differ depending on the species. Test brain sections of the species of interest to set the optimal staining protocol.

4.7. Rinse the slides in 150 mL of distilled H2O for 1 min.

4.8. Proceed with the differentiation step by placing the slides in increasing concentrations of ethanol (70%–100%)for  1 min at 70%, 2 min each at 96%–100%, and then transfer to xylol solution for 1 min 30 s. During these steps, sections will shift from a dark blue to a sky-blue color.

4.9. Ensure the sections are still wet from the last xylol step before cover slipping using mounting medium (if they dry, rinse them in xylol solution for 5 s). Then let the slides dry for a few days.

5. Brain levels selection and immunohistochemical staining 

5.1. Using the histologically stained sections obtained in section 4 as reference, identify brain levels depending on specific neuroanatomical features: Level 1 (L1) – from anterior opening of the lateral ventricle to L2; Level 2 (L2) – from anterior starting of internal capsule to L3; Level 3 (L3) – from anterior starting of the amygdala to L4; Level 4 (L4) – from posterior closing of the lateral ventricle to an extension equivalent to that of L2 (same number of 40 µm thick serial sections; Figure 3).

NOTE: The neuroanatomical references listed above have the purpose of allowing the comparison of the cerebral cortices belonging to brains of widely different size and gyrencephaly. Depending on the brain region of interest, the anatomical features used as reference can change. 

5.2. Pick three equally spaced coronal sections from each brain level.

NOTE: The volume of each buffer used in the next steps varies depending on brain size (e.g., 0.5 mL/well for mouse sections, 1.5 mL/well for horse sections). Make sure that the free–floating sections are entirely covered by each buffer.

5.3. Wash sections three times in PBS 0.01 M, pH 7.4, for 5 min each.

5.4. Incubate sections in endogenous peroxidase blocking solution (0.6% H2O2, 1% Triton X-100 in 0.01 M PBS, pH 7.4; 20 min) or perform antigen retrieval using citric acid (10 mM citric acid in distilled water supplemented with 0.05% Tween 20, pH 6.0), 5 min at 90 °C.

NOTE: Depending on the fixation procedure/time and the antigen of interest, an antigen retrieval may be required to obtain optimal staining (buffer, temperature, pH, and incubation time used may vary depending on the antigen of interest). 

5.5. Wash sections again in PBS 0.01 M, pH 7.4 (3 5 min washes).

5.6. Incubate sections in blocking solution (1–5% bovine serum albumin (BSA), normal serum, 1–1.5% Triton X–100 in 0.01 M PBS, pH 7.4; 90 min at RT). 

5.7. Incubate sections with primary antibody solution (1–5% BSA, 2–3% normal serum, 1–1.5% Triton X–100, primary antibody in 0.01 M PBS, pH 7.4; 48 h at 4 °C under gentle stirring).

NOTE: Antibodies against the antigen of interest may give different results in terms of quality of staining when used in different brain regions and in different species26. A comparison between a set of antibodies from different manufacturers is needed to choose the optimal tool to be used in the different species considered for the study (to reduce variability among samples). 

5.8. Repeat the washing step described in step 5.3 

5.9. Incubate sections with secondary biotinylated antibody solution (1–5% BSA, 2–3% normal serum, 1–1.5% Triton X–100, secondary biotinylated antibody in 0.01 M PBS, pH 7.4; 2 h at RT). 

NOTE: The avidin-biotin peroxidase complex method is used for the cell counting on Neurolucida (see section 6), since it gives a dense, long–lasting precipitate, thus allowing for focusing through the section thickness while counting. Immunofluorescence and confocal analysis can also be used to perform double/triple immunostaining to further characterize the cells (for protocols see Ref.22,25,32).

5.10. Prepare avidin-biotin-peroxidase complex using the available kit.

NOTE: Prepare avidin-biotin peroxidase complex solution in Tris-HCl 0.05 M, pH 7.5 (which provides a stable pH for complex formation) at least 1 h before use, to allow complex formation. 

5.11. Wash sections twice in PBS 0.01 M, pH 7.4 (2 5 min washes), and once in Tris-HCl 0.05 M, pH 7.5 (5 min).

NOTE: Since the avidin-biotin-peroxidase complex is in solution with Tris-HCl 0.05M, rinsing with Tris-HCl 0.05 M allows habituation of the tissue to the solution. 

5.12. Incubate sections in avidin-biotin-peroxidase complex (1 h at RT).

5.13. Wash sections in Tris-HCl 0.05 M, pH 7.5 (3  5 min washes).

5.14. Under a fume hood, incubate sections in 3,3'-diaminobenzidine (DAB) staining solution (H2O2, DAB in Tris–HCl 0.05 M, pH 7.5) until the optimal staining is obtained. During this step, the sections shift from a transparent to a brown/burgundy red color. 

NOTE: The time to obtain the optimal staining varies depending on the species analyzed (e.g., for DCX, 2–5 min for mouse sections, 20–30 min for horse sections). Check sections staining every 2 min to avoid overstaining.

5.15. Wash sections in PBS 0.01 M, pH 7.4 (3 5 min washes).

5.16. Mount sections on a slide, once dry, cover with a coverslip using mounting medium, and let the slides dry for a few days.

[Place Figure 3 here]
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6. Cell counting    

6.1. Open Neurolucida software on the workstation and place the slide under the microscope with the selected objective for cell counting.

NOTE: For DCX+ cell countings, a 20x objective was used.

6.2. At low magnification (e.g., 4x), draw the outline of cortical layer II using the Freehand contour line tool in the Trace menu on the software, to obtain the length perimeter (both paleocortex and neocortex).

6.3. Select the preferred symbols for cell counting on the Markers toolbar, present on the left portion of the screen. For this analysis, differentially count two different cell in each region of interest (paleocortex, neocortex) depending on their morphology (corresponding to different maturational states: type 1, with a small soma and a bipolar shape, soma diameter range of 3–9 μm; type 2, with a larger soma and a complex dendritic arborization, soma diameter range of 9–18 μm). 

NOTE: For this analysis, two different symbols/cell types for each region of interest are selected on the Markers Toolbar. Dividing the soma diameter into different ranges is crucial to meticulously categorizing the cells without a clear morphology, which may be in an intermediate state of maturation. To avoid overcounting, cells cut at the superior surface of the section are excluded from the analysis.

6.4. Collect the data for the phylogenetic analysis from three different regions: paleocortex, neocortex, and cerebral cortex (the latter obtained by adding data from paleo– and neocortex). 

6.5. Collect in a spreadsheet file the cortical layer two perimeter (mm), which is visible in the Contour Measurements toolbar in the software. 

6.6. On the same spreadsheet, collect the number of type 1 and type 2 cells (visible in the Markers Toolbar) and the total number of cells (obtained by adding together type 1 and type 2 cells) in each brain region and brain level considered (three sections/level, total of 12 sections/specimen). 

6.7. Use these data to obtain, for each section in each region, the linear cell density (number of cells/mm) and the % of type 1 and type 2 cells (type 1/type 2 cell number divided by the total number of cells and multiplied by 100). 

6.8. Calculate the density median value (using the Median function on the spreadsheet)  of the 12 sections considered/specimen, to graphically represent the linear cell density. Use the median as the central measure because the sample per group is relatively small (4 animals/group), and some groups exhibit asymmetrical distributions (median is less influenced by extreme values). 

6.9. Calculate the % of type 1 and 2 cells in each specimen (using the formula described above) and then obtain the mean value of the percentages among the four-specimen considered/species (using the Average function on the spreadsheet). Subsequently, use the linear cell density to perform phylogenetic analyses (see section 7), and use the total cells counted in each coronal section to estimate the total number of immature neurons/hemispheres.

6.10. Use the Freehand contour tool on Neurolucida Software to draw a line across the soma diameter perpendicular to its main axis. By performing this step, calculate the diameter length of at least 100 randomly selected DCX–positive (DCX+) cells of both types in each species (25 cells/specimen) in each brain region, to obtain the soma diameter range of type 1 and type 2 cells.

7. Phylogenetic analyses: Phylogenetic tree generation   

7.1. Create a list of the analyzed species in Notepad using their scientific names, and then upload it to the site https://timetree.org/.

NOTE: The scientific names can be checked by using the site: https://www.ncbi.nlm.nih.gov/taxonomy 

7.2. Export the obtained tree file by clicking the to Newick file button.  

8. Phylogenetic analyses: Counting data integration in the phylogenetic tree 

8.1. In separate columns of a data sheet, list all analyzed species and the corresponding data to be correlated with (in this case: whole cortex DCX+ cell density, neocortex DCX+ cell density, and paleocortex DCX+ cell density). If multiple individuals are available per species, calculate the median density for the selected parameters. 

8.2.  Download the Mesquite Project software (https://www.mesquiteproject.org/) to merge the phylogenetic tree with the counting data.

NOTE: This software requires Java to already be present on the computer.

8.3.  Open the Newick file previously saved by Timetree by clicking on Open File. Then, select the Simple Newick/Phylip Treefile option. Treat the file as text and save it as ".nex".

8.4.  In the new page that opens, select Taxa&Trees followed by New Three Window, and select With Trees from Source. In the pop-up window, select Stored Tree, and press OK. A new tab called Imported Trees will be displayed.

8.5.  Graphically modify the phylogenetic tree (e.g., font, size, branches proportional to length) in the Display section.
	
8.6.  Add a new tab on Mesquite, selecting Add followed by New Character Matrix and choose the number of characters (for this study, number = 3, which corresponds to the three DCX+ cell densities). Treat characters as continuous data.

NOTE: Characters represent the data to be correlated with the phylogenetic tree.

8.7.  Copy into this newly created tab the data that will be correlated with the phylogenetic tree (pt. 6.4) and save it.

8.8.  On the Imported trees tab, select Analysis:Tree, and Trace Character History to perform a Parsimony Ancestral States analysis.

8.9.  Save file as a PDF.

9. Phylogenetic analyses: Brain size and DCX+ cell densities correlation

9.1. In the previously created data sheet, add a column with the brain size for each of the species. 

9.2. Calculate the natural logarithm of the DCX+ cell densities and of the brain size.

9.3. Launch the preferred statistical software package (https://www.statskingdom.com/linear–regression–calculator.html ) and perform a simple linear regression.

9.4. Download the results files and save residuals as new columns in the data sheet.

NOTE: Residuals represent the deviation of the data points from the regression line.

9.5. In the data sheet, select the residuals column and the column containing the species names. Then, go to insert and choose the histogram graph to graphically display the residuals.

10. Phylogenetic analyses: Neocortical extension and neocortical DCX+ cell density correlation 

10.1. 	In the previously created data sheet, add a column with the neocortical layer II surface area data of each of the species, and calculate the natural logarithms.

10.2. In the statistical software, perform simple linear regression by using the values of logarithmic neocortical layer II surface area as the X variable and logarithmic neocortex DCX+ cell density as the Y variable.

10.3. Download the obtained files and save the residuals on a new column in the data sheet, where the residual graph can be made as in step 9.5.

REPRESENTATIVE RESULTS: 
The DCX+ cells in the cerebral cortex of all species studied consistently share a series of features indicating the existence of a well–preserved population of undifferentiated neurons (Figure 4A). In brief, they: (i) are topographically arranged to form a monolayer along cortical layer II; (ii) show the morphological subtypes described for different maturational stages in immature neurons, (a) with a large prevalence of small, unipolar/bipolar cells and a small fraction of cells with complex dendrites reminiscent of pyramidal neurons, (b) most of them co-expressing the markers of immaturity PSA-NCAM and DCX, while never co-expressing the Ki67 antigen associated with cell division, and (c) a subpopulation of large, complex cells also express NeuN, indicating they have started maturation22,25. 

Besides these common features, when the cINs were quantified for their linear density using the method described here, striking variation was evident, reaching an order of magnitude of difference among the species in the sample (Figure 4B). The existence of shared features characterizing the immature cell population across mammals, in contrast with significant interspecies variation in the occurrence and number of cells, strongly supports the conclusion that a well-preserved population of potentially plastic cells has been retained in the mammalian cerebral cortex, with an evolutionary tradeoff having occurred concerning the potential for plasticity in the neocortex in relation to phylogenetic ancestry and brain size22,25.

[place Figure 4 here]

Phylogenetic comparative analyses, including ancestral character state reconstructions and least squares regression to examine allometric scaling (Figure 5) showed that the Laurasiatheria group of mammals (including Carnivora, Perissodactyla, and Cetartiodactyla in thesample) tended to have a higher density of cIN than the Euarchontoglires (including Primates, Rodentia, and Lagomorpha in the sample) (Figure 5A). In addition, we found significant covariance between cIN density and brain volume (Figure 5B left22,25).

The same analyses applied to cIN densities and neocortical size (determined in the specimens of interest by using neocortical layer II perimeters, Supplementary Table 2) also confirmed a high covariance (Figure 5B right). Overall, these data support a relationship across evolution, within the context of phylogenetic lineage-specific patterns, between brain enlargement (particularly neocortical expansion and gyrification) and the recruitment of immature neuron populations in cortical layer II, suggesting an increased potential for plasticity of high-order cognitive functions linked to increased anatomical and computational complexity of the cerebral cortex. At present, these analyses have been conducted in a limited number of species due to the time and care needed to obtain standardized, reliable, and systematic data as discussed above. Future research that incorporates more species and brain regions across mammalian phylogeny and variation in brain size (and gyrification) will clarify whether these evolutionary and allometric scaling relationships can be further generalized.

[place Figure 5 here]

In most cases, the analyses reported above were conducted on groups of specimens belonging to different age groups (from prepuberal to aged, depending on the animal species involved and availability of specimens) to investigate possible age-related changes in the number of cINs. Despite the general trend of progressive reduction described for brain plasticity with maturation11,12,27, the cINs show stabilization through adult and old ages in gyrencephalic, long living species22, while decreasing similarly to adult neurogenesis in mice28. Overall, the comparative quantitative method applied to widely different mammals allowed us to unravel two novel findings in brain plasticity: (1) some plastic processes can markedly increase among species in a manner that covaries with brain size, leading to dramatic differences between mice and primates; (2) cINs can be substantially maintained through ages (see Ref.7,26). 

FIGURE AND TABLE LEGENDS:
Figure 1: Processing of widely different mammalian brains for assessing the distribution and amount of cINs in the cortical mantle. (A) Mammals belonging to different species and orders are characterized by widely different brain sizes and degrees of gyrencephaly and cortical expansion. Brain icons reproduced with BioRender license. (B) Representative Toluidine blue–stained coronal sections cut from brains of widely different sizes and cortical mantle extension. Histologically stained serial sections (cryostat cut, coronal, 40 µm thick) are used to identify the main neuroanatomical structures in each animal species (see Figure 3); note the remarkable differences in brain size and cortical perimeter. The animal icons in panel A have been reproduced with permission from La Rosa et al.22.

Figure 2: Processing widely different brains following the same procedure and dealing with variables that cannot be standardized. In the method described above, all procedures that can be standardized are performed in the same way (general fixation, cutting serial coronal sections of the same thickness in the whole hemisphere, general immunocytochemical procedures, cell counting). Figure created with BioRender (https://app.biorender.com/).

Figure 3: Establishing neuroanatomical brain levels for the study of DCX+ immature neuron distribution and amount in the cerebral cortex. Four corresponding neuroanatomical structures (anterior starting of the lateral ventricle [level 1, L1]; anterior starting of the internal capsule [L2]; anterior starting of the amygdala [L3); posterior closing of the lateral ventricle [L4]; indicated by red circles) were considered to establish four corresponding anterior-to-posterior "brain levels" in all mammals considered, to study the cIN number within the cerebral cortex in a "comparable" way. (A) An example is given for laboratory rodents (mouse, left) and primates (chimpanzee, right). Three coronal sections from each brain level (for a total of 12 sections; red arrowheads) are considered for cell counting on the entire layer II perimeter of each coronal section (NOTE: all sections do contain neocortex, while only some of them will also contain paleocortex). This approach aims at allowing the analyses to be performed on correspondent neuroanatomical levels in brains widely varying in size. (B) An example is given for the identification of the first level (L1) in histologically stained sections of widely different mammal species. Brain and animal icons created with BioRender.

Figure 4: Shared features of cINs versus striking differences concerning their amount in widely different mammals. (A) Shared features of cINs consist of morphological, topographical, immunocytochemical, and phenotypic aspects that are consistently observed across mammals and can be used as an internal positive control. From left to right: they are located in the cortical layer II, forming a strip both in paleocortex and neocortex; they express typical markers of immaturity, e.g., PSA–NCAM, in addition to DCX; they consistently appear in two morphological types including a prevalence (pie charts) of small, simple–shaped cells (type 1; orange) and a small number of large, highly ramified, pyramidal neurons (type 2; brown); type 1 cells are negative for NeuN while a subpopulation of type 2 cells co–express (yellow) the maturation marker NeuN (green); DCX+ cells of both types are never found to co–express the Ki67 antigen, which is occasionally detectable in scattered nuclei within all cortical layers, likely belonging to dividing glial cells.  (B) By contrast, striking differences are detectable in their numbers (linear density: cells/mm cortical layer II) that are extremely low in lissencephalic species and very high in the gyrencephalic cerebral cortices (Supplementary File 1). Scale bars: black, 50 µm; white, 20 µm. This figure has been reproduced with permission from Pattaro et al.25.

Figure 5: Phylogenetic variation of cINs in mammals revealing covariance with brain size and neocortical surface area. (A) Ancestral character state reconstructions of trait evolution for DCX+ cell density mapped onto the phylogeny, in the whole cerebral cortex, neocortex, and paleocortex of nine mammal species. (B), Least squares regression of DCX+ cell density in neocortex against brain volume (left), and layer II perimeter (right). All regression plots are on a log scale and show the 95% prediction intervals. This figure has been reproduced with permission from Pattaro et al.25. 

Supplementary Table 1: Species, age (young adult: used for phylogenetic variation since samples of this age range were present in all species analyzed), fixation, fixative, postmortem interval (PMI), and brain weight.

Supplementary Table 2: Number of sections, layer II perimeter, and estimation of telencephalon length. 

Supplementary File 1: Raw data DCX counting.

DISCUSSION:
The method described here provides comparable quantitative data when diverse species widely differing in brain sizes and neuroanatomy are considered. It can be used to assess the consistency of cell populations in the whole brain of diverse mammals, as well as to follow their development in a single species across subsequent stages, from postnatal to aging. It starts with the assumption that a relatively high number of brains (whole hemispheres) and species will be involved, being processed by the same lab following quality standards of sampling and fixation, and then analyzed using the same procedure33 (Figure 1).

Critical steps in the protocol consist of those variables that cannot be fully standardized due to the brain size and for ethical/practical reasons (e.g., procedures not allowed in protected mammal species). The most common are postmortem interval (PMI) and tissue fixation, for which similar (though not identical) conditions can be reached. In our experience, there is a range of acceptable variations for both aspects, by keeping PMI under 1 h (e.g., sheep, horse) or 15 h (chimpanzee) and by finding appropriate times for fixation by immersion (Figure 2). In each case, whether the protocol is optimal is decided by evaluating tissue quality (general appearance of sections after cutting, tissue and cell morphology, immunocytochemical staining). In a previous study, it was established that, within the above-mentioned range of relatively short PMI and appropriate fixation, the most critical point is represented by antibody specificity for immunocytochemistry, which can markedly vary depending on the animal species considered26. Especially when a wide range of diverse mammals is studied, sometimes the same antibody cannot be used to detect an antigen in all species, thus introducing an element of heterogeneity. 
This problem can be overcome by using different antibodies raised against the same antigen, to obtain optimal staining in each species, and by using antigen retrieval techniques (e.g., citrate treatment), always checking specificity with internal positive controls26. Accordingly, this method was primarily established to count cell populations for which the anatomical location, morphology, and phenotype are well known (e.g., DCX+ type 1 and type 2 immature neurons in the cortical layer II; Figure 4A). It is worthwhile to note that these same features were consistently detected in all species studied so far (including those tackled with this approach), thus confirming that they represent a well–conserved pattern in the brain of mammals, the real difference among species regarding the amount and/or spatial distribution of these cells in brains of different size22,24,32. On this basis, the shared features determining the above–mentioned pattern may be used as further internal control for DCX immunostaining specificity. Further proof that such staining can be reliable across species, despite the above–mentioned range of heterogeneity in PMI and tissue fixation, resides in the simple fact that far higher numbers of DCX+ neurons are consistently detectable in the large–brained species, namely those that are considered more critical to fix (Figure 4B). A substantial inter–individual variability (within species and ages) seems to be a constant feature of cINs, likely depending on environmental conditions and genetic factors22,25. Overall, such variability does not affect the main result of these comparative studies, since the interspecies variation between rodents and gyrencephalic species is largely maintained.

The fact that this is a time-consuming method can be considered a limitation, especially when very large-sized brains are involved and different ages within the same species are analyzed. For instance, showing the phylogenetic variation of cortical INs required the analysis of nearly 100 brain hemispheres from mice (0,6 g; around 180 serial coronal sections) to horses (600 g; around 2500 serial coronal sections, Supplementary Table 1, and Supplementary File 2), using four specimens/species and age groups, corresponding to nearly 40 meters of cortical layer II immunostained for cell counting only for the young–adult stages22,25. Nevertheless, unlike most existing methods carried out by different laboratories to analyze a single (or a few) animal species using their own experimental approach, our data can be considered comparable. In alternative, it might be proposed to analyze only a restricted cortical region in a wider range of mammalian species, yet this approach will not allow a generalization concerning the average cortical density in each species, because some differences can be present in different cortical gyri. Despite controversies concerning the persistence of some kind of plasticity (e.g., stem cell–driven adult neurogenesis) in large–brained mammals, including humans, the approach described here applied to the population of cINs yielded a clear picture of phylogenetic variation in their occurrence and amount. In addition, while many studies stressed the quality of tissue fixation and the consequent reliability of the cell markers3,4, this comparable approach revealed the prominent importance of antibody species–specificity26,33. 

Potential applications of the method can be extended to other research areas whenever a comparison between diverse brains is required. A variant has been recently used to study the immature neuron cell population in the amygdala of 8 mammalian species32. By processing the tissues in the same way employed for the cortex, serial coronal sections of the amygdala (one out of twelve, corresponding to a 480 µm interval) were considered for counting (in this case, the cells being widespread in the basolateral complex and not arranged to form a monolayer, the density is expressed per area: number of DCX+ cells/mm2, Supplementary File 1). The number of sections considered for counting in the entire amygdala will be different in each species, yet representing the entire length of this brain structure (from 1,4 to 9,6 millimeters in mouse and horse, respectively; see Ref.32).

The method can be extended to other diverse mammals to obtain comparable results that allow for more accurate quantification in each species of the tradeoff between different plastic processes, such as the maintenance of cINs versus the production of newly generated neurons in adult brains to support plasticity.

Overall, this approach addresses interspecies variation of neuronal populations in widely different mammals, yielding comparable results to be mapped for revealing evolutionary patterns. Though some scientists uphold that direct investigation of human brains is required to address the issue of interspecies differences, the comparative approach involving widely different species can add an important piece to the whole picture: to unravel which brain traits are derived and which are ancestral in evolutionary history. Such a thorough understanding of brain evolution is essential to generalizing findings from model species to humans12,34,35.
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