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synapses from the molecular layer communicating with the Purkinje cell somas of the cere-

bellum was observed [23].
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In the retina (Fig. 7C), the anti-PSD95 minibody showed the expected prominent stain-
ing at the outer plexiform layer (OPL), where large invaginating excitatory synapses from the
photoreceptors with bipolar and horizontal cells are present. An additional signal was de-

tected in the inner plexiform layer (IPL). The weaker signal observed in this layer might reflect

the fact that, here, inhibitory synapses are mixed with excitatory synapses from the contacts
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between bipolar and ganglion cells. Our results suggest that NoPSD95 in its minibody formats
is able to provide a robust and specific staining on formaldehyde-fixed paraffin-embedded

sections of various mouse and rat tissues.

Discussion:

Here, we introduced and characterized nanobody-based tools that detect the post-
synaptic marker protein PSD95 in mouse and rat tissues. Besides a bona fide nanobody
(NbPSD95), which can be site-specifically conjugated to fluorophores (termed FluoTag-X2 anti-
PSD95) or to labels like, e.g., biotin or DBCO, we also created a range of nanobody fusions to
various IgG Fc domains (so-called minibodies). As all tools are based on the identical specific-
ity-determining moiety, it is expected that the reagents recognize the same epitope. While
immunization was done using a PSD95 fragment comprising the PDZ-domains 1 and 2 from
mouse, our validations in various systems show that the rat protein differing by two amino
acids is also specifically recognized. Additionally, we have confirmation that NoPSD95 specifi-
cally PSD95 also in human-derived organoids [22] (personal communication; Patapia Zafeiriou,
University Medical Center Gottingen), which is in line with the high degree of sequence con-
servation between rat, mouse, and human PSD95 within the protein fragment used for im-
munization.

Importantly, we could show in various assays that NbPSD95 specifically recognizes
PSD95; We could not find any significant interaction with relevant fragments from related
PDZ-domain containing proteins like SAP97, PSD93 and SAP102. In accordance with these re-
sults, in Western blot analyses, the PSD95-specific signal was entirely in a PSD95 knock-out
lysate.

NbPSD95 and NbPSD95-derived minibodies proved ideal for different experimental
setups: Directly labeled NbPSD95 was a superior tool for all applications performed on PFA-
fixed samples. Importantly, and in contrast to most established reagents detecting PSD95,
NbPSD95 was fully proficient in brightly staining tissues subjected to standard fixation condi-
tions using 4% PFA without further antigen retrieval steps. At the same time, due to its small
size and monovalent binding mode, this directly-labeled nanobody format is ideal for quanti-
tative imaging and super-resolution microscopy, as additional non-linear amplification effects
and signal blurring due to bulky secondary reagents is effectively circumvented [18]. In con-
trast, the anti-PSD95 minibodies proved to be superior tools for applications on denatured

protein samples or samples subjected to antigen retrieval after paraffin embedding.
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Interestingly, NoPSD95 (~15kDa) and the corresponding minibody (~80 kDa) showed
clear differences in their staining intensity (see Fig. 3). As both probes comprise identical an-
tigen-binding moieties, these differences can most likely be attributed to the larger size of the
minibody, which restricts the access to the protein-dense environment of the PSD. Such size
effect might also explain why, at the same concentration, the yet larger control antibody (~150
kDa) basically failed to produce consistent and bright staining (probably only detecting a sub-
set of PSD95 targets). This interpretation is in line with the observation that the nanobody, as
the smallest binder, was able to robustly stain the target structure both at high and low con-
centrations in samples fixed with 4% PFA even without the need to perform further PSD95-
specific processing or antigen retrieval steps. Our direct comparison also corroborates the
common observation that the detection of PSD95 remains challenging when using conven-
tional antibodies [11]. As only a subset of PSD95 can be reached by such conventional anti-
bodies, immunostainings performed with such tools often systematically fail to reproduce the
authentic localization of PSD95. In comparison, images obtained with both, NbPSD95 and
NbPSD95-derived minibodies, are remarkably well in line with the non-biased expression pat-
tern of PSD95 observed in knock-in mice lines expressing PSD95 fused to mVenus or HaloTag
at endogenous levels [20,21].

Also at the fine structural level, NoPSD95 and its minibody derivative provided an ac-
curate representation of the quantity and location of PSD95 in the crowded synaptic region
without the need to use genetically modified animals. This is also suggested by a recent pre-
print by Shahib et al. using Expansion Microscopy [24]. Especially when combining super-res-
olution microscopy with immunohistochemistry, the intricate details observed with NoPSD95
are superior to other available affinity probes targeting PSD95.

The here-described novel set of nanobody-based affinity probes targeting PSD95 is
unique as it allows a quantitative and spatially accurate high-resolution localization of PSD95
in various tissues without any special treatment. These tools might therefore be important for
synaptic research in general, but may also help to resolve the divergent discussions on pre-
synaptic localization of PSD95 at the ultra-structural level within the retina and cerebellum

[25,26].
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